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�3���1�\��

�3���W�@�X3��/��������8�645��E�95���n�7��6�E�HI �I���J
���I3�A�//���O3I�"#o#�aa&fH)&&'��&(������

����@�M�WR
��X���M�����2�g�/�?i�1�A�����&++G�f�(G(fS��"##Z,-�S�2�����@�M�WR
�����

������������������ !"##o�$F�&H+)&'*��&>�S�K�t3/���S�2�����\�SI�������

����x��6�E�zc6��"##Z�F<��H+*)�'f'��&+�������
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����	�
��	�����Cc����
���5��
� ��>�������!�
8����	������A8����!������	��	
��
��	��	�
8��!���	�
�	
�9��5�
����	�5�:����	����8�	���&4����	5�d<�5�
��
��	�������9����8��=�
�5���
����'�8�:��,����	���	
���!��
��	��)��=����d� �."��
�'>�2�''����2���!��	5�5��	�5���	�6�5�9�
���
������	��	
��
��	����e������Cc����	5�
���5��
� ��>�������!�
8����	������	5�fC4 �����	
8����ghihjklmnilompoqprhsspgjtpuhlvwix��������������!��	��	�9����
��	�����5��	���� 9���8�5�B���	5����
!:���	5�8��=�
�5�:����	
���!��
��	����2�,���2�'>�2�,����	2���	
���!����'�'�d��

yz{|}~�{|���~��|����|��}z���~������{���{�����z{�|����������|���~���������{~�z��|~��|������}�����|��~����{��z���{�����~��|���z{���|

��49



�����

�����	
�����������������	���	��
��
�����������������������������������������������	�
 �����	 ���������!"#"$%&'(#&)'*)+*,-,./0*/0#&1&#.*('2*3)#(4*5$)#"&'*6)'0"'#$(#&)'7*����8*�������������������� ��	����9����:;�9����
��<�����������������	
����=�9�>�������� ���?�����	
��;�@�����A��B BAC������D��A�
����
���������?����������E�F��������
������F������������������	��������	������	�����	������������������F��������������������������	�GA��
������
���
��
��	�GA�������� ����
��?H�;�<���;�9��;�<�����;�������� ����9H9�>I������	
����J��� ����
��� ��
�������D��������D��A�GA�B BAC������	�����	����������
 ���
�������A�����
	 ��������9������K�
��LM�F��������������
�������N�� ��
�����	�����N�LM���C��G ����������N�N�B;��O������
�������������N�N���H����� ��	������P�QBC������		�	��
�������
������������F��������������>�����
������������
���	������D
� ���
��H���K8���������8������	
���� G���
���������
�������
��
���?�����	
��;�@�����A������������?��
���������
������
 ���������
��?����F��������������B�������?���K8��������R����������������������	�������
����������
���	��		����S��K8�
���TH�	�� ��	�����
���������������
�������������	���
��������������
D�	�GA�������� ����
��?H�;�<���;�9��;�������;�������� ����9H9�>I������	
����B ������������������AE�	�GA���D������������
�F�����O�8���U�������������
����������������� ����	��V
������
������
���������
��
����������F�����������������	��������	� ���������������VN�Q�C���
�����C���A�W�����
��V����
�B����������?X������;�NC;�LB��*6Y($(0#"$&Z(#&)'*)+*,-,./0*[.*,&Z"*\]04-̂&)'*6Y$)%(#):$(_Y.7*U��
�	����
�	�������������
���
����E���
��������
��B BAC����	��
���
 �����EA���̀ ����������
�;����K8�
����F�
�	�	�� ��	�����F������������������������
����	�GA���E������ ��
�����
���
�����A�?B���
����@<���BXa8��
� ���?<������b�c�=���;�������	�defgfhijikeI�V
�
��Q�
�������;�V
RA
;�l������V����
� �������
������	�����

���������� �����	�����
�������
����9��8m��������������N��
����� ����
������;��O�n����V���	������
����������
���	����������	�����������D���������?H�9;�Hn����	�H=������
�	������ ����G������������	��m��
��������	�� ������

opqrstuqrvwxtyzr{{wvr{|spw}ytw~|yzuqu��q|zw{�pq�r{|{w~�wuw�r�y|tw���zy{��qtup{}rtu{r�w����s��zy{rwxtyv�zq|ypw�|q�w{�zty{rw{�pq�u{r

��50



�����

����	
����������������������������������������	��������	��	�� !������"����!#
���������	�! ���  �#�� �����!#	�������$�#���	��	���"���"!�
�%��� ���&�&'�����	��	���	�����#����	��#������(�����	�����
�)*+,�
-
./0123456789:;<=<5>75/=??;@;895A=B4C9C37<950@;DC@C9=B8<5&�&'�����������	�! � �EF���������	��	!#���������	�����F ��G�������#���#	!��"�� �����!#��H���������!$H���
�,�$I�! � �EF����������	�	H#	�!#���������	!#������!#����"�������J*K��$H������ !��,�$�#��+�	�H��	�!#��#��)�	�H��	�!  ���	�#L���&!#���(�	$$"���!���M����	!#���%�!�		!��NOF,*,P�N�	���&��#�� ������	������Q��HH���������J
+�$$�$���!��H
�&�H�#���#������F ��G������� �!$�+�$I�	�$H����	��!������� ����#��� �L���!#����)+�+J*�L��#��RST� !��J*�$�#��T#��� �L�,R)R�UP��HH#�!� �
�V!��$�! ����	�H�#���#����	��"!���*
W�$I
����%������	��	�	H#����#���!#�E�������� �#����!��$�+�$I�
�M(%FL���	'#��	�	�"'���  �#��"�!�����'	��H�H�����!#	�������� �!$����	�$��$!�#��! ����	����	��������!������H��,
*��JWST
���������!#�$�G���	��!#���#��*
)+���M(%��+
,���	���!	��#��+*�$���LT�)
�U����!#	������#� !��R,�$�#
�
/BX8<9@;CY50@B4;<<=8Z5B?5./012345T��!$��!L��H�'F ��(&%�! �M(%FL�����	�H� !�$�����!���#L��!�I$$�������
��)*+[�
�� ����!$H���!#�! ����"�!���#	 !�$���!#��"�!$�		���	��!�L��'��$!���"'������$� �������!#����!�L�������!	� �����H�H����	�	�������'F��L������[+\�����H���������#��!#�)�]�)[�̂$�������#		�*
+W�$$�����$���+,*�$$��+�H��+**�$I�	�	H#	�!#�
����H�$�����	������ �������	�#L���V��� �!��,*��#����,*��(�P�H!�'���	�� !#P�&���!���	����$�#'���!��$!���	���������	
���#�T_�%���	��	���!��'��!�'E�����H�!	H�!$!#!	��	��M�%��M(%���#����	�$H�����������#L��#��������M(%FL�����������!#���#	���H�!	H�!��	�����#��L
�T_�%��+*�M̀$I����	�������!����H�$����#����������!#���	��������!������J*ST� !��)R�����!#��!���#L����H�����W
*��	�#L�+���	!���$��'��!G��
����	�

abcdefgcdhijfkldmmihdmnebiokfipnklgcgqrcnlimrbcsdmnmiprigitdqknfiuqrlkmrqcfgbmodfgmdviwxyzeq{lkmdijfkh{lcnkbi|ncsim{lfkmdimrbcsgmd

}~51



�����

�����	
�����
	�	�����������������������	������
���
�����������������������
������ !�"#���
	���������
����$�����	������%�&����	����'�()�
��"��*������+�����,������	��'�()���������
�����	�����
	�����������-���������������&
�����������&�	��	��.����������&��������
-���.��,�����������
����
	���		�&������������/����
�������#�&�����������
� !�"#����������
�����
��������0�����
���
		����12�3!
4��
	�����&���-.�5�&
	������������
���	�06��3!
7�8������������*�4��,��������
����
	�$"�����������������������������&�	��	��.����$"���������������	������
���������	��-�������&�	��	��.���������������-������	��
�
�������� !�"#����������
����#�	�#
�	����'�()���������
�����	���	�
������
�&������������	
�����,���
�������
�'�()���������
�����	���	����������������
	���	���-���
-�&���,������
���������
����
	�
��"������
�������������
��������		�&������������/����
�������
����
���������
��������92���#:�;�����/���
��"<�*��
�������/�"������0����	�����
�6"8��=��=�
���=�������������
����
����	��#����>���
�.4�����+�����?
���	�������
3���
���
���	����
���
�
./���-.�)�;���
@ABCDEB@FGBHIJBIKCLMNKOKDPLB96���#���� !�"#���������		�&������1���Q;�!�(����5
��
��0�#����4��R(5��%��"�)/�R�S�	������������0�#�����,������#��	��?
��
��
�
���
������
�� ?�4�
�������5R�ST����!�	����
���������	�������
���
	�������	��6)�R�S�	�����
�0822�2<��)/4��������
	��������
�%�������������������������>"���-��������
�%������
���������������������-�������/"#�
�����	��
	��	�������6$��R�S�	�����
�06�%�+6��)/4��?�
��
������"	
���
�����	�U�������
	��	��V���
W
�������
.���	7�2�*����������	�7����8<�	�
�U��	����������7�	�����
�������<�3)/7����-�����������	�$��3��6$��R�S�	�����
������������������������������#���	��	�U�����V�	�
��
���6$����	��	�U�����������8%*��
�-�����	�����
W
�������
.���	��X
�/���������#������#�
�U��	���������	�
�U��	��������������!:R�S������		�����
������'�������6����0��&
����������	��.�!�&������������4��
	��	��������&
�
��������	�����
��
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M
Ve
M�����
VO�TN��N�ZQQ������d���N����QXRV���VRN���Of

