
 

��� 

��א�	���א��א��

	א��طو�	א��و��	�����زא�	א���و��	א�������

DIRECTED EVOLUTION OF INDUSTRIAL BIOCATALYSTS 
��������� 	
� ,
��� �����
� ,����� ����� 

Marlen Schmidt, Dominique Böttcher, and Uwe T. Bornscheuer 
 

���� ������ �Introduction 

 ������ �	
��
 �
����
�� �����   � ��
��
 ����� � �!"�
 ��#��$�%�
 &

$' (� �)� ��#
���
� �$�*�

 +,-. /�0�� ���		 1 � �!"�
 � ��'$ � −��
 ,34
 5�6�  378 �9	���
 ��:�0�� (;<= �����
����
 

 >�
����?��@
 ,A�B �=�� C�6 ,D	+:�
 E0:���
 � A�B FG�	 3. �)
��
 H$�
 �
����
 I�0J. ������ 
 �9	���
 ��K8L M+NO
 P�
���-
�	?����-�O
� ,�
���'�
 ,Q�,�
 E�0� R ����  �:<�
 � S,%�
 C�0�


T��
 U ���:�
 (� �)������ V
 H=�����E<���U MW%�
 ��� 
�
 (	���
� E ����
 ��;� H  +;!�
 XGU 9	���
 378 ,�!�<= �	
�6 ���Y ��'$<� 9Z,�U (�	 3
[ � �F,- � 

 3��6O
 H= !" � # ��0'��= 
[\ E$]	� >�Z"#�"N ^�Y D_ `�. 9- F0%�
 M
���
 R  ��:�0���
 ab&�  
V
�$�%�&� ,c
��
 ���$'� ��d
+��
 a�J�N� ,��$��e��
� ,��#��$�%�
 � a�*	. ��U �'"��
 D�

f
�� �'  ��� ��0,�


 �. �!�<= b?
+6 ��g?& �!  M��
 E	
h �g?& i�]!�
� �!�g�?��\ j. bF0- �
��-+� &
g� � k�� H=
 ���
 E ����
 lm ���Y �()�*+��g���m R . /�:���� 

�
 lm �8�n��U�e��
o� E,= ��%��p%�
 �� ,���:��
��
�. ,��8�n  ,���'$<�
 ���!\ 378 ���!:�
 ��K	�f
 ��g
�
�0�
 ,'�(\. 34
 $"�� �=�����
 ���eZ!�
 �9	���
 (�� �� �-.� �%�/01 ���'$<'�
�)�' �

 ��������e��
o�m 2�. �3^�'$%= ab&�  H%��L ^�(: ^��W�
 (�$"�  >`g
�
 P�K	�f
L ?
���
� ,��q+�

 r�n
� (�	�()? E%]�
 � s\�!�
 t[@ ��<�
 k���
 5�6� �-+	� >P ���
 MW%�
 �
u�e��
 R  E"��
 
[\

78 <�
 �� T��
 �:  ,`g
�
 ?
���
 Q�v +-B (�	 a�*	. H%��^��W�
 (�$"� O
 E$]�� >��q+�
� ��  b��G�


o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

��9 

 A�[-� �� �!"�
 ���'$<�
�
 ��w���$Z�
 ��  ��$	&�-O
 x
�0�
 �= E=�<�� ���
�
:.; �
B �	
��
 �

� >�'"�
���� <� � 3. �=���&> ? @ ��!��Y ��y z� (�	����
 � I{ ���
 �	
��
 �
H$8 ,� �!"�
  �)
��
 3.

 ,A��
 ������ M+N. ���'$  b� B �9	�� �!���
 ���

U D����.`g
�
 ?
���
�  

 

� ��� ���	
��� ������
 �������  ����	
 ����	
 �����	��� 
 ����	
��  !�"# �����	
 ����	
 �	 
��
�����	
 � $%��� �!


� ,'�()�	
�� * +�,��- .#�/� ��#�0 1, ��# ��2��3
 4�53
��6 
 ��#� 78�9:;  <, +�,��= 
 >?@

 7�A�B� 
 CD��E
 1� F�G�	
� �H�2	
 I�J�	
 $���; ��#� �K
 L��M���� 
 ����	
 !�"#  �	��  I�, �!

� +�2��������, � 1� �,��=  NO
 P�	
 +
�J�	
 Q�	�R!��D
��/	
� 7 �	��	 +
�J�	
 +�"H�2	
S	
 �! � 

Chimeras ��M� <, $���T
 �/A ,�A�B� 
 +
UV� 
 .#�/� ��#L  �! CGJ	
 ��R
�A ,F���	
 W�XY	
 Z�"0!

	 1� 
 N�
� 7����9[
+
����9\� 

 

���� ������ !"� #��$� ����
%� Strategies for Protein Design 

�������  ��
%&� ���'�� #��$(��Rational Protein Design 

 3m ����%� �	
���
 �!$Z8 �C,)D �9	���
 |#�"N b}��- +,-. ^��W'� ��q+�
 (�$"��
 E<_ �E%]U 
&+�=  ()? E%]�
L�6� �E ,A�B �=� Q
�� V�
 ��0:<�
*�$/ ^��W�
 (�$"�� �� �g��
 �\ ��q+�
 +8

�

 F��/� E)O
 R  �.L ^��W�
 E~�{ �B
$�,�A �
� P��8�- ��g?�U G(.�
 ���H I�=, `�78 ,D�-o�
 H=� >������


o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

��� 

 J�/'� ����K'1 P�!N���
 i�:!�
L ��!�=O
 ���O
  ���
��. �:�<	� ��U
'��
 |#�"�
 � �?�]  ���

U
��K	�f
 �g[$!�
 ���!:� [��!� A�B �!  H%$	� >�Zg
= �
+���
  �)
�
(SDM)  t[\ � �n

�
1�
�����,  ��

 Q�,�
 E�0� �)
�
 �Zg
= b+���
 �:	+hQuikChange™  �)� >^g��
o� �-� H= (�$"��
 3�-� ��q+�
 ^��W'
;A�& a�  ���"U M�N �O�P Q��!� (� �. i�]!�
 F�G� E,= |#�"N
 ,����]��
 ��#�:�� �',=. R  ?
,<�
 H%$	�

 � b�	�  �g
+�
QR�
 
 

�������  )*��� ��+(��Directed Evolution 

L `g
�
 ?
���
 a�*	. S�*��
 ?
�� T
\ P�K	�f
 ?
���
 �. W���
  ��)%�� ��U�
 ?���N
� ^��W��
&+� 
 QpN ��!:��
 t[\ �+Z�� >D��O
 ��:  =��
 H=� 3 �(.O�1 b
&.<�
�� �	�G'� �	
) ���!�
 � 2*;�� �
����


� >�	
��
 �E%]U  ,��  �����e��
o�m�
 ��
 `g
�
 ?
���.0� �#

]<�
 U a� 
0�= V;. W����g����
(HTS) 

�.��  ()? E%]�
L ?���N
 b
�N�6��E 

 ?���N
 �= ��'$<�
 .�0�B��+<�
 (	�� c[�
� , FX t+8

� T ���<= b?
J� @� ��;� �"'� T FC�)�

���
 Q��!�=,  ���
 ��J��
 S	+<� (~ lm ���Y%= &
� m (�	� >^�Y ,�
+���
 H= bF0- �0� bu��!= Fd ?�)
�
3�%=�
 QpN H= ,�.0� �#

]<�
 � b�=+�
 ��!�e'� a�:8� ,^��W' � �'"��
 ���!:�' a�:6V �V
 �<U���!�� 

 ,F0<��
� }�]�m (�	
 �
FG�= H= �$�n � 
$vB ab&�  ,(	��  &��6 ���	−��	  t[\ �+<�� �	�Z!�
 �� >FG�=
lm �0�%�
  �
B �
+���
 S	+<� ��J��
 b?
���
U
'��
� 1�
�����  D����. |���
 �.V
?���N�  H%$	 a�:6V�

 ��g�� b+�h E*8. ������ 3. �(�.-10%&�  �p��

 �V
e'� �!�������B �
 H=�.0�  Eg. H= (-
+�
 �
+���
� >b����
 �F,- �  3��6O
 H= ������ 3. H%$	��=
'<�
 b�$���
  �� + ���- �
+���
 j�� YD�)Z

�
 G��-�^��W'� ��q+�
� 
 T }
�gO
 ,������
 (\. (	�:� (�	 �
��
 D����.�.0� �U a� 
0�= ,��g����
 ��  |���
 (;�� �� � ��

rg�!�
 /�0���
  �?�e�� �	
��
 �
����
 ����m � `g
�
 ?
���
�!���
�  
 

���������  ,-+(�� .'/Mutagenesis Methods 

 ��0�
 H%$	�e��
o�m 2�. �32�  }�]�� ��0�%=�
+���
 :5� ?
���
 P FdL �!gp�
Q�<�
 ,E `�8�
 �[\f
 2� �JO
 �.0� � �#

]<�
����  �
FG�=���:� �
+�h �
BL� ,9 E ?
���
L �!f
PQ�<�
 , `�8�

 G�� �$:] ��'J. ��!�g b�  �E%]U �#

]  &�<	 (~  �( �,'�B����  �� ����^ �
+���
 ��0�%=(Chimeras)� 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

��� 

�
 �

!��
 �_ �R  �+��
 H= F0- &�  +	
�� (� ,��n��
 u�_7U �Z*<U SJ� (����������
 �
+:��
 � �
 +8
�	�F,%�
 O
 �
+<��p� D�%�
� �g
+�
 H=� /$ O
 ap�"�� +,- Q` −�	�
 

 ���!gp�
 �:	+��
 +,-O
=
����
 a� ���
 T+  b+$'0�
 E�'�� E ��� �\(epPCR)  ������ �!\� >
 E ��� ��+� ������ �a �0�%= }�]��1 �
+�h�� ,�9 �
 ,Q�,�
 E�0� R  b&�	�� H%$	+�
���!G�
9 ,� �8�nm

+��!G!�
9 ,��
����
 �
��-+� ��
  dNTP �a�
�u

�� H= �	�� 3. , Q�<= >0P��
 Taq ,H= b+$'0�
 (	��m 
	 c[�
 j
%��

-. j
=F,�
 ����� H= , ab&� 	6		� lm %�% �,A�B �=� � ���� b }�]�m/.c J�c�
 

 �"���5 d&�e��bu��!= Fd1 E�
�����  (	��mb+$'U ��
 ��& Taq ��!e!�
 �=9 Fd �
���
�'-
�!�
� +�
�u

��;  3O
" b+$'0�
 (	��m���
 ��Y �."  �
��0�� t��
 &
g� lm c&�Q&�  �
���
�'-
�� �-
�	���
A  �.T  H= E*8.G 

�. C +,-. �
+�h S�h +Z;� �!�� ����
 b+$'U �9	��m �g

�� a����6� > a�����  a�	?�� ��"C �� ,
Q�,�
Mutazyme™  I   �II  �= ^g��
o� �-� H=��N Q�<=  �Q�  A�[-� ,Taq-Pol I614K Q�� �. �Pfu-Pol 

(exo-) D473G Q���
 )� M+NO
 �'%]�
 E6 (� ���
 b+�h s�!= �����
 H= ���!�
�  epPCRV
 E)�� lm���!�� 
 a��#�g F0<��
 �.  ��)%� I�/c ��"D��f
"  ���
 I�]�U �\?
ht�p=u� Q�R ?�0� 
 H%$	� >�gDt  �:	+��

 �%�/0� ��,'��QuikChange™ ^g��
o� �-z�; hi� � ,)�*�`'- ��=up0�
 (��*� R  7+ ��+� >F����


��
 ��!:� ��  MEGAWHOP ;��,�
 b+$'0�
 E�'�� E ��� � Q�<8 �&�0- +���
 ^f
 �Z�8 �����	 ���
� ,��0�+�

1 �����V
� c��
 (*Z'� �g�6 ��!\ �<� ��` ,�j� >� a
+N�= G� , s=&epPCR  ���
 (��*���
���
 b+#
�� 

(RCA) Q��
 �����	 c[�
� ,U (	��m�
 j�F8 H= b+$'�����" φ  T G�k[�b?
+�
 c����= Q�l�
 
�
� � ��O
 M+N�
� bF0%  epPCRD! �� 1 S�*�_ " :�+b+�]�
"  (g�!�
 E'���
 b+�q H= ,��~
?
�


 c[�
� F�G� 3. �!<		 �
� ^<= �!�=. X� a� 
�q E). 3
% tFd H= F,%U � ,Q�,�
 E�0� R  c&�� b+�h
 � b�6
�m lm k:8 ^����
 b+���!�=. ���. E#
�U ��� � �,1 ���=+� 378 ,
[%\� ��!�=O
 ���O
 ��y  H	z<�


 ^��W'� b+�]�
 xp,�
 Q&�0� D'��	 �
+�q �!  �	�G'� rg+= Fd x�6 
\� ,b?��e�
 ���� 2A K�/'�
� :�/� c.L ^��W'�			 b� �) ��u lm P��
 epPCR 1 ��N Q�<$�% Q�
� 

�
 E$]	� ��,"O
 I n �(C�
 �
+���
 ��#

]<�
����
 �
�Vp� �
 3
%� >b+���
 E,= �Vp�
 3
�
:�
 3�	?
%�0	mXL1-Red  T �-=�& ��~p~  �� �
?��= �pJm ����
�#
��UV
5 �mutD 5 i�]� � EN���
 (	��m

�'R' − ,P���'-
��
�-mmutS  ,P/U����
 Fd �pJ�
L �mutT Y �� L��
 E�' 8-oxodGTP +Z;�� PP Q�<=
�
+�h �U +,-. R			  b+= ��l�O
 ��6�!�
 H= >��'JO
 E#�<�
 ��p� , 
[\ �= (�	
�N D!� sZ!�
�����V
 b ,

 H= H%���
 ��N�)O
,M+N  @&o� +~�� 3. H%$	 ���
� ,b+���
 �)
= R  b+��� ��!\ ���T  �&�0�
 � &
g
�


o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

��R 

 ,��=up0�
 &� �k*&@� , �g
+= b�  ��!\� >M+NO
 E)�!�
 |#�"N I P J-�U �
+���
�
����� gDt 
�
Q ��)%�9	−9��
 

 ,)� H= }�0�
 �
FG�= b?����
 ��!�f
 a�:0�=  �
B E~9��
��%�
, .� G�� @&o�[� �+h E�!f
 E	�<��
; 
21 ��] ,= �hi  �E- �9� E*8. ����
 H=2  >^�'JO
 �)��
 +	
�� (� +!$��� ���

U Q�O
 Q�,t�p=u� 

Q9�
  >��!�f
 �. ����
 k'�U �$�� 
\� E�'Y b
�N H$*�	,��'�  E	�<��
� ���'� E'� (	��m R 6p�
I 
 �#�� b+$'U E�'�� E ���U a� 
0�= ,P}�0�
 �
B b+$'U E�'�� E ���L �&�U c. 3��U }
�g � �� >�&�U� G� ,=

 �:	+��
 t[\ E:J �:<�
 �� ,T��
� a�*	. 5$�  D	[Z��
 �. ����
 �'#�  k'�U�K	�f
 
\ �'	�0�
 �+��
 �6.� >
 �� �� �0)�<��
 ���
��
(StEP)  �\?
h ���
 ��]�t�p=u� Q9R bF":�
 }
�gO
 (��*� H= 3
%�� �\� >�

��'JO
 ��!�e'�1 ,�m C�� @ 3. H%$	 ,�:6p�
 �
?���
 ��
 bFG"�
 }
�gO
 ^e¡ (�	 H= �c. R  ���! ��!�f

 >��'JO
�@� � , F)] ���� �����
U (*@
 H= s��!�
�
�����  (n�@
 (	���
I �
 +	
�� (� �)� >���'� �� ,�:

 2*+ k'�
 sZ!= �%��p%�
 ���

U ����t�p=u� , H	[�
 ����
 k'� �'	�U �:	+h 
�+%�U
!�,�  �����
 ���!�
 �
+���
�#

]  a� = T� D�
 ���)�(RACHITT) �
 R  a
&9� 
,F��p ���
( (n� ,D	[ �JO
 ^f
 }
�g.

