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Abstract  

 

Our previously reported structures of calpain bound to its endogenous inhibitor calpastatin have 

motivated the use of aziridine aldehyde-mediated peptide macrocyclization towards the design of 

cyclic peptides and peptidomimetics as calpain inhibitors. Inspired by QDWXUH¶V hint that a �-turn 

loop within calpastatin forms a broad interaction around FDOSDLQ¶V active site cysteine, we have 

constructed and tested a library of 45 peptidic compounds based on this loop sequence. Four 

molecules have shown reproducibly low micromolar inhibition of calpain-2. Further systematic 

sequence changes led to the development of probes that displayed increased potency and 

specificity of inhibition against calpain over other cysteine proteases. Calculated Ki values were 

in the low �0 range, rivaling other peptidomimetic calpain inhibitors and presenting an 

improved selectivity profile against other therapeutically relevant proteases. Competitive and 

mixed inhibition against calpain-2 was observed and an allosteric inhibition site on the enzyme 

was identified for a non-competitive inhibitor.  

 

Keywords 

cyclic peptide; calpain; calcium-activated protease; inhibitor; enzyme kinetics; cysteine protease; 

macrocycles 

 

,QWURGXFWLRQ 

 

 &DOSDLQV�DUH�D�IDPLO\�RI�&D��-DFWLYDWHG�F\WRVROLF�PXOWL-GRPDLQ�F\VWHLQH�SURWHDVHV�WKDW�DUH�

UHVSRQVLEOH�IRU�VSHFLILF��OLPLWHG�FOHDYDJH�RI�D�ZLGH�YDULHW\�RI�SURWHRO\WLF�WDUJHWV���7KH\�DFW�RQ�
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&D���VLJQDOV�WR�EULQJ�DERXW�FHOOXODU�UHVSRQVHV�VXFK�DV�UHRUJDQL]DWLRQ�RI�WKH�F\WRVNHOHWRQ��FHOO�

F\FOH�UHJXODWLRQ��DQG�DSRSWRVLV��-��2YHU-DFWLYDWLRQ��HLWKHU�E\�VSHFLILF�PXWDWLRQV�RU�XSVWUHDP�

HIIHFWV��FDXVH�QXPHURXV�SDWKRORJLFDO�FRQGLWLRQV�LQ�KHDUW�DWWDFN��VWURNH��$O]KHLPHU¶V�GLVHDVH��

FDQFHU��QHXURGHJHQHUDWLRQ��PXVFXODU�G\VWURSK\��DQG�WUDXPDWLF�EUDLQ�LQMXU\��-� 

 7KH�PRVW�H[WHQVLYHO\�VWXGLHG�LVRIRUPV��FDOSDLQV-��DQG�-���DUH�KHWHURGLPHUV�FRPSRVHG�RI�

DQ�LVRIRUP-VSHFLILF���-N'D�ODUJH�VXEXQLW�DQG�D�FRPPRQ���-N'D�VPDOO�VXEXQLW��������-���&DOSDLQ-��

UHTXLUHV�PXOWL-�0�FRQFHQWUDWLRQV�RI�&D����ZKLOH�FDOSDLQ-��UHTXLUHV�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�

OHYHO�LQ�WKH�VXE-P0�UDQJH����-���$FWLYDWLRQ�E\�&D���LQGXFHV�FRQIRUPDWLRQDO�FKDQJHV�LQ�WKH�

HQ]\PH��DOLJQLQJ�WKH�GRPDLQV�RI�WKH�SURWHDVH�FRUH�IRU�DFWLYH�VLWH�FOHIW�IRUPDWLRQ�DQG�UHVXOWLQJ�LQ�

DQ�RYHUDOO�PRUH�FRPSDFW�HQ]\PH� 

 &DOSDLQV-��DQG�-��KDYH�D�KLJKO\�VSHFLILF�QDWXUDO�LQKLELWRU��FDOSDVWDWLQ��ZKLFK�LV�WKRXJKW�WR�

OLPLW�WKHLU�SURWHRO\WLF�DFWLYLW\�ZLWKLQ�WKH�FHOO��&DOSDVWDWLQ�ELQGV�WKH�HQ]\PH�RQO\�ZKHQ�WKH�ODWWHU�

LV�LQ�WKH�&D��-DFWLYDWHG�IRUP�DQG�LV�UHOHDVHG�IURP�WKH�HQ]\PH�DW�ORZ�FRQFHQWUDWLRQV�RI�&D���������

&DOSDVWDWLQ�LV�DQ�LQWULQVLFDOO\�XQVWUXFWXUHG���-N'D�SURWHLQ�FRPSULVHG�RI�ILYH�GRPDLQV��IRXU�RI�

ZKLFK��&$67���WKURXJK����DUH�KRPRORJRXV�DQG�LQGHSHQGHQWO\�LQKLELWRU\�DQG�HDFK�FRQWDLQ�

VXEGRPDLQV�$��%��DQG�&������&U\VWDO�VWUXFWXUHV�RI�&D��-ERXQG�FDOSDLQ�LQKLELWHG�E\�FDOSDVWDWLQ�

KDYH�UHYHDOHG�WKH�PRGH�RI�LQKLELWLRQ����������6XEGRPDLQV�$�DQG�&��ZKLFK�KHOS�DQFKRU�WKH�LQKLELWRU�

WR�WKH�HQ]\PH��)LJXUH�����IRUP�DPSKLSDWKLF�.-KHOLFHV�XSRQ�ELQGLQJ�WR�K\GURSKRELF�FOHIWV�LQ�WKH�

WZR�SHQWD-()�KDQG��3()��GRPDLQV��6XEGRPDLQ�%�LV�UHVSRQVLEOH�IRU�LQKLELWLRQ�RI�FDOSDLQ�E\�

ELQGLQJ�DQG�RFFOXGLQJ�WKH�SULPHG�DQG�XQSULPHG�VLGHV�RI�WKH�DFWLYH�VLWH�FOHIW�IRUPHG�E\�WKH�

SURWHDVH�FRUH�GRPDLQV��6XEGRPDLQ�%�DYRLGV�FOHDYDJH�E\�ORRSLQJ�RXW�DQG�DZD\�IURP�WKH�DFWLYH�

VLWH�F\VWHLQH�ZLWK�D��-WXUQ�DW�WKH�FRQVHUYHG�/\V���-/HX���-*O\���-*OX�����,W�DOVR�IRUPV�D�WZR-WXUQ�

DPSKLSDWKLF�.-KHOL[�WKDW�ELQGV�RQ�WKH�SULPHG�VLGH�RI�WKH�FOHIW� 
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KLJKO\�SRWHQW�ZLWK�PRGHUDWH�VHOHFWLYLW\��EXW�ODFN�WKHUDSHXWLF�SRWHQWLDO�GXH�WR�WKHLU�ORZ�DTXHRXV�

VROXELOLW\����,Q�WKHLU�ZRUN�RQ�NHWRDPLGH�LQKLELWRUV�RI�FDOSDLQ��$EE9LH�QRWHG�SKDUPDFRNLQHWLF�

LVVXHV�LQ�GHYHORSPHQW�GXH�WR�SRRU�FHOOXODU�VWDELOLW\�������0RUHRYHU��DV�WKH�SK\VLRORJLFDO�WDUJHWV�RI�

FDOSDLQ�FOHDYDJH�UHPDLQ�ODUJHO\�XQGHILQHG��FDOSDLQ-VHOHFWLYH�LQKLELWRUV�DUH�VRXJKW�IRU�WKHLU�XVH�DV�

LQ�YLWUR�WRROV�IRU�WDUJHW�LGHQWLILFDWLRQ�LQ�DGGLWLRQ�WR�XVH�DJDLQVW�DIRUHPHQWLRQHG�FDOSDLQ-DVVRFLDWHG�

SDWKRORJLHV��&DOSDLQ�LVRIRUP�VSHFLILFLW\�LV�DOVR�GHVLUHG�LQ�FDVHV�RI�LVRIRUP-VSHFLILF�SDWKRORJLHV��

&XUUHQWO\��PRVW�FRPSRXQGV�VKRZ�PDUJLQDO�VHOHFWLYLW\�EHWZHHQ�FDOSDLQV-��DQG�-���ZKLFK�FDQ�

SUHYHQW�SURJUHVVLRQ�LQWR�FOLQLF�WULDOV�RI�VXFK�FRPSRXQGV��VXFK�DV�VHHQ�ZLWK�1-��-

IOXRURSKHQ\OVXOIRQ\O�-O-YDO\O-O-OHXFLQDO��6-$-���������� 

7KH�UHFHQW�FU\VWDO�VWUXFWXUHV�RI�&D��-DFWLYDWHG�FDOSDLQ�KDYH�DOORZHG�IRU�WKH�VWUXFWXUH-

EDVHG�GHVLJQ�RI�LQKLELWRUV�DORQJ�WKH�HQWLUH�DFWLYH�VLWH�FOHIW��LQFOXGLQJ�WKRVH�UHJLRQV�RI�SRWHQWLDO�

LQWHUDFWLRQ�ZLWK�WKH�FDOSDLQ-VSHFLILF�&�-OLNH��&�/��GRPDLQ�������7KLV�KDG�QRW�EHHQ�SRVVLEOH�

EHIRUH��DV�WKH�RQO\�VWUXFWXUHV�DYDLODEOH�RI�FDOSDLQ�LQ�WKH�DFWLYH�FRQIRUPDWLRQ�ZHUH�WKRVH�RI�WKH�

XQLQKLELWHG�DQG�LQKLELWHG�SURWHDVH�FRUH��3&���GRPDLQV�3&����3&�����������-�� 

 3URWHDVHV�XQLYHUVDOO\�ELQG�WR�WKH�H[WHQGHG��-VWUDQG�FRQIRUPDWLRQ�RI�WKHLU�VXEVWUDWHV����

7KLV�LQVLJKW�SURYLGHV�D�SRVVLEOH�H[SODQDWLRQ�IRU�WKH�VXSHULRU�LQKLELWLRQ�DFKLHYHG�E\�PDQ\�

SHSWLGRPLPHWLF�PROHFXOHV�ZLWK�FRQIRUPDWLRQDO�UHVWULFWLRQV�WKDW�IDYRXU�D��-VWUDQG-OLNH�

IRUPDWLRQ�������6LPLODU�WUHQGV�KDYH�EHHQ�QRWHG�IRU�FDOSDLQ�LQKLELWLRQ����6LQFH�UHFRJQLWLRQ�

VHTXHQFHV�DUH�RIWHQ��-��UHVLGXHV�LQ�OHQJWK��RQH�VXFFHVVIXO�DSSURDFK�WR�LQKLELWRU�V\QWKHVLV�LV�WR�

ORFN�WKH�VHTXHQFH�LQWR�D�VSHFLILF�FRQIRUPDWLRQ�ZLWKLQ�D�F\FOLF�SHSWLGH��&\FOL]DWLRQ�FDQ�UHVXOW�LQ�D�

UHGXFHG�HQWURSLF�SHQDOW\�IRU�ELQGLQJ�WR�D�SURWHLQ�KRVW��WKHUHE\�PDNLQJ�LW�D�IDYRXUDEOH�

LQWHUDFWLRQ�������,Q�DGGLWLRQ��F\FOLF�SHSWLGHV�H[KLELW�JUHDWHU�VWDELOLW\�WR�SURWHRO\WLF�GHJUDGDWLRQ�E\�

SHSWLGDVHV�LQ�WKH�FHOO����&\FOLF�SHSWLGHV�KDYH�SUHYLRXVO\�EHHQ�XVHG�WR�VXFFHVVIXOO\�LQKLELW�+,9�
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SURWHDVH����+&9�16��SURWHDVH����DQG�HYHQ�FDOSDLQ��)LJXUH�������7R�IXUWKHU�FDSLWDOL]H�RQ�WKH�

F\FOL]DWLRQ��-VWUDQG�ORFNLQJ�PHFKDQLVP��ZH�QRWHG�WKDW�FDOSDVWDWLQ�KDV�D�FRQVHUYHG��-WXUQ�ZKHUH�

LW�ELQGV�WR�WKH�DFWLYH�VLWH�RI�FDOSDLQ�� 

:H�K\SRWKHVL]HG�WKDW�E\�XVLQJ�WKH�FDOSDLQ-VSHFLILF�LQKLELWLRQ�FKDUDFWHULVWLFV�RI�

FDOSDVWDWLQ��ZH�ZRXOG�EH�DEOH�WR�GHVLJQ�QRYHO��SRWHQW�FDOSDLQ�LQKLELWRUV��6SHFLILFDOO\��LQKLELWRU�

GHVLJQ�EDVHG�RQ�WKH�FDOSDVWDWLQ��-WXUQ�UHVLGXHV�./*(�ZRXOG�SURSDJDWH�FDOSDVWDWLQ-OLNH�

VSHFLILFLW\�DQG�SRWHQF\�WR�VXFK�LQKLELWRUV��'HVLJQLQJ�LQKLELWRUV�LQ�WKLV�PDQQHU�ZLWKRXW�D�FKHPLFDO�

ZDUKHDG�ZRXOG�DOORZ�WR�DYRLG�WKH�KLJK�SRWHQWLDO�IRU�WR[LFLW\�IRXQG�ZLWK�FRPSRXQGV�FRQWDLQLQJ�

UHDFWLYH�FHQWHUV��WKXV�SRWHQWLDOO\�LPSURYLQJ�FOLQLFDO�XVH����%DVHG�RQ�SULRU�ZRUN�ZLWK�F\FOLF�

SHSWLGHV�GHULYHG�IURP�D]LULGLQH�DOGHK\GH-PHGLDWHG�SHSWLGH�PDFURF\FOL]DWLRQ��ZH�H[SHFWHG���-

PHPEHUHG�ULQJV�WR�DGRSW�ULJLG���-WXUQ�VWUXFWXUHV��$GGLWLRQDOO\��ZH�ZHUH�LQWHUHVWHG�LQ�FRPSDULQJ�

WKH�VWUXFWXUH-DFWLYLW\�HIIHFWV�RI�FRQVWUDLQLQJ�WKH�./*(-W\SH�VHTXHQFHV�ZLWKLQ�F\FOLF�SHSWLGHV�WR�

DPLGLQH-EDVHG�F\FOH-WDLO�PRWLI�SHSWLGRPLPHWLFV�WKDW�DUH�DOVR�GHULYHG�IURP�WKH�D]LULGLQH�

DOGHK\GH-PHGLDWHG�PDFURF\FOL]DWLRQ�FKHPLVWU\��)LJXUH�����+HUH��ZH�VKRZ�WKDW�F\FOLF�SHSWLGH�DQG�

DPLGLQH-EDVHG�F\FOH-WDLO�PRWLI�SHSWLGRPLPHWLFV�LQKLELW�F\VWHLQH�SURWHDVHV��LQFOXGLQJ�FDOSDLQ��DQG�

WKDW�ERWK�VKRZ�YDULRXV�PRGHV�RI�LQKLELWLRQ�RI�FDOSDLQ-��ZLWK�.L�YDOXHV�LQ�WKH�ORZ�PLFURPRODU�

UDQJH��,Q�DGGLWLRQ��SKRWR-UHDFWLYH�FURVV-OLQNLQJ�KDV�EHHQ�XVHG�WR�LGHQWLI\�LQKLELWRU�ELQGLQJ�VLWHV�

IRU�WZR�RI�WKH�OLEUDU\�FRPSRXQGV� 
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Figure 2.  Comparison of $EHOO¶V cyclic peptide inhibitors of calpain24 to compounds from 

this study, which were derived from the multicomponent synthesis of peptides, aziridine 

aldehydes, and isocyanides 

  

 

([SHULPHQWDO�6HFWLRQ 

 

0DWHULDOV��$FWLYH�ZLOG-W\SH�DQG�LQDFWLYH�&���6�PXWDQW�UDW�UHFRPELQDQW�FDOSDLQ-�����DQG�UDW�

FDOSDLQ-��SURWHDVH�FRUH���ZHUH�H[SUHVVHG�DQG�SXULILHG�DV�SUHYLRXVO\�GHVFULEHG��5DW�FDOSDLQ�

HQ]\PHV�ZHUH�XVHG�RYHU�KXPDQ-VRXUFHG�FDOSDLQV�EDVHG�RQ�WKH�DYDLODELOLWLHV�RI�UHFRPELQDQW�

H[SUHVVLRQ�WHFKQLTXHV�IRU�KLJK�TXDQWLWLHV�RI�SURWHLQ��DQG�WKH�FU\VWDO�VWUXFWXUHV�RI�UDW�IXOO-OHQJWK�

HQ]\PH�DQG�SURWHDVH�FRUH�FRQVWUXFW��3DSDLQ��KXPDQ�FDWKHSVLQ�/��WKH�F\VWHLQH�SURWHDVH�VXEVWUDWH�
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=-)5-$0&��DQG�OHXSHSWLQ�ZHUH�SXUFKDVHG�IURP�&DOELRFKHP��7KH�FDOSDLQ�VXEVWUDWH��('$16�-

(3/)$(5.-�'$%&</��ZDV�V\QWKHVL]HG�E\�%LRPHU�7HFKQRORJ\� 

 

&\FOLF�SHSWLGH�DQG�SHSWLGRPLPHWLF�V\QWKHVLV��3HSWLGHV�ZHUH�V\QWKHVL]HG�XVLQJ�WKH�WHOHVFRSLF�

F\FOL]DWLRQ�D]LULGLQH�ULQJ-RSHQLQJ�V\QWKHVLV����8QOHVV�RWKHUZLVH�QRWHG��D�3UR-WHUPLQDWHG�SHSWLGH�

ZDV�F\FOL]HG�DW�D������PPRO�VFDOH�LQ�D��-GUDP�YLDO��7R�LW��ZDV�DGGHG�D]LULGLQH�DOGHK\GH�GLPHU�

������PPRO������HT��DV�PRQRPHU���7)(������P/������0���DQG�WHUW-EXW\O�LVRF\DQLGH������PPRO������

HT����7KH�UHDFWLRQ�ZDV�OHIW�WR�VWLU�DW�URRP�WHPSHUDWXUH�IRU���K�DQG�PRQLWRUHG�WKURXJKRXW�E\�53-

+3/&�06��5LQJ-RSHQLQJ�RI�WKH�D]LULGLQH�PRLHW\�ZDV�LQLWLDWHG�E\�DGGLWLRQ�RI�WKLREHQ]RLF�DFLG�

�����PPRO������HT��DQG�OHIW�WR�VWLU�IRU���PRUH�KRXUV��$IWHUZDUGV��5DQH\�-1LFNHO�VOXUU\��DSSUR[��

����P/��ZDV�DGGHG��UHDFWLRQ�FDSSHG��DQG�DOORZHG�WR�VWLU�IRU�D�ILQDO����K��7KH�PL[WXUH�ZDV�ILOWHUHG�

WKURXJK�&HOLWH�ZLWK�PHWKDQRO��DQG�FRQFHQWUDWHG�XQGHU�UHGXFHG�SUHVVXUH��7)$�'&0���������P/��

ZDV�WKHQ�DGGHG�WR�WKH�PL[WXUH�WR�GHSURWHFW�WKH�VLGH�FKDLQV��7KH�FOHDYDJH�FRFNWDLO�ZDV�HYDSRUDWHG�

ZLWK�D�VWUHDP�RI�QLWURJHQ�DIWHU���K�RI�VWLUULQJ�DW�URRP�WHPSHUDWXUH��7KH�7)$�VDOW�ZDV�WKHQ�

SXULILHG�E\�VHPL-SUHSDUDWLYH�53-+3/&�06�RU�UHYHUVHG-SKDVH�IODVK�FKURPDWRJUDSK\��7KH�SXUH�

IUDFWLRQV�ZHUH�SRROHG�WRJHWKHU�DQG�O\RSKLOL]HG�WR�DIIRUG�WKH�ILQDO�SURGXFWV�DV�ZKLWH�RU�RII-ZKLWH�

SRZGHUV��3XULW\�ZDV�FRQILUPHG�WR�EH�������E\�+3/&�06�DQG�SURGXFWV�ZHUH�LGHQWLILHG�E\�105�

DQG�+3/&�06��VHH�WKH�6XSSRUWLQJ�,QIRUPDWLRQ�� 

 

53-+3/&�06��/RZ�UHVROXWLRQ�PDVV�VSHFWUD��(6,��ZHUH�FROOHFWHG�RQ�DQ�$JLOHQW�7HFKQRORJLHV�

�����VHULHV�+3/&�SDLUHG�WR�D������0DVV�6SHFWURPHWHU��&RPSRXQGV�ZHUH�UHVROYHG�RQ�DQ�$JLOHQW�

3RURVKHOO�����(&-&���������P������[����PP
��FROXPQ�DW�URRP�WHPSHUDWXUH�ZLWK�D�IORZ�RI���

P/�PLQ��7KH�JUDGLHQW�FRQVLVWHG�RI�HOXHQWV�$�������IRUPLF�DFLG�LQ�GRXEOH-GLVWLOOHG�ZDWHU��DQG�%�
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������IRUPLF�DFLG�LQ�+3/&-JUDGH�DFHWRQLWULOH���7KH�JUDGLHQW�PHWKRG�VWDUWHG�ZLWK�D�VWHS�RI����RI�

%�IRU�WKH�ILUVW������PLQ��IROORZHG�E\�D�OLQHDU�JUDGLHQW�IURP����WR�����%�LQ�����PLQ��7KH�FROXPQ�

ZDV�WKHQ�ZDVKHG�ZLWK������%�IRU�����PLQ�DQG�HTXLOLEUDWHG�DW����%�IRU�����PLQ� 

 

3HSWLGH�105���+�DQG���&�105�VSHFWUD�ZHUH�UHFRUGHG�RQ�9DULDQ�0HUFXU\�����DQG�$JLOHQW�����

0+]�RU�����0+]�VSHFWURPHWHUV���+�105�VSHFWUD�ZHUH�UHIHUHQFHG�WR�&'&O��������SSP���

&'�2'�������SSP���'062-G��������SSP�����&�105�VSHFWUD�ZHUH�UHIHUHQFHG�WR�&'&O��������

SSP���&'�2'�������SSP���DQG�'062-G���������SSP���105�VSHFWUD�ZHUH�UHFRUGHG�DW�����&�

XQOHVV�RWKHUZLVH�VSHFLILHG��3HDN�PXOWLSOLFLWLHV�DUH�GHVLJQDWHG�E\�WKH�IROORZLQJ�DEEUHYLDWLRQV��V��

VLQJOHW��EV��EURDG�VLQJOHW��G��GRXEOHW��W��WULSOHW��T��TXDUWHW��P��PXOWLSOHW��GV��GRXEOHW�RI�VLQJOHWV��GG��

GRXEOHW�RI�GRXEOHWV��GGG��GRXEOHW�RI�GRXEOHW�RI�GRXEOHWV��EW��EURDG�WULSOHW��WG��WULSOHW�RI�GRXEOHWV��

WGG��WULSOHW�RI�GRXEOHWV�RI�GRXEOHWV� 

 