m=-./0+.XRV���VR��NO�Q��N���N��N���N��������OU���R��Q����N�NRV���Q��ON�M�NR����M��URV���VRN���OW�M��T����M��N��R��VQ��N��MNR����M����O��N�O������T�jO�n���Wj����O���N��N�N��NR��Q���U���RN�������M���T��O��U�N�������N�NRV�������M����O�QO��T�QNU�OW�T�ON�M�NR�okpkqk�kURM�������Q�T���RV�T�O�R�TR�����O���N�NRR�R��N����O�N��N���O��R��OU��M�R��pkURM���VR��NO�Q��N��NO��M������VO�TN��jN������Y��Q���T��O�k���URM���VRN���O�Q�TR�����OQ���M�������NNO[�̀ �[�̀ kURM�����TM��R���O�RM���O���R�rN���Oj��T�T�T�UTRVjN�����RM�R��kTV���rV����VRkqk�V�R���r���O�M�T���T��TR�����O��RM��R��V�����M������N����NRR���es���dfNO����������T�N�O����R�O��_�ONO�QQ����O��VO�T�����QO��T�QNU�O�\T������NO�Q��N���O�TM��O��O��Q���TN��r��RR�O����Q��NO���������Q �t V��R�NO�su�U����M���iN�N��N��k���V��R��Q�U�i�T��\T�[�̀ kURM����jN���U�O��N���M���s��������� ��NRN�R���jO����N �������Q���QQ����O��������V�QO��T�QNU�Oev ut �M���Vgv�utV��R�fjN�����R�������N�R����NO��Ok�r�TNOU��T��N��U�N�TVN��n	�ujN�M���Q���N��M��NO��O���NR�M��Q��N���O�Q�T�����M������V�R�OU�Q�T��kTV���rV����VRkqk�V�R���r���O j�MR� NR�� �� ������R� N��T������� �̀��M����������N���ON�NR�j�����n �Q���NO���k�����RM���O�ON����O��QQ������RV���RN������NR��OU�V��Y��r�RM���O�T��N��U�N�TV�O�T�Q�ONR�����QO��T�QNU�O�M��Q��N���O�\T����M�V�T���Q���W����NR��T�����O��NRQ����������O��O��Q��N���O�O�T�URV���VRN���O�Q��RV�T�O�RN���������VURV���VR��NO�Q��N���N��N���������O���N����TN�Wj��TM�kNO���jO����N��������OU�N��QMRRV�����Y��NO��M��N�RV�O�����OO�����WN��j��QMR����N�NRV������TO�R�UV������N�N�RN�R�Q���T�����M����O�QNO�����NO��RN���QURV���������QQ��MR�������N����T��j����
@wxyz{|ApkURV�������W�V�R���r���O�O�RM���O���R�rWURV���VR��NO�Q��N���N��N��WON�M�NR����M��URV���VRN���OW��RM��R��V�OTNO���O�WM�kNO���jO����N��������OU

m==/3}60.6,1-:�ZPWNO��Ok�r�TNOU��T��N��U�N�TVg�Z~WNO��Ok�r�TNOU�gP�W�V�R���r���Og�
̀W��jO����N��������OUgX\WURV���VR��NO�Q��N��g
ZPW��Y�k�r�RM���O�T��N��U�N�TVg
M
VW�M������VO�TN��g[�̀ WM����O�kuok���T���TN��g[
̀WM�����N��������OU�
�̀��Q�NO������O���T�MR���N����������S��O������Y_V�����������������������������������	gDD�:u�u�uu�� j�R�V�OR�O�R���N�V����l�M�ONR���� �����]�R�V �̀������NR�W�O������

������������������������� ���¡� ��¢£�������¤�¥£����¦�� §��£��̈�©���ª���� �«£��������£��¦������������¤��¬��§����¦���¤������®��§���£ ��¬��¤���ª£�

°̄
84



��������	
����
�������������������������������������������������������������������������������������������� !�������"#����$%&&'()����*��+�#�������,$%&-./,#������������00����������*��0������$����*�����������*��0����������0���������,1��*��0���������������������0���������2�����$��2�����$��2��0�����������������$��������*�����*��0���������0�����������������$���������0�$������0����0�� 3�4����$#������$4�����+$5������$"3�#��$%&-'(6���"#�������$%&&-/,7�����*��$��� 89�:�;�3�*��0����� ������������0��0������������ 50����-/$������������<���������=��0�������������*��0�������������*������������:�*��0�����0����0���� >���0�"?����$%&--/,@��������������������������������A�*��0������$���0�����������*:�*��0������0����2���*������0����0����������������*��0�����0����*� 4�����*�$B���$C������$D+����$"1������$%&&.(BE������,$%&--/,1�������������<0����2����*�0���2���������$*�������$�����*���������00������*����0���� F�����,$%&-&(#��*���,$%&&G/,7�����*����������<0�������������������2������ HIJKLKMNOILPQRKSPI/������������������������������*����0����������2��� T��2������,$%&-%(#06�"4���2��*$%&&U/,7�����*�������0���0�������2����������������������<�����������������2�00�������� 6�$F��$6�*$"4�$%&-.(5��V�����,$%&&W/$������*���0���������� 5��V��$5���������$T��2���$?����$"?�����2���$%&&U/$�������0����������������� 50�����$5���2�0�$5���$?�����2���$"5���$%&-%/$��������������0������2������������ 6�$6��$6��$"4�$%&-'/,3��������0������*�������������*������*����������2�� ��4������,$%&-'/$������0�0�����������������0���������0���������:�*��0�����������������0����0������0��,!���$���0����0������������������*���������0������������2�������*�

�0�������0���� X�������$5�����$"#�����$%&-&/,1�������2���������V�������������������*��$2��0��0��������������*��0����������0������*����� D������,$%&-'(F��$!������$B��$T0����$"4�����$%&&.(Y��*���,$%&-U/,1��2��0�����0���������$����+����0*��0���������������������0���$���������������������������*$��������0��*������2����������0�����������*��������A�*��0������ 4���������,$%&&Z(3�4����$>�4��������,$%&-'(?�$#���$#0#���$">������$%&&&([�����,$%&&'(\�"]�����$%&-U/,1�����0���0���2�����������*����������*��0�������������*������2���������A�*��0����������������������:�*��0������,�̂������* ��� �����0�� :�*��0�����0����*� ��0�����������0����+�������� ���0�������0����������������  73_/���*���������� F�����/*��0��������������$0�����������0����� �����+����2��$����������������$��������������A�*��0������ 4�+����B�0�����,$%&&W(D������,$%&-'(̂��$��V�����$5������$" 1*�0��$%&-./,1���� F�����*��0�������������� �� ����������2�������������0������2��0�����0���������,! :�*��0�������������������0� AS̀aKIKMPbK/0���+������������0���������0����89�:�;�3�*��0������������������������������'9���������� @3_/�*��0��� 4�+����B�0�����,$%&&W/,_�������*����*���2��0�����0���0������������*������������������0����0�0����:�*��0�����������������0�����������$�����0�����50����- 4��*���*$?�����$"7����+��$%&-8/,1���������*��0������������������������00���������0�������@3_c@3_�*��0���������� 50��d�+��$?�����$3���0��$3�����$"7����+��$%&-Z/,5�0��������*����<��������������2�������� ��+����0/*��0�����������0����� 3��������,$%&-%()������$6���$B���+$#e����$"]����*$%&&U/,7�����*�����������00�����*��50����-�������������������0���� 4��*���*���,$%&-8/������������+���������������� 4��*���*$?�����$"7����+��$%&-Z(?�����$F���$

fghijik [�����������������������*��2���+����0:�*��0�������������������������0������@3_�*��0����������,:�*��0�������������������0� AID?1/����0������������������2�� lm5�5�/������,D�����0��������@3_������

nop � 5DB#qFY])]1!F,rstuvwtsxyz{w|}yzw}~�zwuz�}w~�z�}~��x~|vy~��}��uzs~�yv��ux�v{�~�{x}�yzx}�~��vuzxzstx�u~�yvu}ww~|vy~x�}~�zx�yzs~�vst��}{vs~��rs�uvw��}~�vx�v|z��{

��
85



�����������	�
�����
������������
�
����
�����
������
��������
�����	����
��������� �����
����������
�������
�������	�!����

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

���������������
��������
��
���
���	+��#���
��%��#��-��.�+/"��
���������

�����
���
������	��%&��#�����#�
�������'��0���������������
������������
�����������12������3
��������������	���3��
��������
�����
���������
�$�
�����
������	��%&��#�����#�
�������'��4������������
�����	���3%5�	+�������$��
���66. ����%�7#�����
89(::	+��;�������2
�	�����%<=>�����#898����
����������#��	���%?@	�3����0� 2#���������66%&��#�����#�
�������'�������
�
�������	����#������
����
����
�������
���
�����
������������������
��
��
���������������2��
���������
����#�������
����
�	���
��
��������%A���#��B�
��������
��������
����	���3�
�����
�12������3
�����C�����

��
��������
�����������
��$��$�������������2��
����$����������#��	��
�����
���%&��#�����#�
�������'��+����$���12������3
��������	�
���������
�����
��%A�'	+������
��#	�3��#�����������������������
���
��#
����
����#��������
��
����

������������
�����$������
�����
:�D5�	+�
	�3�	�	�B		���
�������
�
�
��������	��������
����������
�������
�������
����#�����	
����C��D��������
������������������	�����
��;��������
�
�����������	�
������
�������
��������������
����#�������
����4���
�	�
�������������������E���
2
��������#F����������;���������������������#��������
��	���
������������
�
��#��������$����	��
������
���������
���2���%G��
����)����������
�������5( �����)�����
��/��	���)�
���
�����(/��	H�����9�		�����I�
	��������
�������'(;��$������
������������
�
����$��
�#�������
����������������
�������	�
������
��
�����������
���/���	���4���
�#��
�����������#�����
����# �
���# ��
��������
��� ��
���� 
�����
���	������
���	���������#�
�����
�������������
�����
� ������
��������
��
�����
�������
���
�����$����#��������
���� �����
����	���3�
�����
�
����#�����
��2��������2����3�������212������3
���%/���
��/��!
����777()���J���#�+�	����9���#���������������������#
����	�
�������	�
�����
������&�������#�������
��
��������
����������
�������
���$����	��
������$�
�$�����
���	���������#���$�
��
�
�����������
���$������������K��
����#�������
������	���
��
��
���#������;������������������
���
��
�������#�������#�������
���������������������
��������
�������
��������	���
��
���������
����#���������������

���������
��������;�������
������
����#���������������$��
������$����#����������	�
�����
��������	�
�������
����
LMNOPQRSOTUOVWNQPXYWU
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������������	�	����}bIĵkJK\[̂lHN̂[̂|Nf\[abIcN_OJR�~�x�"A%�$Ar"Wq$ArVX�8�	���	��4�7��Y=�
���������"##A%�>����	���������������	���������������	����L]\KfIL�Jk|�I[N]IJRvI]NI�_�p��A%�WXUqWWW�

8����������=��<�������;��YD��	����8��"#$V%�=	����������������
	���	�����������������������������S8��������������	����
��	a���������	�����
��������B��������������
�	������	�����	���L]\KfIL�RKObI_N_\KLa\O\[R_N_�wpp�$Xq$U%�"AUAq"AWV�8����������=��<�������;��Y D��	����8��"#$W%��������	�����������	�������������	�������a��������������
��	
�������������	�����L]\KfIL�RKObI_N_\KLa\O\[R_N_�wp��V%�XsWqXrV�>�	��h��>�	��6�� ����6��=��z����	�C��8����>�����h���z��"#$U%�:��������	�������������������
��	���������	�	���	��
��>�������������
	���	
��� o\K|NlIJ\NKLNf\��K|I�\KLOIabIcNI�mKOIJK\ON̂K\[�LNON̂K�px�XV%�$"WAsq$"Ws"�h���=��=��z��t���:������t��4	��t���	���t�����5���t��"#$A%�7�����������	�����������������
�����������
	���	8��tB�>
���H\fN[[k__keON[N_�����������������������	����
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fghijkhglmnokpqmnkqrsnkintqkruntqrvwlrpjmrsxqywingrzmjt{ilwjo|r}olq~mnlqtr�wjinlnghlwirzmjiqkkrpjmrlxqr�nl{mngrzjgh�xqojgrs�fg{ijkwtqr�jlxjpn~wo

��96



���

�����	
��
���
����
��
	����	�
������	�
��
��� !"#$�
$�����#�
%&���$#���$�&�
 �'
�����	
�(
)��%���#�
��
$*�	���
("&����+������,"-"%�%,��	+#���
��,�#����
 �.
�����	
�/
�&,��	#��0("&����+������,"-"%�%,��	+#���
%���,	+$#���
�	#&���
 
 �1
�����	
�2
3�#����$#���
��
�&,��	#��
��,���,��$#���
4�#&

("&����+������,"-"%�%,��	+#���
��%,�����
%���,	+
 ��5
�����	
�6
�7
�����,	�
���
��#&��$���
���#&	���
��
89:�;<
=��"�,�%��	
���#&	���
$��
=��"�,�%��	
�	��$�$#���
��
>?����

 ���
�����	
�@
3�#����$#���
��
�	$%#���
�7
 
 ��(
�����	
�'
3�#����$#���
��
����#�$#	
%��%	�#�$#���
$��
�	$%#���
#	��	�$#��	
 
 ��/
�����	
�.
3�#����$#���
��
%$#$,��#
,�$����

 ��2
�����	
�1
7�A:
$�$,����
��
��#&��$���
$�#	�
#&	
��:"��		
���

 ��6
�����	
��5
�7
BCD
��	%#���
��
��#&��$���
$�#	�
#&	
��:"��		
���
 
 ��@
�����	
���
�7
BCD
��	%#���
��
�&,��	#��
E$%%	�#��
����#�$#	F

 ��'
D	�	�	�%	�
���
������#���
G�����$#���
 ��.


HIJKLMJINOPQMRSOPMSTUPMKPVSMTWPVSTXYNTRLOTUZS[YKPIT\OLV]KNYLQ̂T_QNS̀OPNSVTaYLKPNPIJNYKT\OLKSMMTRLOTNZSTbPN]OPIT\LIJcZSQLITUdHI]KLMYVSTbLNZLRP̀YQ

ef97



���

�����	
�
�������
���	���������
���������������� ������!�����" �#�$���%�$��&����&$����%$���'�&���("�$��!)*"+,��-.������(+ �$��/0�1��!�-2�$" $+!�0�3�$���4/��$���$�,�-.�����0�(+ �$��/5�6784�$�94�$��4"7:7�4�"���9�$���-;<=>/0�60=7�����!4"7:7�4�"���9�$���-;<?>/0� +"%�@+�4"���!�$7:7�4�"���9�$��� ���+�� �"��-;<?>/0�:7�4�"���9�$����$�  "��,���#��!�����!"�$�!4�$���-AB�7�CB>/0��!"�$�����-D<?>/�����EFG��� ���+�� �"��-;<?>/�#�$��%$���H�$@� 4��!�-H������0�E2/5�IJKLM7N�����O�'��!�$� �O�����F7�� �!��@������#�$��%$���PQ(�-3������&��0�3�$���4/5�N�4����$"�R(SAABH0�'+��$R7=AB������3�&�H���R7=AB��$� �� �#�$��%$���N� �!�Q�� �������-N�,4�0�T����/5�F�����U�V(6WT�����'(WB(�$� �� �#�$��%$������ +@� !��H!�����"�H�$��$������-N�,4�0�T����/5�F�#�9�WX6�-H"77%�$�0�AB�7�WBB��� !/�����F�#�9�WX?�-H"77%�$�0�6BB�7�YBB��� !/�$� �� �#�$��%$���F�#�H!�����"�-���"���0��P0�E'/5�FS(S7��""+"� ��#� �%$���'�&���("�$��!�-.�����0�(+ �$��/5����� �$�O�Z�[� 4$��&�����@$����%�"��$�-W56�\�0�B56�\�/�����.�]� ���ÔN+$@��WA�����$�%+&�"��������$���$ �-WB�,F�/�#�$��%$���'�$��$�+ �-3������&��0�3�$���4/5�(�������-;<<>/������ ��$�����"�-;<<>/�#�$��%$���1��!�-2�$" $+!�0�3�$���4/5�
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Abstract. Sugar nucleotide-dependent (Leloir) glycosyltransferases from plants are important 

catalysts for the glycosylation of small molecules and natural products. Limitations on their 

applicability for biocatalytic synthesis arise due to low protein expression (≤ 10 mg/L culture) 

in standard microbial hosts. Here, we show for two representative glycosyltransferases (sucrose 

synthase from soybean; UGT71A15 from apple) that a synthetic biology-based strategy of 

decoupling the enzyme expression from E. coli BL21(DE3) cell growth was effective in 

enhancing their individual (5-fold) or pairwise (2-fold) production as correctly folded, 

biologically active proteins. The T7 phage-derived Gp2 protein, which inhibits the E. coli 

endogenous RNA polymerase, was used for growth control. Its expression was arabinose-

inducible from a genome-integrated site transcribed by T7 RNA polymerase which is 

unaffected by Gp2. A PET plasmid vector integrated the gene(s) of interest separately inducible 

by isopropyl--D-galactoside and also transcribed by the T7 RNA polymerase. Laboratory 

batch and up-scaled (20 L) fed-batch bioreactor cultivations demonstrated improvements in 

overall yield of active enzyme by around one magnitude order as result of production under 

growth-arrested conditions. Sucrose synthase and UGT71A15 were obtained, respectively, at 

115 U/g and 2.30 U/g cell dry weight, corresponding to 5% and 1% of total intracellular 

protein. Fed-batch production gave sucrose synthase in a yield of 2,300 U/L of culture (830 mg 

protein/L). Analyzing the isolated glycosyltransferase, we show that improvement in the 

enzyme production was due to enhancement of both amount (2.5-fold) and quality (2.4-fold) of 

the soluble sucrose synthase. Enzyme preparation from decoupled production comprised an 

increased portion (62% compared with 26%) of the active sucrose synthase homo-tetramer. In 

summary, therefore, we show that expression in growth-arrested E. coli is promising for 

recombinant production of plant Leloir glycosyltransferases.  