 ��
"��
 k��
 c&�6.�#

]  a� �
 t[\ �+Z�. �)� >Q
��
 E=�- k��
 c&�6. ��)� D��) � �!eZ�
 �%�/0
� ����  E	�<� �V�<=�		% 1 �
+�h ��0-+=9` �
 ��!�f
 E�'�� `U�]� 3. rn

�
 H=��'JO
 3
%	 �

cq a� 	?�¢� a
��:= a� ���!:� /�0�� >E	�<��
 ,A�B �=� G� ,%�Q�N&m �e()� b�  E	�<�� ��b* *� ��'J. �
3�&  E�'�� lm �g��
 �r�8� ,��  3
%	 c[�
	?�¢ a�  ��,'�� ��!�f
 �= H%�� �:<�
 D�-o�
 �
B /s�)�

E�'���
 X��!�
��� ,  �!�e��-�.
�
=P450 
 E�0� R  >Q�,� �:	+h +	
�� (� �)��
 E~9��
 � %�*l�O
  ���

U
 +	9���.t�p=u� Q9j ,9���
 �:	+h �$�<�� >�  ITCHY5V
 ����)�
�
 }�]�� �_?��<�:&�
 �)e( �����
 R  P�
= }
�g._ (e�
 ��'�� ���
� ,��!�f
 H= ^!~
 H= G�g���m ���'-
��
�-m (	��m ���

U �ZIII �	��m(*@
 ( 
:�� ���&S1  ��
 D�<�
�d�$/ �. 
\ ��,'� �0%& ,A�� @k:8 b�6
�� > ab+=  M+N. +	
�� (�� �:	+��
 ^�Y (� �:8

 E�0� R  ,�Z!= �e�!��= �+h b�  Q�,�
��
  thio-ITCHYQ9� ,9l
 , �:	+h� ��$� b&� m ��!�f
Q�	 ,
 E	�<��
�
 �#

]<�
 �a�~9��
 (NRR) Q�� ,�9�� ,� E~�{ R  �$�<�
 Fd ^��W�
 E	�<E�'���
(SHIPREC)  Q���
 

 +	
�� (� �)��e��
o�m a�=�{ ��'�£ � ��0��
 +B,�
+���
 Q�N&m 3�& �9	��  +	����
 ��O
 F����
 �\�
(CP)  �o)
 c[�
 :��� �"= ��t�p=u� Q���
 �
 �JO
 ^e'� 3
U+%�
� ^g�o�!�
 ��	�� 

�U? �)� �=+	 c[

¤ (~ H=� ,�%��-?���. 
�	���%�
 H= � ��0�'�
 (	���0 ���

U `�� (*@
�
� �#

]<���� �
FG�=  ��+ ��	��
 3
U+-� ^g�o��� �,1� > ��¥\��
 , ¦&�	 � 
[\ 3.  lm k:8 (	��m"���,t�& :  H%�� �
FG��
 X<U �+Z�.

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

��` 

 �	���Y b}��- a�*	.R .  ����'JO
 ��p��
  S�N5�� 
?�0�
 �n S<n −� ,�
F�
�U Q
!�8�o���jR .'� a� 
,� �,`−�?
'8 c
&−� − E	F��''�0=. E�,�=^6 � ,�

���-�. ��
 (�) I'� Km >Pa�0	+:� ��U�~  I�n�. �)�

 ��-+�
 �?�e��
t�&i  �
FG��
(cp283)  
[@ +	����
 ��O
 F����
 3. (	���
 �f�<$U �
:� V�#�:��
� 
 �V
�%�
 X<U E�'Y �!  ����]��
�	
��,�
 ��d
+��
 Q�R�
 

 +8

�� `�78 ,a�:U�� `��n
� (� 9-�� ���!:��
 H= �<�
� � 
$v ��!�f
 F����#

] � >a��0!��
 Eg. H= 
 �0�%= �� 
� ��?�:=��
+���
 , b�  +	
�� (� �:8 E�Z��� ���v+U �
�&. �?��`g
�
 ?
���
 k��¤� >�a a�0� 

 ��� �V
���
 ^U �0�!�
 ����� � �)
�
 F�G�� G��%��
� ,�0�% s��� +Z�. �)t�p=u� 1�
�����  Y��&/1
 ,��*��.0� �(MAP)   �)
�
 � ����
�Lhttp://map.iu-bremen.deE a�0��d 
[\ 3. ,  ��.� ���/�,%� Q�` �)� >�


 �o) 3
����
 aV�U  �� D�-+� ��= A�B^��W�
 ,�
 ��=� K�O
!)�� �5����* �
+�]�
 �
!� E=�<$U ,E
��
 ��= �
!��
!$�����  �(.O�1qu��
  E*8.0�%�
 ���?�:����  

-� < G�+<��

�@  a
+N�= Q�j ,�� ,
 b�  +-B (� �:8 ���'$  b�-��� ��U
��6 �
�&. C�0�� F����

 s#��!�
b?
]!�
 ��0	+e��
��
� > PEDEL %�� Y��&/15��
 ��0�%= � �
!��
 +	� epPCR��
� P LDP  �
!� s=��+UL

 �w P��0�%�
 �=�����
 ��U
���
 �B9!�
 �',=. H=b�-��� �
 �+h�.0� ,��#

]<�
 � a�J�N ��
 epPCR Q�� �

 ��!\� +N§ s=��+U�,�. ��
 
\� GLUE 5 ��0�%$'� s=��+U �
FG�= �. ��#

]  ��!�  (*� ���
 ��v �d.)1 
�g?��
�
� ,Pg �
FG��
 &�  +	�:�� t+	
�� (� c�
 �¨
�Y ���
��-� �0�% &�_m �� Eg. H= bF0- �0�%= [N.

 H= ��!� 1 �
FG��
 ��y�l��
 s=
+U +8

��� >� GLUE ��
 A�[-� PEDEL ��
� DRIVeR T  �)
�

http://guinevere.otago.ac.nz/stats.html Q�l ,�	�
  ��) �)�?
=j��
?�=� c  k'�
 �:	+h �g[$!U�@� �  

=�)

��
 s=
+U +	
��U eShuffle ��
� eSCRATCHY Q�� −�� 
(http://maranas.che.psu.edu/software.html) ,A�[-� 
��
 �:	+h SIRCH  E=�%�
 ��8+��
 �� 
$e�
 ��=��
 S�J
�� /���
 �� F��/�1 ^<= ^��+U�R ?
h �)� >�

��� Yt�p=u� E��&  t035�e��
o�m �#

]<�
 F����
 �(RaMuS) �
gc  3. �G0!	�^,6�0�
 � ��,  a�J�N� 
 ,`g
�
 ?
���
 Q�v � ^#��0�
 �:	+h ?���NV ��#

]  F��� �"C�)� F*N ��,'�(¡�g���6
 ¡
?�Z=�G Q�	�
 

 

�������  01'�� )*�� ��+(��Focused Directed Evolution 

©�:� (� �= a
F,-  (�$"��
 3�- 
Bm �= ����= ��q+�
 
\ `g
�
 ?
���
 �.�
�e��
o�O
 �� E*8 ? ����
k��U ���!��
 c. ªp���
 � ,�)

�
 � ���

U ��q+�
 (�$"��
 �)� m (��� ��!���W�
 ��:<�U t�	�Y�)��/'� 

 i�0�?V �'�K*�
 E�'���
 >����
�
� a�*	. �F,- � `�78 , 8
	 V 3��6O
 H= / �e��!�
U
'��
 �� T !0'� K'1

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

��j 

 3��6O
 a
�g �]\�= �
FG�= b��<U 3
%� 3. H%$	 ���
� , a
�g�� �U
'��
 ��J��
 � ,Q�,�
 E�0� R  ��
 ,b��q+�
 �:	+���U c?
+�
 ��0,��U �0!��
 D<"�
�@� � �
 3
%	 `g
�
 ?
�� �D1 E*8O
 ?���
�`�
 

 ,bFNO
 ���4
 �� �
o)
 (� ��0�-+ (�$"��
� `g
�
 ?
���
 H=��q+�
 I�$� ���
� , @"m G��-���1
 ��q+�
 �.��q+�
 ?
���
,  E*�� �!�. H= (d+�
 R  r'�"�
`g
�
 ?
���
  +-B (� �)� >�-+�
rg�!�
 /�0���
 

 c?
+%��
 �<0]��
 F���'�(ISM)  ��	? ���

Ut�p=u� lm 
[\ c&�	� > b&�	u c?
+�
 ��0,�
 H=L ��0�'�
 (	���
 �
!�
B-FITE Q�j ,��� ,�b&�	u ����]��
 ��#�:��
 ��
�� ,�
 Q
0:E ����
 i���O , ���-
0	�
 (	��m E,=

 �
!�
 H=L ����?��\CASTingE Q�j−�l�
  T��
 �:	+h ISM  F��/� �� + G�� PE~9��
 �B
$� �.L ^��W�
 aV�.
 ���O
 ��y �n

= �	����!�=O
��  ���
�)�'� ��O�P T G(*� �)

�
 ��y X	+<� (�	 ,A�B �<U > �E%]UL 

�-.)�U a� 
0�= ,�<0]��
 F���'� P V;.
 ��0�%�(~ >�9�\V
 �n
= ��J��'�  G���
����
  E*8. �e��& ��
F��%� �"��� �� � �V
e'O
 H= M+N�
 t[\ +$���� ,�<0]��
 F����
�e��
o� � �%�/01	?
+%� �N S�&�_m 

 �
'��
 c
��
 ����
 ()? E%]�
L�69�E 
��
 �0�	�  CASTing�<0]��
 F����
 H= �
!- P�g�=��V
 k]!�
 �n
�
 �0]� ?�0�N
L  c?
+%��
 t[\

�
�e��
o� �� a�J�N� ,�!N���
 i�:!�
 �	��� ��� V$�-k � �"*)��1  k�� ��""¤ �. ����]��
 ��#�:��

!\ ������� >E ����
 k]!�
 �n
�
 Q
6 �6���
 � �\+�) S"� b+#
& � �

6�	 � ��o�e�. ,�,;� ��w

 �� 
$v ��!�=O
 ���O
 ��8+��
E ���� ���
  �� s=��+U +	
�� (� �)� >E ����
 k��(CASTER) � G��-� 
�
� �eZ! ��y � b�-+�
 �
FG��
 ��0�%� |���
V
 D�g }���.�0�?i�  s=��W�
 [\� /���� ��"m ��

I�o��
 (http://www.kofo.mpg.de/kofo/institut/arbeitsbereiche/reetz/deutsch/reetz_forschung1.html)� 

 
 ��� ���	
������  !�"� P/"��	
 UJ��	
*�
���	
� 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

��� 

 �)�8 3
,6�0�
 �����
_!  ���%	&
- �-� a�e�  ap~�« a�8pN� ,  Y��&x�CASTing , 378e��
o�m� G(�
 

::6 �)� ,E#9��
 �B
$� �. &�<UO
 �~p~ D�-o�
 R  �$�<� V)*+ a� �"� a
 ����� ���
� >������
 ProSAR  �D

�'� &
��=
  SARP����
��U D�-o�
 �)p L;  (�;<�� A�B�� ,�K	�f
 ^��W�
@� �  ^U �)p<�
 E�'Y (�	 F��/�
f
�
 }c�5 ���.��
 ��J��
� P(	��
�
 �U
'�� j��:'� �'U�: � �Z<n��1 ��&�<=R	 �
 �
+�h E�'Y (� �)�

 �+h H= ��0�%�
�
 F����
i�]!�
 /	+h H  ��'�� ��
�* *��- �Z0��+� (~ H=� ,"b���="� ," 3
%� 3. E$�¬
b���="� ,"b�	��" , �."�	B�=":0�� ,bFNO
 �K��
 �
+�h &�<0��
 (�	� >S ���� b����
 �
+���
 �9	��7- ���

 ��'J. ���e � H= ������
�
+���
� �� G� b&� m �
+���
 ?�0�N
� M+NO
 ,= ������ a�*	.  ^�Y �<	� >Q
J�-
 (Z�
 ,��!�g
��¨& H	?��\
��@
 (	��m �����O
 ?�:<� �&
+= ^�����8?
�� X���
 u��« Q�,= 
\ ,Q�o���
%'

b�#��� �:	+��
 t[\  (�:�
 +;�
L�6�6��E 
�
 H=� �V�����q+�
 `0q b��
 �g
	 F����
 �+h E	�<� �
B SISDC  �)
�
 `g
= �d
+��
 F����
L

�
 R  �$�<�
 Fd�* *�Q ER���
� � SCOPE  PD�-o�
 R  b�$�<�
 ��g�=��V
 ^��W�
 ���!\LQR9 M�N 

 a
&9� 
 ?
0  �n

= �	�Y (�	 �� D�-o�
rbr! ��W'� &�<UO
��!�� 

 

���� 23-�� #4� �Assay Systems 

 3m ����= ��e� 
\ `g
�
 ?
���
 �U+� |�8 ��;�U �
~
=� �	­@ ���U �� > a
+;�  H= F0- &�  &
g
�
 �\��]�m (� ���
 �!%$�
 �
FG��
 F����
 �:	+�U ,�#

]<�
 �<U �U
'��
 s#��!�
 �	�Y D<"�
 H= 3
%	 `�78

 F0<��
'� c&+��
U��U �
F�
�����  E,= ,��%��p%�
 E�'���
 �+h E"��
u�G�
 c�. �
'�
  �
'�
 E"��

B E#���
c  >���+�
 kG*�
 a}�!U�  ,A�B R  �
�&. +8

� D_ `�78 �	���� ��g����
 ����  �0��!= �
����

 �	
��
U
'��
 ���
 (��:� H%$	��e��
o���  lm �=mV
 D����.� ?���Nlm �=m |���
 ^0�
 
�!�
 R  ,

 ��-.���1 a�:6V H= ap-� >eZ!�
2 �
� � �	
�= `	��,  D_� �
'�O
 3�]U ?
+) B�¤
O
 R  �=}p= +,-
 E- j��. ���N �� -.)� �<�
� �=�  b+;� R  �phV
 H%$	�� a
+N�= I�J� ���
 �
�&   3
$	? ���- �

QR� 
 H= &�  �� �g
+�
QR� −R��
 
 

�������  ���(56�Selection 

 �	
��
 �
?���NV
 �$�<� ����� �� c
*  D-+= ����m R  b?�:�
 �� L ��+�
�-�O
 ��J�N
 E2'��=��:= �.  E,= ��'�'� �=���
 E=

<�
�	
��
 �
&�*�
V
 378 ,`:�0�� �! � > ?���N b
&. 3
%	 a
�g �	
) 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

��l 

� bF0%�
 ��0�%�
 |�����]�-
 ^��W�
 �
+�hB �=� >,y�  z�%��
����
  ?���N
 u+��
 Q�  R  c+Z;�

�
 �
B �p ����
 �
��� � -�
 �	
��
 b��0 ���
 �.�U? H%$	 �b?
"U �Zq�"� �ab ?���NV  u+hc+\�� �

V
 t[\ (�� 3. H%$	�?���N �
 �. W���
 ��	p�
 EN
&  � �=m� ?
hF O ]!�� >M
���
 �:�)& ��0hO
 �. {
 F����
 ���!:� ��
o� ��0�%= ^U ab&� ��	−���	 &+8� >a
 ��$- |�8 Eg. H=�
 ��6 H= bF0- ,�* *� @&o�

 �U
'��
 Fd �. ��]!�
 Fd &
+8O
 &�<0��
 H%$	�0�%�
 (e6 H= ��'�� 
 

���������  ��786� ������Display Techniques 

 
\ P����
L cF�%0�
 j�F���U ?�Z�V
 3m� a� 
�q +,-O
 ���!:��
 H= b�6
 # ?���N D��O
 �
+���

 � bF0- �0�%= H=W���
 �\� > H= 3
%�����!��
  ^f
L �
'��
 �0�%= � &+8 E- ����
 t[\ ��
+���
 T E

^g �= ?�Z"�
 � :�/� >j�F��
 ��K	�f �!���+U }��G� ���] G�� ��,)� ,����
 G�� ?�Z�
 ^��W�
gO
 !")
@;0C �� � ,A�[�� c&�= i�0�?
 /�:Y (�	 ^f
 ^U s���� �9��g /	+h H  F0<��
 A�B �<U (�	� >����


. | �$�<�� >��:= kU
? �= +\�;�
 (	��®� ¯
[e�V
 E ����
 ���

U �	F�%0�
 ����F��
 
[\ �<�0h R  kU
+�

�
 ,Q�,�
 E�0� R  ,(	����� (	��m 3
%	 3. H%$	 V
?�Z"� E ��� k�� �. , �= a�v�= c?����
 E ��� k��

 c[�
�L ^�
�0�
���� `U�]= �. ,PH	��8��Uo�V
 ��	+- R  a�:6V t­. (�	  �U
Bm (�	� >����:��V
 ���:��

 �Z$��*�� ,�Z���� ,b?����
 ����F��
 ���

U��<�
M �
�0�*" QRl�
 

 rn� �)� H�'���
&�
 ?���N
 t�p=u��'� b+Z;�
 ����F�  Lipolase® E:�"��5t"�� ��  /.*.� ��)����1
 H= H%= c[�
�0�%�
 }
+~m _1 ��	 1 b�6
� b?�& � S<n`	�
 

 a�*	. H%$	�  ?�Z�
R  A�[-� bF$�
� �	F�%0�
 R  ^��W�
 ��0�%=  }0C j�F��
cF�%0�
®�� > ?�Z�
 R  �!�<= �	
�= cF�%0�
°�F��
 ?�Z�V
V
 ��
� ?�]�� � aV�. �g�6 ��!\ , �$�'� J�[� �6
�~)� �
 a��?�:= �0�% 

 � ^!~
 �=°�F��
 ?�Z�V
 , cF�%0�
 j�F��
�	F�%0�
�� �&�r a� ���� , G�k[� �
FG��
 b?����
 ab��0=  3�& �%&
 H= �	��
 lm ��~
?
�
 b&��
 J�[� �$��+N§ ����r a� ,V
 +�N 3
%	 3. H%$	 tz�
 ?�~§ D0�U � �!�JV
 �
[e� E).

 a�6
n�0�
 ?�Z��
 /�:Y (�� > cF�%�
 (	����C��� :�  �	
��
q ���

U �
	&pg �	+	��
-?
0�
t�p=u� 
1�
�����  � �!�J
 ^g H= 3
%�	 2A�
�C� �����O
 �V�e�
� �	 (� �)� >3
�
:�
 ��]	F]	m � E:!�
 ���
B

 @�A�� i�]��
�C� :� lm ��e!U�g?��
 }�]G�
 }�g <�  G���0~m @1 ��'�£ ���!:� ���

U`��
 
 r�� ?�Z�
 S��%� a�*	. (� �)� D��g lm �	F�%0�
 ��'�
�
 V;. c
'�
 V;.� �9	���
 ��0�%=

Q`9T �
 ,�)

�
  378 t[\ ��!:��
 a����6 E,{  sZ!�
 ��<�
 ��6
�
��$%�
 |��' ������
 i�]!' c� �9	��®� ��

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

�l	 

 M
��=�
 �� �
� b�6

 �� 
$v � a
�g bF0-  >�
+���
 H= ab�p �  ,A�B R  R  �9	���
 ?�Z�
 +8
	
 }0C	F�%0�
 � Q
J� �	+6 ��:�'���
 E ����
 k#����
 lmG�:&�  

 3. I0~ �)� i�0�?
 E�%]� R  b?�:�
 c&�=Y�)� 21 � �]��= E ��� W<� ���
 ��'�
�
 G�:& R  EU�:�

(;0C� �
 �\ ������
 i�]!'� �$%�
 �	���'�.;�:c  M
��= R �
 �� �
b�6

�  +8
�� a����6� b�  �+h

B ?�Z�,��U�+%��
 ��'�
 r�� R  �9	���
 � �Z$;<= +	
�� (� �)� 3
�
:�
 ��]	F]	Q`��
 
��6.  �',=O
 �D�
����
 ��
 EstA, 
 H= �	F��
 (	��m }�]G��U k0�+= 
u
!�g�+	m j��
=�&
�
0�

 >�g?��
� G��
����
  �U��EstA  t�& �a� i�0�?
 �8��- �9	��®� 3
�
:�
 ��]	F]	m ��'N r�� ?�Z�
�
 E�'Y +Z�. �)� >3
\�'� �''��
c
'�
 /8��  j��)�0�'�
 i�]�� : �9	��m ��y 3.0�'�
� : �'���0�
 H=

� �
	?
u
���
 ,��'��� �
[�
 E)�!�
 ���

U b}��%U �\+	�"� (� �) �!����?�= ��]�
F��
� ,��U �V

EsaA a�*	. ±��Y ��.� , r��� �Z*	+<� �!  3
\�'� E'��
 �Zh�]!U1 ��'�
`�� >� a
+N�=  a
�g , ?��
- rn�

 t�p=u� �	F�%U 3. ��]	F]	m3
�
:�
  R  �
��0�'�
 �. �
�	F��	�
 +Z;� ���
0C a�<= ��'�
 r  �	���-�FU �=
Ee��
 (HRP)  3
%� E�'Y R  b?&�)�
 X$�
 �
o�.��*��1/�  �	�=
F��
 �
:q I�:U� >�	�=
F� ^�
�0'�

 E ��� H= Ie�� ���
0�'�
: u bo�� �	���-�F0��U 3o:�
bF")  `�' � I�0�?
 a��w���  �� 
$e$U H	u�F��

 ��]!�
 I��- ���
��1 �%��+: }0C ��  ��'�
 ���
 �	F�%0�
 /(��0�'�
 i�]��: 3. �g� �)� > i�]� ��8p�N


V
�C�c
'�
 �	  a
��g /U���� ���� ��  R  �$-
o�
 �	�=
F� ^�
�0�
��'�
 r���)� >  (�'<��
 
[\ ���.
V
!$�%�&  ��0�'�
 i�]� �
B �	p�'� �	�=
F� ^�
�0��U�:�� p�
 u+8 /	+h H �� 1 ��h�!G�
`R�
 

 

���������  ��9:� ;5�� ���(56�In Vivo Selection 

 ���� ��Z���
 i�]!�
 3
%	 �=�!  �	p�
 EN
& ?���NV�U ���:�
	?�¢ a�  ����; � E�0� R  ,
$!�
�
�. �	
��
 �
&�*�
 �
��-+� b&�	u R  D'G��
 ,Q�,�
 &�= F8
�b 1 �����. ��#
[d``�
 

 �)�� G� /	+h H  �F0�g�?� ��	? ���

U .�0�
 r�n
 Q�,=�c[�
  3o)
�
 `�8 R  }�:0 b���
 ��)
1 ;�� � 
$!'� k0,= D-+= ?+¬ c[�
� ^<= `U�]�=Q`j �
 ,
[%\� ��0�*� # �:�)��
 ��!#�%�
 FG�= W<� ���


 (	��m0�'�
�:  /q �0��!�
 ����]��
 ��#�:��
 �BD-+�
 
[\0� A�[�� ,%S  ,b���
 ��) R '� ab��� Q�<��
 D�"��
�
 FG�$U � ?�$'�G�:& Bc  ����]��
 ��#�:��
U
'��
 �� 

� (�	 3��6O
 X<U �V
 }
+gm�=�%� sZ!- ?���N : (�	�t%�  ����m �U�� (	��m /.0� c.L X	. s���
1 P°��.`� ,`l�
 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

�l� 

 ?9��� � 
$v In+  �)��U?.  ��!�g!	?
0�
�����'� �
�� ���
� ,o-�U�F���
 �

�. ,��)�C�

 lm p��0�'%�
� ,o-�U�o���
��_ epPCR �.  >����
 k'N |�8 (� �)���0�%= �U?. H=  ` 
$v �= c.L Q��g.

R				 /�'�*�b I�/c �� E4
 ��0h. R  ?���NV
?�g  �� H= c
�6 &�*=L ���-V��-
�
 H= �	
��= ��-+�
���0�
−)� >P���-V H%=. �t%�  b?&�:�
 ����!��$'� �����0�
 c
��
 &�*�
 E�'Y−:0� 3. ���-VS  ,�= ��

b���
 E*8. �+Z�.� > �
FG�=
 H=�_ epPCR U ?�:� i�]� b&�	u H%�� ,��<n. ���9, �+Z�. E*8. H= b+�h
 t P ��!�f
�
 &�<��U R . ���-V��-
$'� �=��:= 9j	−R�	  J'�Qj	�
 

 �"*)��1� ��0�%$'�
 � bW<�
 ��!#�%�:�)��
}
+gm H%$	 , 
�_ HTS �
+$<���
 R   ���
 T ��)� � ?�=
 ��� �" O4
 /0h?�g ��0h. R  �
+$<���
 |�8 �+h H%{ ab&� � > ?�g. ��V;�  H= +,-.��	  �
FG�=

 a�0��d �Z!%� ,��	. 3
*d � 3
%� �=  :������
 � b&��� ~�)��
 ��e�!�
 a
��<U 3�U�['� �'U�:  ���
,b+$<�� 
 `�' ��G�  �
FG��
 H  S]%�
�
���U � �0�)  |���
 �+h� >k:8 Fd ��e�!�
 R  �$#�:�
�
 3�U�['� �'U�:

�3
%  �
B ab&�  H%�� ,R . �����6 3
%	�(=�0& �= ��6 lm a
&���� 
 �'6+�
 |�8 �$�<	� R  �0'"�
 �U
Bm �<U s�!�

 E ����
B!��:&  c[�
 !0'� �%0)��:#
? , �.Y�)� 

 � FG� �. ,�]��=�!�g�?��@
 ()+�
  ���

U `�;6p= (�	 �. �!�g�?��@
 ()+�
 ��= ª�"�=V
 c
) s�!=
5��� ,������ E �-�
 −���. �. Q�g −� �����. E�,8�� �?uO
�	³�
 +�O
��
 Q�,$- �	³ (	��m i�]� ^�<��

�C#�:� Qj� ,j9�
 

%� �)� J��
 �:	+h V;. ��
 s�!=B ab��0= (	��  H%$	 �.� �Zv& �(	�� � �3�~e�!= �J? H%$	 c[�
 @
��
Z�U t?��U <� ,� rg�!�
 s=���U rn
= 
\��+-
���' P450 1 Ee��
 �	���-�FU �=j��
 ���- 
Bm �%�/c 7

 |���
 �. �=��� ,�	p�
 E'Y D'�� �%& G�� @&o� �	p�
 H= }�g}�]d lm b+$<��= H=  ,}m/� M�N� G�
|���
 Qj� �
 T �

 O
 (� ,bFNO
 J�s�� �E%]U �$)+�
 +	
"��
 ��g���m /�:��� �	
��=  R .� G��%�!�� 

�� b?�q R .Qj� ,jR ,j`�
 
 Q
�	 V |�8 H%$�
 H= i�]!�
'� E'��
 3
\� �b?
"U R  ��g����
 ���� U ,��0hO
�
�����  !rbr


H	F�
0�
 �~p~� ^��O−���\ E�%]� QpN H= ?�g.�U� > aV  ,A�B H= G� ,%� a
+N�=  �%�/c /��0� V;� �����
 �0'"�
 �'6+�
 � ��g����
 /	+h H  3
$	?� ���U�U ���

U�
����
 1 H	?�=
%�
 �
o�
jj�
 

 

������ 23-�� �Screening 

"0� ���� #� IF,%�
  �� |���
 �+h T
 b?
J�
 �'6+�" - ���y�g� � 
?u D_  ����!���

	&+��
 t[\ |���
 �+h A'Z���� >M
���
 �:�)& ��0hO
 � �Z"�8� � I)
�
 H= �	��
 �+h H= W-. �b?
"U

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

�l9 

 >�0'"�
 �'6+�
 |�8 ,A�B �=� /	+h H  ��
�'= �b?
"U ��g����
 b&�	u H%$	 `�78�
����
 �4
 �
U�+�
 
��
 ?���N
 ��!:�b+$<�� ��
 b���
�*�$/ 3. �\ � �+h |���
� /���
 ��=
'<V
 �+h H= +,-. bF0- �b?
"U ?���N

 M�N ������$-� b��0= �b?
"U i�]!�
 j��)� , }�*� S�N�
 ^�<�U���/ � ab�p �  ,A�B R  �+h H%{
�
V;. �
 H= ��0�
 �	���(	��� ����]��
 ��#�:��V, � 3
%� ���
 �F,- � �
 ��J��
 3��6O
 H=*�$/ ���
 �

 ^�Y lm ���Y �	
��
 �
���$'��� �!"�
� 
 

���������  0��
���<�� 23-�� .'/Hydrolase Assays 

 ���� E�'Y i�]� ^�<�U �
o�V
�
����� �<�
� � 
$v  �� ���)��E ����
 i���. , �b?
"U�
� �[.�� 1�
�����  ��0-+�
"�:�:�
�"  �$Z�
 a��?�:=  ��E#
�0�
 5 E ����
 i���. F8
�� �$$"�
 ��<�0��
 Fd
 b?�qm�.���  � 1�=,)� J�� �  �( ��+m ���

UG�:&�E  ,A�B �=� b� ���� � i�]!�
 |�8 �+h E- }
+gm

 ����  �b?
J |��� �=up�
 ��g����

 ��0�%� H= ���!�
 bF0%�
 �V
-
��+U F����
��
 � �=�����
 ?
�
`g
�
� > 
\ k��U Q�,= ���N V;� �%�/cU �!�g�?��@
 ()+�
�
�����  ��0'���= �~p~ �. H	F�
0�
 �~p~

^��O
  |���
 �+h� >E ��� i����-� ���
'�
 ������
ym b1 !D  �+��
 +,-O
?�]��
 a
  ��]�O
 �	����
 �\� >��'�'���
R  c
�!�  ���:�
m pC!.�c���� ,��� Y�)��  ������
�����
'�
 �
��
�
� >`���) (�	 +,-O


=
����
 a� 
?�0�
 �\− ,Q
!�8�o�� �
�<�
� >H	?�=
%�
 �. ,^8?��	+�
� ,^�	?
'��
��
*�$/# ��
���� 
V
 E ����
 i���. H  S'�¤ ��. �\ t[\ �� �!�J E ����
 i���.,��:�:�
  `�' � 3. H%$	�lm c&�  Y$��&

��U�_m �UB�-,  a�0��d ��.�  a�	?�� b+8
�= Fd 3
%� �=� 
�� ,|���
 �+h M�6m �$�<� H%$	 ���
 �(���
����
 �p�
  ab��0=  ���.� tC��"!%�%N"  ��

"A�'N X� ?�0�N
"  a�	?�� ���= ?§ �-�L − ,b&����
 �?�8
�U,���]=?
& �����.Y ?�0�NV
 
[\ s=�	� >P � �
	 �$	��m �U��� �= �p�
�' �� ,�	 �p�
 E�%]� lm c&���
 NADH 1 ´8�%��
j�
 �! � >�
����
 

 ,?. �d
+��
 D�-o�
 �
B ��:!�
 �p�
 ����]�=� jm H%�� �'"�!= �?�� � 1�
����� �
 FG�= ��� ,G�:&
� �:	+��
 378 }�*>����]��
 ��#�:��
 ^�<�U  `�' � �����
����
  �:	+��
 t[\ S	+<�� ��e!U �U�����C�:� 

 ����  ����]�= ��#�:��
 �B TPjmL /�'¤−2���1−9−Q�. Qjl�
 
� �6.�<�
� ��$Z�
 T  |�8 �+h i�]!�
 �
��0�'�
 �9	��� ��'���
��V
��
�	�  �D (;<= 3.

�
 ����q 3
%� E ����
 i���. � 3�U�[ ��K�0�
�#��
� +h�£� �
 E'���
 �
[�
$�
 �g?& � c
: b�	�]�
 �n

U �<��+�
 b?
+�
 �.�
�����  E ����
 i���.,���b 3
'�
  >S���
 �. 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

�l� 

 ,�'%]�
 t[\ R  E	���'� G� SJ��e��
o�m T 2��g
+�
�  aV�. , Q
�0��
 (� �
o�

?�0�
− E!�8�o��
 H	?�=
%�
 �.>+��!�
 Q�³�'g E��. c
��
 �. �'U�:�
 ^'�,�= �-
'��O
 �
+,	7U  E<_ 
[\� E ����
 i���.

. a
?
+:��
 +,- , E"�'� �+<�
 o�V
 E"8 (�	 C�6
B!��:&  ,��� ���.L 3
'�
 S���
 ,E E'���
 a�0!e�=
 �
[�
3m C�6 Q
�%�
 b&?�q  34
 �,'�  b?&�G�
 �0<J � 
$v �= ��?�:= 3
	. �. H	?�=
%�

?�0�
 −

� >���-
!�8�o�� a
&9� 
  ���
 `0�-+�ª� , 378 Q
�%�
 E��-
U+- � 
$v `!= ��!	 E"�!�
 ab��0=  �.� ,*�>�
 aV�. ���
x. (~ �
&
	� lm �+<����U ����
 ���0�
 ��� BSA  Eg. H= ,��� /�/+3
'�
1 S���
��	−�9 (�	� >�

 I�"0� t[\ �:	+��
 a�*	. S�J
�� |�8 R  
B�9	��  �
B ��#�:��
 ����]��
Q��
 H$%�� >�'� �
� T
 �g��
 �!  �����:�
 }
+gm k:8 H%$	 `�.� a�J
"N �$$"�
 E ����
 i���. /�'��� �0%& �	�Z!�
 aV�U  ��

 ��n
�
 �:	+�'� E	�<� �����	� >(	���
 ���-+� �$%�
 ^�<��
 a�:U�� �
 b+	�< ���%<�
 �� H	+�!�0	�

 �
&
	.W��
	&
"�
 � ���
 b��-. � A'Z�� Q
	��
�
�
 H  s��! �-.
B!��:& Q�� −�R�
 

� ��  ��llj�� �!�g SJ� , Q�. j�%��Vu�- �%�/cHTS 
 ����]��
 ��#�:��V a
&�!�� '���
 lm� �
�
 �-.) ����]��.
?�0�
 �
o�−�d
+8 X$� E�!�8�o�� ,�U b9��
 Quick E � t[\ � 

!�  �)� �:	+��
 ��#�:��


 ����]��
E  ���= I�/c'���
 �V�<= j�����O
 E�  H= �:!�
 `U�]�$'��−E�!�8�o��−9− �

��U�+U E�!�8
� >P�

��%	&
o� ^8?��	+�
L �<g+= D-+=� �\ �	
��
�
 I)� �g��
� ,F":�
 j��: �����H= F,%U +GJ. 