0RGHOOLQJ��GRFNLQJ�VLPXODWLRQ��DQG�PROHFXODU�G\QDPLFV�VLPXODWLRQ�VWXGLHV��,QLWLDO�GHVLJQV�IRU�

WKH�F\FOLF�SHSWLGHV�ZHUH�PRGHOOHG�XVLQJ�3\02/�EDVHG�RQ�WKH�FU\VWDOORJUDSKLF�VWUXFWXUH�RI�

FDOSDVWDWLQ-ERXQG�FDOSDLQ-���3'%���%2:�����6%*ULG�&RQVRUWLXP-VXSSRUWHG�VRIWZDUH�

DSSOLFDWLRQV�ZHUH�XVHG����0ROHFXODU�G\QDPLFV��0'��FDOFXODWLRQV�ZHUH�GRQH�ZLWK�WKH�

*520$&6�SDFNDJH���RQ�FDOSDLQ-���7KH�SURWHLQ�ZDV�VROYDWHG�LQ�D�ER[�XVLQJ�������ZDWHU�

PROHFXOHV��7KH�QHW�FKDUJH�RI�WKH�V\VWHP�ZDV�QHXWUDOL]HG�ZLWK����VRGLXP�LRQV��7KH�V\VWHP�ZDV�

WKHQ�VXEMHFWHG�WR�HQHUJ\�PLQLPL]DWLRQ��SRVLWLRQ-UHVWUDLQHG�PROHFXODU�G\QDPLFV�WR�VHWWOH�WKH�ZDWHU�

PROHFXOHV��DQG�XQUHVWUDLQHG�PROHFXODU�G\QDPLFV�VLPXODWLRQV��7KH�VLPXODWLRQV�ZHUH�UXQ�DW�D�

WHPSHUDWXUH�RI�����.�XVLQJ�D�WLPH�VWHS�RI���IV�IRU�D�WRWDO�GXUDWLRQ�RI����QV��/RQJ-UDQJH�

HOHFWURVWDWLFV�ZHUH�WUHDWHG�ZLWK�WKH�SDUWLFOH�PHVK�(ZDOG�PHWKRG��7KH�VLPXODWLRQV�ZHUH�FRQGXFWHG�
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XQGHU�LVRWKHUPDO�FRQGLWLRQV�XVLQJ�9-UHVFDOH�WHPSHUDWXUH�FRXSOLQJ��0'�VWXGLHV�ZLWK�FDOSDLQ-��

XVHG�WKH�&+$500���DQG�23/6���IRUFH�ILHOGV�IRU�SURWHLQ�DQG�WKH�63&(�ZDWHU�PRGHO��0'�

FDOFXODWLRQV�ZHUH�DOVR�GRQH�RQ�VHOHFW�F\FOLF�SHSWLGHV��7RSRORJ\�ILOHV�DQG�SDUDPHWHUV�IRU�WKH�

F\FOLF�SHSWLGHV�ZHUH�SURYLGHG�E\�6ZLVV3DUDP����0'�VWXGLHV�ZLWK�F\FOLF�SHSWLGHV�ZHUH�UXQ�LQ�D�

VLPLODU�PHWKRG�WR�WKRVH�RI�FDOSDLQ-��DQG�XVHG�WKH�&+$500�IRUFH�ILHOG����5HVXOWV�ZHUH�

DQDO\]HG�XVLQJ�90'����'RFNLQJ�VLPXODWLRQV�ZHUH�GRQH�XVLQJ�$XWR'RFN��DQG�

$XWR'RFN7RROV�����DQG�*OLGH��-���LQ�WKH�0DHVWUR�6FKU|GLQJHU�6RIWZDUH�6XLWH�IRU�GRFNLQJ�WKH�

F\FOLF�SHSWLGHV�WR�WKH�DFWLYH�VLWH�FOHIW�RI�FDOSDLQ-���FDOSDLQ-��SURWHDVH�FRUH��DQG�SDSDLQ��7KH�

SURWHLQ�UHFHSWRUV�ZHUH�XVHG�LQ�ULJLG�GRFNLQJ�PRGH��)RU�WKH�F\FOLF�OLJDQGV��UHVLGXH�VLGH�FKDLQV�

PDLQWDLQHG�IOH[LELOLW\�ZKLOH�WKH�SHSWLGH�EDFNERQH�ZDV�WRUVLRQDOO\�FRQVWUDLQHG�EDVHG�RQ�105�

VWUXFWXUHV��7KH�$XWR'RFN��GRFNLQJV�ZHUH�SHUIRUPHG�XVLQJ�WKH�/DPDUFNLDQ�JHQHWLF�DOJRULWKP�

ZLWK�SDUDPHWHUV�DV�IROORZV������GRFNLQJV��SRSXODWLRQ�VL]H�RI������UDQGRP�VWDUWLQJ�SRVLWLRQ�DQG�

FRQIRUPDWLRQ��WUDQVODWLRQ�VWHSV�RI�����@��URWDWLRQ�VWHSV�RI������PXWDWLRQ�UDWH�RI�������FURVVRYHU�

UDWH�RI������ORFDO�VHDUFK�IUHTXHQF\�RI�������DQG�����PLOOLRQ�HQHUJ\�HYDOXDWLRQV��)LQDO�GRFNHG�

FRQIRUPDWLRQV�ZHUH�FOXVWHUHG�XVLQJ�D�URRW-PHDQ-VTXDUHG�GHYLDWLRQ��506'��RI�����@��*OLGH�

GRFNLQJV�ZHUH�SHUIRUPHG�XVLQJ�GHIDXOW�VHWWLQJV�ZLWK�VRPH�H[FHSWLRQV��*OLGH-;3��H[WUD�

SUHFLVLRQ��RSWLRQ�ZDV�VHOHFWHG��WRUVLRQDO�FRQVWUDLQWV�ZHUH�VHW�IRU�F\FOH�EDFNERQH�DQG�SHSWLGH�

ERQGV�VWDUWLQJ�IURP�WKH�FRPSRXQG¶V�105�VWUXFWXUH��DQG�DW�PRVW�����SRVHV�SHU�OLJDQG�ZHUH�

SURGXFHG��*OLGH�GRFNLQJ�UHVXOWV�ZHUH�DQDO\]HG�E\�3ULPH�00-*%�6$������WR�GHWHUPLQH�WKH�IUHH�

HQHUJLHV�RI�ELQGLQJ� 

 

3HSWLGH�LQKLELWRU�OLEUDU\�VFUHHQLQJ�DQG�FDOSDLQ�LQKLELWLRQ�NLQHWLFV�XVLQJ�D�IOXRUHVFHQFH-EDVHG�

K\GURO\VLV�DVVD\��7KH�UDWH�RI�FOHDYDJH�RI�WKH��('$16�-(3/)$(5.-�'$%&</��IOXRUHVFHQW�
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VXEVWUDWH�ZDV�PRQLWRUHG�LQ�D����-P/�FXYHWWH�XVLQJ�D�3HUNLQ-(OPHU�/6���IOXRUHVFHQFH�

VSHFWURPHWHU�ZLWK��H[� �����QP���HP� �����QP�DQG�VOLW�ZLGWKV�RI����QP��7ULSOLFDWH�UHDGLQJV�ZHUH�

REWDLQHG�DW�����V�LQWHUYDOV��7KH�FXYHWWH�FRQWDLQHG�����Q0�UDW�FDOSDLQ-��SURWHDVH�FRUH�RU����Q0�

UDW�FDOSDLQ-������0�VXEVWUDWH��DQG��-�����0�SHSWLGH�LQKLELWRU��GLVVROYHG�LQ�'062�DW�VWRFN�

FRQFHQWUDWLRQV�RI����P0��LQ����P0�+(3(6��S+������DQG����P0�'77��&RQWURO�DVVD\V�ZHUH�

SHUIRUPHG�ZLWK�DQ�HTXLYDOHQW�DPRXQW�RI�'062��7KH�WRWDO�FRQFHQWUDWLRQ�RI�'062�LQ�HDFK�

UHDFWLRQ�ZDV�������7KH�UHDFWLRQ�ZDV�LQLWLDWHG�ZLWK�WKH�DGGLWLRQ�RI�&D&O��WR���P0�LQ�D�ILQDO�

YROXPH�RI�����P/� 

 

,QKLELWLRQ�RI�SDSDLQ�DQG�FDWKHSVLQ�/�LQ�D�IOXRUHVFHQFH-EDVHG�K\GURO\VLV�DVVD\��)RU�SDSDLQ�

DFWLYLW\�DVVD\V��WKH�UDWH�RI�FOHDYDJH�RI�WKH��('$16�-(3/)$(5.-�'$%&</��IOXRUHVFHQW�

VXEVWUDWH�ZDV�PHDVXUHG�LQ�D�VLPLODU�PDQQHU�DV�WKH�FDOSDLQ�DFWLYLW\�DVVD\V��)RU�KXPDQ�FDWKHSVLQ�/�

DFWLYLW\�DVVD\V��WKH�UDWH�RI�FOHDYDJH�RI�WKH�=-)5-$0&�IOXRUHVFHQW�VXEVWUDWH�ZDV�TXDQWLILHG�DJDLQ�

LQ�D�VLPLODU�PDQQHU�EXW�ZLWK��H[� �����QP���HP� �����QP�DQG�VOLW�ZLGWKV�RI���QP��7ULSOLFDWH�

UHDGLQJV�ZHUH�REWDLQHG�DW�����V�LQWHUYDOV��7KH�FXYHWWH�FRQWDLQHG����0��('$16�-(3/)$(5.-

�'$%&</��RU����0�=-)5-$0&��DQG������0�SHSWLGH�LQKLELWRU��GLVVROYHG�LQ�'062�DW�VWRFN�

FRQFHQWUDWLRQV�RI����P0��LQ����P0�+(3(6��S+������DQG����P0�'77��SDSDLQ��RU�����0�

1D2$F-+&O��S+���������P0�('7$��DQG���P0�'77��FDWKHSVLQ�/���&RQWURO�DVVD\V�ZHUH�

SHUIRUPHG�ZLWK�DQ�HTXLYDOHQW�DPRXQW�RI�'062��7KH�WRWDO�FRQFHQWUDWLRQ�RI�'062�LQ�HDFK�

UHDFWLRQ�ZDV�������7KH�UHDFWLRQV�ZHUH�LQLWLDWHG�E\�WKH�DGGLWLRQ�RI����Q0�SDSDLQ�RU���Q0�

FDWKHSVLQ�/��UHVSHFWLYHO\��7KH�LQLWLDO�UDWHV�ZHUH�GHWHUPLQHG�DFFRUGLQJ�WR�WKH�SURFHGXUH�XVHG�IRU�

WKH�FDOSDLQ�DFWLYLW\�DVVD\��$OO�UHDFWLRQV�ZHUH�SHUIRUPHG�DW�����.�  
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$QDO\VLV�RI�HQ]\PH�NLQHWLFV�ZLWK�OHDG�FRPSRXQGV��)OXRURJHQLF�K\GURO\VLV�DVVD\V�ZHUH�SHUIRUPHG�

ZLWK�FRQFHQWUDWLRQV�RI�VXEVWUDWH�UDQJLQJ�IURP��-�����0�DQG�LQKLELWRU�FRQFHQWUDWLRQV�IURP��-���

�0��7KH�LQLWLDO�UDWHV�ZHUH�GHWHUPLQHG�E\�ILWWLQJ�D�VWUDLJKW�OLQH�WR�WKH�OLQHDU�SRUWLRQ�RI�WKH�

SURJUHVV�FXUYHV��ILUVW����V�DIWHU�&D���DGGLWLRQ���)LJXUH�6�����7KH�UHVXOWLQJ�UDWH�GDWD�ZHUH�ILWWHG�WR�

0LFKDHOLV-0HQWHQ�FXUYHV�IRU�WKH�YLVXDOL]DWLRQ�RI�HQ]\PH�LQKLELWLRQ��.L��.P��DQG�9PD[�YDOXHV�IRU�

WKH�UHDFWLRQV�ZHUH�REWDLQHG�IURP�VLPXOWDQHRXVO\�ILWWLQJ�WKH�XQLQKLELWHG�DQG�LQKLELWHG�GDWD�WR�WKH�

IXOO�PL[HG�HQ]\PH�LQKLELWLRQ�HTXDWLRQ�EHORZ� 

 

R L

8àÔë

sE >+?
-Ü6

>5?