Key words: Synthetic biology; Leloir glycosyltransferase; Recombinant protein production; 

Protein quality; Growth-arrested E. coli; Small molecule glycosylation  
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1 INTRODUCTION 

Plant metabolisms for natural product biosynthesis and detoxification involve an elaborate 

enzymatic machinery for attaching sugars onto non-carbohydrate small-molecule structures 

(Bowles, Lim, Poppenberger, & Vaistij, 2006). This glycosylation machinery is comprised of 

a large set of sugar nucleotide glycosyltransferases. The enzymes, also referred to collectively 

as Leloir glycosyltransferases, transfer glycosyl residues from sugar nucleotide donors to 

specific position(s) on acceptor substrates (Liang et al., 2015). Compared with other enzymes 

(e.g., glycoside hydrolases; glycoside phosphorylases) also able to glycosylate small molecules, 

the glycosyltransferases often present a unique combination of high chemo/regioselectivity and 

relatively flexible substrate specificity (Desmet et al., 2012; Thuan & Sohng, 2013; Chen, 

2018). The plant glycosyltransferases are therefore promising catalysts for glycoside production 

(for reviews, see: Lim, 2005; Nidetzky, Gutmann, & Zhong, 2018). Glycosylated derivatives 

of small molecules (e.g., flavonoids, terpenoids, peptides) with important applications in the 

food, fragrance, cosmetic and chemical industries are synthesized efficiently using 

glycosyltransferases (Desmet et al., 2012; Xiao, Muzashvili, & Georgiev, 2014; De Bruyn, 

Maertens, Beauprez, Soetaert, & De Mey, 2015; Kim, Yang, Kim, Cha, & Ahn, 2015; Schwab, 

Fischer, & Wüst, 2015; Schwab, Fischer, Giri, & Wüst, 2015; Hofer, 2016; Olsson et al., 2016; 

Hsu et al., 2018; Nidetzky, Gutmann, & Zhong, 2018; Schmölzer, Lemmerer, & Nidetzky, 

2018). 

Limitation on the applicability of plant glycosyltransferases arises from their difficult 

expression in standard microbial hosts (Lim, 2005; Desmet et al., 2012; Nidetzky, Gutmann, & 

Zhong, 2018). Escherichia coli is mostly used. Expression is low (≤ 10 mg/L) in general (e.g., 

Arend, Warzecha, Hefner, & Stöckigt, 2001; Schmölzer, Gutmann, Diricks, Desmet, & 

Nidetzky, 2016), poor (≤ 1 mg/L) in various instances (e.g., Cai et al., 2017; Weiner et al., 

2017). With notable exceptions (Arend et al., 2001; Dewitte et al., 2016; Schmideder et al., 
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2016; Priebe, Daschner, Schwab, & Weuster-Botz, 2018), the enzyme production has received 

relatively little attention for systematic process development. The main bottlenecks on 

production efficiency thus remain largely unknown. Besides specific requirements an 

individual glycosyltransferase may have, it seems probable that there are also important factors 

of a more general, if not universal relevance. Discovery of such factors, and process 

optimization along the lines thus suggested, would present important advance for the 

biocatalytic application of glycosyltransferases. 

In a recent study of a bacterial Leloir glycosyltransferase (sucrose synthase from 

Acidithiobacillus caldus; Diricks, de Bruyn, van Daele, Walmagh, & Desmet, 2015) we showed 

that constitutive expression in E. coli BL21 shifted the production of recombinant protein 

mainly to the stationary growth phase (Schmölzer, Lemmerer, Gutmann, & Nidetzky, 2017). 

Once the glucose carbon source had been depleted, active enzyme was accumulated gradually 

to a substantial titer of 350 mg/L of culture. This result gave rise to the working hypothesis 

for this study, namely that expression in growth-arrested E. coli might constitute a general 

strategy for efficiency-enhanced production of (plant) glycosyltransferases.  

Here, we used a synthetic biology-based approach to decouple E. coli BL21(DE3) cell growth 

from target gene overexpression (Mairhofer, Striedner, Grabherr, & Wilde, 2016). The 

underlying concept is built upon the Gp2 protein from the bacteriophage T7. Gp2 inhibits the 

E. coli endogenous RNA polymerase (Mekler, Minakhin, Sheppard, Wigneshweraraj & 

Severinov, 2011) while it leaves T7 RNA polymerase unaffected (Mairhofer, Striedner, 

Grabherr, & Wilde, 2016). An inducible, T7 RNA polymerase-based expression of the Gp2 

gene thus allows for a constant supply of the inhibitor. This enables the E. coli transcription to 

be shut off, hence the cell growth to be arrested, in a controllable fashion. Under conditions 

managed by Gp2, therefore, the E. coli protein synthesis machinery is taken over for 

recombinant production of the target protein(s). The practical design embodied in enGenes 
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technology involves genome integration of the Gp2 coding gene under control of the araB 

promoter inducible by L-arabinose. Within this strain background, a pET plasmid vector is used 

that contains the gene(s) of interest inducible by isopropyl--D-galactoside. This design 

provides flexibility and temporal control for cell proliferation to be switched off and protein 

production to be induced (Mairhofer, Striedner, Grabherr, & Wilde, 2016; Mairhofer et al., 

2016). It presents a new approach toward quiescent E. coli cells applied to recombinant protein 

production (for alternative approaches, see: Chen, Walia, Mukherjee, Mahalik, & Summers, 

2015; Gosh, Gupta, & Mukherjee, 2012; Mahalik, Sharma, & Mukherjee, 2014) 

We demonstrate application of the outlined approach to individual and pairwise production of 

two representative glycosyltransferases, the sucrose synthase from soybean (Glycine max; 

GmSuSy) (Bungaruang, Gutmann, & Nidetzky, 2013) and the flavonoid glycosyltransferase 

UGT71A15 from apple (Malus domestica) (Lepak, Gutmann, Kulmer, & Nidetzky, 2015). The 

glycosyltransferase reactions are shown in Scheme 1. Enzyme co-expression reflects the idea 

of a glycosylation cascade in which the sugar nucleotide donor substrate is formed in situ and 

continuously regenerated (Scheme 1; Nidetzky, Gutmann, & Zhong, 2018). We show that 

enzyme production in growth-arrested E. coli gives significant improvements in the amount 

and quality of the recombinant glycosyltransferase as compared to the exactly comparable 

production in the growing E. coli reference. We also show transferability of the production 

strategy to a high-cell density fed-batch culture of E. coli at 20 L operating scale and obtain up 

to 830 mg glycosyltransferase protein/L of culture in that way. 

2 MATERIALS AND METHODS 

2.1 Microbial strains  

The E. coli strain referred to as enGenes-X-press is a BL21(DE3) derivate with the genotype E. 

coli B F– ompT gal dcm lon hsdSB(rB
–mB

–) λ(DE3 [lacI lacUV5-T7p07 ind1 sam7 nin5]) 
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[malB+]K-12(λS) attTn7::<araC-paraB-gp2>ΔaraABCD::CATR (Mairhofer, Striedner, Grabherr, 

& Wilde, 2016). enGenes-X-press has the Gp2 coding sequence integrated in the genome at the 

Tn7 attachment (attTn7) site. Gp2 gene expression is controlled by the L-arabinose inducible 

araB promoter. The inserted sequence additionally involves a regulator, an optimized 

terminator (Mairhofer, Wittwer, Cserjan-Puschmann, & Striedner, 2015) and a 

chloramphenicol resistance gene. The strain furthermore features knock-out of the complete L-

arabinose degrading operon araABCD. The strain enGenes-X-press is proprietary material of 

enGenes Biotech GmbH. Its construction was reported elsewhere (Mairhofer, Striedner, 

Grabherr, & Wilde, 2016). The reference E. coli strain BL21(DE3) was from the Coli Genetic 

Stock Center (CGSC#: 12504). To compare performance of the two E. coli strains, both were 

transformed with the relevant expression plasmids, as described below. It was shown 

(Mairhofer, Striedner, Grabherr, & Wilde, 2016) that in the absence of induction by L-Ara 

enGenes-X-press exhibits growth behavior not different from that of E. coli BL21(DE3); and 

that the presence of L-Ara does not affect growth of the host strain as such. 