@
��?�����
Z�� ,�  j��)�
 ����]��
 ��#�:��
����'�  a�*	.� E,= �
�<�
 X<U ��!\�
 ����]�� �g� ,��%&
�g��
� /#
? Q
'��� , k:8 H%$	 `�.�
����
 
 ?�0�NV E ����
 i���O,���b 1 3
'�
�`�
  �)� I�"0� G�

�%�/c ��
 Quick E  ��e!U T ?�0�N
 E ����
 k�� ��#�:��
 � * C T1 �
����?��@
�j−�l�
 
 Eg. H=�
����
  �9��
?���.� tC�� , 378 �g�6 ��!\�%��"= �-� ��)  2�'� �� �@1���� 3. H%$	�

 3
%	 E"��
 
[\ a�:8�  ��d
+�'��. 3
%	  a�:8� � � ��K	�f
 �'�%'�<]�
 +#�;!��U �$'<�
 E ����
 i���.�  (� �)�
J����  E"��
 �
'�
B E#���
c  ����  �+h 3
%�� �
'�
 E"��
� ��<�
 kG*�
Eg. H= ��g����
 =
����
<( 

Ql	�� >�gt b
��
 , 
�� }
+gm (�j		  a��=
	 j��)  �"��� V;.� ��0�� H= �
+�h j��
=�&
�
0�


u
!�g�+	m �$�%�&#�  bo�. � ����]��
9− >Q
��U�+U E�!�8'�%�
 S�h j��) �����	�� (MS)  �6
� D-+= �=

 � �<]�
 +#�;!��U ('<= ��u �p�'Y � ����]�=1 P��#
u �9��
?L ��-+�
l�
���
 � �. �� � D-+� c
��

 a��#
n k]� Fd(meso-compound) ������ ���
 �	u

�
 �	+<]�
 ��U+Z%�
 S��%� a�*	. (� �)� > �
&�� ��d
+8

 ,Q�,�
 E�0� R LP��!	o�%	&
'%���
  � S#
u IU�~ ?
�-'��
Q
 
�1/(��!$  lm E"	 �= �f�<�l`  T �)��
I)
�
 *.&@ }�*� �� , 2�'�1j			 )���  �� a��d
+8 �:�]�
 ��!�=O
1 �
��
 �l9�
 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

�l� 

���������  0�(1����
��=1
>�� 23-�� .'/Oxidoreductase Assays 

� �"� G�'���
 �
*� �. H	
%� ���-
�	?����-�O
 |�8 �+h NAD(P)H  ª�"�=V
 j��) /	+h H 
,)� ��	 p��&�&� >��
 E=�<�
 ��-+� 3. H= (d+�
 R  ,��� ab��0= k0�+ E ����
 k�� Q
��U , FX @&o� !P��

 C�6 ,?[�
 �p ��� ���

U s#��!�
 +~��� 3. H%$	 ���'�
�	p�'� ���
 �Vp���
 � x�Y ���
,  �'X ��
 �
'��
 (	���
 ��:!� �F,- �  3��6O
 H=�	?�¢� 

��0���*
���?��� 	 ab&�  j�:U �
��!�g�?��¨��
 i�]���
 ����m s=�� �p ����
 H= �U��� ���

 
NAD(P)H  >��
'= ��0-+= H	
%� �=G0J A�B R  �',=O
 H=��� �
 �
���u
o� 
'U �o�� E,= �
���u
o�

(NBT) � �)� G�SJ� ��
 |�8 �:	+h NBT= H	u�!�8�. C����� (PMS) �� J�� �  i�]� ��!�g�?��¨��

Ql��
  ^0� �)�� |���
 �:	+h 3.' T �� ?
��
D'"�
� E#���
 � `�. A�B H= a��w. +,-O
�� �(%�"0� ���� 

��
 HTS Ql�
 E=�<�
 H= ������
 b?
"�
 M+N. �:	+h ������� >� ���
� > T S�*� ��" �%�/01 V;�
�	
':�
" ��
 E'��	 NAD(P)+  �	
) �	
') ��+� IY1 ��<]��V
 ��  s�!= H	
%��lR �
 

� ���� �"��!�
 i�] E ���U ^g�?��@
 ���-. �
�� �$	���
 �����
 s=& /	+h H  ��-��

 Ee��
 �	���-�FU(HRP) ���
 (	��m E ���	� HRP � ,Q�,�
 E�0� R  ,&
g�  ^g�?��@
 ���-. �
8 ��

E,= ��0-+= ��
 ABTS �� Y�)� Y�) µN. 3�U�['� EU�) c[�
� ���� a����h `!��<�  ,)��	R  p��&�&Ql` �

 H%$	��
����
 
~?�O
 E,= ,3
'�
 b��
= M+N. E ��� i���. − ,H	�	����	
& E#
�0-_ �  ABTSQlj�
 

 �Q�,= �� M�,N , V;� G� H= `g
�
 ?
���
 ��0�%= u
-
'f
 (	��m W<� ���
 +e�� �'gW�O
 �	���-�.
 2*;��� ��0,�
� �n
$�
 �g?�
b?
+�����q ?
h �:8 A�B Eg. H=� > �F0p=u�t�  ��0hO�U |�8 �:	+h


���
 �:�)&M  �
Bl`  ���
�= b+�6��g����
 , ���
� �(�� /(��

U u
-
'f
 b��-.C�0  Q
��,�$�!���F��

��-��
 �U� a
  T 3
'�
 ��D6�]�
 +�JO
 lm �?uO
 c[�
� , @ �e*� ���� ,)�`9R Q p��&�&l��
 

 a�*	. H%$	��
����
 ��
  ABTS
�
~?�O −H	�	����	
&  ab��0=  j��:� i�]�	���-�F0�
 (� �)� >�
 SJ���0~m ��
 /�0�� HTS  ��0�%= H=�
<�:& � � �&�  1 �',=O
 H=ll−�	9 Q
-�	

f
 |�8 E,$	� >�

+N. |�8 �:	+hM  2�'���	���-�F0�
 i�]�,  c[�
G� =
����
@  V;.�� �	���-�F0�
 (	��m�* 
1 � ��+-
����
�	� �
 ,*�>��
f
 Q
-�	
59− PQ
!�8 �-
,�=3
'�
 (	�  
 /q lm &
g� � �-
!���

�	���-�F0�
 ��"�� /� /]�
  lm ,�!0�
 Q
-�	

g 
o��
!  S]%�
 H%$	�@  ,)��j	 p��&�&� 
 |�8 �+h b�  z� (� �)� i�]!�O
!�e��-�� ��� ,: c&�6..�)�e�*��:  (�@
P450 � Q�,�
 E�0� R 


 7�,k�C
?�0�
 F;� |�8 �:	+h− �-
!�8�o��(p-NA) 1 `g
�
 ?
���
 �?�� H= � 
$v ��	�-�	` �


o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

�lR 

 t�p=u� �F0����q z� �)� a
+N�=  ��;� s�!�
 R  �$�<	 |�81�
����� 
 ��
= E=�<�
� 3
 
?�U− �o��
 �V
!�8
�~(pNTP)  T`g
�
 ?
���
 &�6. Q�,$- ��!�e�-
0	�
 (	���O c�)�e�*��: P450 BM3��
� > pNTP 

 ,��� �D+�J. 3
�  ���-
0	m �= E ���	 �� �
e\ QpN� Fv �« ,b

!'u�&c �m_ }�� S�
�%   (	�  s�!=�
1 3
'�
�	j�
 

 

���������  0��� ;� �� @1
���<�� 23-�� .'/Hydroxynitrile Lyase Assays 

 �9	��m ��Y �
���� E	o�� �-�?��@
(HNL)  ���

U i�]!�
 ^�<� (�	 ab&� � ��!	?��\
�����
 ��:]�

��
 ��:]�
  HCN �!  a����h s��!�
 �	�¨��
�!0�
 ^�<� A�B �<U H%$	� >(	���
 ���

U ����
 E	o��
'	����
 H=9�	 

��:� ��. Vm ,����  ��g���7U �Z:�0�� H%$	 t[\ |���
 �:	+h 3. H= (d+�
 R � >o=
��� E ����
 i���. R  
 ��!�g�?��¨& Q
�%�
 (	��m ���

U �	�¨��
�!0�
 E	
Y 
\ i�]!�
 H  S]%'� +N4
 ?���
� >�	+�<�
 �. ����=�?O


��
 ��-+� ^�<�� NADH 1 �	
���
�	���
 ^�<� H%$	 ,A�B H  ap	�U� >�  HCN ?9'�� E0) H= SJ� 9- ?+���

t�p=u� Q�	l j��. R  ,�1 s��
- `�J� c[�
 E ����
��	 ��$f |�8 �:	+h t?�0� 
 H%$	 ���
� ,�

��
 ��-��	 �:	+��
 t[\ � >^<= E ��� k�� c�U ��:��
 3�& �
+dO
  CN- (~ ,��$�!��%��?
'%�
 ���

U aV�.
 ,s��
- E ��� � a
FN.� >A��
-��
'f
 �
��\��. lm E�'���
 x��6 �<U� ,H	�	F0��U k0�+	 3
'= D-+= 3
%�	

 �!  `!  S]%�
 H%$	R�	  t[\ +	
�� (� �)� >3
o)
 Sq�%- A	?
���U?�0�
 X�� ��. ^=. &
g� � o=
���

���
 �:�)& ��0hO
 � i�]!�
 �����:� a
+N�= �:	+��
M 1 ��g����
 ����  (;!'����<�� >� �,  a�	+;� b���= �:	+��


�
 ��#�:��
� i�]!�
 H  S]%'��'� ����]�  HNLs!	?�\
���� E ��� k�� c. t��!� 
 ���6 � &
�) x�Y �)}9'� �\?�%�
 E ����
 i���.;  F"*1 ����q ��.3�U�[�
  >}��
 �D'G��
 H%$	� 

 /	+h H  �'%]�
 t[\ R �
����
  E=

 E,= �p���V
 ¯+<�
 ¶$"�
� > <�7"r , 378 b?�%<�
 b&�	u d��
 �r>� ����  H	
%��
� ^�<��
�G0"'� �����
 D�<�
� >�
d�$/  +N4
�. 
\ 34
 5�6 ` t%� �����
����
 

 �!  ^�<�'� |���
 �:	+h �0%&� >��-+�
 �����:� ���� �	�Z!�
 
[@�
 �+GV �g�6 ��!\ I�
u �=�
���� 
���+  E	o��
'	����
tp . +-B 9-�  

 .�0= �!��	� M+N. |�8 �:	+h�� c�/ �% +e�. E_�8Q��9���
� ,�  Y�)�&�� a� )?u. a�  u�d �=p	 �=�! 

_� HCN �?� L j��!�
 �����.
���. E�,	m k�'�U �0]�
 r�qo�
9 �� �U? b� �)� PQ��� �?uO
 r'�
� >� �D

 b��-. s�!= � b� �:�� �U+�
 , 3
%�� ���
�&
g� � @
 X�� A������?��L j��!�
 �����.
���. E�,	m9 �E
 �:	+h }
+gm (� �)��Z��� |���
 � ,¥�	����� ��$e� ���
 }�]G'� �~
'�
 �
+$<���
 E"8 `�8 (�	 c[�
�

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

�l` 

 3
'	�� s��� ���

U �$:�
 � +e�. E_�8 ?�0�N
 �?� H= ,��:�
 � E ����
 k�� Q
'� � �Z!�*Y (�	B��� �
 r$�	�
[\  ��$e��
 a�	�6 
 u�d Q
J
U_� HCN %�
 �?� lm� S] �<:U lm c&�	 �!-
& }�)?u b��« ab��0= 

 �
8�'� �e�!�
 b+$<���
 HNL� 
 

���� �&A�� �Examples 

������ ��0�B���-!�-��
 ,��0�B�&��
 ,��0�,(!6� �Esterases, Lipases and Phospholipases 

 3m a�� �!J �=�����
 �9	���
 ��0��d !D L �
����?��\`R%E  `�' �V
 H%$	 R  �phF,%�
 �� 
O
 � ��� >�g
+�
 � b?
��
 �
����?��Z'� H= �6
� Q�.�',=O
  3�-�
 (	��� FG�= jp���0�
 H= �	F��

 d� ��C(BsubpNBE) Bc  i�]��U ��'JO
 ��p��
 H= W-. �R	  T J'��R E�,�= �#�!~ %�
 ��=�=?
�
(DMF) H= s��!�
� , �w��
epPCR  %$	� >k'�
��
 /�0�� H G�:& � S�U?�-
?
'�
 c
��
 &�*�
 �	�� ��� �

��
 &
g� DMF 1 c
��~ D	[$-���� �
 G� < a�*	. b&�	u�
 ��!� c?
+�
 ��0,�
 G�:&_1 ��  �	
K= �g?& T
��&<r H= �V
g ��
 epPCR E	�<��
� Q��R�
 

 +	
�� (� �)�m�C� ,�r�� :�BS2 ,� k:8 S'�· c[�
_1 �� � �!�=. X��
 H  BsubpNBE,  ���

U
 (�$"��
� �!� 
$v � ��q+�
 �pN � �U+�
 Q
�%�
 t�� ����]��
 ��#�:��
 b&�	u H%=.9−��)��−�−2���1−

9−1 �� lm ��<n. ��� = E�l ,E���!�'�
 �pN t���  �g?�U jm b?
"�
 lm ?§ b?
"�
 E�*�� H= ��
��
E = 
` Q��`� >� ���
?& � #%N� t[\ �+Z�. , b+���
(G105A)  �pN t�� b��g ����]�= ��#�:��
9−��)��−�−

2���1−9 −5 ��= ER�E T 9	% DMSO EGeN�GeN5� , ���=E< �		 1 E�,�= �?
'�	
o�
 F;� t����j 

5 ()? E%]�
�6�M+N. b+�h I� .� >P ,E188D,  �'~�« ����]�= ��#�:��
 ����� t�� �E-  �����
 ���� ���

 ap*8  ���� � * C  �pNV
�%�
M+NO
 ��~p,�
 � Q����
 
 a�*	. �!%{ �)�1�
�����  �#

]  �-+= s�1 ����]��
 ��#�:��
 �%  H=��l QpN (�� >� |���


 �%�/01 b?
-[�
 �pN a�:U��  �g�&�= b+�h S	+<�(E188W/M193C)  �$�)� jm b?
"'� E�*�� �
BE  �

6
j	 t�� �,�,�−�?
'8 �~p~ −9 −�
�0'�!�8 −�−H	
−�− >Q�. 3. +-[��U +	�f
 H=� �	&+��
 �
+���
E188W 

�. M193C  H%$	 ���
�
 a�*	.-� �Z�'  Q F����
 ���

U,�#

]<�
 t%� /(�� = E�`  �. jm b?
"�
 `U�]��
 ��#�:��
�[.k)�  ,?. b?
"'��

��
 R , � 3.�$f
 t%� c[�
� , ��� ?g+�
 H= } Q
"�
 @� � �.0���1

 �#

]<�
"�
!'�"0" ,>����]��
 ��#�:��V c+\
f
 �%<�
 lm M&. c[�
 
\  `�' � 378gDt  �e��!�
?u¸��
 ��
V bu��« �e6 �\�
���� `g
�
 ?
���
 L �-+�
 ()? E%]�
�6��E 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

�lj 

 

 ��� ���	
���� 1� �H�2	
 ��]
�J	
 +�"X��B	 I���^ �B_�! 7'`
�a�R
 7���� 
 +
W�"�BB	
 �! +
W#U�R[
 

 

U� �I)
  �-= E0) H= Q�O
 ?
��
 �	F��V
 +-B �<U,��
�?. � 
$v  +-B (� `g
�
 ?
���
 G�:&B"��� �� :
 ��	? E0) H= 
u
!�g�+	m j��
=�&
�0�
t�p=u� o�� �-+�
 E�'���
 � ����O
 ����]��
 ��#�:��
 I��-� >