-à

sE >+?
-Ü5

sE >+?
-Ü6

E >5?
 

ZKHUH�.L��LV�WKH�GLVVRFLDWLRQ�FRQVWDQW�IRU�LQKLELWRU�IURP�IUHH�HQ]\PH��DQG�.L��LV�WKH�GLVVRFLDWLRQ�

FRQVWDQW�IRU�LQKLELWRU�IURP�WKH�(6�FRPSOH[� 

 

)RU�WKRVH�LQKLELWRUV�WKDW�DSSHDUHG�WR�IROORZ�FRPSHWLWLYH�LQKLELWLRQ�NLQHWLFV��WKH�GDWD�ZDV�ILW�WR�WKH�

FRPSHWLWLYH�LQKLELWLRQ�HTXDWLRQ�EHORZ� 

R L 8àÔë>5?

-à ls E >+?
-Ü5

p E >5?
 

 

6LPXOWDQHRXV�QRQ-OLQHDU�UHJUHVVLRQ�ILWWLQJ�ZDV�GRQH�E\�D�VLPLODU�PHWKRG�DV�.DNNDU�HW�DO����XVLQJ�

WKH�QRQ-OLQHDU�OHDVW�VTXDUHV�ILWWLQJ�IXQFWLRQ�RI�JQXSORW����$OO�UHDFWLRQV�ZHUH�FRUUHFWHG�IRU�WKH�

LQQHU�ILOWHU�HIIHFW�DV�SUHYLRXVO\�GHVFULEHG���E\�PHDVXULQJ�WKH�IOXRUHVFHQFH�RI�LQFUHDVLQJ�DPRXQWV�
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RI�VXEVWUDWH�ZLWK�D�IL[HG�FRQFHQWUDWLRQ�RI�IUHH�('$16�IOXRURSKRUH�DQG�WKHUHE\�FDOFXODWLQJ�D�

FRUUHFWLRQ�IDFWRU� 

 

,GHQWLI\LQJ�WKH�LQKLELWRU�ELQGLQJ�VLWH�E\�SKRWR-UHDFWLYH�FURVV-OLQNLQJ��3HSWLGHV�ZHUH�V\QWKHVL]HG�

XVLQJ�WKH�WKLRHVWHU�GHDF\ODWLRQ�PHWKRGRORJ\�WR�HVWDEOLVK�D�WKLRO�JURXS�RQ�WKH�SHSWLGH�IRU�

GRZQVWUHDP�FRQMXJDWLRQ����7KH�UHDFWLRQV�SURFHHGHG�E\�ILUVW�H[SRVLQJ�WKH�SHSWLGHV�WR�F\FOL]DWLRQ�

FRQGLWLRQV�DQG�WKHQ�ULQJ-RSHQLQJ�ZLWK�D�WKLRDFLG��'77�DQG�.�&2��ZHUH�XVHG�IRU�GHDF\ODWLRQ�RI�

WKH�UHVXOWLQJ�WKLRHVWHU��7KH�WKLRO-FRQWDLQLQJ�SHSWLGH�ZDV�FRQMXJDWHG�WR�EHQ]RSKHQRQH-�-

PDOHLPLGH�LQ�'0)��GHSURWHFWHG�XQGHU�DFLGLF�FRQGLWLRQV��DQG�SXULILHG�E\�UHYHUVHG-SKDVH�IODVK�

FKURPDWRJUDSK\��)RU�PRUH�GHWDLOV��VHH�6XSSRUWLQJ�,QIRUPDWLRQ��$�FRQWURO�LQKLELWLRQ�VWXG\�ZDV�

SHUIRUPHG�WR�HQVXUH�WKH�SKRWRUHDFWLYH�SUREHV�UHPDLQHG�DFWLYH��7KH�SKRWR-UHDFWLYH�SUREHV�ZHUH�

FURVV-OLQNHG�WR�FDOSDLQ�XVLQJ�VLPLODU�PHWKRGV�WR�WKRVH�RI�2¶1HLO��HW�DO�������%HQ]RSKHQRQH-

FRQWDLQLQJ�FRPSRXQGV�DP
>3*/R@�DQG�F
>3*$/.@�ZHUH�HDFK�LQFXEDWHG�ZLWK�FDOSDLQ�DW���DQG�

���PRODU�H[FHVV�����DQG�����0��UHVSHFWLYHO\���$�FRQWURO�UHDFWLRQ�ZDV�FDUULHG�RXW�ZLWK�HTXLYDOHQW�

DPRXQWV�RI�'062���,QDFWLYH�&���6�PXWDQW�FDOSDLQ-��ZDV�SUHVHQW�DW�����PJ�P/�����0���7KH�

UHDFWLRQ�WRRN�SODFH�LQ�D�VROXWLRQ�RI����P0�+(3(6�S+���������P0�'77��DQG���P0�&D&O���

SODFHG�LQ���-ZHOO�&RUQLQJ�SRO\VW\UHQH�SODWHV��DQG�DOORZHG�WR�SURFHHG�XQGHU�ORQJ-ZDYH�89�OLJKW�

IRU�����K��7KH�SKRWR-DGGXFW�SURGXFWV�ZHUH�WKHQ�VXEPLWWHG�WR�WKH�3URWHLQ�)XQFWLRQ�'LVFRYHU\�

)DFLOLW\�DW�4XHHQ¶V�8QLYHUVLW\�IRU�WU\SWLF�GLJHVWLRQ�DQG�0$/',-72)�PDVV�ILQJHUSULQWLQJ��VHH�

6XSSRUWLQJ�,QIRUPDWLRQ�� 

 

 

5HVXOWV�DQG�'LVFXVVLRQ 
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3HSWLGH�PDFURF\FOL]DWLRQ�UHVXOWV�LQ�WKH�IRUPDWLRQ�RI�FDOSDVWDWLQ-OLNH��-WXUQV 

 

%XLOGLQJ�RQ�WKH�LQLWLDO�ZRUN�RI�SHSWLGH�PDFURF\FOL]DWLRQ�ZLWK�D]LULGLQH�DOGHK\GH�

GLPHUV����ZH�UHFHQWO\�REVHUYHG�D�SURSHQVLW\�IRU�WKH�F\FOLF�SURGXFWV�WR�IRUP��-WXUQV����,Q�WKH�

F\FOL]DWLRQ�SURFHVV��WKUHH�DGGLWLRQDO�DWRPV�DUH�LQWURGXFHG�LQWR�WKH�SHSWLGH�EDFNERQH��7KLV�

F\FOL]DWLRQ�OLQNHU�LV�FRPSULVHG�RI�DQ�H[RF\FOLF�DPLGH�DQG�DQ�D]LULGLQH�PRLHW\��WKH�ODWWHU�RI�ZKLFK�

FDQ�UHDFW�ZLWK�D�QXFOHRSKLOH��)LJXUH��$���7KH�SUHVHQFH�RI�WKH�FDUERQ\O�JURXS�LQ�FORVH�SUR[LPLW\�

WR�WKH�SHSWLGH�EDFNERQH�DOORZV�WKH�SHSWLGH�WR�DGRSW�D�PXOWLWXGH�RI�FRQIRUPDWLRQV�ZLWK�

WUDQVDQQXODU�K\GURJHQ�ERQGV��3HSWLGH�EDFNERQHV�RI�SHQWDPHUV�F\FOL]HG�ZLWK�WKH�D]LULGLQH�

DOGHK\GH�PHWKRGRORJ\�KDYH�EHHQ�IRXQG�WR�DGRSW��-WXUQ�VWUXFWXUHV�LQ�ERWK�VROXWLRQ�SKDVH��105��

DQG�VROLG�SKDVH��;-UD\�����,Q�WKH�VROLG�SKDVH�VWUXFWXUH�RI�F
>3*/*)@��D�W\SH�,,��-WXUQ�FHQWHUHG�RQ�

WKH�*O\-/HX�UHVLGXHV�ZDV�REVHUYHG��ZKLOH�LQ�WKH�VROXWLRQ�SKDVH��WKH�WXUQ�ZDV�LQGH[HG�E\�RQH�

UHVLGXH��VXFK�WKDW�WKH�WXUQ�ZDV�FHQWHUHG�RQ�WKH�3UR-*O\�UHVLGXHV�DQG�D�W\SH�,��-WXUQ�ZDV�IRUPHG�

�)LJXUH��%��� 
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� 

 

 

 

)LJXUH����0DFURF\FOL]DWLRQ�RI�SHSWLGHV�WR�PLPLF�QDWXUDO�FDOSDVWDWLQ��-WXUQ�PRWLIV���$��

$]LULGLQH�DOGHK\GH-EDVHG�PDFURF\FOL]DWLRQ�SURYLGHV�DFFHVV�WR��-WXUQ�PRWLIV�LQ�SHSWLGHV���7KH�

PDFURF\FOHV�DUH�GHQRWHG�ZLWK�F
>35�5�5�5�@��ZKHUH�35�5�5�5��FRUUHVSRQGV�WR�WKH�OLQHDU�

SHSWLGH�SHQWDPHU�SUHFXUVRU��$PLQR�DFLGV�RI�WKH�OLQHDU�SHSWLGH�SUHFXUVRU�DUH�VKRZQ�LQ�EODFN��

ZKLOH�WKH�ULQJ�FORVXUH-DVVRFLDWHG�FKHPLFDO�JURXSV�DUH�KLJKOLJKWHG�LQ�UHG���%��&\FOLF�SHSWLGH�

F
>3*/*)@��GHULYHG�IURP�OLQHDU�SHSWLGH�3*/*)��DUUDQJHV�LQWR�D�GLVWLQFW��-WXUQ�ZKHQ�REVHUYHG�

A 

c*[ PR1R2R3R4] c[PR1R2R3R4] 

c*[PGLGF] X-
ray crystal 

c*[PGLGF] NMR 
structure (DMSO) 

B 

PR1R2R3R4 
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E\�;-UD\�LQ�WKH�VROLG�VWDWH�YHUVXV�WKH�VROXWLRQ�SKDVH�VWUXFWXUH�LQ�'062��F
>3*/*)@�LV�VKRZQ�LQ�

VWLFN�UHSUHVHQWDWLRQ�ZLWK�R[\JHQ�DWRPV�FRORXUHG�UHG�DQG�QLWURJHQ�DWRPV�FRORXUHG�EOXH�� 

 