2.2 Enzyme expression  

The previously described pET-STRP3 expression vector was used (Lepak, Gutmann, Kulmer, 

& Nidetzky, 2015). Enzymes are thus produced as fusion proteins harboring N-terminal Strep-

Tag II. For single enzyme expression, the coding genes were inserted via NdeI and XhoI 

restriction sites. The GmSuSy gene (GenBank: AF030231) was codon optimized for expression 

in E. coli (Bungaruang, Gutmann, & Nidetzky, 2013). The UGT71A15 gene (GenBank: 

DQ103712) was used.  

For enzyme co-expression, the vector referred to as pETduo was derived from pET-STRP3 by 

inserting the UGT71A15 gene into the plasmid harboring the GmSusy gene. Suitable 

oligonucleotide primers (pDUO_Ins_fwd, pDUO_Ins_rev; Supporting Information) were used 

to amplify the introduced expression cassette by specific binding upstream of the promoter 
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region and downstream of the terminator sequence. The receiving vector was linearized by 

amplification using pETduo_BB_fwd and pETduo_BB_rev (Supporting Information) as 

forward and reverse primer, respectively. The F1 ORI was eliminated in this step (Supporting 

Information, Figures S1 and S2). The resulting DNA fragments were purified on agarose gel 

and fused by homologous recombination. The sequences of both glycosyltransferase coding 

genes were verified in the final expression vector.  

Expression strains were obtained by transforming the respective expression vector into electro-

competent cells of E. coli BL21(DE3) (reference) and enGenes-X-press. 

2.3 Batch bioreactor cultivations 

With exceptions noted, the strains E. coli BL21(DE3) and enGenes-X-press were cultivated 

under exactly comparable conditions. Each strain harbored the pET expression vector for 

production of GmSuSy, UGT71A15 or both. Pre-cultures (250 mL in 1000 mL baffled shaken 

flasks) were inoculated from glycerol stocks (100 µL) and incubated overnight at 37°C and 130 

rpm (Certomat® BS-1; Sartorius, Germany). LB medium supplemented with sterile filtered 

antibiotics (E. coli BL21(DE3): 50 µg/mL kanamycin; enGenes-X-press: 50 µg/mL kanamycin; 

34 µg/mL chloramphenicol) was used.  

Bioreactor cultivations were performed in parallel in two Labfors III 3.6 L bioreactors from 

Infors HT (Bottmingen, Switzerland). A semi-synthetic medium (Table S1) prepared from 

separately autoclaved components was used. To this, 0.4 mL/L of a sterile filtered trace element 

solution was added (Table S2). A value of 40% air saturation was maintained using an agitation 

and airflow cascade. Polypropylene glycol (10%) was used for foam control. The pH was 

maintained at 7.0 using automated addition of 2 M KOH and 1 M H3PO4. Bioreactors were 

inoculated to an OD600nm of 0.5 at a temperature of 37°C. Temperature was lowered as per Table 

1 prior to induction and initiated at an OD600nm of 5. The E. coli BL21(DE3) strain was induced 

with filter-sterilized IPTG solution to a final concentration of 0.1 mM. The enGenes-X-press 
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strain was induced with IPTG (0.1 mM) and L-arabinose (100 mM). Samples (10 mL) were 

taken at certain times and analyzed for cell dry mass and glycerol (see later).  

2.4 Up-scaled fed-batch bioreactor cultivations 

The strains E. coli BL21(DE3) and enGenes-X-press harboring the pET expression vector for 

production of GmSuSy were used. Fed-batch cultivations were performed in a Bioengineering 

AG bioreactor (Type NLF22; Wald, Switzerland) with 20 L total working volume (10 L batch 

volume). The bioreactor was equipped with standard computer-controlled units (Siemens 

Symantic S7; WinCC). Semi-synthetic medium was used (see the Supporting Information). Its 

composition was adjusted for total production of 1580 g dry cell mass. 

Pre-cultures (250 mL in 2000 mL baffled shaken flasks) were inoculated from cell bank vials 

(500 µL) and incubated at 37°C and 180 rpm (INFORS® HT Multitron) until an OD600nm of 3.0 

to 3.5 was reached. An amount of 1000 OD600nm units was transferred into 400 mL of 0.9% (by 

weight) NaCl solution and added to the bioreactor. Air saturation was kept at 30% through 

stirrer speed and aeration rate control. The O2 and CO2 contents in the outlet air were measured 

with a BlueSens (Herten, Germany) BlueInOne Gas analyzer. The pH was controlled at 7.0 (± 

0.05) using 25% (by weight) NH4OH solution. During the batch phase the temperature was 

37°C ± 0.5°C. Polypropylene glycol PPG-2000 was added as antifoam (1.5 mL/L batch 

culture). Before starting the feeding when the culture had reached stationary phase (after 10 

h; 8 g dry cell mass/L), the temperature was lowered to 30°C. Initially, an exponential 

substrate feed was used to provide a constant specific growth rate of 0.17 h-1 over 11 h. Then, 

a linear substrate feed (9.54 g glucose/min) over 4 h and another linear substrate feed (4.35 g 

glucose/min) over 15 h were applied (see the Supporting information). The substrate feed 

involved superimposed feedback control of weight loss in the substrate tank. Protein expression 

was induced after 15 h of substrate feed. It involved the addition of 31.6 mmol IPTG (= 20 

µmol/g cell dry mass) and 0.1 M L-Ara based on the final volume of 20 L. The induction 
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solution contained 79 mM of (NH4)2SO4 based on end volume. Polypropylene glycol PPG-

2000 (500 mL in total) was used for foam control. Samples were taken at certain times and the 

cell growth was recorded as increase in OD600nm. Cells were harvested after 40 h by 

centrifugation (30 min at 4°C and 4420 g; Sorvall RC-5B, ThermoFisher Scientific, Waltham, 

MA, USA) and stored at -20°C.  

Cell dry mass was determined from 10 mL samples. The cells were centrifuged, washed with 

20 mL distilled water, re-suspended and transferred to a dried and weighed beaker, which was 

then dried at 105°C for 24 h and re-weighed. Cells were disrupted by high pressure homogenizer 

(Supporting Information) to obtain cell extract for activity measurement and purification. 

2.5 Protein purification and characterization 

Strep-Tag purification. Pre-packed 1-mL or 5-mL Strep-Tactin Sepharose columns (IBA Life 

Sciences, Göttingen, Germany) were used on an ÄKTA Explorer 100 system (GE Healthcare, 

Pasching, Austria) and operated at a flow rate of 1 and 5 mL/min, respectively. Tris/HCl buffer 

(100 mM, pH 8.0, 150 mM NaCl, 1 mM EDTA) was used. Cell extract filtered through 1.2-μm 

cellulose-acetate syringe filter was loaded onto the column. After loading, the column was 

flushed with buffer until the UV signal (280 nm) signal reached baseline level. Elution was 

done with two column volumes of desthiobiotin (2.5 mM). The columns were regenerated with 

hydroxy-azophenyl-benzoic acid (1 mM) and equilibrated again with buffer.  

Size-exclusion chromatography. This was performed using a Superdex 200 increase 10/300 GL 

column (GE Healthcare) operated on ÄKTA Explorer 100 system. All runs were performed in 

10 mM phosphate buffer (pH 7.4) containing 2.7 mM KCl, 0.14 mM NaCl. The flow rate was 

0.5 mL/min and UV detection (280 nm) was used. Strep-Tactin eluate (200 µL) was applied to 

the column. For analytical SEC, a G3000SWXL column (300 mm × 7.8 mm, inner diameter 5 

μm; Tosoh Bioscience, Tokyo, Japan) was used.  
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2.6. Enzymatic activity measurements 

Assays were performed at 30°C in 1.5 mL tubes on an Eppendorf (Vienna, Austria) 

Thermomixer comfort at 300 rpm. Enzyme was added as E. coli cell extract or in purified form 

to start the reaction. Product release was measured in samples (20 µL) taken at four different 

times. Samples were diluted into acetonitrile (180 µL) to stop the reaction. Precipitated protein 

was removed by centrifugation for 20 min at room temperature and 13200 rpm. Between 5 – 

10 µL of supernatant were used for further analysis. Enzymatic rates were determined from 

linear time courses of product formation. One Unit (U) of enzyme activity is the amount of 

enzyme producing 1 µmol product/min under the assay conditions. 

GmSuSy. Sucrose (500 mM) and uridine 5’-diphosphate (10 mM) were used as substrates in 

HEPES buffer (100 mM; pH 7.5) containing 13 mM MgCl2 and 0.13% BSA (Bungaruang et 

al., 2013). The released UDP-glucose was measured by HPLC. 