?�0�
 −!�8�o�� K�� ��9 −����� −	&&�� y��(MDA) = E�6�  �U?. �<U� ,Pjm b?
"�
 X� E�*�� �=L
 �V
g�� ��
 epPCR  R  Q
"�
 (�= E�� /	+h H  �
+���
 H= �	��
 ����m (� �)� > �
+���
 ^U �$f
 T

 � �
FG��
 E*8. ����� �g+6 ��. R  �Z�	+<� (� ���
 �n

�
lm M&. �« ,��
g E-  ��#�:��
 +,-. FG�= S	+<�
 �����]�$'�= E9� Q�9	� >�����.�  @*.& , s� I0~. `�. ����
 k'N ,Q�<8 +Z�. a
FG�= a�e�!== E�9 � ab�p � 

,A�B R  ?9���� k#
z�
 &�<�= �g�=��V
 F����
 H= ���<= ���� /�0�� (� !~
 R � �� 2 ���!�
 �
+���

F����
 c&�6O
 k	z�
� ��#

]<��U r$� c[�
� ,c T�
 7=� @*.&�
 Ic�)�- a�:U�� b&���
 "i�:� )P�C�" �)� >

 �B ,�-mL ����]��
 ��#�:��
 � +,-O
 FG��
 lm 
[\ M&. ,P�
+�h ��� a
+Z;= ��#�:��
 E=�  �B= ER� � �8�n��U�
 ,A�B lm= S	+<� a�*	. H%=. �
FG� ��#�:��
 �
Bb��g ?. b?
"'� 5= E�	Q E�9��
  ,�9�\p� F,�
 H=� �:� `�.

 b�6
� b+�h D��g lm k:8�
 �=��
 2N T ,t�)V
 ��y 3.V
�0�� 3
%� M+NO
 �,�'1� >b ���
?& �<U  ,��/�&
 �[+ G��	  �
FG�=� b�	�g�g�&��
 b+���
 I� . M8 (S53P/L162G) �
�3�- � +Z;� 3. �o��
 H=  ��#�:��


������ � ���= �����= E`� �U ?�:	 E	
Y �! 9	% Q�995 
 ()? E%]�
�6��E 
�
 +-B a�*	. (� �)�� �V���� ;�� �
 t���k�
�$�
+� BV
�%�
 �
o�� 	
��,�
� 1�
�����  �
+�h

�!��	?
'8 j��
=�&
�0�
 H= �	F��V
(PFE-I) 
 �)� >�,k�C7  �)����^ 3
�
:�
 ��]	F]	m b+���
 ��p��

XL-1 +�. � ����]�= E�*�� +	
��� , +������ � −�−1 �
F�
�U E�!�8�9� ��� +	
�� a�*	. (� �)� >�


B G�:&��
 ���

U epPCR � �%�/c V;��
 � `:�0��� �p E�'���
 �#�:��V
 ����]�$'�� }�!0�
 b�6
�$Z�
 
 a
�g PjmL −�−������1−9−Q�. �� { b&�	u �r� P�uL<ll% Qjl� >� 7&�� �)Db�6
� b?�& ��
 H= k:8 epPCR 

�=uV  R  Q
"�'� �U��~p~ �
+�h R  c
�¬� �� ��:!�
 �+Z�. ���
 E�'���
 3��U R . ����]�= ��#�:��

� >�#
��
 �I)� �  ,IN# F~�� ��
?& (�b+�h E- �� ����]��
 ��#�:��
 ,� 3�U�B� ,E ����
 Q�<= 3�-� >b+���


�
 ���!��V
 �� !$�() �
+���
 3. E$<�
 
[\ k]!�
 �)
�
 H= �0	+:�
 a�*	. H%$	  �@ 3
%	 3. �r>� E!" C5 �"�
�
� ,^��W�
 �h R  c[^��W�
 ���!\ Q�v � �9�\V
 H= �	��
 5:'�	 3. �G0!	� 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

�l� 

 �%��-?���. 
�	���%�
 H= � ��0�'�
 �<	(CAL-B)  �6. +,-. �	
��
 �
����
=
����
 a�  T �	
*<�
 }��$�%�

Q�9��
 ,A�B �=� ? ��	�= R  Q
"�
 H%$�
 H= H%	   �� ��U�,�
 �
FG��
?
+6 �! � >��q+�
 F�����U a�	

�
����
 � ,`g
�
 ?
���
 sZ! �
FG�= R  Q
"�
 (��
 H= ^��
g �<U�.0� _��1 epPCR , ���
�7&��  +,-.
�U a���0~ 9	  J'�,)� j	 	
K= �g?&�  �� ^<n
�
 3. �g� �)� >��'JO
 ��p��
99� �9��  �&���C�N2 

 �)Z �%<�
 Fd k�0,��
t[@ ^��W�
 ��$�� �
FG��
 �!���
 ,� a�*	. I0~ ���
 �.�  a�h�]� +,-.  ,�
?�0�
−
��
� �
F�
�U E�!�8�o�� �,`−�?
'8 c
&−�−E	
F��'�0=. E�,�= 1 �

���-�.�9R�
 

 (� �)�-� G����
  CAL-B 9	
u
��@
 �!g H= ��0�'�
 ��!�g �= `U ª��
 ^f
 k'N ���

UCBS 

648.91 ����!	�U
-
�� j�-
-
�	+%�
 ATCC 24555  /'N Eg. H= �B � ��0�'�
 (	��� FG�= b&�	u T i�]�
	m c
��
 E�'Y��� −�−5�',�'−	 c[�
� ,�
?��
'g PE�!�8�?
'- c
&!0' �d
+8 /�'¤ b�6� �[;�� �&
� � 

���:=NK1/NK2  1 ��&�=�9`�
 
 �)� G��0�� / ����0�� �	+	��
-?
0�
 H= ��0�'�
 (	��� ����]��
 ��#�:��
KWI-56  `U�]�= ��#�:��
 t��

 � ?. b?
"�
 +� �m
?�0�
 o�− X$� E�!�8�o���−�� ��)1 y�/���1�
����� � b�	�g ��!:� F��p |�8�
�
 �0�%=!���W��  ���

U:A G�k[�}c  �y+��F0<� ��;!U a� 
0�= b+$'0�
 E�'�� E ��� ���

U �6
� ��&
 ��&�=W���
 � �)� > }�]�m (��
 �"��QmL �n

= �<U?. �0]� /	+h H �j�m ,��lQm ,�`jQm� ,9`` Gr ,E

 S�����
 S�N �*� t%� ,A�� ��K	�g*� (� �)� >/�)��
 M
���
 /0h � b+�6 E%� ��& G�k��K	�f
 t[\ 
1�
����� :A}c  tF0<�� b+$'0�
 E�'�� E ��� H= s��� �6
� ,W���
 �3m C�6  �� E$¬ ^f
 H= }�g

��
 �&�U E<���U T7 ,�
 i�0�?
 �n
=��Z!=� ,�
�
0	+ ��
 T7+N. ab+= (�	� >M  J�.� c�
!�
 X$�
 ����

 /8

�
�
 ����]��
 ��#�:��
 +Z;� ���
 +��'� �_1� 0�!_0'�  E%� �6
� }c�gb+�6 Gr ,'�&�  &�<	� ,`$��*�

)� >`"�8_ FG�= E*8. +Z�. ����_�#�:��
 E_ �= E�� 8 ,?. b?
"�
 `U�]�= t��_ ��p��
 �+Z�. ^6 �
 ��'JO
= E��  b&�*�
 b?
"�
 `U�]��Q�9j ()? E%]�
L ��6��E 

�
 (	��m i�]� ^�Y (�"���.*.�: .�  &
g
�
�1 T �'.�F,%�
  �� �	+\
g �b?
"U ��« Fd i�]!- �
��0�'�

��
 H= �0)�<�= �V
g ���

U j�	?�. j�-
-
'�8����
 ��0�� � epPCR ��V
g �U?. �<U,  R  Q
"�
 (�

2e�)� ,�U ?�:� b&�	u 3
+Z;	 R6l �`6l J'�  T �"*& i�]��
"���.*.�0�'�
���:H= ��#�� ��
g }
+gm (� �)� > 
@ ��0�'�
 (	��m H= ����
 k'N� ^e�!�
 H	[ ��'JO
 ��p��
��,�
+���
 s  b����
�� R  }�*:'�
 �
+���
,��;b 

 �.�
b?�* I� . �)� >gDt ¬ a
FG�= �:	+��
 �
+�h ��� R  c
�O
 ����!�=O
 ��U ?�:� b&�	u +Z;	� � ��6` 
 J'� i�]� ��
"���.*.�� /'��
 ��:� b&�	u�U ? ��6R J'�  T�
 �0��"���.*.�0�'�
��� a��?�:= �  �	
�0�
 ��:� �=

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

�ll 

Q�9�� >� ��:	+�U H= b�6
� ��
g �+��. ,�'~�« ��
  epPCR�
 �0�� � b&�	u H "���.*.�:�0�'�
� :�U ?�:� �j 
1 j
�V
!���-
=F~ jp���0�
 H= �	
':�
� b?
+�'� D��
 �0�'�
 (	��� S<n�9l�
 

F�G� H%$	� ��#�:��
  Q
h�)
�
 `g
= F����
 /	+h H  ��0�'�
 �9	��� �'�'��
,  <� @;���� G�
 ?�g?
	 ���

U j�\�L c�	
?�. j�U��	+�
 H= ��0�'�
 (	��� a�:U�� P?9�'	& j�U��	? Q��	 a�*	. H%�� ,�  ��

1 `g
�
 ?
���
 /	+h`	� QpN >�����  Q�  ��$	��m �
FG�=b�	�g  G�:&B�
"� � : �	pN �?�N u+��

 H�� i�]� �
B 
u
!�g
�V ���	�=
=F,�
 ,���;!�
 &
g� � ��) �)� H�'���
& �	u
�U t�p=u��'*� 

 ���. ��!�=. a��#

]  2�%0)� T b+�h ��g� �)� >3+�
 ���O
 }��d 3��U+�S83T  T ����  �<0��
 �
FG��
 H=
 a�h�]� +,-O
 ���
� ,G� ��. I0~ �'�'��
 Q
h E�*�� F TE~9��
 c�	
?�. j�U��	+�
� 

 

������ 0�&� ���� �Nitrilase 

 (	��m R  Q
"�
 (�&� �p� : �b?
"U a�!���"�b  ����=
����
 @
 �� �!"�
 ����� P?.L X$� −� −
�&��C −� −L A	+�
�U �-�?��\ ()? E%]�
�6� 
\� ,P � (Z= k��� D-+=^�����8?
� �
L�  ,P?
��0 ���

U

 (�$"��
U c?
���
�
����� �%�/c  F����
<0]��
! Z^f
 �)
 (GSSM) (� ���
 ��q �"= �� �D/��0�  ��F�	&
Q��� �
T ��
 GSSM  �!�=. X� E- Q
�0��
 (�	 T �= ^��W�
 �6
��� ��
 ��!�=O
 ���O
 �l  �:'��


 ^��W'�Q��9 ,��� �
 �!�f
 M
���
 R  
[\ (�	���  ����^ E$]� �&�U �=m�9  �.`�  �
FG�= E%� b+�]�

 K� ����^ �!�=. >�JO
 (	��®� ��8+h,
[%\� ��
 r$�� GSSM  Q
J
��U u��!�
 Fd �
FG�= �8�- lm

>b+�]�
 ,A�B �=�  ,= I"0)� # �:	+��
 t[\��$	&�-O
 �
W���
 (;<= R ; F"*1 ��. �(�  &
g� �� � ����<�

 �
�<=�
 ��g����
 ��  |���
b?
��� ,Q�,�
 
[\ � �
 ��6)� �p� :��
 H= +��!��
 ��� �. }�G�m �JO
 � −

 E	o�!�
 E	
?��
'g �-�?��\��  Y�)� P�uL E~�{ b&�	ulR �!  % E ��� k�� ��-+��		 ��  >?V
= H%��
 ,)��
����
 0�?
 +,-O
 ��-o�
 � �!"��U a�h��  &
g� ±6
� �:8 ,?V
= K$���U ?�:	 ��+= Fd `U�]�= �j6`% 

 >E~�{ b&�	u 
[� }�]�m (� �:8 �"���� E- lm E" �U���!�=. X� B �JO
 (	��®� �6
�c ��	  �!�=. X� ��
 c+;� �
FG�= &� �U ?�:	 �	R9� ,� G�-;��(  ��!�  [N. b&�	u �=� �
+= xp~ � �%�/c �����
 ����  |�

 a
&9� 
 �� j��)J�c  �'�%�
1�
�����  �� Y�:� >�<]�
 ^g�o�!�
 +#�;!U ('<�
� �<�0��
 �d
+��
 E ����
 k��
 �)� lm A�B M&.B FG�= S	+<�c b�6
� b+�h (A109H)  H= H%=� bu��« ����]�= ��#�:��
 +Z�. c[�
� ��g���m

��eN�U ?�:� � `�l GA
 � o���6

�
 �
��� >�<0��= 
[\ 3�- a
  a
�g 1�
����� ��
 epPCR  E	�<� �.��!�f
; 
 3O A�B� ^�VO
 b+�h lm� H	�����@
Q&�0� D'�� �rbr T 2�,��=�� b+�]�
� 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

9		 

 
 ��� ���	
������  �b�2�	
 cW� �	S	
 �−�#Y�������B� dX����@  P]
�J	
�`
�a�R� 7I��� 
 +
W�B#Y�2	
 

 

������ 0���*���?� C����D���<� �Halohydrin Dehalogenase 

� G�_�
 ^�� �.�s���!�g
��¨& H	?��\
��@
 (	��� �	���
 (HHDH)  o-�0	&
? �
	o-�U�+gO
 H=
���U �
8��
 ?
���
 ���

U ProSAR ,� c[�
 `'N&. d���� t�p=u�E�,	m R  Q
"�'P?.L−� −�&��C−�−

�-�?��\ �
F�
�U, � �?�]� ���
 a�*	.�_ !�_O
 /�'� ()? E%]�
L P?
��0��L ^�����8?
��6RQ ER	 �

��_ 3�� �	�f
 (	��®�			  ��$e6 ��g���m S<n�_! �!��O
 5Q�N&m �������
 � 
$v E a��?�:=  �� ��p��


 rn
	� >��'JO

[\  Q�,�
 a�*	.  b}��- ^U �$f
 ?�0� V
 c+;!�
 ��'$<�
 �+��
�� Eg. H=_ ����� ^��
c
��
 ����
� 

 
 ��� ���	
������ �  e:
�� F�Baf�D� �A ����"�B!�"� `
�  W�2���	�g: 1#���@�	�h
(HHDH)�i
 7 	
 +�  IUV�� <, �Oj3


�� 
#$I� 

 

������ 0�����=1
������ �P450 P450 Monooxygenase 
��+-
����
 P450 �&��.�)�e�*�� :g (Z= (	��m 
\ �&. �)� � �!"�
 � a
� ���!:��
F,%�
 b c
�!� ���


 ����
 F��� P450 BM-3 5 �� ,�
	F��e�= jp���0�
 �<�0h ?�Z"�
 ^��+U
 (	���Z�&�.�)�e�*�� :P450 
���-
�	+�
 �
���0U� H= � 
!�= � 
$v lm P �$Z= �
��« �
B �	
��
 �
����
���)O a� ,�	�&O
 +	
��L 

����'$   E'���
c
��
 ������
� ,8 >Pc
��
 Q�,�
 E�0� R< G��
����
  E0) H= `g
�
 ?
���
���Y 
t�p=u�  i�]� b&�	�� ��+-
����'� ������
P450 BM-3  ��0	[�
 �	
*<�
� >�	
��,�
 � 3�-�
 G�:& b+�h ��O

 ����<= a�:U�� ,P450 BM-3 F87A , �
B i�]� �.�/�Q�	R� >�Q
"�
 (�  ���
U �
+���
�����  ��
epPCR 

 |�8 (�� �<0]��
 F�����U a� 
0�=(c��&�  c������
 T �
B ��0h.l`  c
*<�
 D	[�
 3��U� �= b+�6
 ���-
�'� E�,�= c
��
 c
��,�
(DMSO) 8 �?��\ � �U?��3
?
 (THF) �� b+���
 �+Z�.F87A5F5 ,�
 � ����<

H= ����,�
 ��
f
 �
�.0�#

]<�
  ,!L � 
!�
 i�]!�
 � ab&�	uR6R  T J'��	% DMSO; �	 � ��<n. 9% 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

9	� 

THF b+���
 I� .� >P5F5 M�N ,O
 F��� (� �n
�
 � ^�V�j  lm a���%  ��� H= �+:	 �= ,^�V. E�!���

 ��<n.R .  Ti�]!�
  � 
!�
T 9R %DMSO k:8 H%�� ,�U ?�:� b&�	u �6� T J'� 9% THF (� �)� >

. �� 
!�
 ��]�O
 ^�<� a�*	 �
+��'� T �	
��~ ��0	[=�
��=p� �'U�)  :}���U,3
���O
  ,E	o��
���O
 c
& �����
��=�=?
8 (DMF)� ,Q
��,	�
� > �V��
 ��y � &
ui�]!�
  �'U�) �b?
"U� ��?�:$'�1 ��!������� �;6p�
 _ 

DMSO ��
� THF� 

 

�����	 ��0��
��>� �Aldolases 

 G�= SJ�_H= �<�
� � 
$e  �
������O
 T�g
+�
 r$�� ���
� ,3
U+%�
 ��U
? H	
%�U − 3
U+%�

�g� ��\��. ^U}c }&�� 5 �_�
 E�0� 5_ c
& ,Q�,$3
���. �-�?��\ ����
8 (DHAP)� , ,��8�F0�


�Q
!	m
����
 ��8�FU�m �=� ,_PA�B 5  `�' ��_I k  �-� ��m �� 2���*] ��:�/�_ E ��� b
�N ��6
� >b
�	 
[\_ t[\ E<e �	
��
 �
����
 a
�g �U
[g  I� k� �1 c
*<�
��� ,��R�
  ,A�B �=�= 378_�V�e 

�
 E ����
 k��� �:�*�
 k�0,�� G�:&_ ��+� E� � E,{ /�'���
�
 ��0:<�
*�$/� '  �
������O
 /�0���_ S
>F0%�
 M
���
 

� ab+= '  D'G��
 H%$	 ,M+N._ S &
�:�
 t[\ ���

U`g
�
 ?
���
 �:	+h +	
�� (� �)� > a
�g �:��. 
� ������O�U ����
 /�'��'�_ k��� D-+$��#? � ?
��0�' a��#�0= �"= ���_ ����e1 s�����` 
 �Z�8 ��6 ���
�

��
 DERA 59−�-�	&−c& −u
0	? −R−��  Q���. ������ E ��� P������. ����
8_ ����]��
 ��#�:��
 �12 
 ��\������.�?
'%�
 ()? E%]�
L ��¨������O
 ��K8�%= H= ^!~
��6`�E 

 ,A�B �=� 378�
G�:& �/%�. � ?
+:��p � ��%�
��¨������O
 &
g�  �= 3��<� � E ����
 ^�Y (��
��q 1 ��F�	&��� E0) H=� ��N�12T  ��
 DSM S	+<�U 

=�) �)� > a
?
+:��
 +,-. �
FG�= � T ��0�%

�
 ���

U �
+���
 V;. �[�i� ?
+:��
 H�6.��g���m E*8. s=& �! � > ,�
FG��
 ^�Y lm Q
J
�
 (�
bz<U ?�:	  ��<n. �$Z�
 ��+;�
 IY a�� �!J Q��j I�J� �)� >�� � 
$v�&Y  a�*	.  EN
& ?���N
 �:	+h

Qm (	��� `g
�
 ?
��'� ��'�
 − ������. u
�
!=
? a
}�U �� ��mQm (	 −u
�
!=
? −�−������. ����
8(RhaD)  
Q��l��
 (	��m FG�= S	+<� H= �:	+��
 t[\ I!%= �)� >�  RhaD H= �
'��
��
 H= �:�]= �0�%= epPCR ,

H= X�:!�
 R  ���
�  �JO
 (	���
 7 "= c
��
 3
���. �-�?��\��
 +��!�
 H= aV�U DHAP �
 ���U � J �
 Fd��
T /%�* /.*�@� �}&< � a�*	. ,��
 ������. ^�Y H%=. KDPG c&L −9−����−�−�-�	&−`−

 P���
-
'g
��
8 I '�� <�� ,E ����
 k�
� `��""¤� ,c������
 `h�]!U� ��$��e��
 `��#�:��
 I�/c ��

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

9	9 

`g
�
 ?
���
 Q��	m X	+<� (� �)� >� G�:&� t"�/� ��:�]= ����� u
�-V�f
(KDPGal) �� Y�:Z ��
 epPCR ,
 ,�)
�
 `g
= F����
� ����
 k'N�H  +��. �« �U �!�� �	���Y b}��- �B FG�= `	 J'�  T ?��= s�!= /�'¤

1 �9�%�]�
����
 
� R  ?
,<�
 H%$	 H= �<�
� � 
$vO
 � ��O
 R  M+N � `g
�
 ?
���
 ���

U �!���
 �
������O


 �&�  ���,	��
 �g
+�
 Q��9−����
 

 
 ��� ���	
���%��  e:
�� F�B
f�D� �A ����"�B`
�a�R� �−dXk#:−*:−l�"#�−�−W�	��	! +�JR�j (DERA) &'�#� (  `����

 ��@�	���R!���B�	
 N� 8��	! ��g�	���R3
 +�mj��� 1� �2(
��D:�A :
��X )��*�+ 

 

���	 ��*�(�(!6� �Conclusions 

<U k:8 ,��!:��
 t[\ �u+U �:�_ , �[1 H= �

!� +-B `g
�
 ?
���
 b+= Q�O!���W�
 ���!@��, 
 a
�g �	
) b
&. �\?�0� �U 	�<�� (�$"��_� �9	���
 |#�"Ng� �= 3� ­� >_ �:	+��
 t[\ ��� �(%�"0�_! 

 ����^ �= ,��!���W�
 H= �<�
� 3
- 5$;<�
 ��0��G�
�.� b��_ ! ������
 >c
��
 a}�!U�  ,A�B R  G� ,%�
��0� /�_ /'� ��K	�f
 ��g
�
�0�
 �
�&. H= � 
!�= � 
$e �
+�h ��0�%=��u

�=  A�[-� a
�g D����.

 ��g����
 ����  |�8�'� �"C�)� M��g +,-.� EZ�. `g
�
 ?
���
 /�0��� >�_[a !_H=��
 H= �:  3
 
t%�,  u+U�
 ?
��8 �����) �:	+�- `g
�
_ !!���W�
 ���!\��  `�' � �������
=
�� ���� �( a�  �= �. G��-�

��q+�
 ^��W�
  R  D'��
 ��0'���
_ /�0��'� �'U�:�
 �	
��
 �
���$ � �!"�
 ��#��$�%�
 ��#�:��V
 +Z;� ���
�
� ,��$��e��
� ��d
+��
 ap*8 � ��_ ��+� E$��
�� �' 5 �_� ,Q�,�
 E�0� 5 �
��-+�
 E ����
 k�� ,����'


+�
 ��g?&� ,��0	[�
� ,b? ��0,�
�M��
 E	
h �E ab�p �  �_ ,A�B 5�_ ��g� �: t[\ �:	+��
 �'.��1
= lm �Z:	+h_J �k �� �!"�
 ��:�0���
,  +-B (� 9- tp .\ 9-� b?����
 ��'�"���
 �',= �_� �k V �_ !

 Q��f
L ()?�6��E 
 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

9	� 

 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

9	� 

 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

9	R 

 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

9	` 

 E*�'��References 
Q�
 Schoemaker, H.E., Mink, D., and Wubbolts, M.G. (2003) Dispelling the myths–biocatalysis in 

industrial synthesis. Science, 299, 1694–1697. 
Q9
 Liese, A., Seelbach, K., and Wandrey, C. (2006) Industrial Biotransformations, 2nd edn, Wiley-VCH 

Verlag GmbH, Weinheim. 
Q�
 Schmid, A., Dordick, J.S., Hauer, B., Kiener, A., Wubbolts, M., and Witholt, B. (2001) Industrial 

biocatalysis today and tomorrow. Nature, 409, 258–268. 
Q�
 Breuer, M., Ditrich, K., Habicher, T., Hauer, B., Ke ß eler, M., Stürmer, R., and Zelinski, T. (2004) 

Industrial methods for the production of optically active intermediates. Angew. Chem. Int. Ed., 43, 788–824. 
QR
 Bornscheuer, U.T. and Pohl, M. (2001) Improved biocatalysts by directed evolution and rational 

protein design. Curr. Opin. Chem. Biol., 5, 137–143. 
Q`
 Kurtzmann, A.L., Govindarajan, S., Vahle, K., Jones, J.T., Heinrichs, V., and Patten, P.A. (2001) 

Advances in directed protein evolution by recursive genetic recombination: applications to therapeutic 
proteins. Curr. Opin. Biotechnol., 12, 361–370. 

Qj
 Lutz, S. and Patrick, W.M. (2004) Novel methods for directed evolution of enzymes: quality, not 
quantity. Curr. Opin. Biotechnol., 15, 291–297. 

Q�
 Neylon, C. (2004) Chemical and biochemical strategies for the randomization of protein encoding DNA 
sequences: library construction methods for directed evolution. Nucleic Acids Res., 32, 1448–1459. 

Ql
 Otten, L.G. and Quax, W.J. (2005) Directed evolution: selecting today’s biocatalysts. Biomol. Eng., 22, 1–9. 
Q�	
 Wong, T.S., Zhurina, D., and Schwaneberg, U. (2006) The diversity challenge in directed protein 

evolution. Comb. Chem. High Throughput Screen., 9, 271–288. 
Q��
 Cadwell, R.C. and Joyce, G.F. (1992) Randomization of genes by PCR mutagenesis. PCR Methods 

Appl., 2, 28–33. 
Q�9
 Leung, D.W., Chen, E., and Goeddel, D.V. (1989) A method for random mutagenesis of a defi ned 

DNA segment using a modified polymerase chain reaction. Technique, 1, 11–15. 
Q��
 Patel, P.H., Kawate, H., Adman, E., Ashbach, M., and Loeb, L.A. (2001) A single highly mutable 

catalytic site amino acid is critical for DNA polymerase fidelity. J. Biol. Chem., 276, 5044–5051. 
Q��
 Biles, B.D. and Connolly, B.A. (2004) Low-fi delity Pyrococcus furiosus DNA polymerase mutants 

useful in error-prone PCR. Nucleic Acids Res., 32, e176. 
Q�R
 Bichet, A., Bureik, M., Lenz, N., and Bernhardt, R. (2004) The “Bringer” strategy: a very fast and 

highly efficient method for construction of mutant libraries by error-prone polymerase chain reaction 
of ring-closed plasmids. Appl. Biochem. Biotechnol., 117, 115–122. 

Q�`
 Miyazaki, K. and Takenouchi, M. (2002) Creating random mutagenesis libraries using megaprimer 
PCR of whole plasmid. BioTechniques, 33, 1033–1038. 

Q�j
 Miyazaki, K. (2003) Creating random mutagenesis libraries by megaprimer PCR of whole plasmid 
(MEGAWHOP), in Directed Evolution Library Creation: Methods and Protocols, vol. 231 (eds F.H. 
Arnold and G. Georgiou), Humana Press, Totowa, NJ, pp. 23–28. 

Q��
 Dean, F.B., Nelson, J.R., Giesler, T.L., and Lasken, R.S. (2001) Rapid amplification of plasmid and 
phage DNA using Phi29 DNA polymerase and multiply-primed rolling circle amplification. Genome 
Res., 11, 1095–1099. 

Q�l
 Fujii, R., Kitaoka, M., and Hayashi, K. (2004) One-step random mutagenesis by error-prone rolling 
circle amplifi cation. Nucleic Acids Res., 32, e145. 

Q9	
 Turner, N.J. (2003) Directed evolution of enzymes for applied biocatalysis. Trends Biotechnol., 21,
474–478. 

Q9�
 Alexeeva, M., Enright, A., Dawson, M.J., Mahmoudian, M., and Turner, N.J. (2002) Deracemization 
of α-methylbenzylamine using an enzyme obtained by in vitro evolution. Angew. Chem. Int. Ed., 41,
3177–3180. 

Q99
 Carr, R., Alexeeva, M., Enright, A., Dawson, M.J., Mahmoudian, M., and Turner, N.J. (2003) Directed 
evolution of an amine oxidase possessing both broad substrate specificity and high enantioselectivity. 
Angew. Chem. Int. Ed., 42, 4807–4810. 

Q9�
 Bornscheuer, U.T., Enzelberger, M.M., Altenbuchner, J., and Meyer, H.H. (1998) Mutator strain 
Epicurian coli XL1-red generates variants. Strategies, 11, 16–17. 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

9	j 
Q9�
 Stemmer, W.P.C. (1994) Rapid evolution of a protein by in vitro DNA shuffling. Nat. Biotechnol.,

370, 389–391. 
Q9R
 Zhao, H. (1998) Molecular evolution by staggered extrension process (StEP) in vitro recombination. 

Nat. Biotechnol., 16, 258–261. 
Q9`
 Coco, W.M., Levinson, W.E., Crist, M.J., Hektor, H.J., Darzins, A., Plenkos, P.T., Squires, C.H., and 

Monticello, D.J. (2001) DNA shuffling methods for generating highly recombined genes and evolved 
enzymes. Nat. Biotechnol., 19, 354–359. 

Q9j
 Ostermeier, M., Shim, J.H., and Benkovic, S.J. (1999) A combinatorial approach to hybrid enzymes 
independent of DNA homology. Nat. Biotechnol., 17, 1205–1209. 

Q9�
 Lutz, S., Ostermeier, M., and Benkovic, S.J. (2001) Rapid generation of incremental truncation 
libraries for protein engineering using alpha phosphothioate nucleotides. Nucleic Acids Res., 29, e16. 

Q9l
 Ostermeier, M., and Lutz, S. (2003) The creation of ITCHY hybrid protein libraries, in Directed 
Evolution Library Creation: Methods and Protocols (eds F.H. Arnold and G. Georgiou), Humana 
Press, Totowa, NJ, pp. 129–141. 

Q�	
 Short, J.M. (2003) Synthetic ligation reassembly in directed evolution, US Patent 6605449.  
Q��
 Bittker, J.A., Le, B.V., Liu, J.M., and Liu, D.R. (2004) Directed evolution of protein enzymes using 

nonhomologous random recombination. Proc. Natl. Acad. Sci. U. S. A., 101, 7011–7016. 
Q�9
 Bittker, J.A., Le, B.V., and Liu, D.R. (2002) Nucleic acid evolution and minimization by 

nonhomologous random recombinantion. Nat. Biotechnol., 20, 1024–1029. 
Q��
 Udit, A.K., Silberg, J.J., and Sieber, V. (2003) Sequence homology-independent protein 

recombination, SHIPREC, in Directed Evolution Library Creation: Methods and Protocols (eds F.H. 
Arnold and G. Georgiou), Humana Press, Totowa, NJ, pp. 153–164. 

Q��
 Qian, Z. and Lutz, S. (2005) Improving the catalytic activity of Candida antarctica lipase B by circular 
permutation . J. Am. Chem. Soc., 127, 13466–13467. 

Q�R
 Qian, Z., Fields, C.J., and Lutz, S. (2007) Investigating the structural and functional consequences of 
circular permutation on lipase B from Candida antarctica. ChemBioChem. 8, 1989–1996. doi: 
10.1002/cbic.200700373. 

Q�`
 Wong, T.S., Roccatano, D., Zacharias, M., and Schwaneberg, U. (2006) A statistical analysis of 
random mutagenesis methods used for directed protein evolution. J. Mol. Biol., 355, 858–871. 

Q�j
 Moore, G.L. and Maranas, C.D. (2004) Computational challenges in combinatorial library design for 
protein engineering. AIChE J., 50, 262–272.  

Q��
 Wong, T.S., Roccatano, D., and Schwaneberg, U. (2007) Steering directed protein evolution: 
Strategies to manage combinatorial complexity of mutant libraries. Environ. Microbiol., 9, 2645–2659. 

Q�l
 Patrick, W.M., Firth, A.E., and Blackburn, J.M. (2003) User-friendly algorithms for estimating 
completeness and diversity in randomized protein-encoding libraries. Protein Eng. Des. Sel., 16, 451–457. 

Q�	
 Firth, A.E. and Patrick, W.M. (2005) Statistics of protein library construction . Bioinformatics, 21,
3314–3315. 

Q��
 Lutz, S., Ostermeier, M., Moore, G.L., Maranas, C.D., and Benkovic, S.J. (2001) Creating multiple-
crossover DNA libraries independent of sequence identity. Proc. Natl. Acad. Sci. U. S. A., 98, 11248–11253. 

Q�9
 Moore, G.L. and Maranas, C.D. (2002) Predicting out-of-sequence reassembly in DNA shuffling. J. 
Theor. Biol., 219, 9–17. 

Q��
 Moore, G.L. and Maranas, C.D. (2000) Modeling DNA mutation and recombination for directed 
evolution experiments. J. Theor. Biol., 205, 483–503. 