 $]LULGLQH�DOGHK\GH-PHGLDWHG�SHSWLGH�F\FOL]DWLRQ�ZDV�SHUIRUPHG�DW������±�����0�

FRQFHQWUDWLRQ�ZLWKRXW�DSSUHFLDEOH�DPRXQWV�RI�F\FORGLPHUL]DWLRQ�DQG�SRO\PHUL]DWLRQ�E\-SURGXFWV�

IRUPHG��ZKLFK�LV�D�GLVWLQFW�LPSURYHPHQW�RYHU�FRQYHQWLRQDO�SHSWLGH�F\FOL]DWLRQ�PHWKRGV����$�

FRPSHWLQJ�LQWUDPROHFXODU�UHDFWLRQ�SDWKZD\�OHG�WR�SHSWLGRPLPHWLFV�EHDULQJ�DQ�DPLGLQH�

IXQFWLRQDOLW\��)LJXUH�������7KH�DPLGLQH�SURGXFWV�DUH�D�QRYHO�VWUXFWXUDO�FODVV�EHDULQJ�D�F\FOH-WDLO�

PRWLI�ZLWK�D�SLSHUD]LQRQH-OLNH�FRUH�DQG�OLQHDU�SHSWLGH�FKDLQ��7KH�F\FOL]DWLRQ�UHDFWLRQ�IDYRXUV�

F\FOLF�SHSWLGH��)LJXUH����SURGXFWV�ZKHQ�SHQWDPHUV�IRUPHG�IURP�DOO�/-DPLQR�DFLGV�DUH�F\FOL]HG��

DQG�IRUPV�WKH�DPLGLQH�SURGXFWV�SUHGRPLQDQWO\�ZLWK�VPDOOHU�OLQHDU�SHSWLGHV�VXEVWUDWHV�RU�

SHQWDPHUV�ZLWK�YDULHG�VLGH�FKDLQ�VWHUHRFKHPLVWU\��$UPHG�ZLWK�WKH�PHWKRGRORJ\�WR�PDNH�WZR�

W\SHV�RI�SHSWLGLF�VWUXFWXUHV���-WXUQV�ZLWK�F\FOLF�SHSWLGHV�DQG�F\FOH-WDLO�PRWLIV�ZLWK�WKH�DPLGLQH�

SHSWLGRPLPHWLFV��ZH�WXUQHG�WR�WKH�FU\VWDO�VWUXFWXUHV�RI�FDOSDVWDWLQ-LQKLELWHG�&D��-DFWLYDWHG�IXOO-

OHQJWK�FDOSDLQ�DV�D�PRGHO�IRU�LQKLELWRU�GHYHORSPHQW� 
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)LJXUH����&\FOH-WDLO�PRWLI�SHSWLGHV�GHULYHG�IURP�D]LULGLQH�DOGHK\GHV�DQG�LVRF\DQLGH��7KH�

DPLGLQH��IXQFWLRQDOLW\�KLJKOLJKWHG�LQ�UHG��SHSWLGRPLPHWLFV�DUH�GHQRWHG�ZLWK�DP
>35�5�5�5�@��

ZKHUH�35�5�5�5��FRUUHVSRQGV�WR�WKH�OLQHDU�SHSWLGH�SHQWDPHU�SUHFXUVRU� 

 

  

 

 

0RGHOOLQJ�SRWHQWLDO�LQKLELWRUV�RQ�WKH��-WXUQ�VWUXFWXUH�RI�FDOSDVWDWLQ�LQ�WKH�FDOSDLQ�DFWLYH�VLWH�

FOHIW� 

  

3UHYLRXVO\�SXEOLVKHG�PHWKRGV�IRU�PDNLQJ�F\FOLF�SHSWLGHV������SURYLGHG�DQ�RSWLRQ�IRU�WKH�

GHVLJQ�DQG�PRGHOOLQJ�RI�SHSWLGHV�WR�PLPLF�WKH�FRQIRUPDWLRQ�RI�FDOSDVWDWLQ�LQ�WKH�FDOSDLQ�DFWLYH�

am*[PR1R2R3R4] 

PR1R2R3R4 
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VLWH��)LJXUH�����6RPH�RI�WKHVH�LQLWLDO�PRGHOV�ZHUH�DQDO\]HG�XVLQJ�WKH�PROHFXODU�G\QDPLFV�

VRIWZDUH�SDFNDJH�*520$&6����7KHVH�PRGHOV�ZHUH�WKHQ�XVHG�LQ�GRFNLQJ�VLPXODWLRQV��0'�

VLPXODWLRQV�RI�FDOSDLQ-���WDNHQ�IURP�WKH�FDOSDVWDWLQ-ERXQG�FDOSDLQ-��VWUXFWXUH��ZHUH�XVHG�DV�

UHSUHVHQWDWLYH�VWUXFWXUHV�WR�GRFN�F\FOLF�SHSWLGHV�XVLQJ�$XWR'RFN����DQG�*OLGH��-����7KH�ORZHVW�

HQHUJ\�FRQIRUPDWLRQV�IRU�WKH�GRFNHG�PROHFXOHV�FOXVWHUHG�LQ�WKH�XQSULPHG�VLGH�RI�WKH�DFWLYH�VLWH�

FOHIW�DQG�LQYROYHG�LQWHUDFWLRQV�ZLWK�WKH�&�-OLNH�GRPDLQ�RI�FDOSDLQ��)LJXUH���� 

 7KH�WHQGHQF\�IRU�RXU�LQLWLDO�F\FOLF�SHSWLGH�GHVLJQV�WR�DOVR�LQWHUDFW�ZLWK�WKH�&�/�GRPDLQ�

�JUHHQ�UHJLRQ�LQ�)LJ�����LQ�GRFNLQJ�DQG�0'�H[SHULPHQWV�VXJJHVWHG�WKDW�WKH�V\QWKHVL]HG�SHSWLGHV�

FRXOG�SRWHQWLDOO\�EH�VSHFLILF�LQKLELWRUV�RI�FDOSDLQ��EHFDXVH�WKLV�GRPDLQ�LV�DEVHQW�IURP�RWKHU�

F\VWHLQH�SURWHDVHV�� 

 

 

Figure 5.  Mimicking the active site of calpastatin-bound calpain-2 with cyclic peptides. 

Close-up view of the calpastatin-bound calpain-2 active site. A representative cyclic peptide 

docking result from Glide is shown for c*[PGLGK] (cyan), with polar hydrogens displayed and 

residues labelled, while calpastatin is shown in purple. N and O atoms are coloured blue and red, 
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respectively. The structure is shown with a partial cut-away to give a clear view of the bound 

inhibitors. Domain colours (C2L ± green, PC2 ± orange, PC1 ± yellow) are as shown in Fig.1. 

 

 

0DFURF\FOLF�DQG�F\FOH-WDLO�PRWLI�SHSWLGRPLPHWLF�OLEUDU\ 

  

$OO�SHSWLGHV�ZHUH�PDGH�ZLWK�3UR�DW�WKH�1-WHUPLQXV�WR�HQVXUH�HIILFLHQW�F\FOL]DWLRQ��%DVHG�

RQ�SUHYLRXV�ZRUN�ZLWK�WHWUDPHUV�DQG�SHQWDPHUV�FRQWDLQLQJ�WZR�'-DPLQR�DFLGV��ZKLFK�WHQGHG�WR�

XQGHUJR�DPLGLQH�IRUPDWLRQ��ZH�VSOLW�WKH�OLEUDU\�GHVLJQ�LQWR�WZR�JURXSV��7KH�ILUVW�JURXS��PDGH�RI�

F\FOL]HG�SHQWDPHUV��)LJXUH��$���ZDV�DLPHG�DW�PLPLFNLQJ�WKH�LQKLELWRU\�FDOSDVWDWLQ��-WXUQ�

VHTXHQFH�DW�./*��$W�WKH�/\V��WKH�VLGH�FKDLQ�OHQJWK�UHTXLUHPHQW�ZDV�LQYHVWLJDWHG�XVLQJ�WKH�

LQFUHDVLQJO\�VKRUWHU�DPLQH-EHDULQJ�VLGH�FKDLQ�UHVLGXHV�2UQ��'DE��DQG�'DS��%DVHG�RQ�WKH�FU\VWDO�

VWUXFWXUH�RI�F
>3*/*)@��ZKLFK�SRVLWLRQHG�WKH��-WXUQ�DURXQG�*O\-/HX��WKH�EDVLF�UHVLGXHV�ZHUH�

SODFHG�LQ�WKH�ILIWK�SRVLWLRQ��)LQDOO\��DV�LW�ZDV�SUHYLRXVO\�VHHQ�WKDW�WKH�VROXWLRQ�SKDVH�VWUXFWXUH�RI�

F
>3*/*)@�FRXOG�LQGH[�WKH�WXUQ�E\�RQH�UHVLGXH�DQG�IRUP�WKH��-WXUQ�DURXQG�3UR-*O\��)LJXUH��%���

EDVLF�UHVLGXHV�ZHUH�DOVR�SODFHG�LQ�WKH�WKLUG�SRVLWLRQ� 

 &\FOH-WDLO�PRWLI�SHSWLGRPLPHWLFV�FRPSULVHG�WKH�VHFRQG�JURXS�RI�SHSWLGHV�IRUPHG�IURP�

WKH�PXOWLFRPSRQHQW�UHDFWLRQ�RI�D]LULGLQH�DOGHK\GH�GLPHUV��SHSWLGHV��DQG�LVRF\DQLGHV��)LJXUH�����

7KLV�VHW�RI�LQKLELWRU�SUREHV�ZDV�DOVR�GHVLJQHG�WR�VFUHHQ�SHUPXWDWLRQV�RI�./*�WULSHSWLGH�VHTXHQFH�

DQG�OHQJWK�RI�DPLQH-EHDULQJ�VLGH�FKDLQV��$V�WKH�ELQGLQJ�PRGH�ZDV�OHVV�FHUWDLQ��WKH�RUGHU�RI�WKH�

./*�WULSHSWLGH�ZDV�DOVR�SHUWXUEHG�LQ�D�VXEVHW�RI�WKH�SHSWLGRPLPHWLF�SUREHV��:H�DQWLFLSDWHG�WKDW�

RXU�FRPSRXQGV�ZRXOG�LQKLELW�FDOSDLQ�ZLWK�UDGLFDOO\�GLIIHUHQW�SURSHUWLHV�IURP�$EHOO¶V�WULSHSWLGH�
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SHSWLGRPLPHWLFV��)LJXUH�����ZKLFK�UHOLHG�RQ�FRYDOHQW�ELQGLQJ�WR�LQKLELW�ZLWK�KLJK�,&��V�DQG�ZHUH�

QRW�VHOHFWLYH�DJDLQVW�FDWKHSVLQV��� 

 

 

6FUHHQLQJ�RI�SHSWLGH�OLEUDU\�XVLQJ�IOXRUHVFHQFH-EDVHG�SURWHDVH�DVVD\V 

  

:KHQ�WKH�F\FOL]HG�SHQWDPHUV�DQG�SHSWLGRPLPHWLFV�ZHUH�VFUHHQHG�XVLQJ�D�IOXRUHVFHQFH-

EDVHG�HQ]\PH�DFWLYLW\�DVVD\�DJDLQVW�FDOSDLQ-���PDFURF\FOLF�FRPSRXQGV�GHPRQVWUDWHG�VLJQLILFDQW�

OHYHOV�RI�LQKLELWLRQ�RI�FDOSDLQ-���)LJXUH��$���$SSUR[LPDWHO\�����RI�WKH�PDFURF\FOLF�FRPSRXQGV�

VKRZHG�OHYHOV�RI�LQKLELWLRQ�RI�FDOSDLQ-��WKDW�ZHUH�������DW�FRQFHQWUDWLRQV�RI������0��7ZR�

PDFURF\FOLF�SHSWLGHV��F
>3*$/.@�DQG�F
>3*6*2@��VKRZHG�UHSURGXFLEO\�KLJK�OHYHOV�RI�

LQKLELWLRQ�RI�FDOSDLQ-���!������DW�WKLV�FRQFHQWUDWLRQ� 

 /HYHOV�RI�LQKLELWLRQ�E\�WKH�SHSWLGRPLPHWLF�VHW�RI�FRPSRXQGV�ZHUH�VLPLODU�WR�WKRVH�RI�WKH�

PDFURF\FOLF�IRUPV�ZLWK�DSSUR[LPDWHO\�KDOI�RI�WKH�F\FOH-WDLO�PRWLI�SHSWLGRPLPHWLFV�VKRZLQJ���

����LQKLELWLRQ�DW�FRQFHQWUDWLRQV�RI������0��2QH�SHSWLGRPLPHWLF��DP
>3/.*@��DOVR�VKRZHG�

UHSURGXFLEO\�KLJK�OHYHOV�RI�LQKLELWLRQ�RI�FDOSDLQ-���!������DW�WKH������0�FRQFHQWUDWLRQ��ZKLOH�

DQRWKHU��DP
>3*/R@��VLPLODUO\�VKRZHG�KLJK�OHYHOV�RI�LQKLELWLRQ�RI�FDOSDLQ-��DW�FRQFHQWUDWLRQV�RI�

�����0��EXW�ZLWK�PRUH�YDULDWLRQ��IURP���-������)LJXUH��%��� 

 )XOO-OHQJWK�FDOSDLQ�HQ]\PH�KDV�EHHQ�IRXQG�WR�XQGHUJR�H[WHQVLYH�DXWRSURWHRO\VLV�LQ�YLWUR�

XSRQ�DFWLYDWLRQ����7KH�DXWRSURWHRO\VLV�RI�FDOSDLQ�ZDV�H[DPLQHG�LQ�WKH�FRQWH[W�RI�WKHVH�

H[SHULPHQWV�WR�HQVXUH�DSSDUHQW�LQKLELWLRQ�RI�FDOSDLQ�ZDV�QRW�GXH�WR�ORVV�RI�DFWLYLW\�HQ]\PH��

8QGHU�WKH�H[SHULPHQWDO�FRQGLWLRQV�XVHG�DQG�WKH�VKRUW�WLPH�IUDPH�DQDO\]HG�IRU�DFWLYLW\��

DXWRSURWHRO\VLV�ZDV�QRW�IRXQG�WR�EH�D�VLJQLILFDQW�VRXUFH�RI�LQDFWLYDWLRQ�RI�FDOSDLQ-���VHH�6,�� 
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'XH�WR�WKH�KLJK�VWUXFWXUDO�VLPLODULWLHV�RI�F\VWHLQH�SURWHDVHV��LW�ZDV�QHFHVVDU\�WR�WHVW�DQ\�

SRWHQWLDO�LQKLELWRUV�IRU�SURWHDVH�VHOHFWLYLW\��,QKLELWLRQ�DVVD\V�XVLQJ�IOXRURJHQLF�VXEVWUDWHV�ZHUH�

SHUIRUPHG�DJDLQVW�FDOSDLQ-��SURWHDVH�FRUH��SDSDLQ��DQG�FDWKHSVLQ�/��)LJXUH�����:H�REVHUYHG�

SRWHQW�EXW�UHGXFHG�LQKLELWLRQ�RI�FDOSDLQ-���$V�WKH�FDOSDLQ-��SURWHDVH�FRUH�FRQVWUXFW�ODFNV�WKH�

DX[LOLDU\�GRPDLQV�RI�FDOSDLQ��LW�JDYH�XV�WKH�RSSRUWXQLW\�WR�GHGXFH�LI�RXU�LQKLELWRUV�H[KLELWHG�WKHLU�

HIIHFW�WKURXJK�WKH�&�/�GRPDLQ��,QGHHG��ZH�REVHUYHG�QHJOLJLEOH�LQKLELWLRQ�RI�FDOSDLQ-��SURWHDVH�

FRUH��ZKLFK�PHDQW�WKDW�RXU�VWXG\�SHSWLGHV�LQWHUDFWHG�ZLWK�PRUH�WKDQ�MXVW�WKH�3&��DQG�3&��

GRPDLQV�RI�WKH�SURWHDVH�FRUH��7KH�QHJDWLYH�LQKLELWLRQ�VHHQ�RI�WKH�FDOSDLQ-��SURWHDVH�FRUH�E\�WKHVH�

FRPSRXQGV�LQGLFDWHV�DFWLYDWLRQ�RI�WKH�HQ]\PH��3UHYLRXV�VWXGLHV�KDYH�VXJJHVWHG�WKH�LQKHUHQW�

IOH[LELOLW\�RI�WKH�SURWHDVH�FRUH��FDXVHG�E\�D�ODFN�RI�DQFLOODU\�GRPDLQV��UHVXOWV�LQ�ORZHU�DFWLYLW\�

WKDQ�WKH�IXOO-OHQJWK�FDOSDLQ�HQ]\PH����,W�LV�SRVVLEOH�WKDW�WKH�SURWHDVH�FRUH�GRPDLQV�FRXOG�EH�

VWDELOL]HG�XSRQ�ELQGLQJ�WR�VRPH�FRPSRXQGV��DQG�WKXV�GLVSOD\�LQFUHDVHG�SURWHDVH�DFWLYLW\��,W�

VKRXOG�EH�QRWHG�WKDW�FXUUHQWO\��WKH�RQO\�UHFRPELQDQWO\-H[SUHVVLQJ��DFWLYH�FRQVWUXFW�RI�WKH�

SURWHDVH�FRUH�GRPDLQV�LV�WKDW�RI�FDOSDLQ-�� 

F
>3*$/.@�DQG�F
>3*6*2@�VKRZHG�VRPH�VSHFLILFLW\�IRU�FDOSDLQ-��RYHU�FDOSDLQ-��

�UHVSHFWLYHO\��F
>3*$/.@��a�����DQG�a������F
>3*6*2@��a�����DQG�a�������,W�LV�XQFHUWDLQ�

ZK\�WKHUH�FRXOG�EH�GLIIHUHQWLDO�LQKLELWLRQ�EHWZHHQ�FDOSDLQV�ZLWK�WKHVH�PDFURF\FOHV�EHFDXVH�RI�

WKH�KLJK�VHTXHQFH�DQG�VWUXFWXUDO�KRPRORJ\�RI�FDOSDLQV-��DQG�-���HVSHFLDOO\�LQ�WKH�DFWLYH�VLWH�FOHIW�

ZKHUH�WKH�SUHVXPHG�FRPSHWLWLYH�LQKLELWRUV�ZRXOG�ELQG�� 

3DSDLQ�DQG�FDWKHSVLQ�/�HQ]\PHV�ZHUH�XVHG�WR�LQYHVWLJDWH�DQ\�GLIIHUHQFHV�EDVHG�RQ�

VLPLODULWLHV�LQ�VWUXFWXUDO�FKDUDFWHULVWLFV�RI�WKH�FDWDO\WLF�WULDG��7KH�IRXU�VHOHFWHG�OHDG�FRPSRXQGV��

F
>3*$/.@��F
>3*6*2@��DP
>3/.*@��DQG�DP
>3*/R@��VKRZHG�OLWWOH�WR�QR�LQKLELWLRQ�RI�

SDSDLQ��EXW�KLJK�OHYHOV�RI�LQKLELWLRQ��!������RI�FDWKHSVLQ�/�� 
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WKH�RULHQWDWLRQ�LQ�WKH�ELQGLQJ�VLWH��ERWK�RI�ZKLFK�DUH�GLUHFWO\�DIIHFWHG�E\�SHSWLGH�VHTXHQFH�DQG�

WKH�F\FOL]DWLRQ�OLQNHU�DWRPV��0RUHRYHU��WKH�ODFN�RI�SURWHDVH�FRUH�LQKLELWLRQ�LQGLFDWHG�WKDW�WKH�

LQKLELWRUV�ZHUH�LQWHUDFWLQJ�ZLWK�RWKHU�UHJLRQV�VXFK�DV�WKH�&�/�GRPDLQ��+RZHYHU��ORZ�VHOHFWLYLW\�

DJDLQVW�FDWKHSVLQ�/�LPSOLHG�WKDW�WKH�LQKLELWRUV�ZHUH�QRW�VROHO\�ELQGLQJ�WR�WKH�&�/�GRPDLQ��

)LQDOO\��SHSWLGHV�EXW�DP
>3*/R@��VKDUHG�D�FRPPRQ�VHOHFWLYLW\�SURILOH��ZKLFK�ZDUUDQWHG�D�FORVHU�

ORRN�E\�LQKLELWLRQV�NLQHWLFV� 

� 

(Q]\PH�NLQHWLFV�DQDO\VHV�DQG�LQKLELWLRQ�PHFKDQLVPV� 

  

7R�GHWHUPLQH�WKH�PRGH�RI�LQKLELWLRQ�RI�WKH�OHDG�F\FOLF�FRPSRXQGV�ZLWK�FDOSDLQ-���

H[WHQVLYH�DQDO\VHV�RI�HQ]\PH�NLQHWLFV�ZHUH�SHUIRUPHG�XVLQJ�WKH�IOXRURJHQLF�VXEVWUDWH�DVVD\��

8VLQJ�WKH�IRXU�SRWHQW�OHDG�FRPSRXQGV��WKH�LQLWLDO�UDWHV�RI�VXEVWUDWH�FOHDYDJH�E\�FDOSDLQ-��ZHUH�ILW�

WR�WKH�0LFKDHOLV-0HQWHQ�SORW�IRU�XQLQKLELWHG�DQG�LQKLELWHG�UHDFWLRQV��)LJXUH��$-'��� 
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SDUDPHWHUV��LW�ZDV�GHWHUPLQHG�WKDW�RI�WKH�IRXU�OHDG�FRPSRXQGV��DP
>3*/R@�IXQFWLRQHG�DV�D�QRQ-

FRPSHWLWLYH�LQKLELWRU��DP
>3/.*@�DQG�F
>3*$/.@�VKRZHG�FRPSHWLWLYH�LQKLELWLRQ��DQG�

F
>3*6*2@�ILW�WKH�PL[HG�LQKLELWRU�FDWHJRU\�ZKHQ�WHVWHG�ZLWK�FDOSDLQ-���7KH�FRPSRXQGV�WKDW�

ZHUH�IRXQG�WR�EH�FRPSHWLWLYH�LQKLELWRUV�VKRZHG�KLJKHU�VWDQGDUG�HUURU�RI�WKH�SDUDPHWHUV�ZKHQ�ILW�

WR�WKH�PL[HG�LQKLELWLRQ�HTXDWLRQ��7KXV��WKHVH�GDWD�ZHUH�UHILW�WR�WKH�FRPSHWLWLYH�LQKLELWLRQ�

HTXDWLRQ�DQG�WKHLU�SDUDPHWHUV�UHSRUWHG��7KH�%���:7�SHSWLGH�LQKLELWRU�EDVHG�RQ�FDOSDVWDWLQ�ZDV�

XVHG�DV�D�FRQWURO�WR�HQVXUH�DFFXUDWH�GDWD�DQDO\VHV��DQG�VKRZHG�FRPSHWLWLYH�LQKLELWLRQ�RI�

DSSUR[LPDWHO\������������Q0��FORVH�WR�WKH�SUHYLRXVO\�UHSRUWHG�YDOXH�RI���������Q0��� 

 

Table 1: Summary of inhibition kinetics after fitting data to the full mixed enzyme 

inhibition equation. 