UGT71A15. Ferulic acid (1 mM) and UDP-glucose (2 mM) were used as substrates in HEPES 

buffer (50 mM; pH 7.5) containing 50 mM KCl, 13 mM MgCl2, 0.13% BSA and 2% DMSO. 

The released ferulic acid-4-O-β-D-glucoside (Scheme 1) was measured by HPLC.  

2.7 Analytical HPLC methods 

Glycerol. This was analyzed on a Merck-Hitachi LaChrome HPLC System equipped with an 

Aminex HPX-87H column (BioRad, Richmond, CA, USA), a Merck-Hitachi LaChrome L-

7250 autosampler and a Merck L-7490 RI detector. The system was operated at 65°C, using a 

flow rate of 0.6 mL/min with 5 mM sulfuric acid as the eluent.  

Reaction of GmSuSy. UDP-glucose and UDP were analyzed by reversed phase HPLC using a 

Kinetex® C18 column (5 µm, 100 Å, 50  4.6 mm; Phenomenex, Torrance, CA, USA) in 

reversed phase ion-pairing mode. The analysis was performed at 35°C with a mobile phase of 

87.5% 20 mM potassium phosphate buffer (pH 5.9) containing 40 mM tetra-n-butylammonium 
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bromide and 12.5% acetonitrile. An isocratic flow rate of 2 mL/min was used and detection was 

at 262 nm.  

Reaction of UGT71A15. Ferulic acid and ferulic acid-4-O-β-glucoside were analyzed by 

reversed phase HPLC using the above described Kinetex® C18 column in reversed phase mode. 

The analysis was performed at 35°C using a gradient separation (mobile phase A: H2O + 0.1% 

formic acid, mobile phase B: acetonitrile + 0.1% formic acid) at a flow rate of 1 mL/min. 

Gradient conditions were as follows: 0.00 min 10% B; 0.50 min 10% B; 4.00 min 70% B; 4.30 

min 70% B; 4.31 min 10% B; 7.00 min 10% B. Detection was at 320 nm. Authentic standards 

were used for calibration. 

3 RESULTS AND DISCUSSION 

The enzymes used are representative for plant glycosyltransferases applied to biocatalytic 

glycosylation of small molecules (Nidetzky, Gutmann, & Zhong, 2018). UGT71A15 shows 

broad acceptor substrate specificity and has previously been used for the glycosylation of 

flavonoids (Lepak, Gutmann, Kulmer, & Nidetzky, 2015). It is a member of the 

glycosyltransferase family GT-1, a large enzyme family comprising numerous plant 

glycosyltransferases involved in small molecule glycosylation (Liang et al., 2015). UGT71A15 

is a 50.2 kDa protein that functions as a monomer. GmSuSy belongs to glycosyltransferase 

family GT-4. It is a functional homo-tetramer composed of 92.2 kDa subunits. GmSuSy has 

previously been used for UDP-glucose recycling in glycosylation reactions by coupled 

glycosyltransferases, including UGT71A15 (Scheme 1) (Lepak, Gutmann, Kulmer, & 

Nidetzky, 2015; Schmölzer, Gutmann, Diricks, Desmet, & Nidetzky, 2016; Schmölzer, 

Lemmerer, & Nidetzky, 2018). 

3.1 Single gene expression for production of GmSuSy  
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We performed controlled batch bioreactor cultivations at 25°C and 30°C to compare enzyme 

production in enGenes-X-press under growth arrest to enzyme production in the normally 

growing E. coli BL21(DE3). The different temperatures were chosen to examine their effect on 

enzyme production and cell growth. The results are shown in Figure 1 (panels A and B; 30°C) 

and in the Supporting Information (Figure S3; 25°C). At 30°C, enGenes-X-press and E. coli 

BL21(DE3) showed similar growth until the time of induction (8 h). Whereas E. coli 

BL21(DE3) continued exponential growth afterwards (Figure 1B), the growth of enGenes-X-

press was reduced to a very small amount, hence effectively switched off, at this point (Figure 

1A). Its growth arrest notwithstanding, enGenes-X-press continued consumption of the glycerol 

carbon source similarly as the growing E. coli BL21(DE3) did (Figure 1A,B). The GmSusy 

production, measured as unit enzyme activity/g dry cell mass, was far superior in enGenes-X-

press as compared to E. coli BL21(DE3). Both strains started from a similar specific activity of 

20 U/g at the time of induction. While in E. coli BL21(DE3) the specific activity was constant 

in the induction phase, it increased almost linearly with time in enGenes-X-press and reached 

115 U/g after 24 h. This represents a 5-fold enhancement of specific activity compared to the 

reference. Cultivations at 25°C (Figure S3A,B; Supporting Information) gave only poor enzyme 

production, with an activity of just 4 U/g in enGenes-X-press and 1 U/g in E. coli 

BL21(DE3). The strain growth was still switched off reliably in enGenes-X-press through 

induction, but glycerol consumption was slow compared to E. coli BL21(DE3) in the phase 

post-induction. However, whereas clearly 25°C was not an option for GmSusy production, we 

show later that it was one for production of UGT71A15. 

In Table 1 we summarize production parameters of the different bioreactor cultivations 

performed. In terms of enzyme activity/culture volume, the production in enGenes-X-press still 

improved (2.5-fold) the reference production. However, decreased biomass formation by 

enGenes-X-press as compared to E. coli BL21(DE3) mitigated the effect of growth-arrested 
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production on the cell mass-based specific enzyme activity. We show later that enzyme 

production in high cell density fed-batch culture could effectively overcome this problem. 

Using the specific activity of the purified GmSuSy of 4.5 U/mg protein, comparable to earlier 

studies (Bungaruang, Gutmann, & Nidetzky, 2013), we calculate that production in enGenes-

X-press at 30°C gave an overall enzyme yield of 156 mg/L culture. The corresponding 

production in E. coli BL21(DE3) gave 63 mg/L. These values are used together with 

measurements of total protein content/g cell dry weight and activity/g cell mass to estimate that 

the recombinant GmSuSy accounted for roughly ~5% and ~1% of total intracellular protein in 

enGenes-X-press and E. coli BL21(DE3), respectively.   

3.3 Single gene expression for production of UGT71A15   

UGT71A15 was previously noted to be quite difficult to produce. In shake flask culture of E. 

coli BL21(DE3) about 1 - 5 mg protein/L was obtained (Lepak, Gutmann, Kulmer, & Nidetzky, 

2015). The same series of bioreactor cultivations described above for GmSuSy were carried out 

with UGT71A15. The results are shown in Figure 1 (panels C and D; 25°C) and the Supporting 

Information (Figure S4, 30°C). Overall trends in biomass growth and glycerol consumption 

were similar as noted before. Production at 25°C was strongly preferred over production at 

30°C, probably because UGT71A15 was not stable at the higher temperature. As observed for 

GmSuSy, the UGT71A15 was produced poorly in the growing E. coli BL21(DE3) (Figure 1D). 

There was only a small increase in specific enzyme activity in the phase after the induction. By 

contrast, UGT71A15 was formed efficiently in enGenes-X-press after the induction (Figure 

1C). We note that the arrest of growth of enGenes-X-press was less clear-cut at 25°C (Figure 

1C) than it was at 30°C (Figure 1A). A marked slow-down of growth was however observed 

after the induction (Figure 1C). Nonetheless, the effect of growth reduction on enzyme 

production was pronounced, as evident from comparing panels C and D in Figure 1. A ~4-fold 

increase in specific activity was thus achieved. The activity of 2.3 U/g cell mass obtained for 
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UGT71A15 was 50-fold lower than that obtained GmSuSy, reflecting roughly the differences 

in specific activity of the two enzymes as purified proteins. Parameters of the enzyme 

production are found in Table 1. The volumetric enzyme titer was 11 U/L culture when using 

enGenes-X-press, a 2.5-fold improvement compared to the reference strain. The specific 

activity of purified UGT71A15 is 0.5 U/mg. Translated into functionally expressed 

recombinant protein, therefore, the production yield was 21 mg/L of enGenes-X-press culture 

which can be compared to 8 mg/L of E. coli BL21(DE3) culture. In terms of abundance relative 

to total intracellular protein, values of ~1.0% and ~0.2% are calculated for enGenes-X-press 

and E. coli BL21(DE3), respectively. 