Q��
 Moore, G.L., Maranas, C.D., Lutz, S., and Benkovic, S.J. (2001) Predicting crossover generation in 
DNA shuffling. Proc. Natl. Acad. Sci. U. S. A., 98, 3226–3231. 

Q�R
 Moore, G.L. and Maranas, C.D. (2003) Identifying residue-residue clashes in protein hybrids by using 
a second-order mean-fi eld approach. Proc. Natl. Acad. Sci. U. S. A., 100, 5091–5096. 

Q�`
 Adamczak, M. and Krishna, S.H. (2004) Strategies for improving enzymes for efficient biocatalysis. 
Food Technol. Biotechnol., 42, 251–264. 

Q�j
 Reetz, M.T., Carballeira, J.D., and Vogel, A. (2006) Iterative saturation mutagenesis on the basis of B 
factors as a strategy for increasing protein thermostability. Angew. Chem. Int. Ed., 45, 7745–7751. 

Q��
 Reetz, M.T. and Carballeira, J.D. (2007) Iterative saturation mutagenesis (ISM) for rapid directed 
evolution of functional enzymes. Nat. Biotechnol., 2, 891–903. 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

9	� 
Q�l
 Reetz, M.T., Wang, L.W., and Bocola, M. (2006) Directed evolution of enantioselective enzymes: 

iterative cycles of CASTing for probing protein-sequence space. Angew. Chem. Int. Ed., 45, 1236–
1241, Erratum 2494.  

QR	
 Fox, R.J., Davis, S.C., Mundorff, E.C., Newman, L.M., Gavrilovic, V., Ma, S.K., Chung, L.M., Ching, 
C., Tam, S., Muley, S., Grate, J., Gruber, J., Whitman, J.C., Sheldon, R.A., and Huisman, G.W. (2007) 
Improving catalytic function by ProSAR-driven enzyme evolution. Nat. Biotechnol., 25, 338–344. 

QR�
 Hiraga, K. and Arnold, F.H. (2003) General method for sequence-independent site-directed 
chimeragenesis. J. Mol. Biol., 330, 287–296.  

QR9
 O’ Maille, P.E., Bakhtina, M., and Tsai, M.D. (2000) Structure-based combinatorial protein 
engineering (SCOPE). J. Mol. Biol., 321, 677–691. 

QR�
 Reymond, J.L. (2005) Enzyme Assays, Wiley-VCH Verlag GmbH, Weinheim.  
QR�
 Bornscheuer, U.T. (2004) High-throughput-screening systems for hydrolases. Eng. Life Sci., 4, 539–

542. 
QRR
 Schmidt, M. and Bornscheuer, U.T. (2005) High-throughput assays for lipases and esterases. Biomol. 

Eng., 22, 51–56. 
QR`
 Wahler, D. and Reymond, J.L. (2001) High-throughput screening for biocatalysts. Curr. Opin. 

Biotechnol., 12, 535–544. 
QRj
 Wahler, D. and Reymond, J.L. (2001) Novel methods for biocatalyst screening. Curr. Opin. 

Biotechnol., 5, 152–158. 
QR�
 Goddard, J.P. and Reymond, J.L. (2004) Recent advances in enzyme assays. Trends Biotechnol., 22,

363–370. 
QRl
 Soumillon, P. (2004) Selection of phage-displayed enzymes, in Evolutionary Methods in 

Biotechnology. Clever Tricks for Directed Evolution (ed. A. Schwienhorst), Wiley-VCH Verlag 
GmbH, Weinheim, pp. 47–64. 

Q`	
 Danielsen, S., Eklund, M., Deussen, H.J., Graslund, T., Nygren, P.A., and Borchert, T.V. (2001) In 
vitro selection of enzymatically active lipase variants from phage libraries using a mechanism-based 
inhibitor. Gene, 272, 267–274. 

Q`�
 Schultheiss, E., Paar, C., Schwab, H., and Jose, J. (2002) Functional esterase surface display by the 
autotransporter pathway in Escherichia coli. J. Mol. Catal. B Enzym., 18, 89–97. 

Q`9
 Olsen, M.J., Stephens, D., Griffiths, D., Daugherty, P., Georgiou, G., and Iverson, B.L. (2000) 
Function-based isolation of novel enzymes from a large library. Nat. Biotechnol., 18, 1071–1074. 

Q`�
 Becker, S., Schmoldt, H.U., Adams, T.M., Wilhelm, S., and Kolmar, H. (2004) Ultra-high-throughput 
screening based on cell-surface display and fluorescence-activated cell sorting for the identification of 
novel biocatalysts. Curr. Opin. Biotechnol., 15, 323–329. 

Q`�
 Becker, S., Theile, S., Heppeler, N., Michalczyk, A., Wentzel, A., Wilhelm, S., Jaeger, K.E., and 
Kolmar, H. (2005) A generic system for the Escherichia coli cell-surface display of lipolytic enzymes. 
FEBS Lett., 579, 1177–1182. 

Q`R
 Becker, S., Michalczyk, A., Wilhelm, S., Jaeger, K.E., and Kolmar, H. (2007) Ultrahigh-throughput 
screening to identify E. coli cells expressing functionally active enzymes on their surface. 
ChemBioChem, 8, 943–949. 

Q``
 Lorenz, P. and Eck, J. (2004) Screening for novel industrial biocatalysts. Eng. Life Sci., 4, 501–504. 
Q`j
 Reetz, M.T. and Rüggeberg, C.J. (2002) A screening system for enantioselective enzymes based on 

differential cell growth. Chem. Commun., 1428–1429. 
Q`�
 Jurgens, C., Strom, A., Wegener, D., Hettwer, S., Wilmanns, M., and Sterner, R. (2000) Directed 

evolution of a (beta alpha)(8)-barrel enzyme to catalyze related reactions in two different metabolic 
pathways. Proc. Natl. Acad. Sci. U. S. A., 97, 9925–9930. 

Q`l
 MacBeath, G., Kast, P., and Hilvert, D. (1998) Redesigning enzyme topology by directed evolution. 
Science, 279, 1958–1961. 

Qj	
 Crameri, A., Raillard, S.A., Bermudez, E., and Stemmer, W.P.C. (1998) DNA shuffling of a family of 
genes from diverse species accelerates directed evolution. Nature, 391, 288–291. 

Qj�
 Bornscheuer, U.T., Altenbuchner, J., and Meyer, H.H. (1999) Directed evolution of an esterase: 
screening of enzyme libraries based on pH-indicators and a growth assay. Bioorg. Med.Chem., 7,
2169–2173. 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

9	l 
Qj9
 Bornscheuer, U.T., Altenbuchner, J., and Meyer, H.H. (1998) Directed evolution of an esterase for the 

stereoselective resolution of a key intermediate in the synthesis of epothilones. Biotechnol. Bioeng., 58, 
554–559. 

Qj�
 Joo, H., Arisawa, A., Lin, Z.L., and Arnold, F.H. (1999) A high-throughput digital imaging screen for 
the discovery and directed evolution of oxygenases. Chem. Biol., 6, 699–706. 

Qj�
 Matsumura, I., Wallingford, J.B., Surana, N.K., Vize, P.D., and Ellington, A.D. (1999) Directed 
evolution of the surface chemistry of the reporter enzyme beta-glucuronidase. Nat. Biotechnol., 17,
696–701. 

QjR
 Joo, H., Lin, Z.L., and Arnold, F.H. (1999) Laboratory evolution of peroxide-mediated cytochrome 
P450 hydroxylation. Nature, 399, 670–673. 

Qj`
 Bylina, E.J., Coleman, W.J., Dilworth, M.R., Robles, S.J., Tanner, M.A., Yang, M.M., and Youvan, 
D.C. (2000) Solid-phase enzyme screening. ASM News, 66, 211–217. 

Qjj
 Babiak, P. and Reymond, J.L. (2005) A high-throughput, low-volume enzyme assay on solid support. 
Anal. Chem., 77, 373–377. 

Qj�
 Baumann, M., St ü rmer, R., and Bornscheuer, U.T. (2001) A high-throughput-screening method for 
the identifi cation of active and enantioselective hydrolases. Angew. Chem. Int. Ed., 40, 4201–4204. 

Qjl
 Schmidt, M., Hasenpusch, D., K ä hler, M., Kirchner, U., Wiggenhorn, K., Langel, W., and 
Bornscheuer, U.T. (2006) Directed evolution of an esterase from Pseudomonas fluorescens yields a 
mutant with excellent enantioselectivity and activity for the kinetic resolution of a chiral building 
block. ChemBioChem, 7, 805–809. 

Q�	
 Grognux, J., Wahler, D., Nyfeler, E., and Reymond, J.L. (2004) Universal chromogenic substrates for 
lipases and esterases. Tetrahedron Asymmetry, 15, 2981–2989. 

Q��
 Klein, G. and Reymond, J.L. (1998) An enantioselective fluorimetric assay for alcohol dehydrogenases 
using albumin-catalyzed beta-elimination of umbelliferone. Bioorg. Med. Chem. Lett., 8, 1113–1116. 

Q�9
 Leroy, E., Bensel, N., and Reymond, J.L. (2003) A low background high-throughput screening (HTS) 
fluorescence assay for lipases and esterases using acyloxymethylethers of umbelliferone. Bioorg. Med. 
Chem. Lett., 13, 2105–2108. 

Q��
 Grognux, J. and Reymond, J.L. (2004) Classifying enzymes from selectivity fingerprints. 
ChemBioChem, 5, 826–831. 

Q��
 Wahler, D., Boujard, O., Lefevre, F., and Reymond, J.L. (2004) Adrenaline profiling of lipases and 
esterases with 1,2-diol and carbo-hydrate acetates. Tetrahedron, 60, 703–710. 

Q�R
 Wahler, D. and Reymond, J.L. (2002) The adrenaline test for enzymes. Angew. Chem. Int. Ed., 41,
1229–1232. 

Q�`
 Janes, L.E. and Kazlauskas, R.J. (1997) Quick E. A fast spectroscopic method to measure the 
enantioselectivity of hydrolases. J. Org. Chem., 62, 4560–4561. 

Q�j
 Somers, N.A. and Kazlauskas, R.J. (2004) Mapping the substrate selectivity and enantioselectivity of 
esterases from thermophiles. Tetrahedron Asymmetry, 15, 2991–3004. 

Q��
 Liu, A.M.F., Somers, N.A., Kazlauskas, R.J., Brush, T.S., Zocher, F., Enzelberger, M.M., 
Bornscheuer, U.T., Horsman, G.P., Mezzetti, A., Schmidt-Dannert, C., and Schmid, R.D. (2001) 
Mapping the substrate selectivity of new hydrolases using colorimetric screening: lipases from Bacillus 
thermocatenulatus and Phiostoma piliferum, esterases from Pseudomonas fluorescens and 
Streptomyces diastatochromogenes. Tetrahedron Asymmetry, 12, 545–556. 

Q�l
 Horsman, G.P., Liu, A.M.F., Henke, E., Bornscheuer, U.T., and Kazlauskas, R.J. (2003) Mutations in 
distant residues moderately increase the enantioselectivity of Pseudomonas fluorescens esterase toward 
methyl 3-bromo-2-methylpropanoate and ethyl 3-phenylbutyrate. Chem. Eur. J., 9, 1933–1939. 

Ql	
 Reetz, M.T., Kühling, K.M., Wilensek, S., Husmann, H., Häusig, U.W., and Hermes, M. (2001) A GC-
based method for high-throughput screening of enantioselective catalysts. Catal. Today, 67, 389–396. 

Ql�
 Reetz, M.T., Becker, M.H., Klein, H.W., and Stöckigt, D. (1999) A method for high-throughput 
screening of enantioselective catalysts. Angew. Chem. Int. Ed., 38, 1758–1761. 

Ql9
 Reetz, M.T., Kühling, K.M., Deege, A., Hinrichs, H., and Belder, D. (2000) Super-high-throughput 
screening of enantioselective catalysts by using capillary array electrophoresis. Angew. Chem. Int. Ed.,
39, 3891–3893. 

Ql�
 Fibla, J. and Gonzalezduarte, R. (1993) Colorimetric assay to determine alcohol-dehydrogenase 
activity. J. Biochem. Biophys. Methods, 26, 87–93. 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

9�	 
Ql�
 Mayer, K.M. and Arnold, F.H. (2002) A colorimetric assay to quantify dehydrogenase activity in crude 

cell lysates. J. Biomol. Screen., 7, 135–140. 
QlR
 Tsotsou, G.E., Cass, A.E.G., and Gilardi, G. (2002) High throughput assay for cytochrome P450 BM3

for screening libraries of substrates and combinatorial mutants. Biosens. Bio-electron., 17, 119–131. 
Ql`
 Yang, G.Y. and Shamsuddin, A.M. (1996) Gal-GalNAc: a biomarker of colon carcinogenesis. Histol. 

Histopathol., 11, 801–806. 
Qlj
 Gabler, M., Hensel, M., and Fischer, L. (2000) Detection and substrate selectivity of new microbial D-

amino acid oxidases. Enzyme Microb. Technol., 27, 605–611. 
Ql�
 Zhu, Z., Wang, M., Gautam, A., Nazor, J., Momeu, C., Prodanovic, R., and Schwaneberg, U. (2007) 

Directed evolution of glucose oxidase from Aspergillus niger for ferrocenemethanol-mediated electron 
transfer. Biotechnol. J., 2, 241–248. 

Qll
 Lin, Z.L., Thorsen, T., and Arnold, F.H. (1999) Functional expression of horseradish peroxidase in E. 
coli by directed evolution. Biotechnol. Prog., 15, 467–471. 

Q�		
 Cherry, J.R., Lamsa, M.H., Schneider, P., Vind, J., Svendsen, A., Jones, A., and Pedersen, A.H. (1999) 
Directed evolution of a fungal peroxidase. Nat. Biotechnol., 17, 379–384. 

Q�	�
 Morawski, B., Quan, S., and Arnold, F.H. (2001) Functional expression and stabilization of horseradish 
peroxidase by directed evolution in Saccharomyces cerevisiae. Biotechnol. Bioeng., 76, 99–107. 

Q�	9
 Iffl and, A., Gendreizig, S., Tafelmeyer, P., and Johnsson, K. (2001) Changing the substrate specifi city 
of cytochrome c peroxidase using directed evolution. Biochem. Biophys. Res. Commun., 286, 126–132. 

Q�	�
 Wilming, M., Iffland, A., Tafelmeyer, P., Arrivoli, C., Saudan, C., and Johnsson, K. (2002) Examining 
reactivity and specificity of cytochrome c peroxidase by using combinatorial mutagenesis. 
ChemBioChem, 3, 1097–1104. 

Q�	�
 Li, Q.S., Schwaneberg, U., Fischer, M., Schmitt, J., Pleiss, J., Lutz-Wahl, S., and Schmid, R.D. (2001) 
Rational evolution of a medium chain-specific cytochrome P-450 BM-3 variant. Biochim. Biophys. 
Acta, 1545, 114–121. 

Q�	R
 Wong, T.S., Arnold, F.H., and Schwaneberg, U. (2004) Laboratory evolution of cytochrome P450
BM-3 monooxygenase for organic cosolvents. Biotechnol. Bioeng., 85, 351–358. 

Q�	`
 Farinas, E.T., Schwaneberg, U., Glieder, A., and Arnold, F.H. (2001) Directed evolution of 
cytochrome P450 monooxygenase for alkane oxidation. Adv. Synth. Catal., 343, 601–606. 

Q�	j
 Tee, K.L. and Schwaneberg, U. (2006) A screening system for the directed evolution of epoxygenases: 
importance of position 184 in P450 BM3 for stereoselective styrene epoxidation. Angew. Chem. Int. 
Ed., 45, 5380–5383. 

Q�	�
 Reisinger, C., van Assema, F., Schürmann, M., Hussain, Z., Remler, P., and Schwab, H. (2006) A 
versatile colony assay based on NADH fluorscence. J. Mol. Catal. B Enzym., 39, 149–155. 

Q�	l
 Selmar, D., Catvalho, F.J.P., and Conn, E.E. (1987) A colorimetric assay for α-hydroxynitrile lyase. 
Anal. Biochem., 166, 208–211. 

Q��	
 K ö nig, W. (1904) J. Prakt. Chem., 69, 105–137. 
Q���
 Andexer, J., Guterl, J.K., Pohl, M., and Eggert, T. (2006) A high-throughput screening assay for 

hydroxynitrile lyase activity. Chem. Commun., 4201–4203.  
Q��9
 Feigl, F. and Anger, V. (1966) Replacement of benzidine by copper ethylacetoacetate and tetra base as 

spot-test reagent for hydrogen cyanide and cyanogen. Analyst, 91, 282–284. 
Q���
 Krammer, B., Rumbold, K., Tschemmernegg , M., Pöchlauer, P., and Schwab, H. (2006) A novel 

screening assay for hydroxynitrile lyases suitable for high-throughput screening. J. Biotechnol., 129,
151–161. 