Compound Ki1 ��0� Ki2 ��0� 
Inhibition 

model 

B27 WT peptide 16.8 x 10-3 ± 1.7 x 10-3 a n/a competitive 

am*[PLKG] 12.2 ± 0.8 a n/a competitive 

c*[PGALK]  16.6 ± 1.0 a n/a competitive 

c*[PGSGO] 20.3 ± 2.0 45.6 ± 19.8 mixed 

am*[PGLo] 153.7 ± 27.6 119.4 ± 37.9 non-competitive 

&DOSDLQ-��FOHDYDJH�RI�WKH�IOXRUHVFHQW�VXEVWUDWH��('$16�-(3/)$(5.-�'$%&</��ZDV�PRQLWRUHG�RYHU�WLPH��

,QKLELWLRQ�NLQHWLFV�ZHUH�REWDLQHG�E\�ILWWLQJ�LQLWLDO�UDWH�GDWD�WR�WKH�IXOO�PL[HG�HQ]\PH�LQKLELWLRQ�HTXDWLRQ��5HDFWLRQV�

ZHUH�SHUIRUPHG�DW�����.�LQ�D�UHDFWLRQ�EXIIHU�FRQVLVWLQJ�RI����P0�+(3(6�S+�����DQG����P0�'77��&DOSDLQ�DFWLYLW\�

ZDV�LQLWLDWHG�WKURXJK�WKH�DGGLWLRQ�RI����P0�&D&O���Q�D�GHQRWHV�FRPSRXQGV�ZKRVH�ILW�RI�GDWD�WR�WKH�IXOO�PL[HG�

HTXDWLRQ�UHVXOWHG�LQ�DQ�H[WUHPHO\�ODUJH�.L��YDOXH�ZLWK�XQUHDVRQDEO\�KLJK�PDUJLQ�RI�HUURU��DQG�WKHUHIRUH�H[KLELWHG�

FRPSHWLWLYH�LQKLELWLRQ��D�&RPSRXQGV�ZHUH�IRXQG�WR�EH�FRPSHWLWLYH�LQKLELWRUV�DQG�VKRZHG�ORZHU�VWDQGDUG�HUURU�IRU�
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SDUDPHWHUV�ZKHQ�ILW�WR�WKH�FRPSHWLWLYH�LQKLELWLRQ�HTXDWLRQ�WKDQ�ZKHQ�ILW�WR�WKH�PL[HG�LQKLELWLRQ�HTXDWLRQ��7KHLU�

SDUDPHWHUV�DUH�WKXV�UHSRUWHG�DFFRUGLQJ�WR�WKH�ILW�WR�WKH�FRPSHWLWLYH�HTXDWLRQ� 

  

:KLOH�RXU�LQLWLDO�HIIRUWV�ZHUH�WR�GHVLJQ�FRPSHWLWLYH�PDFURF\FOLF�SHSWLGH�LQKLELWRUV�ZLWK�

VSHFLILFLW\�IRU�FDOSDLQ�WKURXJK�LQWHUDFWLRQV�ZLWK�WKH�&�/�GRPDLQ��RQO\�WZR�RI�WKH�IRXU�PRVW�

SRWHQW�FRPSRXQGV�H[KLELWHG�FRPSHWLWLYH�LQKLELWLRQ��7KH�RWKHU�WZR�VKRZHG�QRQ-FRPSHWLWLYH�

LQKLELWLRQ�DQG�PL[HG�PRGH�LQKLELWLRQ��,GHDOO\��WKH�PDFURF\FOH�FRQIRUPDWLRQ�FRXOG�KHOS�IRUP�D�

FDOSDVWDWLQ-OLNH��-WXUQ��ZKLOH�WKH�UHVLGXHV�/HX�DQG�/\V��UHVSRQVLEOH�IRU�D�NH\�LQWHUDFWLRQ�EHWZHHQ�

FDOSDVWDWLQ�DQG�FDOSDLQ��FRXOG�DQFKRU�WKH�PDFURF\FOHV�LQ�WKH�LQWHQGHG�ELQGLQJ�VLWH��,W�LV�DSSDUHQW�

WKDW�PDFURF\FOLF�FRPSRXQGV�ZLWKRXW�WKHVH�FUXFLDO�UHVLGXHV�PLJKW�WKHQ�UHVXOW�LQ�PL[HG�LQKLELWLRQ��

DV�LV�WKH�FDVH�ZLWK�F
>3*6*2@��D�QRQ-FRPSHWLWLYH�LQKLELWRU��)XUWKHU�VWXGLHV�PD\�KHOS�HOXFLGDWH�

WKH�UROH�WKDW�ULQJ�VL]H�DQG�IOH[LELOLW\�PD\�SOD\�LQ�WHUPV�RI�LQKLELWLRQ�SRWHQF\��7KH�F\FOH-WDLO�PRWLI�

SHSWLGRPLPHWLFV�GLVSOD\�D�QRYHO�SHSWLGH�VWUXFWXUH�IRU�FDOSDLQ�LQKLELWLRQ��\HW�WKHUH�LV�VHHPLQJO\�

OLWWOH�LQIRUPDWLRQ�WR�EH�JDWKHUHG�DV�WR�D�SDWWHUQ�IRU�SUHIHUUHG�UHVLGXHV��)LJXUH��%���,W�LV�SRVVLEOH�

WKDW��DV�LV�WKH�FDVH�IRU�F
>3*6*2@��WKH�SHSWLGH�VHTXHQFH�FDQ�FKDQJH�WKH�ELQGLQJ�VLWH�RI�WKH�

SHSWLGH�DQG�WKXV�WKH�PRGH�RI�LQKLELWLRQ�DV�ZHOO��,QYHVWLJDWLQJ�WKHVH�F\FOH-WDLO�PRWLI�

SHSWLGRPLPHWLFV�FRPSRXQGV�IXUWKHU�E\�VWUXFWXUDO�VWXGLHV�ZLOO�EH�FUXFLDO�WR�GHILQLQJ�WKH�QHZ�

ELQGLQJ�SRFNHWV�DQG�VWUXFWXUH-DFWLYLW\�UHODWLRQVKLSV� 

 7KH�PRVW�SRWHQW�RI�DOO�DQDO\]HG�VWXG\�FRPSRXQGV�ZDV�WKH�FRPSHWLWLYHO\-LQKLELWLQJ�

DP
>3/.*@�ZLWK�D�.L�RI�������������0��.L�YDOXHV�ZHUH�FDOFXODWHG�UDWKHU�WKDQ�,&���YDOXHV�LQ�

RUGHU�WR�DVVHVV�DIILQLW\�IRU�WKH�HQ]\PH�DV�ZHOO�DV�WR�GHWHUPLQH�WKH�LQKLELWLRQ�PHFKDQLVP��7KH�

OHYHO�RI�LQKLELWLRQ�VHHQ�ZLWK�DP
>3/.*@�DSSURDFKHV�WKH�UDQJH�RI�SRWHQF\�IRXQG�ZLWK�RWKHU�

FRYDOHQW�DQG�QRQ-FRYDOHQW�SHSWLGRPLPHWLF�FRPSHWLWLYH�LQKLELWRUV�RI�FDOSDLQ����6SHFLILFDOO\��ZKHQ�

FRPSDULQJ�WKHVH�OHYHOV�RI�LQKLELWLRQ�WR�RWKHU�LQKLELWRUV�GHVLJQHG�EDVHG�RQ�WKH�FDOSDLQ-FDOSDVWDWLQ�
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VWUXFWXUH��ZH�VHH�WKDW�DP
>3/.*@��GHVSLWH�ODFNLQJ�FRYDOHQW�DWWDFKPHQW�WR�WKH�HQ]\PH��LQKLELWV�

FDOSDLQ�ZLWK�HTXDO�SRWHQF\�DV�WKH�LUUHYHUVLEO\-ELQGLQJ�.-KHOLFDO�LQKLELWRU\�SHSWLGH��F��.L�RI������

�������0�����0RVW�FDOSDLQ�LQKLELWLRQ�VWXGLHV�UHSRUW�,&���YDOXHV�LQVWHDG�RI�.L�YDOXHV��7KH�IRUPHU�

DUH�HDVLHU�WR�FRPSXWH�EXW�DUH�OHVV�ULJRURXV�WKDQ�WKH�ODWWHU��$OWKRXJK�LW�LV�GLIILFXOW�WR�HTXDWH�RQH�WR�

WKH�RWKHU��DV�WKH�UHODWLRQVKLS�EHWZHHQ�,&���DQG�.L�GHSHQGV�RQ�LQKLELWLRQ�PHFKDQLVP�DV�ZHOO�DV�

UHDFWLRQ�FRQGLWLRQV�������WKH�ODUJHU�PDFURF\FOLF�LQKLELWRUV�RI�FDOSDLQ�UHSRUWHG�SUHYLRXVO\�DUH�

ZLWKLQ�WKH�VDPH�RUGHU�RI�PDJQLWXGH�DV�DP
>3/.*@����DQG�VKRZ�VRPH�VHOHFWLYLW\�IRU�FDOSDLQ��

,QWHUHVWLQJO\��DP
>3/.*@�DV�WKH�PRVW�SRWHQW�FRPSRXQG�LQ�WKLV�VHULHV�UHWDLQHG�WKH�FRQVHUYHG�

UHVLGXHV�RI�WKH�FDOSDVWDWLQ��-WXUQ�VWUXFWXUH��DOEHLW�LQ�PL[HG�RUGHU��,W�UHPDLQV�WR�EH�VHHQ�IURP�DQ�

HQ]\PH-LQKLELWRU�FRPSOH[�VWUXFWXUH�LI�WKLV�LV�WKH�UHDVRQ�IRU�WKH�SRWHQF\�IRU�F\FOH-WDLO�PRWLI�

SHSWLGRPLPHWLFV� 

 

0ROHFXODU�GRFNLQJ�RI�F
>3*$/.@�105�VWUXFWXUHV�WR�FDOSDLQ-�� 

  

%HFDXVH�WKH�PDFURF\FOLF�SHSWLGH�F
>3*$/.@�ZDV�IRXQG�WR�FRPSHWLWLYHO\�LQKLELW�FDOSDLQ-

���ZH�PRGHOOHG�LWV�LQKLELWLRQ�E\�GRFNLQJ�VWXGLHV��F
>3*$/.@�ZDV�PRGHOOHG�ILUVW�ZLWK�

0DFURPRGHO��VLPXODWHG�DQQHDOLQJ�DQG�0RQWH�&DUOR�PXOWLSOH�PLQLPXP��0&00��ZLWK�WKH�

23/6-�����IRUFH�ILHOG��DQG�ZH�FRQVLGHUHG�WKH����ORZHVW�HQHUJ\�VWUXFWXUHV�WKDW�ILW�WKH�105�GDWD��

7R�DFFXUDWHO\�VDPSOH�LQWHUDFWLRQ�RI�WKH�VLGH�FKDLQV�ZLWK�WKH�SURWHLQ�ZKLOH�DFFRXQWLQJ�IRU�WKH�

K\GURJHQ�ERQGLQJ�QHWZRUN�DFURVV�WKH�F\FOH�EDFNERQH�LWVHOI��DOO����ORZHVW�HQHUJ\�VWUXFWXUHV�ZHUH�

GRFNHG�LQGLYLGXDOO\�ZLWK�WRUVLRQDO�FRQVWUDLQWV�RQ�WKH�EDFNERQH�DQG�SHSWLGH�ERQGV�ZKLOH�NHHSLQJ�

WKH�VLGH�FKDLQV�IOH[LEOH��$XWR'RFN��DQG�*OLGH�SURYLGHG�WKH�VDPH�VWUXFWXUHV�DV�WKH�PRVW�

IDYRXUDEOH�SRVHV��$QDO\VLV�RI�WKH�UHSUHVHQWDWLYH�WRS�SRVHV�IURP�*OLGH��UDQNHG�E\�ORZHVW�IUHH�
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)LJXUH�����/RZHVW�ELQGLQJ�HQHUJ\�GRFNLQJ�SRVH�RI�F
>3*$/.@�WR�FDOSDLQ-���7KH�WRS�GRFNLQJ�

SRVH�IURP�*OLGH��FODVVLILHG�IURP�WKH�FDOFXODWHG�IUHH�HQHUJ\�RI�ELQGLQJ�E\�3ULPH�00-*%�6$��RI�

F
>3*$/.@��UHVLGXHV�ODEHOOHG��ERXQG�WR�&D��-DFWLYDWHG�FDOSDLQ-���RULJLQDWLQJ�IURP�3'%��

�%2:��VHHQ�DORQJ�WKH�DFWLYH�VLWH�FOHIW�IURP�WKH�XQSULPHG�VLGH��&DOSDLQ-��LV�VKRZQ�LQ�VXUIDFH�

UHSUHVHQWDWLRQ�ZLWK�UHVLGXHV�NH\�IRU�K\GURJHQ�ERQGLQJ�WR�WKH�LQKLELWRU�LQ�VWLFN�IRUPDW�DQG�

ODEHOOHG��+\GURJHQ�ERQGLQJ�FRQWDFWV�DUH�ODEHOHG�ZLWK�F\DQ�GDVKHV��1�DQG�2�DWRPV�RI�ERWK�

FDOSDLQ-��DQG�WKH�SHSWLGRPLPHWLF�DUH�FRORXUHG�EOXH�DQG�UHG��UHVSHFWLYHO\� 

 