3.3 Gene co-expression for production of UGT71A15 and GmSuSy  

Considering the temperature requirements of UGT71A15 revealed in the single gene expression 

studies, co-expression of the GmSuSy and UGT71A15 genes was performed at 25°C. Time 

courses from bioreactor cultivations of enGenes-X-press and E. coli BL21(DE3) are shown in 

Figure S5 (Supporting Information). The profiles of growth and glycerol consumption of both 

strains producing the two glycosyltransferases (Figure S5) were highly similar as compared to 

their production of only UGT71A15 (Figure 1C,D). Upon induction, enGenes-X-press showed 

slow accumulation of both enzyme activities. The final specific activity (Table 1) was 

substantially lower (UGT71A15: 5-fold; GmSuSy: 8-fold) than in single gene expression 

cultures. Interestingly, the production of GmSuSy next to UGT71A15 was hardly detectable in 

E. coli BL21(DE3). Gene co-expression interfered with functional production of the individual 

enzymes and it did so in both enGenes-X-press and E. coli BL21(DE3). The volumetric titer of 

GmSuSy was decreased from 3.7 mg/L to 0.8 mg/L for enGenes-X-press and from 1.9 mg/L to 

0.8 mg/L in the reference. For UGT71A15, titers dropped from 21.2 mg/L to 6.6 mg/L in 

enGenes-X-press and from 7.8 mg/L to 3.7 mg/L in the reference. At this stage, therefore, 

enzyme production through single gene expression would be preferable. Irrespective of the 
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possible incompatibility of GmSuSy and UGT71A15 for joint production in a single host, 

production under growth arrest in enGenes-X-press proved superior to production in growing 

E. coli BL21(DE3) under all conditions used (Table 1).  

3.4 Downstream processing and characterization of GmSuSy 

Protein quality is key in recombinant protein production. Although activity is the quintessential 

parameter of functional expression of the enzyme, it alone is not sufficient to inform about the 

overall quality of the recombinant glycosyltransferase production. We therefore isolated with 

Strep-Tactin affinity purification the GmSuSy produced in enGenes-X-press and E. coli 

BL21(DE3). The cell mass (~1 g dry matter each) from bioreactor cultures run for 24 h at 30°C 

(Figure 1A,B) was used. Target protein was recovered in a single sharp protein peak (Figure 

S6, Supporting Information). The protein yield after purification was 26.7 mg/g for enGenes-

X-press and 5.6 mg/g for E. coli BL21(DE3). The specific activity of isolated GmSuSy 

(enGenes-X-press: 5.1 U/mg; E. coli BL21(DE3): 4.8 U/mg) was in line with previous report 

for GmSuSy produced in shaken flask culture of E. coli BL21(DE3) (Bungaruang, Gutmann, 

& Nidetzky, 2013). Analysis with SDS-PAGE (Figure S6) showed a low abundance of 

GmSuSy in the soluble fraction from cell disruption. Based on semiquantitative densitometry, 

~10% of GmSuSy was present in the soluble fraction in enGenes-X-press while it was only 

~2% in the reference.  

3.5 Up-scaled fed-batch cultivation for production of GmSuSy 

It was mentioned that, if volumetric enzyme titer is the parameter used for evaluation, the ~2-

fold lower biomass yield in enGenes-X-press cultivations as compared to E. coli BL21(DE3) 

cultivations reduce the benefit of enzyme production under conditions of arrested growth. We 

addressed this problem for the case of GmSuSy concomitantly with assessing the translatability 

of the enzyme production in enGenes-X-press to a high cell density fed-batch cultivation at one 
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magnitude order larger scale (20 L). The important question was whether under these conditions 

the advantage of a ~5-fold higher enzyme activity/g cell mass would be retained without 

compromising the total biomass formation.  

The fed-batch protocol (Figure S7, Supporting Information) gave a final biomass concentration 

of 56.0 g dry mass/L for enGenes-X-press and 67.5 g dry mass/L for E. coli BL21(DE3), a 

difference of just ~20% (Table 2). Based on protein purified from cell material (~1 g dry matter) 

thus received, we obtained 14.8 mg/g for enGenes-X-press and 5.0 mg/g for E. coli BL21(DE3), 

also qualitatively in line with SDS-PAGE (Figure S8). These numbers allow one to calculate a 

volumetric titer of GmSuSy which was 830 mg/L for the enGenes-X-press culture and 337 

mg/L for the E. coli BL21(DE3) culture. The recombinant GmSuSy thus accounted for 1.5% of 

total intracellular protein in enGenes-X-press, for only 0.5% in the reference. The specific 

activity of the GmSuSy isolated from fed-batch production was in the range 0.5 – 2.1 U/mg, 

between 3 and 10-fold lower than the specific activities of enzyme isolated from batch 

bioreactor cultures.   

We therefore subjected the enzyme obtained from Strep-Tactin purification to an additional 

step of size exclusion chromatography (SEC) on a Sephadex 200 column, as shown in Figure 

2. Samples from both productions showed a protein peak corresponding in molecular size (350 

– 400 kDa) to the functional GmSuSy tetramer. However, there was also material of larger size 

that represented protein agglomerates of an undefined degree. The two samples analyzed 

differed considerably regarding the relative content of such agglomerates. While in the sample 

from the E. coli BL21(DE3) culture the agglomerated protein exceeded in abundance by far the 

protein in its native size, the sample from the enGenes-X-press culture contained the GmSuSy 

tetramer as its main constituent.  

Since the protein peaks in the SEC of the E. coli BL21(DE3) sample were baseline separated, 

they were collected as fraction I and II and further analyzed analytical SEC, as shown in Figure 
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S9 (Supporting Information). The fraction I did not elute from the column, probably because 

the agglomerates had already reached size limit for the SEC matrix. The analytical SEC of 

fraction II showed the expected tetrameric GmSuSy. We also determined the specific activity 

of the protein in each fraction and found none in fraction I and 4.7 U/mg in fraction II. By 

integrating the absorbance traces from the preparative SEC (Figure 2) we calculate after 

normalization that the portion of native tetramer in the enGenes-X-press sample was 65% 

whereas that in the E. coli BL21(DE3) was only 25% (Table 2).  

Considering both the specific protein production/g cell mass and the quality of the protein thus 

made, we find that GmSuSy production in growth-arrested enGenes-X-press outperforms the 

reference production in growing E. coli BL21(DE3) by more than one magnitude order (12.2-

fold; Table 2). In terms of improvement from batch to fed-batch culture, GmSuSy activity was 

increased from 285 U/L to 390 U/L for E. coli BL21(DE3). In enGenes-X-press, however, the 

increase was far more significant (3.3-fold), 700 U/L to 2300 U/L, in consequence of the 

enhanced biomass formation in the fed-batch as compared to the batch culture. 

4 CONCLUSION 

To advance bio-catalysis for small molecule glycosylation with plant glycosyltransferases, 

better process technologies for the recombinant production of these enzymes are required (e.g., 

Priebe, Daschner, Schwab, & Weuster-Botz, 2018; Schmideder et al., 2016). The problem is 

difficult due to the involvement of multiple process variables and the complex interrelationship 

these variables have with each other. A modularized approach able to interconnect molecular 

engineering strategies at the levels of the gene, the protein and the host organism is promising 

to make the development more predictable and faster. Focusing on E. coli as the production 

host, we show here that gene expression under arrested cell growth was highly effective for 

glycosyltransferase synthesis in enhanced yield and improved quality. Compared to the 

growing E. coli reference, the overall boost of enzyme production in enGenes-X-press exceeded 
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one order of magnitude. The total amount of functional enzyme (GmSuSy) produced in high-

cell-density fed-batch culture at 20 L scale was 830 mg/L, surpassing common titers of plant 

glycosyltransferases in E. coli productions by 100-fold or more. The outstanding titer of 5.5 g/L 

for the glucosyltransferase from Vitis vinifera expressed in E. coli BL21(DE3) is clearly noted 

at this point (Priebe, Daschner, Schwab, & Weuster-Botz, 2018). With its effectiveness and 

scalability demonstrated in principle, the approach of enzyme production decoupled from cell 

growth might find further uses with different glycosyltransferases, and potentially other 

difficult-to-express proteins (see also: Chen, Walia, Mukherjee, Mahalik, & Summers, 2015; 

Gosh, Gupta, & Mukherjee, 2012; Mahalik, Sharma, & Mukherjee, 2014). Practical realization 

of approach in the strain enGenes-X-press thus represents a validated platform technology that 

offers flexible interconnection with gene and protein design strategies for enhanced 

recombinant protein production. 
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Figure legends 

Figure 1. Time courses of growth, glycerol consumption and enzyme formation in batch 

bioreactor cultivations of enGenes-X-press (A,C) and E. coli BL21(DE3) (B,D) producing 

GmSuSy (A,B) and the glycosyltransferase UGT71A15 (C,D). The induction temperature was 

30°C for GmSuSy production (A,B) and 25°C for UGT71A15 production (C,D). The symbols 

show: cell dry mass concentration, open triangles; glycerol concentration, full triangles; 

volumetric enzyme activity, full circles. 

 

Figure 2. Protein quality analysis in GmSuSy produced in enGenes-X-press and E. coli 

BL1(DE3) by high cell density fed-batch cultivation. Absorbance traces of protein elution from 

Strep-Tactin affinity chromatography (A) and subsequent preparative SEC (B). The SEC trace 

reveals heterogeneity in both enzyme preparations, however, much less so in the preparation 

from production in enGenes-X-press. The peak at around 11 mL elution volume corresponds to 

the size expected for the native GmSuSy tetramer. 