Q���
 Moore, J.C. and Arnold, F.H. (1996) Directed evolution of a para-nitrobenzyl esterase for aqueous-
organic solvents. Nat. Biotechnol., 14, 458–467. 

Q��R
 Giver, L., Gershenson, A., Freskgard, P.O., and Arnold, F.H. (1998) Directed evolution of a 
thermostable esterase. Proc. Natl. Acad. Sci. U. S. A., 95, 12809–12813. 

Q��`
 Henke, E., Bornscheuer, U.T., Schmid, R.D., and Pleiss, J. (2003) A molecular mechanism of 
enantiorecognition of tertiary alcohols by carboxylesterases. ChemBioChem, 4, 485–493. 

Q��j
 Heinze, B., Kourist, R., Fransson, L., Hult, K., and Bornscheuer, U.T. (2007) Highly enantioselective 
kinetic resolution of two tertiary alcohols using mutants of an esterase from Bacillus subtilis. Protein 
Eng. Des. Sel., 20, 125–131. 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

9�� 
Q���
 Kourist, R., Bartsch, S., and Bornscheuer, U.T. (2007) Highly enantioselective synthesis of 

arylaliphatic tertiary alcohols using mutants of an esterase from Bacillus subtilis. Adv. Synth. Catal., 
349, 1393–1398. 

Q��l
 Bartsch, S., Kourist, R., and Bornscheuer, U.T. (2008) Complete inversion of enantioselectivity 
towards acetylated tertiary alcohols by a double mutant of a Bacillus subtilis esterase. Angew. Chem. 
Int. Ed. Engl., 47, 1508–1511. 

Q�9	
 Liebeton, K., Zonta, A., Schimossek, K., Nardini, M., Lang, D., Dijkstra, B.W., Reetz, M.T., and 
Jaeger, K.E. (2000) Directed evolution of an enantioselective lipase. Chem. Biol., 7, 709–718. 

Q�9�
 Reetz, M.T., Wilensek, S., Zha, D., and Jaeger, K.E. (2001) Directed evolution of an enantioselective 
enzyme through combinatorial multiple-cassette mutagenesis. Angew. Chem. Int. Ed., 40, 3589–3591. 

Q�99
 Reetz, M.T., Puls, M., Carballeira, J.D., Vogel, A., Jaeger, K.E., Eggert, T., Thiel, W., Bocola, M., and 
Otte, N. (2007) Learning from directed evolution: further lessons from theoretical investigations into 
cooperative mutations in lipase enantioselectivity. ChemBioChem, 8, 106–112. 

Q�9�
 Henke, E. and Bornscheuer, U.T. (1999) Directed evolution of an esterase from Pseudomonas fluorescens.
Random mutagenesis by error-prone PCR or a mutator strain and identification of mutants showing 
enhanced enantioselectivity by a resorufi n-based fluorescence assay. Biol. Chem., 380, 1029–1033. 

Q�9�
 Anderson, E.M., Larsson, K.M., and Kirk, O. (1998) One biocatalyst–many applications: the use of 
Candida antarctica B-lipase in organic synthesis. Biocatal. Biotransformation, 16,181–204. 

Q�9R
 Zhang, N., Suen, W.C., Windsor, W., Xiao, L., Madison, V., and Zaks, A. (2003) Improving tolerance 
of Candida antarctica lipase B towards irreversible thermal inactivation through directed evolution. 
Protein Eng., 16, 599–605. 

Q�9`
 Suen, W.C., Zhang, N., Xiao, L., Madison, V., and Zaks, A. (2004) Improved activity and 
thermostability of Candida antarctica lipase B by DNA family shuffling. Protein Eng., Des. Sel., 17,
133–140. 

Q�9j
 Koga, Y., Kato, K., Nakano, H., and Yamane, T. (2003) Inverting enantioselectivity of Burkholderia 
cepacia KWI-56 Lipase by combinatorial mutation and high-throughput screening using single-
molecule PCR and in vitro expression. J. Mol. Biol., 331, 585–592. 

Q�9�
 van Kampen, M.D., and Egmond, M.R. (2000) Directed evolution: from a staphylococcal lipase to a 
phospholipase. Eur. J. Lipid Sci. Technol., 102, 717–726. 

Q�9l
 Kauffmann, I., and Schmidt-Dannert, C. (2001) Conversion of Bacillus thermocatenulatus lipase into 
an efficient phospholipase with increased activity towards long-chain fatty acyl substrates by directed 
evolution and rational design. Protein Eng., 14, 919–928. 

Q��	
 Joerger, R.D., and Haas, M.J. (1994) Alteration of chain length selectivity of a Rhizopus delemar 
lipase through site-directed mutagenesis. Lipids, 29, 377–384. 

Q���
 DeSantis, G., Wong, K., Farwell, B., Chatman, K., Zhu, Z., Tomlinson, G., Huang, H., Tan, X., Bibbs, 
L., Chen, P., Kretz, K., and Burk, M.J. (2003) Creation of a productive, highly enantioselective 
nitrilase through Gene Site Saturation Mutagenesis (GSSM). J. Am. Chem. Soc., 125, 11476–11477. 

Q��9
 Gray, K.A., Richardson, T.H., Kretz, K., Short, J.M., Bartnek, F., Knowles, R., Kan, L., Swanson, 
P.E., and Robertson, D.E. (2001) Rapid evolution of reversible denaturation and elevated melting 
temperature in a microbial haloalkane dehalogenase. Adv. Synth. Catal., 343, 607–617. 

Q���
 Short, J.M. (2001) Saturation mutagenesis in directed evolution, US Patent 6171820. 
Q���
 Breuer, M. and Hauer, B. (2003) Carbon-carbon coupling in biotransformation. Curr. Opin. 

Biotechnol., 14, 570–576. 
Q��R
 Fessner, W.D. (2000) Enzymatic synthesis using aldolases, in Stereoselective Biocatalysis (ed. R.N. 

Patel), Marcel Dekker, New York, pp. 239–265. 
Q��`
 Liu, J., Hsu, C.C., and Wong, C.H. (2004) Sequential aldol condensation catalyzed by DERA mutant 

Ser238Asp and a formal total synthesis of atorvastatin. Tetrahedron Lett., 45, 2439–2441. 
Q��j
 Jennewein, S., Sch ü rmann, M., Wolberg, M., Hilker, I., Luiten, R., Wubbolts, M., and Mink, D. 

(2006) Directed evolution of an industrial biocatalyst: 2-deoxy-D-ribose 5-phosphate aldolase. 
Biotechnol. J., 1, 537–548. 

Q���
 Greenberg, W.A., Varvak, A., Hanson, S.R., Wong, K., Huang, H., Chen, P., and Burk, M.J. (2004) 
Development of an efficient, scalable, aldolase-catalyzed process for enantioselective synthesis of 
statin intermediates. Proc. Natl. Acad. Sci. U. S. A., 101, 5788–5793. 

o b e i k a n d l . c o m



������� 	�
�� 
����� ��� :�������� ������ ������� 

 

9�9 
Q��l
 Sugiyama, M., Hong, Z., Greenberg, W.A., and Burk, M.J. (2007) In vivo. selection for the directed 

evolution of L-rhamnulose aldolase from L-rhamnulose - 1-phosphate aldolase (Rha D). Bioorg. Med. 
Chem., 15, 5905–5911. 

Q��	
 Fong, S., Machajewski, T.D., Mak, C.C., and Wong, C.H. (2000) Directed evolution of D-2-keto-3-
deoxy-6-phosphogluconate aldolase to new variants for the efficient synthesis of D-and L-sugars. 
Chem. Biol., 7, 873–883. 

Q���
 Ran, N. and Frost, J.W. (2007) Directed evolution of 2-keto-3-deoxy-6-phosphogalactonate aldolase to 
replace 3-deoxy-D-arabino-heptulosonic acid 7-phosphate synthase. J. Am. Chem. Soc., 129, 6130–
6139. 

Q��9
 Dean, S.M., Greenberg, W.A., and Burk, M.J. (2007) Recent advances in aldolase-catalyzed 
asymmetric synthesis. Adv. Synth. Catal., 349, 1308–1320. 

Q���
 Samland, A. and Sprenger, G.A. (2006) Microbial aldolases as C-C bonding enzymes–unknown 
treasures and new developments. Appl. Microbiol. Biotechnol., 71, 253–264. 

Q���
 Franke, D., Hsu, C.C., and Wong, C.H. (2004) Directed evolution of aldolases. Methods Enzymol.,
388, 224–238. 

Q��R
 Kim, J.S., Choi, G.S., Kim, S.B., Kim, W.H., Lee, J.Y., Ryu, Y.W., and Kim, G.J. (2004) Enhanced 
thermostability and tolerance of high substrate concentration of an esterase by directed evolution. J. 
Mol. Catal. B Enzym., 27, 169–175. 

Q��`
 May, O., Nguyen, P.T., and Arnold, F.H. (2000) Inverting enantioselectivity by directed evolution of 
hydantoinase for improved production of L-methionine . Nat. Biotechnol., 18, 317–320. 

Q��j
 Miyazaki, K., Wintrode, P.L., Grayling, R.A., Rubingh, D.N., and Arnold, F.H. (2000) Directed 
evolution study of temperature adaptation in a psychrophilic enzyme. J. Mol. Biol., 297, 1015–1026. 

Q���
 Ness, J.E., Welch, M., Giver, L., Bueno, M., Cherry, J.R., Borchert, T.V., Stemmer, W.P.C., and 
Minshull, J. (1999) DNA shuffling of subgenomic sequences of subtilisin. Nat. Biotechnol., 17, 893–896. 

Q��l
 Ness, J.E., Kim, S., Gottman, A., Pak, R., Krebber, A., Borchert, T.V.,Govindarajan, S., Mundorff, 
E.C., and Minshull, J. (2002) Synthetic shuffling expands functional protein diversity by allowing 
amino acids to recombine independently. Nat. Biotechnol., 20, 1251–1255. 

Q�R	
 Tomschy, A., Brugger, R., Lehmann, M., Svendsen, A., Vogel, K., Kostrewa, D., Lassen, S.F., Burger, 
D., Kronenberger , A., van Loon, A.P.G.M., Pasamontes, L., and Wyss, M. (2002) Engineering of 
phytase for improved activity at low pH. Appl. Environ. Microbiol., 68, 1907–1913. 

Q�R�
 Turunen, O., Vuorio, M., Fenel, F., and Leisola, M. (2002) Engineering of multiple arginines into 
Ser/Thr surface of Trichoderma reesei endo-1,4-β-xylanase II increases the thermotolerance and shifts 
the pH optimum towards alkaline pH. Protein Eng., 15, 141–145. 

Q�R9
 Hirata, A., Adachi, M., Utsumi, S., and Mikami, B. (2004) Engineering of the pH optimum of Bacillus 
cereus β-amylase: conversion of the pH optimum from abacterial type to a higher-plant type. 
Biochemistry, 43, 12523–12531. 

Q�R�
 Hirata, A., Adachi, M., Sekine, A., Kang, Y.N., and Utsumi, S. (2004) Structural and enzymatic 
analysis of soybean β-amylase with increased pH optimum. J. Biol. Chem., 279, 7287–7295. 

Q�R�
 Bessler, C., Schmitt, J., Maurer, K.H., and Schmid, R.D. (2003) Directed evolution of a bacterial α-
amylase: toward enhanced pH-performance and higher specifi c activity. Protein Sci., 12, 2141–2149. 

Q�RR
 Sriprapundh, D., Vieille, C., and Zeikus, J.G. (2003) Directed evolution of Thermotoga neapolitana 
xylose isomerase: high activity on glucose at low temperature and low pH. Protein Eng., 16, 683–690. 

Q�R`
 Glieder, A., Farinas, E.T., and Arnold, F.H. (2002) Laboratory evolution of a soluble, self-sufficient, 
highly active alkane hydroxylase. Nat. Biotechnol., 20, 1135–1139. 

Q�Rj
 Peters, M.W., Meinhold, P., Glieder, A., and Arnold, F.H. (2003) Regio-and enantioselective alkane 
hydroxylation with engineered cytochromes P450 BM-3. J. Am. Chem. Soc., 125, 13442–13450. 

Q�R�
 Bruhlmann, F. and Chen, W. (1999) Tuning biphenyl dioxygenase for extended substrate specificity. 
Biotechnol. Bioeng., 63, 544–551.  

Q�Rl
 Canada, K.A., Iwashita, S., Shim, H., and Wood, T.K. (2002) Directed evolution of toluene ortho-
monooxygenase for enhanced 1-naphthol synthesis and chlorinated ethene degradation. J. Bacteriol.,
184, 344–349. 

Q�`	
 Bosma, T., Damborsky, J., Stucki, G., and Janssen, D.B. (2002) Biodegradation of 1,2,3-
trichloropropane through directed evolution and heterologous expression of a haloalkane dehalogenase 
gene. Appl. Environ. Microbiol., 68, 3582–3587. 

o b e i k a n d l . c o m



 �������� ������ ������ � !"�#� $�%��� 

  

9�� 
Q�`�
 Oh, K.H., Nam, S.H., and Kim, H.S. (2002) Improvement of oxidative and thermostability of N-

carbamyl-D-amino acid amidohydrolase by directed evolution. Protein Eng., 15, 689–695. 
Q�`9
 Otten, L.G., Sio, C.F., Vrielink, J., Cool, R.H., and Quax, W.J. (2002) Altering the substrate specificity 

of cephalosporin acylase by directed evolution of the beta-subunit. J. Biol. Chem., 277, 42121–42127. 
Q�`�
 Sio, C.F., Riemens, A.M., van der Laan, J.M., Verhaert, R.M.D., and Quax, W.J. (2002) Directed 

evolution of a glutaryl acylase into an adipyl acylase. Eur. J. Biochem., 269, 4495–4504. 
Q�`�
 Lingen, B., Kolter-Jung, D., Dunkelmann, P., Feldmann, R., Grotzinger, J., Pohl, M., and Muller, M. 

(2003) Alteration of the substrate specificity of benzoylformate decarboxylase from Pseudomonas 
putida by directed evolution. ChembioChem, 4, 721–726. 

Q�`R
 Yang, H., Carr, P.D., McLoughlin, S.Y., Liu, J.W., Horne, I., Qiu, X., Jeffries, C.M.J., Russell, R.J., 
Oakeshott, J.G., and Ollis, D.L. (2003) Evolution of an organophosphate-degrading enzyme: a 
comparison of natural and directed evolution. Protein Eng., 16, 135–145. 

Q�``
 Carr, R., Alexeeva, M., Dawson, M.J., Gotor-Fernandez, V., Humphrey, C.E., and Turner, N.J. (2005) 
Directed evolution of an amine oxidase for the preparative deracemisation of cyclic secondary amines. 
ChemBioChem, 6, 637–639. 

Q�`j
 Alexeeva, M., Carr, R., and Turner, N.J. (2003) Directed evolution of enzymes: new biocatalysts for 
asymmetric synthesis. Org. Biomol. Chem., 1, 4133–4137. 

Q�`�
 Genzel, Y., Archelas, A., Spelberg, J.H.L., Janssen, D.B., and Furstoss, R. (2001) Microbiological 
transformations. Part 48: Enantioselective biohydrolysis of 2-, 3-and 4-pyridyloxirane at high substrate 
concentration using the Agrobacterium radiobacter AD1 epoxide hydrolase and its Tyr215Phe mutant. 
Tetrahedron, 57, 2775–2779. 

Q�`l
 Spelberg, J.H.L., Rink, R., Archelas, A., Furstoss, R., and Janssen, D.B. (2002) Biocatalytic potential 
of the epoxide hydrolase from Agrobacterium radiobacter AD1 and a mutant with enhanced 
enantioselectivity. Adv. Synth. Catal., 344, 980–985. 

Q�j	
 Rink, R., Spelberg, J.H.L., Pieters, R.J., Kingma, J., Nardini, M., Kellogg, R.M., Dijkstra, B.W., and 
Janssen, D.B. (1999) Mutation of tyrosine residues involved in the alkylation half reaction of epoxide 
hydrolase from Agrobacterium radiobacter AD1 results in improved enantioselectivity. J. Am. Chem. 
Soc., 121, 7417–7418. 

Q�j�
 van Loo, B., Spelberg, J.H.L., Kingma, J., Sonke, T., Wubbolts, M.G., and Janssen, D.B. (2004) 
Directed evolution of epoxide hydrolase from A. radiobacter toward higher enantioselectivity by error-
prone PCR and DNA shuffling. Chem. Biol., 11, 981–990. 

 

 

 

 

 

 

 

 

 

 

 

o b e i k a n d l . c o m




