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3KRVSKDWLGLF�DFLG�PRGXODWLRQ�RI�.Y�FKDQQHO�YROWDJH�VHQVRU�IXQFWLRQ����
���

5LFKDUG�.��+LWH��-RHO�$��%XWWHUZLFN�DQG�5RGHULFN�0DF.LQQRQ��5RFNHIHOOHU�8QLYHUVLW\����
DQG�+RZDUG�+XJKHV�0HGLFDO�,QVWLWXWH�������<RUN�$YHQXH��1HZ�<RUN��1<����������
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$EVWUDFW����

0HPEUDQH�SKRVSKROLSLGV�FDQ�IXQFWLRQ�DV�SRWHQW�UHJXODWRUV�RI�LRQ�FKDQQHO�IXQFWLRQ��7KLV����

VWXG\�XQFRYHUV�DQG�LQYHVWLJDWHV�WKH�HIIHFW�RI�SKRVSKDWLGLF�DFLG�RQ�.Y�FKDQQHO�JDWLQJ��8V����

LQJ�WKH�PHWKRG�RI�UHFRQVWLWXWLRQ�LQWR�SODQDU�OLSLG�ELOD\HUV��LQ�ZKLFK�DOO�SURWHLQ�DQG�OLSLG����

FRPSRQHQWV�DUH�GHILQHG�DQG�FRQWUROOHG��ZH�FKDUDFWHUL]H�WZR�GLVWLQFW�HIIHFWV�RI�SKRVSKD����

WLGLF�DFLG��7KH�ILUVW�LV�D�QRQ�VSHFLILF�HOHFWURVWDWLF�LQIOXHQFH�RQ�WKH�PLGSRLQW�RI�WKH�JDWLQJ����

DFWLYDWLRQ�FXUYH�PHGLDWHG�E\�HOHFWULF�FKDUJH�GHQVLW\�RQ�WKH�H[WUDFHOOXODU�DQG�LQWUDFHOOXODU����

PHPEUDQH�VXUIDFHV��7KH�VHFRQG�HIIHFW�LV�VSHFLILF�WR�WKH�SUHVHQFH�RI�D�SULPDU\�SKRVSKDWH����

JURXS�DQG�DFWV�RQO\�WKURXJK�WKH�LQWUDFHOOXODU�PHPEUDQH�OHDIOHW��7KH�VSHFLILF�HIIHFW�GH����

SHQGV�RQ�WKH�SUHVHQFH�RI�D�SDUWLFXODU�DUJLQLQH�UHVLGXH�LQ�WKH�YROWDJH�VHQVRU��3KRVSKDWLGLF����

DFLG�DW�WKH�LQWUDFHOOXODU�VXUIDFH�DFFRXQWV�IRU�D�QHDUO\����P9�VKLIW�LQ�WKH�PLGSRLQW�RI�WKH����

DFWLYDWLRQ�FXUYH�LQ�D�GLUHFWLRQ�FRQVLVWHQW�ZLWK�VWDELOL]DWLRQ�RI�WKH�YROWDJH�VHQVRU¶V�FORVHG����

FRQIRUPDWLRQ��7KHVH�ILQGLQJV�VXSSRUW�D�QRYHO�PHFKDQLVP�RI�YROWDJH�VHQVRU�UHJXODWLRQ�E\����

WKH�VLJQDOLQJ�OLSLG�SKRVSKDWLGLF�DFLG�����
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,QWURGXFWLRQ����

9ROWDJH�JDWHG�SRWDVVLXP��.Y��FKDQQHOV�VKDSH�DQG�WHUPLQDWH�DFWLRQ�SRWHQWLDOV�����

:KLOH�PHPEUDQH�YROWDJH�LV�WKH�IXQGDPHQWDO�VWLPXOXV�IRU�.Y�FKDQQHO�JDWLQJ��RWKHU�VWLPXOL����

VXFK�DV�SURWHLQ�SKRVSKRU\ODWLRQ��9DFKHU�DQG�7ULPPHU���������LQWUDFHOOXODU�&D����*DPSHU����

HW�DO���������DQG�DFFHVVRU\�SURWHLQV�DOVR�UHJXODWH�YDULRXV�.Y�FKDQQHOV������

,Q�UHWURVSHFW��JLYHQ�WKH�OLSLG�FRPSOH[LW\�RI�FHOO�PHPEUDQHV��LW�LV�QRW�VXUSULVLQJ�WR����

OHDUQ�WKDW�VSHFLILF�OLSLG�PROHFXOHV�DUH�DPRQJ�WKH�UHJXODWRUV�RI�PHPEUDQH�SURWHLQV�JHQHU����

DOO\�DQG�LRQ�FKDQQHOV�VSHFLILFDOO\��+LOJHPDQQ�HW�DO���������'DUW���������(YHQ�WKH�VWUXFWX����

UDOO\�VLPSOH�EDFWHULDO�.��FKDQQHO�.FV$�UHTXLUHV�DQLRQLF�SKRVSKROLSLGV�LQ�RUGHU�WR�RSHQ����

�+HJLQERWKDP�HW�DO����������ZKLOH�WKH�PRUH�FRPSOH[�HXNDU\RWLF�LQZDUG�UHFWLILHU�.��FKDQ����

QHOV�DUH�VR�GHSHQGHQW�RQ�WKH�OLSLG�SKRVSKDWLG\OLQRVLWRO�����ELVSKRVSKDWH��3,3���WKDW�WKH\����

PLJKW�KDYH�EHHQ�FDOOHG�WKH�3,3��UHJXODWHG�.��FKDQQHOV��:KRUWRQ�DQG�0DF.LQQRQ�����������

6XK�DQG�+LOOH��������+XDQJ�HW�DO���������+DQVHQ�HW�DO����������7KHVH�DUH�MXVW�WZR�H[DP����

SOHV�IURP�D�JURZLQJ�OLVW�RI�LRQ�FKDQQHOV�ZKRVH�IXQFWLRQ�GHSHQGV�RQ�WKH�SUHVHQFH�RI�VSH����

FLILF�OLSLG�PROHFXOHV��,Q�WKH�ODWWHU�H[DPSOH��VLQFH�3,3��OHYHOV�YDU\�DV�D�IXQFWLRQ�RI�WKH����

SK\VLRORJLFDO�VWDWH�RI�D�FHOO��3,3��LV�NQRZQ�DV�D�µVLJQDOLQJ�OLSLG¶�EHFDXVH�LW�WULJJHUV�RU����

VLJQDOV�WKH�DFWLRQ�RI�PROHFXOHV�WR�ZKLFK�LW�ELQGV��VXFK�DV�LQZDUG�UHFWLILHU�.��FKDQQHOV�������

7KH�IXQFWLRQ�RI�FHUWDLQ�.Y�FKDQQHOV�LV�DOVR�VWURQJO\�LQIOXHQFHG�E\�WKH�PHPEUDQHǯV����

OLSLG�FRPSRVLWLRQ��)RU�H[DPSOH��WKH�DUFKHDO�.Y$3�FKDQQHO�UHTXLUHV�SKRVSKROLSLGV�LQ�RU����

GHU�WR�RSHQ��WKH\�UHPDLQ�FRPSOHWHO\�LQDFWLYH�LQ�QRQ�SKRVSKROLSLG�PHPEUDQHV��6FKPLGW�HW����

DO����������(XNDU\RWLF�.Y��FKDQQHOV��DOVR�NQRZQ�DV�0�FXUUHQW�FKDQQHOV��GHSHQG�RQ�WKH����
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SUHVHQFH�RI�3,3��LQ�WKH�PHPEUDQH��7HOH]KNLQ�HW�DO���������5RGULJXH]�0HQFKDFD�HW�DO������

������.UXVH�HW�DO���������)DONHQEXUJHU�HW�DO����������6WLPXODWLRQ�RI�*T�FRXSOHG�*�SURWHLQ����

FRXSOHG�UHFHSWRUV�DFWLYDWHV�SKRVSKROLSDVH�&��ZKLFK�GHSOHWHV�3,3��IURP�WKH�PHPEUDQHǯV����

LQQHU�OHDIOHW�DQG�FORVHV�.Y��FKDQQHOV��'LFNVRQ�HW�DO����������7KXV��3,3��IXQFWLRQV�DV�D����

VLJQDOLQJ�OLSLG�LQ�UHJXODWLQJ�.Y��FKDQQHO�DFWLYLW\��MXVW�DV�IRU�LQZDUG�UHFWLILHU�.��FKDQQHOV�����

,Q�WKLV�VWXG\�ZH�UHSRUW�RXU�ILQGLQJV�IURP�D�V\VWHPDWLF�DQDO\VLV�RI�.Y��FKDQQHO����

GHSHQGHQFH�RQ�PHPEUDQH�OLSLG�FRPSRVLWLRQ��&KDQQHOV�ZHUH�UHFRQVWLWXWHG�LQWR�SODQDU�EL����

OD\HU�PHPEUDQHV��ZKLFK�DOORZ�FRPSOHWH�FRQWURO�RI�OLSLG�FRPSRVLWLRQ��0LOOHU���������:H����

LGHQWLILHG�RQH�OLSLG��SKRVSKDWLGLF�DFLG��3$���ZKLFK�XQLTXHO\�DIIHFWV�FKDQQHO�JDWLQJ��:H����

QH[W�VWXGLHG�WKH�PROH�IUDFWLRQ�GHSHQGHQFH��PHPEUDQH�VLGHGQHVV��DQG�FKHPLFDO�FKDUDFWH����

ULVWLFV�RI�3$�QHFHVVDU\�WR�PHGLDWH�LWV�HIIHFW��:H�IXUWKHU�VKRZ�WKDW�3$�VLPLODUO\�DOWHUV�JDW����

LQJ�LQ�WKH�GLVWDQWO\�UHODWHG�.Y�FKDQQHO�.Y$3��([SHULPHQWV�ZLWK�PXWDQW�.Y$3�FKDQQHOV����

SRLQW�WR�D�PHFKDQLVP�ZKHUHE\�WKH�SULPDU\�SKRVSKDWH�JURXS�RQ�3$�VWDELOL]HV�YROWDJH�VHQ����

VRU�DUJLQLQH�UHVLGXHV�LQ�WKH�FORVHG�FRQIRUPDWLRQ��%HFDXVH�3$�LV�D�QDWXUDOO\�RFFXUULQJ����

µVLJQDOLQJ�OLSLG¶�LQ�WKH�LQQHU�OHDIOHW�RI�FHOO�PHPEUDQHV��ZH�WKLQN�ZH�KDYH�OLNHO\�XQFR����

YHUHG�D�QHZ�DQG�ELRORJLFDOO\�UHOHYDQW�PRGH�RI�.Y�FKDQQHO�UHJXODWLRQ������

����

5HVXOWV����

3KRVSDWLGLF�DFLG�UHJXODWHV�.Y�FKDQQHO�JDWLQJ����

)LJXUH���LQWURGXFHV�WKH�IXQGDPHQWDO�REVHUYDWLRQ�WKDW�WKLV�VWXG\�VHHNV�WR�XQGHU����

VWDQG��SKRVSKDWLGLF�DFLG�LV�DQ�RXWOLHU�DPRQJ�WHVWHG�OLSLGV�LQ�LWV�DELOLW\�WR�LQIOXHQFH�YRO����

WDJH�GHSHQGHQW�JDWLQJ�RI�D�.��FKDQQHO������

7KH�.��FKDQQHO�XQGHU�VWXG\�LV�D�PXWDQW�RI�WKH�UDW�.Y����FKDQQHO�LQ�ZKLFK�WKH�KH����
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OL[�WXUQ�KHOL[�VHJPHQW�WHUPHG�WKH�YROWDJH�VHQVRU�SDGGOH�ZDV�UHSODFHG�E\�WKH�FRUUHVSRQG����

LQJ�VHJPHQW�IURP�.Y�����D�FORVHO\�UHODWHG�.��FKDQQHO��/RQJ�HW�DO����������7KLV�ǮSDGGOH����

FKLPHUDǯ�PXWDQW�LV�PRUH�VWDEOH�ELRFKHPLFDOO\�EXW�RWKHUZLVH�LV�IXQFWLRQDOO\�YHU\�VLPLODU�WR����

ZLOG�W\SH��7DR�DQG�0DF.LQQRQ���������7KH�Į��FRQGXFWLRQ�SRUH�DQG�YROWDJH�VHQVRU����

IRUPLQJ��VXEXQLW�ZDV�H[SUHVVHG�DQG�SXULILHG�ZLWK�LWV�ȕ�VXEXQLW��DQ�DOGR�NHWR�UHGXFWDVH����

OLNH�GRPDLQ��DWWDFKHG�WR�WKH�F\WRSODVPLF�VXUIDFH��*XOELV�HW�DO����������:H�UHIHU�WR�WKH�Į�ȕ����

FRPSOH[�RI�WKH�PXWDQW�FKDQQHO�VLPSO\�DV�WKH�.Y�FKDQQHO������

:KHQ�UHFRQVWLWXWHG�LQWR�SODQDU�OLSLG�ELOD\HUV�WKH�.Y�FKDQQHO�RSHQV�XSRQ�PHP����

EUDQH�GHSRODUL]DWLRQ�IURP�D�QHJDWLYH��LQVLGH�UHODWLYH�WR�RXWVLGH��KROGLQJ�YROWDJH��)LJXUH����

�$���)LJXUH��%�JUDSKV�WDLO�FXUUHQWV��QRUPDOL]HG�WR�PD[LPDO�FXUUHQW���ZKLFK�DUH�PHDVXUHG����

VKRUWO\�DIWHU�VWHSSLQJ�QHJDWLYH�IURP�WKH�GHSRODUL]DWLRQ�YROWDJH��DV�D�IXQFWLRQ�RI�WKH�GHSR����

ODUL]DWLRQ�YROWDJH��7KLV�YROWDJH�GHSHQGHQW�µDFWLYDWLRQ�FXUYH¶�VKRZV�WKDW�FKDQQHOV�EHJLQ�WR����

RSHQ�DURXQG������P9�DQG�UHDFK�QHDU�PD[LPDO�DFWLYDWLRQ�E\�����P9��ZLWK�D�KDOI�DFWLYD����

WLRQ�YROWDJH��9PLG��RI�DSSUR[LPDWHO\�����P9��7KHVH�FXUUHQWV�ZHUH�UHFRUGHG�LQ�'3K3&����

ELOD\HUV��ZKLFK�ZHUH�FKRVHQ�DV�WKH�³EDVHOLQH´�OLSLG�LQ�WKLV�VWXG\�EHFDXVH�WKH\�IRUP�H[����

FHSWLRQDOO\�VWDEOH�ELOD\HUV��)LJXUH��'�VKRZV�WKH�LQIOXHQFH�RI�PL[LQJ�GLIIHUHQW�OLSLGV�DW�D����

PROH�IUDFWLRQ�RI������LQWR�WKH�'3K3&�OLSLG��,Q�DOO�EXW�RQH�FDVH�WKH�DFWLYDWLRQ�FXUYHV�DUH����

VLPLODU��ZLWK�9PLG�DURXQG�����P9��323$�LV�XQLTXH��LW�SURGXFHV�DQ�DFWLYDWLRQ�FXUYH�WKDW�LV����

OHVV�VWHHS�DQG�KDV�D�9PLG�DURXQG�����P9�������

� $W�D�PROH�IUDFWLRQ�RI�������323$�LQGXFHG�D�ULJKWZDUG�VKLIW�RI�WKH�DFWLYDWLRQ�FXUYH�����

�)LJXUH��'��WKDW�LV�DVVRFLDWHG�ZLWK�VORZHG�DFWLYDWLRQ�NLQHWLFV��)LJXUHV��$�&���)LJXUH�������

VKRZV�WR�ZKDW�H[WHQW�FKDQQHO�JDWLQJ�LV�DOWHUHG�DV�WKH�PROH�IUDFWLRQ�RI�323$�LV�YDULHG�����

�)LJXUH��$�%���$W�D�PROH�IUDFWLRQ�RI������WKH�HIIHFW�RI�323$�RQ�9PLG�LV�DOUHDG\�VXEVWDQ�����
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WLDO��DQG�E\�����LW�LV�QHDUO\�FRPSOHWH��7KXV��323$�LQIOXHQFHV�JDWLQJ�DFFRUGLQJ�WR�DQ�DS�����

SUR[LPDWHO\�VDWXUDWLQJ�IXQFWLRQ�ZLWK�D�VWHHS�GHSHQGHQFH�LQ�WKH�ORZ��OHVV�WKDQ������PROH�����

IUDFWLRQ�UDQJH��7KH�IXQFWLRQDO�UHODWLRQVKLS�LV�VLPLODU�ZKHWKHU�323$�LV�DGGHG�WR�'3K3&�����

RU�323(�PHPEUDQHV��DOWKRXJK��GXH�WR�WKH�LQWULQVLF�LQVWDELOLW\�RI�SXUH�323(�ELOD\HUV��JDW�����

LQJ�ZDV�QRW�DVVHVVDEOH�DW�WKH�RULJLQ�LQ�323(��)LJXUH��%�������

7KH�GDWD�JUDSKHG�LQ�)LJXUH���VKRZ�KRZ�FKHPLFDO�YDULDWLRQ�ZLWKLQ�WKH�OLSLG�KHDG�����

JURXS�RU�DF\O�FKDLQ�DIIHFWV�9PLG��+HUH��DV�LQ�)LJXUH����WKH�OLSLG�XQGHU�VWXG\�ZDV�DGGHG�WR�����

'3K3&�DQG�9PLG�ZDV�JUDSKHG�DV�D�IXQFWLRQ�RI�WKH�DGGHG�OLSLG�PROH�IUDFWLRQ��,Q�)LJXUH��$�����

ILYH�OLSLGV�ZLWK�LGHQWLFDO�RU�VLPLODU�DF\O�FKDLQV�EXW�GLIIHUHQW�KHDG�JURXSV�DUH�FRPSDUHG�����

�)LJXUH��$�(���2QO\�323$�KDV�D�ODUJH�HIIHFW��323*��3236�DQG�3,ǡ�VLPLODU�WR�323$������

KDYH�D�QHW����FKDUJHG�KHDG�JURXS��7KXV��WKH�ODUJH�JDWLQJ�HIIHFW�RI�323$�RQ�9PLG�LV�QRW�����

DWWULEXWDEOH�WR�WKH����FKDUJH�RI�WKH�KHDG�JURXS�������

,Q�)LJXUH��%�IRXU�OLSLGV�ZLWK�GLIIHUHQW�DF\O�FKDLQV�EXW�WKH�VDPH�SULPDU\�SKRVSKDWH�����

KHDG�JURXS�DUH�FRPSDUHG��7KHVH�OLSLGV�DUH�LQGLVWLQJXLVKDEOH�ZLWK�UHVSHFW�WR�WKHLU�HIIHFW�����

RQ�9PLG��$GGLWLRQ�RI�HLWKHU�D�PHWK\O��'230H��RU�HWK\O��'23(WK��JURXS�WR�WKH�SKRVSKDWH�����

DEROLVKHG�WKH�HIIHFW�RQ�JDWLQJ��)LJXUH��&���2Q�WKH�RWKHU�KDQG��DGGLWLRQ�RI�D�VHFRQG�SKRV�����

SKDWH�GLG�QRW�DEROLVK�WKH�HIIHFW��WKH�SKRVSKRGLHVWHU�OLSLG�'233�DSSHDUV�WR�KDYH�D�VRPH�����

ZKDW�PRUH�SRWHQW�HIIHFW�RQ�JDWLQJ�WKDQ�'23$��)LJXUH��'���:KHQ�D�IUHH�SKRVSKDWH�ZDV�����

SUHVHQW�IDU�DZD\�IURP�WKH�DF\O�FKDLQ��DV�LQ�3,3��D�9PLG�VKLIW�RFFXUUHG�EXW�WR�D�PXFK�OHVVHU�����

H[WHQW�WKDQ�LQ�'23$�RU�'233��7KXV��LW�ZRXOG�DSSHDU�WKDW�9PLG�LV�PDLQO\�UHVSRQVLYH�WR�����

WKH�SUHVHQFH�RI�D�SULPDU\�SKRVSKDWH�JURXS�ORFDWHG�UHODWLYHO\�QHDU�WKH�JO\FHURO�EDFNERQH�������

�����

$V\PPHWULF�HIIHFW�RI�323$�LQ�WKH�LQQHU�DQG�RXWHU�PHPEUDQH�OHDIOHWV�����
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� ,Q�RXU�H[SHULHQFH�.Y�FKDQQHOV�LQFRUSRUDWH�UDQGRPO\�LQWR�SODQDU�ELOD\HUV�ZLWK�DS�����

SUR[LPDWHO\�KDOI�WKH�FKDQQHOV�RULHQWHG�RXWVLGH�RXW��GHILQHG�DV�H[WUDFHOOXODU�VXUIDFH�RI�WKH�����

FKDQQHO�IDFLQJ�WKH�JURXQG�HOHFWURGH��DQG�KDOI�LQVLGH�RXW��GHILQHG�DV�LQWUDFHOOXODU�VXUIDFH�����

RI�WKH�FKDQQHO�IDFLQJ�WKH�JURXQG�HOHFWURGH���,I�WKH�PHPEUDQH�LV�KHOG�DW������P9�UHODWLYH�����

WR�JURXQG����P9��DQG�WKHQ�VWHSSHG�WRZDUG�PRUH�SRVLWLYH�YROWDJHV��RQO\�WKH�RXWVLGH�RXW�����

FKDQQHOV�RSHQ�EHFDXVH�WKH�LQVLGH�RXW�FKDQQHOV�DUH�LQDFWLYDWHG��,I�WKH�VDPH�PHPEUDQH�LV�����

KHOG�DW������P9�UHODWLYH�WR�JURXQG�DQG�VWHSSHG�WRZDUG�PRUH�QHJDWLYH�YROWDJHV��RQO\�WKH�����

LQVLGH�RXW�FKDQQHOV�RSHQ�EHFDXVH�WKH�RXWVLGH�RXW�FKDQQHOV�DUH�LQDFWLYDWHG��)LJXUH��$�����

VKRZV�WKH�DFWLYDWLRQ�FXUYHV�IRU�RXWVLGH�RXW�DQG�LQVLGH�RXW�FKDQQHOV�LQ�WKH�VDPH�PHP�����

EUDQH��7KH�FXUYHV�DUH�LQGLVWLQJXLVKDEOH��7KLV�LV�H[SHFWHG�EHFDXVH�LQ�WKHVH�H[SHULPHQWV�����

WKH�OLSLG�ELOD\HU�DQG�LRQLF�VROXWLRQV�RQ�ERWK�VLGHV�RI�WKH�PHPEUDQH�ZHUH�V\PPHWULFDO�����

ZLWK�UHVSHFW�WR�WKH�LQQHU�DQG�RXWHU�PHPEUDQH�OHDIOHWV�������

� :KHQ�SKRVSKROLSDVH�'��IURP�S. chromofuscus�ZDV�DGGHG�WR�RQH�VLGH�RI�D�'3K3&�����

PHPEUDQH�DQ�DV\PPHWU\�ZDV�JHQHUDWHG�EHFDXVH�WKLV�HQ]\PH�FOHDYHV�WKH�FKROLQH�KHDG�����

JURXS�DQG�JHQHUDWHV�3$�RQ�WKH�VLGH�WR�ZKLFK�LW�LV�DGGHG��5DPX�HW�DO����������)LJXUH��%�����

VKRZV�DFWLYDWLRQ�FXUYHV�IRU�RXWVLGH�RXW�FKDQQHOV�UHFRUGHG�RYHU�WLPH�DIWHU�DGGLWLRQ�RI�����

SKRVSKROLSDVH�'��WR�WKH�JURXQG�HOHFWURGH�VLGH�RI�WKH�PHPEUDQH��%HFDXVH�WKH�JURXQG�����

HOHFWURGH�VLGH�RI�RXWVLGH�RXW�FKDQQHOV�FRUUHVSRQGV�WR�WKH�SK\VLRORJLFDO�H[WUDFHOOXODU�VXU�����

IDFH�RI�WKH�FKDQQHO��LW�LV�HYLGHQW�WKDW�WKH�DFWLYDWLRQ�FXUYH�VKLIWHG�WR�PRUH�QHJDWLYH�YROWDJ�����

HV��9PLG�±���WR�����P9��DV�3$�ZDV�JHQHUDWHG�LQ�WKH�SK\VLRORJLFDO�H[WUDFHOOXODU�OHDIOHW�����

�)LJXUH��%���)LJXUH��&�VKRZV�DFWLYDWLRQ�FXUYHV�IRU�LQVLGH�RXW�FKDQQHOV�DIWHU�SKRVSKROL�����

SDVH�'��ZDV�DGGHG�WR�WKH�JURXQG�HOHFWURGH�VLGH�RI�WKH�PHPEUDQH��+HUH�ZH�REVHUYH�WKDW�����

DV�3$�ZDV�JHQHUDWHG�RQ�WKH�LQWUDFHOOXODU�VLGH�RI�WKH�FKDQQHOV�WKH�DFWLYDWLRQ�FXUYH�VKLIWHG�����
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WRZDUG�PRUH�SRVLWLYH�YROWDJHV��7KH�9PLG�VKLIW�WRZDUG�PRUH�SRVLWLYH�YROWDJHV��a�����P9������

ZDV�JUHDWHU�WKDQ�WKH�VKLIW�WRZDUG�PRUH�QHJDWLYH�YROWDJHV��a�����P9���)LJXUH��'���3$�����

WKXV�KDV�DQ�RSSRVLWH�DQG�JUHDWHU�HIIHFW�RQ�FKDQQHO�JDWLQJ�ZKHQ�DFWLQJ�RQ�WKH�LQWUDFHOOXODU�����

PHPEUDQH�OHDIOHW������

� 7KH�3$�FRPSRVLWLRQ�RI�LQGLYLGXDO�LQQHU�DQG�RXWHU�PHPEUDQH�OHDIOHWV�ZHUH�DOWHUHG�����

DQRWKHU�ZD\��$IWHU�IRUPDWLRQ�RI�D�'3K3&�ELOD\HU�323$�ZDV�DGGHG�LQ�WKH�IRUP�RI�YH�����

VLFOHV�WR�RQH�VLGH�RI�WKH�PHPEUDQH��)LJXUH��$�VKRZV�DQ�DFWLYDWLRQ�FXUYH�IRU�FKDQQHOV�EH�����

IRUH�DQG�DIWHU�DGGLWLRQ�RI�323$�WR�WKH�JURXQG�HOHFWURGH�VLGH��7KH�HIIHFW�RI�WKH�323$�RQ�����

RXWVLGH�RXW�DQG�LQVLGH�RXW�FKDQQHOV�LV�VKRZQ��+HUH��DV�LQ�WKH�H[SHULPHQW�LQ�ZKLFK�3$�����

ZDV�JHQHUDWHG�E\�HQ]\PDWLF�FOHDYDJH��VKLIWV�LQ�WKH�PLGSRLQW�YROWDJH�RI�WKH�DFWLYDWLRQ�����

FXUYH�ZHUH�REVHUYHG��323$�RQ�WKH�H[WUDFHOOXODU�VLGH��RXWVLGH�RXW�FKDQQHOV��SURGXFHG�D�����

PRGHVW�QHJDWLYH�9PLG�VKLIW��a�����P9��ZKLOH�323$�RQ�WKH�LQWUDFHOOXODU�VLGH��LQVLGH�RXW�����

FKDQQHOV��SURGXFHG�D�ODUJH�SRVLWLYH��9PLG�VKLIW��a�����P9���)LJXUH��(���7KHVH�GDWD�DUH�����

H[SOLFDEOH�LI�IXVHG�YHVLFOHV�DGG�WKHLU�OLSLGV�SUHGRPLQDQWO\�WR�RQH�OHDIOHW��$FFRUGLQJO\������

DGGLWLRQ�RI�323$�YHVLFOHV�WR�WKH�H[WUDFHOOXODU�DQG�LQWUDFHOOXODU�OHDIOHWV�KDG�WKH�VDPH�HI�����

IHFW�DV�DGGLQJ�SKRVSKROLSDVH�'��WR�WKH�H[WUDFHOOXODU�DQG�LQWUDFHOOXODU�VLGHV��UHVSHFWLYHO\������

1RWDEO\��ERWK�PHWKRGV�RI�3$�DGGLWLRQ�KDG�D�JUHDWHU�HIIHFW�RQ�9PLG�ZKHQ�3$�ZDV�DOWHUHG�����

RQ�WKH�LQWUDFHOOXODU�OHDIOHW������

�����

&KDUDFWHULVWLFV�RI�D�VXUIDFH�FKDUJH�YROWDJH�RIIVHW�����

$GGLWLRQ�RI�HOHFWULFDOO\�QHW�QHXWUDO�SKRVSKROLSLG�323&�YHVLFOHV�WR�HLWKHU�VLGH�RI�����

WKH�PHPEUDQH�KDG�OLWWOH�HIIHFW�RQ�9PLG��)LJXUH��%���,Q�FRQWUDVW��DGGLWLRQ�RI�WKH����FKDUJHG�����

SKRVSKROLSLG�323*�SURGXFHG�DQ�DSSUR[LPDWHO\�����P9�VKLIW�ZKHQ�DGGHG�WR�WKH�H[WUDFHO�����
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OXODU�VLGH�RI�WKH�PHPEUDQH�DQG�D�����P9�VKLIW�ZKHQ�DGGHG�WR�WKH�LQWUDFHOOXODU�VLGH��)LJ�����

XUH��&���$�VLPLODU�HIIHFW�ZDV�REVHUYHG�ZKHQ�WKH����FKDUJHG�SKRVSKROLSLG�3236�ZDV�XVHG�����

LQ�SODFH�RI�323*��)LJXUH��'���7KH�QHDU�DEVHQFH�RI�DQ�HIIHFW�RI�QHXWUDO�323&�DQG�DS�����

SUR[LPDWHO\�HTXDO�SRVLWLYH�DQG�QHJDWLYH�VKLIWV�LQ�UHVSRQVH�WR�DV\PPHWULFDOO\�DSSOLHG��������

FKDUJHG�323*�DQG�3236�WR�WKH�LQWUDFHOOXODU�DQG�H[WUDFHOOXODU�VXUIDFHV��UHVSHFWLYHO\��LV�����

FRQVLVWHQW�ZLWK�D�VXUIDFH�FKDUJH�YROWDJH�RIIVHW�������

$�SLFWRULDO�GHVFULSWLRQ�RI�D�VXUIDFH�FKDUJH�YROWDJH�RIIVHW�LV�VKRZQ�LQ�)LJXUH��$�&������

9ROWDJH�VHQVRUV�RI�.Y�FKDQQHOV�UHVSRQG�WR�WKH�HOHFWULF�ILHOG�LQVLGH�WKH�PHPEUDQH��ZKLFK�����

LV�D�IXQFWLRQ�RI�ERWK�WKH�DSSOLHG�YROWDJH�DFURVV�WKH�PHPEUDQH�DQG�WKH�VXUIDFH�SRWHQWLDOV�����

DW�WKH�PHPEUDQH�ZDWHU�LQWHUIDFH���7KH�HOHFWULF�ILHOG�LV�DOVR�D�IXQFWLRQ�RI�GLSROH�SRWHQWLDOV�����

DW�WKH�PHPEUDQH�ZDWHU�LQWHUIDFH��EXW�WKHVH��EHLQJ�HVVHQWLDOO\�LGHQWLFDO�EXW�RSSRVLWHO\�����

RULHQWHG�RQ�WKH�WZR�VLGHV�RI�WKH�PHPEUDQH��FDQFHO���7R�LQWHUSUHW�)LJXUH��$�&��FRQVLGHU�����

WKDW�WKH�FKDQQHO�UHVSRQGV�WR�9PHP��WKH�YDOXH�RI�WKH�YROWDJH�GLIIHUHQFH�DFURVV�WKH�PHP�����

EUDQH�ZKHUH�WKH�YROWDJH�VHQVRUV�UHVLGH��:H�WKH�H[SHULPHQWHUV�GR�QRW�NQRZ�WKH�YDOXH�RI�����

9PHP��EXW�VHW�WKH�FRPPDQG�YROWDJH��9L�9R��ZLWK�RXU�DPSOLILHU��7KH�SLFWXUHV�LOOXVWUDWH�KRZ�����

FKDQJLQJ�VXUIDFH�FKDUJH�RQ�WKH�PHPEUDQH�JLYHV�ULVH�WR�GLIIHUHQW�YDOXHV�RI�9PHP�XQGHU�D�����

FRQVWDQW�FRPPDQG�YROWDJH�DFFRUGLQJ�WR�WKH�H[SUHVVLRQ�9PHP� ��9LȂ9R�����ĭ��Ǧ�ĭ�Ȍǡ�����

������ĭ���������������������������������������������ĭ��������������������������������������

���������1RZ�FRQVLGHU�D�FKDQQHO�ZKRVH�KDOI�RSHQ�SUREDELOLW\�RFFXUV�DW�D�SDUWLFXODU�YDO�����

XH��9PHPǯ��,Q�WKH�DEVHQFH�RI�VXUIDFH�FKDUJH�WKH�H[SHULPHQWHU�REVHUYHV�WKH�KDOI�RSHQ�SURE�����

DELOLW\�DW�D�FRPPDQG�YROWDJH��9L�9R�PLG� �9PHPǯ��8SRQ�DGGLWLRQ�RI�VXUIDFH�FKDUJH�WR�WKH�����

LQQHU�RU�RXWHU�OHDIOHWV�WKH�H[SHULPHQWHU�REVHUYHV�WKH�KDOI�RSHQ�SUREDELOLW\�DW�FRPPDQG�����

YROWDJH��9L�9R�PLG� �9PHPǯ����ĭ��Ǧ�ĭ�ȌǤ�����ǡ��������������������������������������������
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�������9PLG����������������������������������������������������������������������������

�������9PLG�����������������������������Ǥ���������

� 7KH�UHODWLRQVKLS�EHWZHHQ�PHPEUDQH�VXUIDFH�SRWHQWLDO�ĭ��P9��DQG�FKDUJH�GHQVLW\�����

ı��HOHFWURQ�FKDUJHV�SHU�c���LQ�D�PRQRYDOHQW�HOHFWURO\WH��H�J��.&O��DW�FRQFHQWUDWLRQ�F��0������

LV������

� Ȱ ൌ� ଶ௄ಳ்௘బ
�����ିଵሺଵଷ଺ఙξ௖ ሻ� HT���������

�����

ZKHUH�.%�LV�%ROW]PDQQ¶V�FRQVWDQW��7�LV�DEVROXWH�WHPSHUDWXUH�DQG�HR�WKH�FKDUJH�RI�DQ�HOHF�����

WURQ��0F/DXJKOLQ�HW�DO�����������8VLQJ�WKLV�H[SUHVVLRQ�DQG�WKH�PHDQ�VXUIDFH�DUHD�RI�D�����

'3K3&�PROHFXOH��a���c����7ULVWUDP�1DJOH�HW�DO���������WKH����P9�VKLIWV�LQ�)LJXUH��&�����

DQG�'�SRLQW�WR�D�VXUIDFH�FKDUJH�GHQVLW\�RI�DERXW���HR�������c���QHJOHFWLQJ�FRQWULEXWLRQV�����

GXH�WR�GHFDQH�LQ�WKH�ELOD\HU���ZKLFK�FRUUHVSRQGV�WR�D�UDWLR�RI���323*��RU�3236��PROH�����

FXOH�SHU����'3K3&�PROHFXOHV��RU�D�PROH�IUDFWLRQ�RI�DERXW�������7KH�HTXDO�PDJQLWXGH�EXW�����

RSSRVLWH�GLUHFWLRQ�VKLIW�SURGXFHG�E\�H[WUDFHOOXODU�DQG�LQWUDFHOOXODU�323*��RU�3236��LV�����

FRQVLVWHQW�ZLWK�D�SXUH�VXUIDFH�FKDUJH�YROWDJH�RIIVHW��)LJXUH��&�'���7KH�VKLIW�SURGXFHG�E\�����

H[WUDFHOOXODU�323$�±�VLPLODU�LQ�GLUHFWLRQ�DQG�PDJQLWXGH�WR�WKH�VKLIWV�SURGXFHG�E\�H[WUD�����

FHOOXODU�323*�DQG�3236�±�LV�DOVR�FRQVLVWHQW�ZLWK�D�VXUIDFH�FKDUJH�YROWDJH�RIIVHW��,Q�FRQ�����

WUDVW��WKH�ODUJHU�VKLIW�SURGXFHG�E\�LQWUDFHOOXODU�323$�LPSOLHV�WKDW�DQ�DGGLWLRQDO�µ3$�����

VSHFLILF¶�YROWDJH�RIIVHW�LV�RFFXUULQJ��)LJXUH��(�������

�����

0DJQLWXGH�DQG�RULJLQV�RI�WKH�3$�VSHFLILF�YROWDJH�RIIVHW�����

,Q�WKH�H[SHULPHQWV�VKRZQ�LQ�)LJXUHV���DQG���ERWK�PHPEUDQH�OHDIOHWV�FRQWDLQHG�����

WKH�VDPH�OLSLG�FRPSRVLWLRQ�DQG�WKHUHIRUH�VXUIDFH�FKDUJH�HIIHFWV�RQ�WKH�YROWDJH�VHQVRU�����
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VKRXOG�KDYH�ODUJHO\�FDQFHOHG��7KHUHIRUH�WKH�9PLG�VKLIW�LQ�WKHVH�H[SHULPHQWV�PXVW�KDYH�����

UHVXOWHG�IURP�D�QRQ�VXUIDFH�FKDUJH��3$�VSHFLILF�HIIHFW��,Q�WKH�H[SHULPHQWV�EHKLQG�)LJXUHV�����

��DQG���WKH�OLSLG�FRPSRVLWLRQ�RI�WKH�WZR�OHDIOHWV�ZDV�GLIIHUHQW�DQG�WKHUHIRUH�GLIIHUHQW�VXU�����

IDFH�FKDUJH�GHQVLWLHV�VKRXOG�KDYH�FRQWULEXWHG�WR�WKH�9PLG�VKLIW��$V�QRWHG�HDUOLHU��323$�LQ�����

WKH�LQQHU�OHDIOHW�FDXVHG�D�JUHDWHU�VKLIW�WKDQ�323$�LQ�WKH�RXWHU�OHDIOHW�RU�WKDQ�323*�3236�����

LQ�HLWKHU�OHDIOHW��)LJXUHV��%�'�DQG��$�(���7KLV�FDQ�EH�XQGHUVWRRG�LQ�WHUPV�RI�D�VSHFLILF�����

RIIVHW�DGGHG�WR�D�VXUIDFH�FKDUJH�RIIVHW�IRU�WKH�FDVH�RI�323$�LQ�WKH�LQQHU�OHDIOHW��,Q�IDFW�����

WKH�VKLIW�SURGXFHG�E\�LQQHU�OHDIOHW�323$��a�����P9��)LJXUHV��&�DQG��$��ZDV�DSSUR[�����

LPDWHO\�HTXDO�WR�WKH�VXUIDFH�FKDUJH�VKLIW��a�����P9��)LJXUHV��&�DQG�'��SOXV�WKH�3$�����

VSHFLILF�VKLIW��a�����P9��)LJXUH��$����7KHUHIRUH�323$��OLNH�RWKHU�DQLRQLF�OLSLGV��LPSRVHV�����

D�ELDV�RQ�WKH�YROWDJH�VHQVRU�EHFDXVH�LW�FUHDWHV�D�OD\HU�RI�QHJDWLYH�FKDUJH�RQ�WKH�PHP�����

EUDQH�VXUIDFH��%XW�XQOLNH�RWKHU�OLSLGV�323$�DOVR�H[HUWV�DQ�DGGLWLRQDO�ELDV�IURP�WKH�LQQHU�����

PHPEUDQH�OHDIOHW�������

� 7KH�VXUIDFH�FKDUJH�HIIHFW�LV�D�VLPSOH�HOHFWURVWDWLF�FRQVHTXHQFH�RI�D�IL[HG�FKDUJH�����

OD\HU�RQ�WKH�PHPEUDQH�VXUIDFH��:KDW�LV�WKH�RULJLQ�RI�WKH�3$�VSHFLILF�HIIHFW"�$�VWURQJ�LQ�����

WHUDFWLRQ�EHWZHHQ�JXDQLGLQLXP�DQG�SKRVSKDWH�JURXSV�KDV�EHHQ�GHVFULEHG��:RRGV�DQG�����

)HUUH����������:H�WKHUHIRUH�ZRQGHUHG�ZKHWKHU�3$�LQ�WKH�LQQHU�PHPEUDQH�OHDIOHW�PLJKW�����

VWDELOL]H�D�FORVHG�FRQIRUPDWLRQ�RI�WKH�YROWDJH�VHQVRU�WKURXJK�LQWHUDFWLRQV�ZLWK�RQH�RU�����

PRUH�RI�WKH�DUJLQLQH�UHVLGXHV�RQ�WKH�FKDUJH�EHDULQJ�6��KHOL[�RI�WKH�YROWDJH�VHQVRU��7R�WHVW�����

WKLV�SRVVLELOLW\�ZH�WXUQHG�WR�PXWDJHQHVLV��0XWDWLRQV�LQ�WKH�SDGGOH�FKLPHUD�.Y�FKDQQHO�����

DUH�QRW�ZHOO�WROHUDWHG�VR�ZH�WHVWHG�ZKHWKHU�WKH�3$�VSHFLILF�HIIHFW�LV�SUHVHQW�LQ�DQRWKHU�����

GLVWDQWO\�UHODWHG�.Y�FKDQQHO�WKDW�FDQ�EH�PRUH�HDVLO\�PXWDWHG��)LJXUH��$�VKRZV�D�3$�����

VSHFLILF��ERWK�PHPEUDQH�OHDIOHWV�FRQWDLQ�3$�VR�WKH�VXUIDFH�FKDUJH�HIIHFW�VKRXOG�EH�DE�����
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VHQW��SRVLWLYH�9PLG�VKLIW�LQ�WKH�DFWLYDWLRQ�FXUYH�RI�WKH�DUFKHDO�FKDQQHO�.Y$3��7KH�VKLIW�LV�����

VPDOOHU������P9��WKDQ�WKDW�REVHUYHG�LQ�WKH�HXNDU\RWLF�.Y�FKDQQHO������P9��EXW�FOHDUO\�����

SUHVHQW��)LJXUHV��$�DQG��$���)LJXUH��%�JUDSKV�WKH�9PLG�VKLIW�EURXJKW�DERXW�E\�'3K3$�LQ�����

ZLOG�W\SH�.Y$3�DQG�LQ�VHYHUDO�PXWDQWV�ZLWKLQ�6���5HSODFHPHQW�RI�WKH�DUJLQLQH�DW�SRVL�����

WLRQ�����E\�HLWKHU�O\VLQH�RU�DODQLQH�DEROLVKHG�WKH�'3K3$�LQGXFHG�VKLIW��,QWURGXFWLRQ�RI�����

DQ�DUJLQLQH�DW�SRVLWLRQ�����UHVWRUHG�WKH�VKLIW�LQ�WKH�DEVHQFH�RI�DQ�DUJLQLQH�DW����������

� $�SODXVLEOH�LQWHUSUHWDWLRQ�LV�WKDW�WKH�6��DUJLQLQH�DW�SRVLWLRQ�����±�DQG�DW�SRVLWLRQ�����

����LQ�WKH�FRQWH[W�RI�QR�DUJLQLQH�DW�SRVLWLRQ�����±�FDQ�LQWHUDFW�ZLWK�D�SULPDU\�SKRVSKDWH�����

JURXS�LQ�WKH�PHPEUDQH¶V�LQQHU�OHDIOHW��)LJXUH��$�VKRZV�[�UD\�FU\VWDO�VWUXFWXUHV�RI�WKH�����

SDGGOH�FKLPHUD�DQG�.Y$3�YROWDJH�VHQVRUV��-LDQJ�HW�DO���������/RQJ�HW�DO����������$UJL�����

QLQH�����LQ�.Y$3�DQG�WKH�FRUUHVSRQGLQJ�DUJLQLQH�LQ�SDGGOH�FKLPHUD�DUH�ORFDWHG�FORVH�WR�����

WKH�FHQWHU�RI�WKH�PHPEUDQH�ELOD\HU��)LJXUH��$���%XW�WKHVH�VWUXFWXUHV�FRUUHVSRQG�WR�µRSHQ¶�����

FRQIRUPDWLRQV�RI�YROWDJH�VHQVRUV��,Q�FORVHG�FRQIRUPDWLRQV�WKH�FHQWUDOO\�ORFDWHG�DUJLQLQH�����

UHVLGXHV�OLNHO\�DSSURDFK�WKH�PHPEUDQH¶V�LQQHU�OHDIOHW�ZKHUH�WKH\�FRXOG�LQWHUDFW�ZLWK�3$�����

WR�KHOS�VWDELOL]H�WKDW�FRQIRUPDWLRQ������

�����

'LVFXVVLRQ�����

3KRVSKDWLGLF�DFLG�LV�SUHVHQW�LQ�PDQ\�FHOOXODU�PHPEUDQHV�LQFOXGLQJ�WKH�LQQHU�OHDI�����

OHW�RI�WKH�SODVPD�PHPEUDQH�ZKHUH�LW�SOD\V�HVVHQWLDO�UROHV�LQ�FHOOXODU�SDWKZD\V�VXFK�DV�����

P725�FRPSOH[�VWDELOLW\�DQG�VLJQDOLQJ��UHYLHZHG�LQ��)RVWHU����������JURZWK�IDFWRU�UHFHS�����

WRU�VLJQDOLQJ��UHYLHZHG�LQ��*RPH]�&DPEURQHUR���������DQG�KRUPRQH�VLJQDOLQJ��*DUULGR�����

HW�DO�����������,Q�LWV�VLJQDOLQJ�UROH��3$�LV�PRVW�FRPPRQO\�JHQHUDWHG�IURP�HLWKHU�SKRVSKD�����

WLG\O�FKROLQH�YLD�SKRVSKROLSDVH�'�FOHDYDJH�RU�IURP�GLDF\OJO\FHURO�YLD�GLDF\OJO\FHURO�NL�����
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QDVH��)RVWHU����������2QFH�JHQHUDWHG��3$�FDQ�WKHQ�EH�UDSLGO\�GHSOHWHG�IURP�WKH�SODVPD�����

PHPEUDQH�E\�SKRVSKDWLGLF�DFLG�SKRVSKDWDVH�RU�D�YDULHW\�RI�SKRVSKROLSDVHV��WKXV�DOORZ�����

LQJ�WLJKW�FHOOXODU�FRQWURO�RYHU�LWV�DEXQGDQFH��)RVWHU����������7KH�SUHFLVH�FRQWURO�RI�SODVPD�����

PHPEUDQH�3$�FRQFHQWUDWLRQV�LQ�UHVSRQVH�WR�LQWUDFHOOXODU�DQG�H[WUDFHOOXODU�VWLPXOL�FRP�����

ELQHG�ZLWK�LWV�LQIOXHQFH�RQ�.Y�FKDQQHO�IXQFWLRQ�VLWXDWH�3$�DW�D�SRWHQWLDO�LQWHUIDFH�EH�����

WZHHQ�FHOOXODU�DQG�JOREDO�PHWDEROLF�VLJQDOLQJ�SDWKZD\V�DQG�PHPEUDQH�H[FLWDWLRQ������

� *LYHQ�WKH�LPSRUWDQFH�RI�3$�WR�FHOOXODU�VLJQDOLQJ�ZH�VXVSHFW�WKDW�WKH�XQLTXH�DELOL�����

W\�RI�3$�WR�DOWHU�.Y�FKDQQHO�JDWLQJ�LV�RI�ELRORJLFDO�VLJQLILFDQFH��3$¶V�HIIHFW�LV�H[HUWHG�E\�����

WZR�PHFKDQLVPV��7KH�VXUIDFH�FKDUJH�FRPSRQHQW�LV�H[SHFWHG�RI�DQ\�FKDUJHG�OLSLG�GLV�����

SRVHG�DV\PPHWULFDOO\�RYHU�WKH�WZR�PHPEUDQH�OHDIOHWV��5DPX�HW�DO���������;X�HW�DO�������

�������7KH�3$�VSHFLILF�FRPSRQHQW�UHTXLUHV�D�SULPDU\�SKRVSKDWH�JURXS�RQ�WKH�OLSLG�PR�����

OHFXOH�DQG�DFWV�RQO\�IURP�WKH�LQQHU�OHDIOHW��7KH�PXWDWLRQDO�GDWD�VXSSRUW�D�K\SRWKHVLV�WKDW�����

3$�LQ�WKH�LQQHU�OHDIOHW�LQWHUDFWV�ZLWK�VSHFLILF�DUJLQLQH�UHVLGXHV�LQ�WKH�YROWDJH�VHQVRU��,W�����

VHHPV�SODXVLEOH�WKDW�K\GURJHQ�ERQGLQJ�EHWZHHQ�D�SULPDU\�SKRVSKDWH�JURXS�DQG�DUJLQLQH�����

JXDQLGLQLXP�JURXS�FRXOG�KROG�WKH�YROWDJH�VHQVRU�FORVHG��UHTXLULQJ�VWURQJHU�GHSRODUL]D�����

WLRQ�WR�RSHQ��L�H��D�9PLG�VKLIW�WR�PRUH�SRVLWLYH�YROWDJHV���:H�KDYH�GHWHUPLQHG�FU\VWDO�����

VWUXFWXUHV�RI�WKH�SDGGOH�FKLPHUD�PXWDQW�LQ�WKH�SUHVHQFH�RI�EURPLQDWHG�3$��:H�W\SLFDOO\�����

REVHUYH�HOHFWURQ�GHQVLW\�IRU�OLSLG�PROHFXOHV�LQ�WKH�FU\VWDO�VWUXFWXUH��EXW�QRQH�ZLWK�D�VSH�����

FLILF�VLJQDO�IRU�EURPLQH��7KHUHIRUH�ZH�GR�QRW�NQRZ�ZKHWKHU�3$�LV�VSHFLILFDOO\�ERXQG�WR�D�����

JURRYH�RQ�WKH�VXUIDFH�RI�WKH�FKDQQHO��*LYHQ�WKH�VRPHZKDW�VXUSULVLQJ�REVHUYDWLRQ�WKDW�3$�����

LQIOXHQFHV�JDWLQJ�VLPLODUO\�LQ�ERWK�WKH�HXNDU\RWLF�.Y�FKDQQHO�DQG�.Y$3�±�FKDQQHOV�WKDW�����

DUH�RQO\�GLVWDQWO\�UHODWHG�±�ZH�LPDJLQH�WKDW�3$¶V�VSHFLILF�HIIHFW�PLJKW�EH�PHGLDWHG�����

WKURXJK�WKH�JXDQLGLQLXP�SKRVSKDWH�LQWHUDFWLRQ�DORQH��L�H��ZLWKRXW�RWKHU�LQWHUDFWLRQV�EH�����
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WZHHQ�WKH�OLSLG�WDLO�DQG�WKH�FKDQQHO���,Q�RWKHU�ZRUGV��ZH�LPDJLQH�LQ�D�FORVHG�FRQIRUPDWLRQ�����

WKH�DUJLQLQH�FRXOG�EH�UHOHDVHG�IURP�LWV�K\GURJHQ�ERQG�SDLULQJ�ZLWK�FRXQWHU�FKDUJHV�RQ�WKH�����

FKDQQHO�DQG�EHFRPH�DQFKRUHG�LQ�WKH�PHPEUDQH¶V�LQQHU�OHDIOHW�WKURXJK�K\GURJHQ�ERQGLQJ�����

ZLWK�D�SULPDU\�SKRVSKDWH�JURXS������

� 7KH�PDJQLWXGH�RI�WKH�YROWDJH�VKLIW�LV�GHILQLWHO\�ODUJH�HQRXJK�WR�LQIOXHQFH�WKH�HOHF�����

WULFDO�SURSHUWLHV�RI�DQ�H[FLWDEOH�FHOO��$�VKLIW�WRZDUGV�PRUH�SRVLWLYH�YROWDJHV�EURXJKW�DERXW�����

E\�LQFUHDVLQJ�3$�LQ�WKH�LQQHU�OHDIOHW�ZLOO�µVLOHQFH¶�.��FKDQQHOV�RYHU�DQ�RWKHUZLVH�DFWLYH�����

YROWDJH�UDQJH��7KLV�VLOHQFLQJ�ZLOO�OHDG�WR�LQFUHDVHG�PHPEUDQH�H[FLWDELOLW\��7KH�VHQVLWLYLW\�����

RI�.Y�FKDQQHOV�WR�3$�VHHPV�D�OLNHO\�OLQN�EHWZHHQ�PHWDEROLF�SDWKZD\V�FRXSOHG�WR�OLSLG�����

PHWDEROLVP�DQG�PHPEUDQH�H[FLWDELOLW\������

�����

0HWKRGV�����

Kv channel purification and reconstitution ����

$�PXWDQW�RI�WKH�UDW�.Y����FKDQQHO�LQ�ZKLFK�WKH�KHOL[�WXUQ�KHOL[�VHJPHQW�WHUPHG�WKH�YRO�����

WDJH�VHQVRU�SDGGOH�ZDV�UHSODFHG�E\�WKH�FRUUHVSRQGLQJ�VHJPHQW�IURP�.Y�����NQRZQ�DV�WKH�����

SDGGOH�FKLPHUD�.Y�FKDQQHO��ZDV�H[SUHVVHG�DQG�SXULILHG�DV�GHVFULEHG�SUHYLRXVO\��/RQJ�HW�����

DO���������7DR�DQG�0DF.LQQRQ���������ZLWK�PLQRU�PRGLILFDWLRQV��,Q�EULHI��WKH�SDGGOH�����

FKLPHUD�.Y�FKDQQHO�ZDV�FR�H[SUHVVHG�ZLWK�WKH�UDW�ȕ��FRUH�JHQH�LQ�P. pastoris��7KH�FKDQ�����

QHO�FRPSOH[�ZDV�H[WUDFWHG�IURP�PHPEUDQHV�ZLWK�''0��$QDWUDFH��DQG�SXULILHG�ZLWK�D�����

FREDOW�DIILQLW\�FROXPQ�IROORZHG�E\�VL]H�H[FOXVLRQ�FKURPDWRJUDSK\�RQ�D�6XSHUGH[�����JHO�����

ILOWUDWLRQ�FROXPQ��*(�%LRVFLHQFHV���7KH�VL]H�H[FOXVLRQ�EXIIHU�ZDV�FRPSRVHG�RI����P0�����

7ULV±+&O��S+����������P0�.&O����P0�'0��$QDWUDFH�����P0�7ULV�������

FDUER[\HWK\O�SKRVSKLQH����P0�GLWKLRWKUHLWRO��DQG�����PJ�PO�323&�323(��323*�����������
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�PDVV�UDWLR���$YDQWL�3RODU�/LSLGV�������

3XULILHG�FKDQQHO�FRPSOH[HV�ZHUH�UHFRQVWLWXWHG�LQWR�RFW\O�ȕ�'�PDOWRS\UDQRVLGH��$QD�����

WUDFH��VROXELOL]HG������Z�Z��323(��323*�OLSLG�YHVLFOHV�DV�GHVFULEHG��/RQJ�HW�DO��������������

'HWHUJHQW�ZDV�UHPRYHG�E\�GLDO\VLV�IRU���GD\V�DJDLQVW�GHWHUJHQW�IUHH�EXIIHU�FRQWDLQLQJ��������

P0�+(3(6�.2+��S+������DQG�����P0�.&O��DQG���P0�GLWKLRWKUHLWRO�DW����&��ZLWK�GDLO\�����

EXIIHU�H[FKDQJHV��$IWHU���GD\V��DOO�UHVLGXDO�GHWHUJHQW�ZDV�UHPRYHG�E\�LQFXEDWLQJ�WKH�UH�����

FRQVWLWXWHG�FKDQQHOV�ZLWK�%LR�%HDGV��%LR�5DG��IRU���KRXUV�DW�URRP�WHPSHUDWXUH���7KH�UH�����

FRQVWLWXWHG�FKDQQHOV�ZHUH�DOLTXRWHG�DQG�IODVK�IUR]HQ�LQWR�OLTXLG�QLWURJHQ�SULRU�WR�VWRUDJH�����

DW����Û&������

�����

KvAP purification and reconstitution ����

.Y$3�ZDV�H[SUHVVHG�DQG�SXULILHG�DV�GHVFULEHG�SUHYLRXVO\��5XWD�HW�DO����������%ULHIO\��WKH�����

FKDQQHO�ZDV�H[WUDFWHG�IURP�Escherichia coli PHPEUDQHV�ZLWK�'0��$QDWUDFH��DQG�SXUL�����

ILHG�ZLWK�D�FREDOW�DIILQLW\�FROXPQ�IROORZHG�E\�VL]H�H[FOXVLRQ�FKURPDWRJUDSK\�RQ�D�6X�����

SHUGH[�����JHO�ILOWUDWLRQ�FROXPQ��*(�%LRVFLHQFHV��ZLWK����P0�7ULV±+&O��S+��������������

P0�.&O����P0�'0��$QDWUDFH�� 3XULILHG�.Y$3�FKDQQHOV�ZHUH�UHFRQVWLWXWHG�LQWR�'0�����

VROXELOL]HG������Z�Z��323(��323*�OLSLG�YHVLFOHV�DW�D�������Z�Z��SURWHLQ��OLSLG�UDWLR��'H�����

WHUJHQW�ZDV�UHPRYHG�E\�GLDO\VLV�IRU���GD\V�DJDLQVW�GHWHUJHQW�IUHH�EXIIHU�FRQWDLQLQJ��������

P0�+(3(6����P0�1�PHWK\OJOXFDPLQH��S+������DQG�����P0�.&O��ZLWK�WZLFH�GDLO\�EXI�����

IHU�H[FKDQJHV��7KH�UHFRQVWLWXWHG�FKDQQHOV�ZHUH�DOLTXRWHG�DQG�IODVK�IUR]HQ�LQWR�OLTXLG�QL�����

WURJHQ�SULRU�WR�VWRUDJH�DW����Û&������

�����

Electrophysiological recordings from planar lipid bilayers ����
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3ODQDU�OLSLG�ELOD\HU�H[SHULPHQWV�ZHUH�SHUIRUPHG�DV�GHVFULEHG�SUHYLRXVO\��0LOOHU������������

5XWD�HW�DO����������/LSLGV�RI�GHVLUHG�FRPSRVLWLRQV�ZHUH�SUHSDUHG�E\�GLVVROYLQJ�DUJRQ�����

GULHG�OLSLGV�LQ�GHFDQH�WR�D�ILQDO�FRQFHQWUDWLRQ�RI����PJ�PO��/LSLG�VROXWLRQV�ZHUH�SDLQWHG�����

RYHU�D�����ȝP�KROH�LQ�D�SRO\VW\UHQH�SDUWLWLRQ�WKDW�VHSDUDWHG�WKH�WZR�FKDPEHUV�WR�IRUP�WKH�����

SODQDU�OLSLG�ELOD\HU��7KH�FKDPEHU��cis��FRQWDLQHG���PO�RI����P0�.&O�DQG���P0�����

+(3(6�.2+��S+������ZKLOH�WKH�FXS��trans��FRQWDLQHG���PO�RI���P0�.&O�DQG���P0�����

+(3(6�.2+��S+������5HFRQVWLWXWHG�FKDQQHOV�ZHUH�SLSHWWHG�RQWR�WKH�FKDPEHU�VLGH�RI�WKH�����

ELOD\HU�DIWHU�WKLQQLQJ�RI�D�SODQDU�OLSLG�ELOD\HU�KDG�EHHQ�GHWHFWHG�YLD�PRQLWRULQJ�RI�HOHF�����

WULFDO�FDSDFLWDQFH��2QFH�FKDQQHOV�ZHUH�VXFFHVVIXOO\�IXVHG�ZLWK�WKH�ELOD\HU������P0�.&O�����

ZDV�DGGHG�WR�WKH�FXS�VLGH�WR�HTXLOLEUDWH�WKH�.��FRQFHQWUDWLRQV�DFURVV�WKH�ELOD\HU��0HP�����

EUDQHV�ZHUH�KHOG�DW�D�QHJDWLYH�KROGLQJ�YROWDJH��VWHSSHG�WR�PRUH�GHSRODUL]HG�YROWDJHV�LQ�����

���P9�LQFUHPHQWV�DQG�WKHQ�EDFN�WR�WKH�QHJDWLYH�KROGLQJ�YROWDJH�WR�FORVH�WKH�FKDQQHOV������

6KRUWO\�DIWHU�WKH�UHWXUQ�WR�WKH�QHJDWLYH�KROGLQJ�YROWDJH��LQZDUG�FXUUHQW�FDOOHG�ǮWDLO�FXUUHQWǯ�����

LV�PHDVXUHG��7KH�IUDFWLRQ�RI�PD[LPDO�DFWLYDWLRQ�DW�HDFK�GHSRODUL]DWLRQ�YROWDJH�FDQ�EH�GH�����

WHUPLQHG�E\�JUDSKLQJ�WKH�LQZDUG�WDLO�FXUUHQW��QRUPDOL]HG�E\�WKH�PD[LPXP�YDOXH��DV�D�����

IXQFWLRQ�RI�WKH�SUHFHGLQJ�GHSRODUL]DWLRQ�YROWDJH�DQG�ILW�WR�D�WZR�VWDWH�%ROW]PDQQ�HTXD�����

WLRQ������

�����

ூ
ூ೘ೌೣ

ൌ � ଵ
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షೋಷ
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�����

ZKHUH�,�,PD[�LV�WKH�IUDFWLRQ�RI�PD[LPDO�FXUUHQW��9�LV�WKH�FRPPDQG�GHSRODUL]DWLRQ�YROWDJH�����

WR�RSHQ�WKH�FKDQQHOV��9PLG�LV�WKH�FRPPDQG�YROWDJH�DW�ZKLFK�WKH�FKDQQHOV�KDYH�UHDFKHG�����

����RI�WKHLU�PD[LPDO�FXUUHQW��F�LV�WKH�)DUDGD\�FRQVWDQW��5�LV�WKH�JDV�FRQVWDQW��7�LV�WKH�����
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DEVROXWH�WHPSHUDWXUH�DQG�=�LV�WKH�DSSDUHQW�YDOHQFH�RI�WKH�YROWDJH�GHSHQGHQFH������

$OO�UHFRUGLQJV�ZHUH�SHUIRUPHG�XVLQJ�WKH�YROWDJH�FODPS�PHWKRG�LQ�ZKROH�FHOO�PRGH��$QD�����

ORJXH�VLJQDOV�ZHUH�ILOWHUHG�DW���N+]�XVLQJ�D�ORZ�SDVV�%HVVHO�ILOWHU�RQ�DQ�$[RSDWFK����%�����

DPSOLILHU��0ROHFXODU�'HYLFHV��LQ�ZKROH�FHOO�PRGH�DQG�GLJLWL]HG�DW����N+]�XVLQJ�D�'LJL�����

GDWD�����$�DQDORJXH�WR�GLJLWDO�FRQYHUWHU��0ROHFXODU�'HYLFHV���7KH�S&ODPS�VRIWZDUH�����

VXLWH��0ROHFXODU�'HYLFHV��ZDV�XVHG�WR�FRQWURO�PHPEUDQH�YROWDJH�DQG�UHFRUG�FXUUHQW�������

�����

Phospholipase D1 generation of phosphatidic acid ����

)ROORZLQJ�VXFFHVVIXO�LQFRUSRUDWLRQ�RI�SDGGOH�FKLPHUD�FKDQQHOV�LQWR�D�'3K3&�ELOD\HU��������

ȝO�RI��������XQLWV�PO�SKRVSKROLSDVH�'��SXULILHG�IURP�S. chromofuscus��6LJPD��ZHUH�SL�����

SHWWHG�LQWR�WKH�JURXQG�VLGH�RI�WKH�ELOD\HU�DQG�PL[HG�WKRURXJKO\�ZLWK�D�SLSHWWH��UHVXOWLQJ�����

LQ�D�ILQDO�FRQFHQWUDWLRQ�RI����XQLWV�PO���(OHFWURSK\VLRORJLFDO�UHFRUGLQJV�ZHUH�FRQGXFWHG�����

XVLQJ�ERWK�WKH�IRUZDUG�DQG�UHYHUVH�SURWRFROV�HYHU\�WHQ�PLQXWHV�XQWLO�WKH�PHPEUDQH�EH�����

FDPH�XQVWDEOH������

�����

Vesicle fusion ����

���PJ�RI�GHVLUHG�OLSLG�LQ�FKORURIRUP�ZHUH�GULHG�GRZQ�XQGHU�FRQVWDQW�$UJRQ�VWUHDP�DQG�����

WKHQ�UHVXVSHQGHG�LQWR�����PO�RI�����P0�.&O�����P0�+(3(6�S+�����E\�VRQLFDWLRQ��UH�����

VXOWLQJ�LQ�D�ILQDO�FRQFHQWUDWLRQ�RI����PJ�PO���)ROORZLQJ�LQFRUSRUDWLRQ�RI�SDGGOH�FKLPHUD�����

FKDQQHOV�LQWR�D�'3K3&�ELOD\HU������ȝO�RI�WKH�YHVLFOH�VROXWLRQ�ZDV�SLSHWWHG�RQWR�WKH�FKDP�����

EHU�VLGH�RI�WKH�ELOD\HU���$IWHU����PLQXWHV��HOHFWURSK\VLRORJLFDO�UHFRUGLQJV�ZHUH�SHUIRUPHG�����

XVLQJ�ERWK�WKH�IRUZDUG�DQG�UHYHUVH�SURWRFROV�IURP�WKH�VDPH�ELOD\HU������

�����
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Abbreviations ����

'3K3&�������GLSK\WDQR\O�sn�JO\FHUR���SKRVSKRFKROLQH��323$�����SDOPLWR\O���ROHR\O�����

sn�JO\FHUR���SKRVSKDWH��323&�����SDOPLWR\O���ROHR\O�sn�JO\FHUR���SKRVSKRFKROLQH������

323*���SDOPLWR\O���ROHR\O�sn�JO\FHUR���SKRVSKRJO\FHURO��3,���%RYLQH�OLYHU�/�Į�����

SKRVSKDWLG\OLQRVLWRO��3236�����SDOPLWR\O���ROHR\O�sn�JO\FHUR���SKRVSKR�/�VHULQH������

'03$�������GLP\ULVWR\O�sn�JO\FHUR���SKRVSKDWH��'23$�������GLROHR\O�sn�JO\FHUR�������

SKRVSKDWH��%U323$�����SDOPLWR\O���������GLEURPR�VWHDUR\O�sn�JO\FHUR���SKRVSKDWH������

'230H�������GLROHR\O�sn�JO\FHUR���SKRVSKRPHWKDQRO��'23(WK�������GLROHR\O�sn�����

JO\FHUR���SKRVSKRHWKDQRO��'233�������GLROHR\OJO\FHURO�S\URSKRVSKDWH��3,3���3RUFLQH�����

EUDLQ�/�Į�SKRVSKDWLG\OLQRVLWRO���SKRVSKDWH��&DUGLROLSLQ���%RYLQH�KHDUW�&DUGLROLSLQ������

6SKLQJRP\HOLQ���3RUFLQH�EUDLQ�6SKLQJRP\HOLQ��'3K3$�������GLSK\WDQR\O�sn�JO\FHUR�������

SKRVSKDWH��''0���n�GRGHF\O�ȕ�D�PDOWRS\UDQRVLGH��'0���n�GHF\O�ȕ�D�PDOWRS\UDQRVLGH������

+(3(6�ದ�1��K\GUR[\HWK\O�SLSHUD]LQH�1ಬ���HWKDQHVXOIRQLF�DFLG�����

�����

$FNQRZOHGJHPHQWV�����

:H�WKDQN�;LDR�7DR�DQG�$QLUEDQ�%DQHUMHH�IRU�DGYLFH�RQ�ELRFKHPLVWU\�DQG�FKDQQHO�UH�����

FRQVWLWXWLRQ�DQG�PHPEHUV�RI�WKH�0DF.LQQRQ�ODERUDWRU\�IRU�KHOSIXO�GLVFXVVLRQV��7KLV�����

ZRUN�ZDV�VXSSRUWHG�LQ�SDUW�E\�*0�������5�.�+��LV�D�+RZDUG�+XJKHV�0HGLFDO�,QVWLWXWH�����

)HOORZ�RI�7KH�+HOHQ�+D\�:KLWQH\�)RXQGDWLRQ��5�0��LV�DQ�LQYHVWLJDWRU�RI�WKH�+RZDUG�����

+XJKHV�0HGLFDO�,QVWLWXWH������

� �����
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)LJXUH�/HJHQGV�����

)LJXUH����323$�PRGLILHV�.Y�FKDQQHO�JDWLQJ���$��5HSUHVHQWDWLYH�IDPLO\�RI�FXUUHQWV�����

UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�'3K3&�ELOD\HUV��9ROWDJH�LV�VWHSSHG�IURP�D�KROGLQJ�YROWDJH�����

RI������P9�WR�LQFUHDVLQJO\�PRUH�SRVLWLYH�GHSRODUL]DWLRQ�YROWDJHV�������P9�WR�����P9������

¨9� ����P9��DQG�WKHQ�UHWXUQHG�WR�WKH�KROGLQJ�YROWDJH�RI������P9���%��1RUPDOL]HG�WDLO�����

FXUUHQWV��PHDQ���6(0��IURP�FXUUHQW�IDPLOLHV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�'3K3&�EL�����

OD\HUV�DUH�ILW�ZLWK�D�%ROW]PDQQ�IXQFWLRQ�ZLWK�KDOI�DFWLYDWLRQ�YROWDJH�9PLG� ���������P9������

= �����1 ����&��5HSUHVHQWDWLYH�IDPLO\�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�����

'3K3&�323$�������ELOD\HUV�IURP�D�KROGLQJ�YROWDJH�RI�����P9�WR�LQFUHDVLQJO\�PRUH�SRVL�����

WLYH�GHSRODUL]DWLRQ�YROWDJHV������P9�WR�����P9��¨9� ����P9��DQG�WKHQ�UHWXUQHG�WR�WKH�����

KROGLQJ�YROWDJH�RI�����P9���'��1RUPDOL]HG�WDLO�FXUUHQWV��PHDQ���6(0��IURP�FXUUHQW�����

IDPLOLHV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�GLIIHUHQW�OLSLG�PL[WXUHV�DUH�ILW�ZLWK�%ROW]PDQQ�����

IXQFWLRQV��'3K3&�323$���������9PLG� ���������P9��= �����1 ���'3K3&�323&�������������

9PLG� ���������P9��= �����1 ���'3K3&�323(���������9PLG� ���������P9��= �����1 �������

'3K3&�323*���������9PLG� ���������P9��= �����1 ���'3K3&�3236���������9PLG� �����������

��P9��= �����1 ���'3K3&�3,���������9PLG� ���������P9��= �����1 �������

'3K3&�6SKLQJRP\HOLQ���������9PLG� ���������P9��= �����1 ���'3K3&�&DUGLROLSLQ�����������

��9PLG� ���������P9��= �����1 ���'3K3&���9PLG� ���������P9��= �����1 ��������

 ����

)LJXUH���ILJXUH�VXSSOHPHQW����5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�����

FKDQQHOV��5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ��$������

'3K3&�323&�������ELOD\HUV����%��'3K3&�323(�������ELOD\HUV���&���'3K3&�323*�����������

ELOD\HUV���'��'3K3&�3236�������ELOD\HUV����(��'3K3&�3,�������ELOD\HUV���)������

'3K3&�6SKLQJRP\HOLQ�������ELOD\HUV��DQG��*��'3K3&�&DUGLROLSLQ�������ELOD\HUV��9ROWDJH�����



�

 ��

LV�VWHSSHG�IURP�D�KROGLQJ�YROWDJH�RI������P9�WR�LQFUHDVLQJO\�PRUH�SRVLWLYH�YROWDJHV�������

����P9�WR�����P9��¨9� ����P9��DQG�WKHQ�UHWXUQHG�WR�WKH�KROGLQJ�YROWDJH�RI������P9�����

IRU�$�'��)�RU�����P9�IRU�(�DQG�*� ����

�����

)LJXUH����&RQFHQWUDWLRQ�GHSHQGHQFH�RI�.Y�FKDQQHO�DFWLYDWLRQ�E\�323$���$��1RUPD�����

OL]HG�WDLO�FXUUHQWV��PHDQ���6(0��IURP�FXUUHQW�IDPLOLHV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�����

'3K3&�323$�PL[WXUHV�DUH�ILW�ZLWK�%ROW]PDQQ�IXQFWLRQV��'3K3&���9PLG� ���������P9������

= �����1 ���'3K3&�323$����������9PLG� ���������P9��= �����1 ���'3K3&�323$�����������

��9PLG� ���������P9��= �����1 ���'3K3&�323$���������9PLG� ���������P9��= �����1 �������

'3K3&�323$���������9PLG� ���������P9��= �����1 ���323$���9PLG� ���������P9������

= �����1 �����%��3ORW�RI�9PLG�GHWHUPLQHG�IURP�ILW�RI�WDLO�FXUUHQWV�WR�WKH�%ROW]PDQQ�HTXD�����

WLRQ�YHUVXV�PROH�IUDFWLRQ�RI�323$�IRU�.Y�FKDQQHOV�LQ�ELOD\HUV�FRQWDLQLQJ�'3K3&�323$�����

�UHG��RU�323(�323$��JUHHQ��PL[WXUHV� ����

�����

)LJXUH���ILJXUH�VXSSOHPHQW����5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�����

FKDQQHOV��5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ��$��'3K3&�����

ELOD\HUV����%��'3K3&�323$��������ELOD\HUV���&���'3K3&�323$�������ELOD\HUV���'������

'3K3&�323$�������ELOD\HUV����(��'3K3&�323$�������ELOD\HUV�DQG��)��323$�ELOD\HUV������

)RU�$�&��YROWDJH�LV�VWHSSHG�IURP�D�KROGLQJ�YROWDJH�RI������P9�WR�LQFUHDVLQJO\�PRUH�����

SRVLWLYH�YROWDJHV�������P9�WR�����P9��'�'�ELOD\HU�DQG�WKHQ�UHWXUQHG�WR�D�KROGLQJ�YRO�����

WDJH�RI������P9��)RU�'�)��YROWDJH�LV�VWHSSHG�IURP�D�KROGLQJ�YROWDJH�RI�����P9�WR�LQFUHD�����

VLQJO\�PRUH�SRVLWLYH�YROWDJHV������P9�WR�����P9����' ����P9��DQG�WKHQ�UHWXUQHG�WR�WKH�����

KROGLQJ�YROWDJH�RI�����P9�� �����



�

 ��

)LJXUH����&RQFHQWUDWLRQ�GHSHQGHQFH�RI�.Y�FKDQQHO�DFWLYDWLRQ�E\�SKRVSKROLSLGV���$������

3ORW�RI�9PLG�GHWHUPLQHG�IURP�D�ILW�RI�WDLO�FXUUHQWV�WR�WKH�%ROW]PDQQ�HTXDWLRQ�YHUVXV�SKRV�����

SKROLSLG�PROH�IUDFWLRQ�IRU�.Y�FKDQQHOV�LQ�ELOD\HUV�FRQWDLQLQJ�'3K3&�323$��UHG�������

'3K3&�323&��EODFN���'3K3&�323*��WHDO���'3K3&�3236��SXUSOH��DQG�'3K3&�3,��EOXH������

PL[WXUHV���%��3ORW�RI�9PLG�GHWHUPLQHG�IURP�D�ILW�RI�WDLO�FXUUHQWV�WR�WKH�%ROW]PDQQ�HTXDWLRQ�����

YHUVXV�SKRVSKROLSLG�PROH�IUDFWLRQ�IRU�.Y�FKDQQHOV�LQ�ELOD\HUV�FRQWDLQLQJ�'3K3&�323$�����

�UHG���'3K3&�'03$��JUHHQ���'3K3&�'23$��EXUJXQG\��DQG�'3K3&�%U323$��RUDQJH������

PL[WXUHV���&��3ORW�RI�9PLG�GHWHUPLQHG�IURP�D�ILW�RI�WDLO�FXUUHQWV�WR�WKH�%ROW]PDQQ�HTXDWLRQ�����

YHUVXV�SKRVSKROLSLG�PROH�IUDFWLRQ�IRU�.Y�FKDQQHOV�LQ�ELOD\HUV�FRQWDLQLQJ�'3K3&�323$�����

�UHG���'3K3&�'230H��YLROHW��DQG�'3K3&�'23(WK��EOXH��PL[WXUHV���'��3ORW�RI�9PLG�GH�����

WHUPLQHG�IURP�D�ILW�RI�WDLO�FXUUHQWV�WR�WKH�%ROW]PDQQ�HTXDWLRQ�YHUVXV�SKRVSKROLSLG�PROH�����

IUDFWLRQ�IRU�.Y�FKDQQHOV�LQ�ELOD\HUV�FRQWDLQLQJ�'3K3&�'233��RUDQJH���'3K3&�'23$�����

�EXUJXQG\���'3K3&�3,3��YLROHW��DQG�'3K3&�3,��EOXH��PL[WXUHV���(��0ROHFXODU�VWUXFWXUHV�����

RI�SKRVSKROLSLGV�DQDO\]HG�LQ�$�'�ZLWK�SULPDU\�SKRVSKDWHV�KLJKOLJKWHG�LQ�UHG� ����

�����

)LJXUH���ILJXUH�VXSSOHPHQW����5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�����

FKDQQHOV��5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ��$������

'3K3&�'03$�������ELOD\HUV����%��'3K3&�'23$�������ELOD\HUV���&���'3K3&�%U323$�����

������ELOD\HUV���'��'3K3&�'230H�������ELOD\HUV����(��'3K3&�'23(WK�������ELOD\HUV��)������

'3K3&�'233�ELOD\HUV�DQG��*��'3K3&�3,3�ELOD\HUV��)RU�$��%�DQG�)��YROWDJH�LV�VWHSSHG�����

IURP�D�KROGLQJ�YROWDJH�RI�����P9�WR�LQFUHDVLQJO\�PRUH�SRVLWLYH�YROWDJHV������P9�WR���������

P9��¨9� ����P9��DQG�WKHQ�UHWXUQHG�WR�WKH�KROGLQJ�YROWDJH�RI�����P9��)RU�&��YROWDJH�LV�����

VWHSSHG�IURP�D�KROGLQJ�YROWDJH�RI�����P9�WR�LQFUHDVLQJO\�PRUH�SRVLWLYH�YROWDJHV������P9�����



�

 ��

WR�����P9��¨9� ����P9��DQG�WKHQ�UHWXUQHG�WR�����P9��)RU�'��(�DQG�*��YROWDJH�LV�����

VWHSSHG�IURP�D�KROGLQJ�YROWDJH�RI������P9�WR�LQFUHDVLQJO\�PRUH�SRVLWLYH�YROWDJHV�����������

P9�WR�����P9��¨9� ����P9��DQG�WKHQ�UHWXUQHG�WR�WKH�KROGLQJ�YROWDJH�RI������P9������

�����

)LJXUH����.Y�DFWLYDWLRQ�LQ�3KRVSKROLSDVH�'��WUHDWHG�'3K3&�ELOD\HUV���$��1RUPD�����

OL]HG�WDLO�FXUUHQWV�IURP�UHSUHVHQWDWLYH�FXUUHQW�IDPLOLHV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�D�����

'3K3&�ELOD\HU��EODFN���RXWVLGH�RXW�IDFLQJ�FKDQQHOV��9PLG� �����P9��UHG���LQVLGH�RXW�IDF�����

LQJ�FKDQQHOV��9PLG� �����P9��DUH�ILW�WR�WKH�%ROW]PDQQ�HTXDWLRQ���%��1RUPDOL]HG�WDLO�FXU�����

UHQWV�IURP�UHSUHVHQWDWLYH�FXUUHQW�IDPLOLHV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�D�'3K3&�ELOD\HU�����

IROORZLQJ�DGGLWLRQ�RI����XQLWV�PO�S. chromofuscus SKRVSKROLSDVH�'��WR�WKH�H[WUDFHOOXODU�����

PHPEUDQH�DUH�ILW�WR�WKH�%ROW]PDQQ�HTXDWLRQ��EODFN�����PLQ��9PLG� �����P9��EOXH����������

PLQ��9PLG� �����P9��SXUSOH������PLQ��9PLG� �����P9��EXUJXQG\������PLQ�9PLG� �����P9������

UHG������PLQ��9PLG� �����P9����&��1RUPDOL]HG�WDLO�FXUUHQWV�IURP�UHSUHVHQWDWLYH�FXUUHQW�����

IDPLOLHV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�D�'3K3&�ELOD\HU�IROORZLQJ�DGGLWLRQ�RI����XQLWV�PO�����

S. chromofuscus SKRVSKROLSDVH�'��WR�WKH�LQWUDFHOOXODU�VLGH�RI�WKH�PHPEUDQH�DUH�ILW�WR�WKH�����

%ROW]PDQQ�HTXDWLRQ��EODFN�����PLQ��9PLG� �����P9��EOXH������PLQ��9PLG� �����P9��SXUSOH�����

�����PLQ��9PLG� �����P9��EXUJXQG\������PLQ��9PLG� �����P9��UHG������PLQ��9PLG� ��������

P9����'��$YHUDJH�FKDQJH�LQ�9PLG�IROORZLQJ�DGGLWLRQ�RI����XQLWV�PO�S. chromofuscus ����

SKRVSKROLSDVH�'��WR�WKH�LQWUDFHOOXODU�RU�H[WUDFHOOXODU�VLGH�RI�WKH�PHPEUDQH��¨9PLG� �9PLG�����

�W����9PLG��W �������PLQXWHV���LQWUDFHOOXODU�¨9PLG� ����P9��H[WUDFHOOXODU�¨9PLG� ����P9������

1 ������PLQXWHV���LQWUDFHOOXODU�¨9PLG� ����P9��H[WUDFHOOXODU�¨9PLG� ����P9��1 ����������

PLQXWHV���LQWUDFHOOXODU�¨9PLG� ����P9��H[WUDFHOOXODU�¨9PLG� �����P9��1 ������PLQXWHV�������

LQWUDFHOOXODU�¨9PLG� ����P9��H[WUDFHOOXODU�¨9PLG� �����P9��1 ��������

 ����



�

 ��

)LJXUH���ILJXUH�VXSSOHPHQW����5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�����

FKDQQHOV�LQ�3KRVSKROLSDVH�'��WUHDWHG�'3K3&�ELOD\HUV��5HSUHVHQWDWLYH�IDPLOLHV�RI�FXU�����

UHQWV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�'3K3&�ELOD\HUV��$����DQG��%�����PLQXWHV�DIWHU�DGGL�����

WLRQ�RI����XQLWV�PO�S. chromofuscus�SKRVSKROLSDVH�'��WR�WKH�H[WUDFHOOXODU�VLGH�RI�WKH�����

PHPEUDQH���5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�'3K3&�����

ELOD\HUV��&����DQG��'�����PLQXWHV�DIWHU�DGGLWLRQ�RI����XQLWV�PO�S. chromofuscus�SKRVSKR�����

OLSDVH�'��WR�WKH�LQWUDFHOOXODU�VLGH�RI�WKH�PHPEUDQH���)RU�$��YROWDJH�LV�VWHSSHG�IURP�D�����

KROGLQJ�YROWDJH�RI������P9�WR�LQFUHDVLQJO\�PRUH�SRVLWLYH�YROWDJHV�������P9�WR���P9������

¨9� ����P9��WKHQ�UHWXUQHG�WR�WKH�KROGLQJ�YROWDJH�RI������P9��)RU�%��YROWDJH�LV�VWHSSHG�����

IURP�D�KROGLQJ�YROWDJH�RI������P9�WR�LQFUHDVLQJO\�PRUH�SRVLWLYH�YROWDJHV�������P9�WR�������

P9��¨9� ����P9��WKHQ�UHWXUQHG�WR�WKH�KROGLQJ�YROWDJH�RI������P9��)RU�&��YROWDJH�LV�����

VWHSSHG�IURP�D�KROGLQJ�YROWDJH�RI������P9�WR�LQFUHDVLQJO\�PRUH�QHJDWLYH�YROWDJHV�����������

P9�WR���P9��¨9� �����P9��WKHQ�UHWXUQHG�WR�WKH�KROGLQJ�YROWDJH�RI������P9��)RU�'������

YROWDJH�LV�VWHSSHG�IURP�D�KROGLQJ�YROWDJH�RI�����P9�WR�LQFUHDVLQJO\�PRUH�QHJDWLYH�YRO�����

WDJHV������P9�WR�����P9��¨9� �����P9��WKHQ�UHWXUQHG�WR�WKH�KROGLQJ�YROWDJH�RI����������

P9�������

�����

)LJXUH����.Y�DFWLYDWLRQ�LQ�'3K3&�ELOD\HUV�IXVHG�ZLWK�SKRVSKROLSLG�YHVLFOHV���$������

1RUPDOL]HG�WDLO�FXUUHQWV�IURP�UHSUHVHQWDWLYH�FXUUHQW�IDPLOLHV�UHFRUGHG�IURP�.Y�FKDQQHOV�����

LQ�D�'3K3&�ELOD\HU�EHIRUH��EODFN��9PLG� �����P9��DQG�DIWHU�IXVLRQ�RI�323$�YHVLFOHV�WR�����

WKH�H[WUDFHOOXODU��UHG��9PLG� �����P9��RU�LQWUDFHOOXODU��EOXH��9PLG� �����P9��VXUIDFH�RI�WKH�����

ELOD\HU�DUH�ILW�WR�WKH�%ROW]PDQQ�HTXDWLRQ���%��1RUPDOL]HG�WDLO�FXUUHQWV�IURP�UHSUHVHQWD�����

WLYH�FXUUHQW�IDPLOLHV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�D�'3K3&�ELOD\HU�EHIRUH��EODFN��9PLG� �����



�

 ��

����P9��DQG�IROORZLQJ�IXVLRQ�RI�323&�YHVLFOHV�WR�WKH�H[WUDFHOOXODU��UHG��9PLG� �����P9������

RU�LQWUDFHOOXODU��EOXH��9PLG� �����P9��VXUIDFH�RI�WKH�ELOD\HU�DUH�ILW�WR�WKH�%ROW]PDQQ�HTXD�����

WLRQ���&��1RUPDOL]HG�WDLO�FXUUHQWV�IURP�UHSUHVHQWDWLYH�FXUUHQW�IDPLOLHV�UHFRUGHG�IURP�.Y�����

FKDQQHOV�LQ�D�'3K3&�ELOD\HU�EHIRUH��EODFN��9PLG� �����P9��DQG�IROORZLQJ�IXVLRQ�RI�����

323*�YHVLFOHV�WR�WKH�H[WUDFHOOXODU��UHG��9PLG� �����P9��RU�LQWUDFHOOXODU��EOXH��9PLG� ���������

P9��VXUIDFH�RI�WKH�ELOD\HU�DUH�ILW�WR�WKH�%ROW]PDQQ�HTXDWLRQ���'��1RUPDOL]HG�WDLO�FXUUHQWV�����

IURP�UHSUHVHQWDWLYH�FXUUHQW�IDPLOLHV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ�D�'3K3&�ELOD\HU�EH�����

IRUH��EODFN��9PLG� �����P9��DQG�IROORZLQJ�IXVLRQ�RI�3236�YHVLFOHV�WR�WKH�H[WUDFHOOXODU�����

�UHG��9PLG� �����P9��RU�LQWUDFHOOXODU��EOXH��9PLG� �����P9��VXUIDFH�RI�WKH�ELOD\HU�DUH�ILW�WR�����

WKH�%ROW]PDQQ�HTXDWLRQ���(��$YHUDJH�FKDQJH�LQ�9PLG��IROORZLQJ�DGGLWLRQ�RI�SKRVSKROLSLG�����

YHVLFOHV�WR�WKH�LQWUDFHOOXODU�RU�H[WUDFHOOXODU�VLGH�RI�WKH�PHPEUDQH��¨9PLG� �9PLG��YHVLFOH�����

IXVLRQ����9PLG��QR�IXVLRQ���323$���H[WUDFHOOXODU�¨9PLG� �����P9��LQWUDFHOOXODU�¨9PLG� ��������

P9��1 ���323*���H[WUDFHOOXODU�¨9PLG� �����P9��LQWUDFHOOXODU�¨9PLG� �����P9��1 �������

3236���H[WUDFHOOXODU�¨9PLG� �����P9��LQWUDFHOOXODU�¨9PLG� ����P9��1 ���323&���H[WUD�����

FHOOXODU�¨9PLG� ����P9��LQWUDFHOOXODU�¨9PLG� ����P9��1 ��������

 ����

)LJXUH����6XUIDFH�FKDUJH�YROWDJH�RIIVHW�LQ�SKRVSKROLSLG�PHPEUDQHV���$��,Q�V\PPHWULF�����

PHPEUDQHV�ODFNLQJ�FKDUJHG�SKRVSKROLSLGV��9PHP��WKH�voltage WR�ZKLFK�FKDQQHOV�UHVSRQG� ����

is equal to the FRPPDQG�YROWDJH��9L�±�9R��VHW�RQ the DPSOLILHU� (B) In asymmetric mem-����

branes containing DQLRQLF�OLSLGV�H[FOXVLYHO\�LQ�WKH�RXWHU�OHDIOHW�RI�WKH�PHPEUDQH��9PHP�LV�����

HTXDO�WR�WKH�FRPPDQG�YROWDJH��9L�±�9R��PLQXV the surface potential of the RXWHU�PHP�����

EUDQH��ĭo� (C) In asymmetric membranes containing DQLRQLF�OLSLGV�H[FOXVLYHO\�LQ�WKH�LQ�����

QHU�OHDIOHW�RI�the PHPEUDQH��9PHP�LV�HTXDO�WR the FRPPDQG�YROWDJH��9L�±�9R��SOXV the sur-����

face potential of the LQQHU�PHPEUDQH��ĭi�������
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)LJXUH����3KRVSKDWLGLF�DFLG�PRGLILHV�.Y$3�DFWLYDWLRQ���$��1RUPDOL]HG�WDLO�FXUUHQWV�����

�PHDQ���6(0��IURP�FXUUHQW�IDPLOLHV�UHFRUGHG�IURP�.Y$3�LQ�'3K3&�ELOD\HUV��EODFN��9P�����

LG� ���������P9��= ���, 1 ����'3K3&�'3K3$�������ELOD\HUV��UHG��9PLG� ��������P9������

= ���,�1 ���DQG�'3K3&�323$�������ELOD\HUV��EOXH��9PLG� ��������P9��= �����1 ���DUH�����

ILW�WR�WKH�%ROW]PDQQ�HTXDWLRQ���%��$YHUDJH�GLIIHUHQFH�LQ�9PLG EHWZHHQ�'3K3&�DQG�����

'3K3&�'3K3$�������PHPEUDQHV�IRU�.Y$3�DQG�.Y$3�PXWDQW�FKDQQHOV��¨9PLG� ��9PLG�����

'3K3&�'3K3$�������9PLG�'3K3&���.Y$3��¨9PLG� ����P9��1 ���5���.��¨9PLG� ��������

P9��1 ���5���.��¨9PLG� ����P9��1 ���5���.��¨9PLG� ����P9��1 ���5���$��¨9PLG� �����

��P9��1 ����.���$��¨9PLG� ����P9��1 ���.���5��¨9PLG� ���P9��1 ����5���$�����

.���$��¨9PLG� ����P9��1 ���5���.�.���$��¨9PLG� ����P9��1 ���5���.�.���5������

¨9PLG� ����P9��1 ��� ����

�����

)LJXUH���ILJXUH�VXSSOHPHQW����5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y$3�����

FKDQQHOV��5HSUHVHQWDWLYH�IDPLOLHV�RI�FXUUHQWV�UHFRUGHG�IURP�.Y�FKDQQHOV�LQ��$��'3K3&�ELOD\HUV�������

�%��'3K3&�'3K3$�������ELOD\HUV���&���'3K3&�323$�������ELOD\HUV��9ROWDJH�LV�VWHSSHG�IURP�D�����

KROGLQJ�YROWDJH�RI������P9�WR�LQFUHDVLQJO\�PRUH�SRVLWLYH�YROWDJHV�������P9�WR�����P9��¨9� �����

���P9��UHWXUQHG�WR�WKH�KROGLQJ�YROWDJH�RI������P9�IRU�$�DQG�%�DQG�����IRU�&���'��9PLG�GHWHU�����

PLQHG�IURP�ILWV�WR�WKH�%ROW]PDQQ�HTXDWLRQ�IRU�.Y$3�DQG�.Y$3�PXWDQW�FKDQQHOV��.Y$3������

'3K3&�9PLG� ���������P9��= �����1 ���'3K3&�'3K3$�������9PLG� ��������P9��= ���������

1 ���5���.��'3K3&�9PLG� ���������P9��= �����1 ����'3K3&�'3K3$�������9PLG� ���������

����P9��= �����1 ���5���.��'3K3&�9PLG� ��������P9��= �����1 ����'3K3&�'3K3$�����

������9PLG� ���P9��= �����1 ���5���.��'3K3&�9PLG� ���������P9��= �����1 ��������

'3K3&�'3K3$�������9PLG� ���������P9��= �����1 ���5���$��'3K3&�9PLG� ������������
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P9��= �����1 ����'3K3&�'3K3$�������9PLG� ��������P9��= �����1 ���.���$��'3K3&�����

9PLG� ��������P9��= �����1 ����'3K3&�'3K3$�������9PLG� �������P9��= �����1 �������

.���5��'3K3&�9PLG� ���������P9��= �����1 ����'3K3&�'3K3$�������9PLG� �������������

P9��= �����1 ����5���$�.���$��'3K3&�9PLG� ��������P9��= �����1 ��������

'3K3&�'3K3$�������9PLG� �������P9��= �����1 ���5���.�.���$��'3K3&�9PLG� ����������

��P9��= �����1 ����'3K3&�'3K3$�������9PLG� �������P9��= �����1 ���5���.�.���5������

'3K3&�9PLG� ���������P9��= �����1 ����'3K3&�'3K3$�������9PLG� ��������P9��= ���������

1 ��������

�����

)LJXUH����6WUXFWXUH�DQG�VHTXHQFH�DOLJQPHQW�RI�.Y�FKDQQHOV���$��9LHZ�IURP�WKH�PHP�����

EUDQH�SODQH�RI�WKH�YROWDJH�VHQVRU�GRPDLQV�RI�UDW�.Y��������SDGGOH�FKLPHUD�DQG�.Y$3������

7KH�6��WUDQVPHPEUDQH�KHOLFHV�DQG�WKHLU�SRVLWLYHO\�FKDUJHG�UHVLGXHV�DUH�KLJKOLJKWHG�LQ�����

\HOORZ��7KH�GDVKHG�JUH\�OLQH�PDUNV�WKH�DSSUR[LPDWH�SRVLWLRQV�RI�WKH�SKRVSKROLSLG�KHDG�����

JURXSV���%��6HTXHQFH�DOLJQPHQW�RI�WKH�6��WUDQVPHPEUDQH�KHOLFHV�IURP�UDW�.Y������������

SDGGOH�FKLPHUD��.Y$3�DQG�D. melanogaster 6KDNHU�.��FKDQQHO��1XPEHULQJ�LV�DFFRUGLQJ�����

WR�.Y$3�VHTXHQFH������
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