 

Scheme 1. Reaction of the glycosyltransferase UGT71A15 as used in this study and reaction 

of sucrose synthase (SuSy). Coupling of the SuSy reaction to the glycosyltransferase reaction 

allows for a glycoside synthesis with in situ regeneration of the UDP-glucose as donor substrate 

(for review, see: Nidetzky, Gutmann, & Zhong, 2018; Schmölzer, Gutmann, Diricks, Desmet, 

& Nidetzky, 2016; for coupled use of UGT71A15 and SuSy, see: Lepak, Gutmann, Kulmer, & 

Nidetzky, 2015). 
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Supporting methods 

 

Construction of the co-expression plasmid vector 
 
The vector pETduo was derived from pET-STRP3 by inserting the UGT71A15 gene into the 

plasmid harboring the GmSusy gene. Two oligonucleotide primers (pDUO_Ins_fwd, 

pDUO_Ins_rev) were used. 

pDUO_Ins_fwd: gatctcgatcccgcgaaattaatacg  

pDUO_Ins_rev: cagggcgcgtcccattcg  

The receiving vector was linearized by amplification using two oligonucleotide primers, 

pETduo_BB_fwd and pETduo_BB_rev. Their use eliminated the F1 ORI in the vector. 

pETduo_BB_fwd: ggacgcgccctgtggcacttttcggggaaatgt and  

pETduo_BB_rev: gggatcgagatcttcctcctttcagcaaaaaacccct 

Fed-batch media and feed composition 

Semi-synthetic medium. Media were prepared to enable production of 1580 g dry cells. The 

composition of the feed is given in relation to the unit mass (g) of cell dry mass 94.1 mg 

KH2PO4, 31.8 mg H3PO4, 41.2 mg C6H5Na3O7  2H2O (citric acid, trisodium salt), 45.3 mg 

(NH4)2SO4. Compounds were dissolved in an 8 L feed volume. The other substrate 

components were added in relation to the grams of cell dry mass to be produced in the batch-

phase (80 g): 46.0 mg MgCl2  6H2O, 20.2 mg CaCl2  2H2O, 50 µL trace element solution 

(Table S2) and 3.3 g glucose  H2O. Initially, the batch medium (10 L) also contained yeast 

extract (0.15 g/g cell dry mass). Filter-sterilized kanamycin (50 µg/mL) and chloramphenicol 

(34 µg/mL) were added.  

The substrate feed was controlled by increasing pump speed according to an exponential 

growth algorithm with superimposed feedback control of weight loss in the substrate tank. An 
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exponential growth rate (µ = 0.111 h-1) as held for 15 h. After the first 15 h of feeding, 

protein expression was induced (see the main text). 

Sampling, cell disruption, protein purity and concentration 

Sampling. The cell growth was recorded as increase in OD600nm. Samples (2  1 mL; 2  10 

mL) were collected by centrifugation at 4°C for 30 min. Pellets were used for determination 

of cell dry mass. For batch cultivation, the residual glycerol concentration in the supernatant 

as determined by ion exchange HPLC and refractive index detection (see Methods in main 

text). Cells were harvested after 16 h and 24 h respectively by 30 min centrifugation (Sorvall 

RC-5B) at 4°C, 4420 g, re-suspended in deionized water to a concentration of 100 g dry 

cells /L and stored at -20°C. 

Cell disruption batch fermentation and preparation of sample for Strep-Tactin purification. 

Cell disruption was performed at 50% amplitude for 1 min (1 s pulse on and 2 s pulse off) 

using a Sonic dismembrator (Ultrasonic Processor FB-505; Fisher Scientific, Vienna, 

Austria) equipped with a 3.1 mm micro-tip. Supernatant (cell-free extract) was collected after 

centrifugation at 21,130 g and 4°C for 30 min (Centrifuge 5424 R; Eppendorf, Vienna, 

Austria) and used for activity assay. For Strep-Tactin purification the same procedure was 

used and cell extract was additionally filtered through a 1.2 μm filter prior to loading onto the 

column.  

Cell disruption fed batch fermentation. Cell disruption was performed by re-suspending cells 

at a concentration of 50 gcdm/L in 20 mM Tris/HCl, 100 mM NaCl, pH 8.0 buffer and 

processing the suspension on a Panda 2000 high pressure homogenizer (GEA Westfalia, 

Oelde, Germany) for two passages at 700 bar. Cell debris was removed by centrifugation at 

10,000 g at 4°C for 30 min in an Avanti JXN-26 centrifuge (Beckman Coulter, Vienna, 

Austria). 
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Protein concentration and purity. The BCA assay was used with bovine serum albumin 

(BSA) as the standard. Protein purity was determined by SDS-PAGE. Protein bands were 

stained with Coomassie Brilliant Blue and analyzed by densitometry.  
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Supporting Tables 
 
 
Table S1. Composition of the medium used in batch bioreactor cultivations 
 
Component 

 

Concentration  

(g/L) 

K2HPO4 4.58 

KH2PO4 3 

tryptone 0.8 
yeast extract 0.4 

Na3-citrate·2H2O 2 

MgSO4·7H2O 0.8 

CaCl2·2H2O 0.08 

Trace element solution 0.4a 

(NH4)2SO4 3.6 

NH4Cl 2.96 

glycerol 98% 17.36 

mL/L 
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Table S2. Composition of the trace element solution 

Component a 

 

Concentration  

(g/L) 

FeSO4·7H2O 40 

MnSO4·H2O 10 

AlCl3·6H2O 10 

CoCl2 4 

H3BO3 0.5 

CuCl2·2H2O 1 

ZnSO4·7H2O 2 

Na2MoO2·2H2O 2 
 

a All components were dissolved in 5 M HCl.
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 Supporting Figures 

 

 
 
Figure S1. Construction of the enzyme co-expression vector by insertion of UGT71A15 gene 

into the pET plasmid vector harboring the GmSuSy gene. 
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Figure S2. Vector map of the pET co-expression vector for production of UGT71A15 and 

GmSuSy.  
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Figure S3. Time courses of growth, glycerol consumption and enzyme formation in batch 

bioreactor cultivations of enGenes-X-press (A) and E. coli BL21(DE3) (B) producing 

GmSuSy. The induction temperature was 25°C. The symbols show: cell dry mass 

concentration, open triangles; glycerol concentration, full triangles; volumetric enzyme 

activity, full circles. 
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Figure S4. Time courses of growth, glycerol consumption and enzyme formation in batch 

bioreactor cultivations of enGenes-X-press (A) and E. coli BL21(DE3) (B) producing 

UGT71A15. The induction temperature was 30°C. The symbols show: cell dry mass 

concentration, open triangles; glycerol concentration, full triangles; volumetric enzyme 

activity, full circles. 
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Figure S5. Time courses of growth, glycerol consumption and enzyme formation in batch 

bioreactor cultivations of enGenes-X-press (A) and E. coli BL21(DE3) (B) producing 

GmSuSy and UGT71A15. The induction temperature was 25°C. The symbols show: cell dry 

mass concentration, open triangles; glycerol concentration, full triangles; volumetric enzyme 

activity, full circles - UGT71A15, open circles - GmSuSy. 
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Figure S6. Purification of GmSuSy from cell material produced in batch bioreactor 

cultivations of enGenes-X-press and the E. coli BL21(DE3) reference. A: Absorbance traces 

of protein elution from Strep-Tactin affinity chromatography. B: Analysis by SDS PAGE; 

lanes 1 - 4 are fractions from purification of BL21(DE3) material, lanes 5 – 8 are from 

purification of enGenes-X-press material. Lanes 1 and 5, loading fraction; lanes 2 and 6, 

elution fraction; lanes 3 - 4 and 7 - 8 are flow through fractions. 
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Figure S7. Time courses of fed-batch bioreactor cultivations of enGenes-X-press and E. coli 

BL21(DE3) for production of GmSuSy. Symbols show OD600nm measurements for enGenes-

X-press (empty circles) and the BL21(DE3) reference (full circles) after induction. The 

dashed and the solid lines show the glucose feed for enGenes-X-press and the BL21(DE3) 

reference, respectively.  

Decoupling of recombinant protein production from Escherichia coli cell growth enhances functional 
expression of plant Leloir glycosyltransferases 

155



S14 
 
 

 
 
Figure S8. Analysis by SDS-PAGE of the Strep-Tactin column load and the eluting fraction 

derived from material produced with enGene-X-press and E. coli BL21(DE3) in fed-batch 

cultivation. Lanes 1 and 3 are the column loads; lanes 2 and 4 are eluting fractions. The arrow 

indicates the expected position of the GmSuSy monomer. 
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Figure S9. Fractionation of the GmSuSy eluate from Strep-Tactin purification using 

preparative SEC on a SD-200 column (A) and analysis of the SEC fractions thus obtained on 

an analytical size exclusion column (B). A: fractions I and fraction II represent agglomerated 

oligomeric and native (tetrameric) species of GmSuSy, respectively. B: Analytical SEC 

analysis of fractions I and II.  
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