 'RFNLQJ�UHVXOWV�XVLQJ�F
>3*$/.@�FRQIRUPHUV�ZLWK�105�FRQVLGHUDWLRQV�ZHUH�PRUH�

UHOLDEOH�WKDQ�WKRVH�RI�SHSWLGHV�VWDUWLQJ�IURP�XQELDVHG�FRQIRUPDWLRQDO�VDPSOLQJ��OHQGLQJ�PRUH�

FUHGHQFH�WR�WKH�QHZO\�GRFNHG�FRQIRUPDWLRQ�RI�F
>3*$/.@��7KXV��WKH�GHWHUPLQDWLRQ�RI�105�

VROXWLRQ�VWUXFWXUHV�IRU�PRUH�FRPSRXQGV�PD\�KHOS�WR�REWDLQ�PRUH�SODXVLEOH�GRFNLQJ�UHVXOWV�LQ�WKH�

IXWXUH��)XUWKHU�PRGLILFDWLRQV�WR�UHVLGXHV�SRLQWLQJ�WRZDUG�SRFNHWV�RQ�WKH�&�/�GRPDLQ��LQFOXGLQJ�

PRGLILFDWLRQV�WR�WKH�F\FOL]DWLRQ�OLQNHU�W-EXW\O�JURXS��PD\�LQFUHDVH�WKH�QXPEHU�DQG�TXDOLW\�RI�

LQWHUDFWLRQV��DQG�LQFUHDVH�LQKLELWLRQ�SRWHQF\�DQG�VSHFLILFLW\��7KLV�ZRXOG�DOORZ�IRU�IXUWKHU�

DVVHVVPHQW�RI�WKH�GRFNLQJ�SURFHGXUH�DQG�YDOLGDWLRQ�RI�GRFNLQJ�UHVXOWV�� 

 

,PSURYHPHQW�RI�SRWHQF\�DQG�VHOHFWLYLW\�RI�WKH�SHSWLGRPLPHWLF�DP
>3*/R@�� 

  

7UXH�QRQ-FRPSHWLWLYH�LQKLELWRUV�RI�FDOSDLQV�KDYH�EHHQ�VFDUFH��EXW�DUH�KLJKO\�GHVLUHG�GXH�

WR�WKH�SRWHQWLDO�IRU�GHVLJQLQJ�LQFUHDVLQJO\�FDOSDLQ-VSHFLILF�LQKLELWRUV�E\�DFFHVVLQJ�DQ�DOORVWHULF�

VLWH��$V�D�VHFRQG-JHQHUDWLRQ�RI�SHSWLGRPLPHWLF�FRPSRXQGV��PRGLILFDWLRQV�ZHUH�PDGH�WR�WKH�QRQ-

FRPSHWLWLYH�LQKLELWRU�DP
>3*/R@��YDU\LQJ�ERWK�WKH�/HX�DQG�'-2UQ�UHVLGXHV��WR�LQYHVWLJDWH�
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SRWHQWLDO�LPSURYHPHQWV�LQ�ERWK�SRWHQF\�DQG�VSHFLILFLW\�IRU�FDOSDLQ-��RYHU�RWKHU�VLPLODU�F\VWHLQH�

SURWHDVHV��7KURXJK�LQLWLDO�VFUHHQLQJ�RI�FDOSDLQ-���FDOSDLQ-���FDWKHSVLQ�/��DQG�SDSDLQ��XVLQJ�WKH�

IOXRURJHQLF�VXEVWUDWHV�IRU�HDFK�HQ]\PH��IRXU�FRPSRXQGV�ZHUH�IRXQG�WR�LQFUHDVH�ERWK�SRWHQF\�

DQG�VSHFLILFLW\�RI�LQKLELWLRQ�RI�FDOSDLQ-���DP
>3*,R@��DP
>3*9R@��DP
>3*/-'-'DE@��DQG�

DP
>3*/T@��)LJXUH������7KH�IRXU�FRPSRXQGV�VKRZHG�VLJQLILFDQWO\�KLJKHU�LQKLELWLRQ�RI�FDOSDLQ-��

RYHU�FDWKHSVLQ�/��)RU�H[DPSOH��DP
>3*9R@�ZDV�DOPRVW�WZLFH�DV�LQKLELWRU\�DJDLQVW�FDOSDLQ-��DV�

DP
>3*/R@������YV�����LQKLELWLRQ��UHVSHFWLYHO\��ZKLOH�VKRZLQJ�KDOI�WKH�LQKLELWLRQ�RI�

DP
>3*/R@�DJDLQVW�FDWKHSVLQ�/������YV������UHVSHFWLYHO\���$V�GLVFXVVHG�SUHYLRXVO\��DQ\�

QHJDWLYH�LQKLELWLRQ�VHHQ�VXJJHVWV�DFWLYDWLRQ�RI�WKH�HQ]\PH�SRVVLEO\�WKURXJK�VWUXFWXUDO�

VWDELOL]DWLRQ�RI�WKH�DFWLYH�FRQIRUPDWLRQ��)XUWKHU�VWXGLHV�ZRXOG�EH�QHHGHG�WR�FKDUDFWHUL]H�WKLV�

DFWLYDWLRQ��$WWHPSWV�ZHUH�PDGH�WR�IXUWKHU�LPSURYH�LQKLELWLRQ�E\�FRPELQLQJ�WKH�VHTXHQFHV�RI�

DP
>3*,R@�DQG�DP
>3*9R@�ZLWK�DP
>3*/-'-'DE@�WR�IRUP�DP
>3*9-'-'DE@�DQG�DP
>3*,-'-

'DE@��,QKLELWLRQ�LQFUHDVHG�IRU�FDOSDLQ-���KRZHYHU��WKHUH�ZDV�HVVHQWLDOO\�QR�FKDQJH�ZLWK�UHVSHFW�

WR�FDOSDLQ-��LQKLELWLRQ�OHYHOV��7KH�LPSURYHPHQWV�FDQ�OLNHO\�EH�DWWULEXWHG�WR�D�SUHIHUHQFH�IRU�

EUDQFKHG�K\GURSKRELF�UHVLGXHV�DW�WKH�WKLUG�SRVLWLRQ�LQ�WKH�SHSWLGRPLPHWLF�FRPSRXQGV�DQG�VL]H-

VSHFLILF�FKDUJHG�UHVLGXHV�DW�WKH�IRXUWK�SRVLWLRQ��DOWKRXJK�WKLV�GRHV�QRW�H[SODLQ�WKH�SODWHDX�RI�

LQKLELWLRQ�VHHQ�IRU�WKH�PHUJHG�VHTXHQFHV��$GGLWLRQDO�SURWHLQ�VWUXFWXUDO�ZRUN�ZLOO�HOXFLGDWH�WKH�

ELQGLQJ�FKDUDFWHULVWLFV�RI�F\FOH-WDLO�PRWLI�SHSWLGRPLPHWLFV�WR�FDOSDLQ� 

7KH�IRXU�LPSURYHG�VHFRQG-JHQHUDWLRQ�FRPSRXQGV�GLVSOD\HG��LQ�VRPH�FDVHV��VSHFLILFLW\�

IRU�FDOSDLQ-��RYHU�FDOSDLQ-���$W������0��DP
>3*,R@�LQKLELWHG�FDOSDLQ-��WR�a�����EXW�IDLOHG�WR�

LQKLELW�FDOSDLQ-��LQ�D�VLJQLILFDQW�ZD\��a�������,W�LV�SRVVLEOH�WKDW�EUDQFKHG�K\GURSKRELF�UHVLGXHV�

DW�5��DUH�UHVSRQVLEOH�IRU�LQWHUDFWLRQ�LQ�D�VPDOO�QHLJKERXULQJ�SRFNHW�DJDLQVW�FDOSDLQ-��WKDW�PD\�EH�

VPDOOHU�RQ�WKH�VXUIDFH�RI�FDOSDLQ-���7KLV�ZRXOG�EH�FRQVLVWHQW�ZLWK�WKH�DELOLW\�RI�WKH�VPDOO�VLGH�
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RULJLQDO�VHTXHQFH�DP
>3*/R@�ZDV�YDULHG�DW��$��'-2UQ���%��/HX��DQG��&��ERWK�'-2UQ�DQG�/HX��

+LJKOLJKWHG�ZLWK�D�JUH\�GRWWHG�ER[�LV�WKH�RULJLQDO�FRPSRXQG�DP
>3*/R@�LQ�DOO�WKUHH�JUDSKV��$OO�

FRPSRXQGV�ZHUH�VFUHHQHG�DW������0��(UURU�EDUV�UHSUHVHQW�WKH�VWDQGDUG�GHYLDWLRQ�UHVXOWLQJ�IURP�

WULSOLFDWH�DVVD\V��,QKLELWLRQ�ZDV�GHWHUPLQHG�DV�D�SHUFHQWDJH�RI�WKH�LQLWLDO�UHDFWLRQ�YHORFLW\�IRU�WKH�

FRQWURO�UHDFWLRQ�FRQWDLQLQJ�HTXLYDOHQW�DPRXQWV�RI�'062� 

 

 

,GHQWLILFDWLRQ�RI�SHSWLGH�ELQGLQJ�VLWHV�DQG�D�QRYHO�DOORVWHULF�LQKLELWLRQ�VLWH� 

  

:LWK�DP
>3*/R@�LGHQWLILHG�DV�D�QRQ-FRPSHWLWLYH�LQKLELWRU�RI�FDOSDLQ��LW�ZDV�QHFHVVDU\�WR�

IXUWKHU�FKDUDFWHUL]H�WKH�ELQGLQJ�VLWH��:H�ZHUH�QRW�DEOH�WR�JHQHUDWH�FR-FU\VWDOV�RI�FDOSDLQ�ZLWK�

DP
>3*/R@�DQG�WKXV�WXUQHG�WR�LGHQWLI\LQJ�WKH�ELQGLQJ�VLWH�E\�FRYDOHQW�PRGLILFDWLRQ�RI�FDOSDLQ-��

DQG�SURWHLQ�VHTXHQFLQJ��VHH�6XSSRUWLQJ�,QIRUPDWLRQ���6LPLODUO\��SKRWR-UHDFWLYH�F
>3*$/.@�ZDV�

V\QWKHVL]HG�WR�DFW�DV�D�FRQWURO�VLQFH�LW�ZDV�VKRZQ�WR�LQKLELW�FDOSDLQ�FRPSHWLWLYHO\��,I�LW�ZDV�VHHQ�

WR�ODEHO�UHVLGXHV�LQ�SUR[LPLW\�WR�WKH�DFWLYH�VLWH�RI�FDOSDLQ��WKHQ�WKLV�ZRXOG�FRQILUP�WKH�YDOLGLW\�RI�

WKH�PHWKRG��,Q�D�FRQWURO�H[SHULPHQW��ERWK�RI�WKH�SKRWR-UHDFWLYH�FRPSRXQGV�LQKLELWHG�FDOSDLQ-��WR�

WKH�VDPH�H[WHQW�DV�WKH�RULJLQDO�FRPSRXQGV�ODFNLQJ�WKH�SKRWR-UHDFWLYH�PRLHW\��)LJXUH�6��� 

 3KRWR-DP
>3*/R@�DQG�SKRWR-F
>3*$/.@�ZHUH�FRYDOHQWO\�DWWDFKHG�E\�H[SRVXUH�WR�89�

OLJKW�WR�WKH�LQDFWLYH�&���6�PXWDQW�FDOSDLQ-��LQ�WKH�SUHVHQFH�RI�FDOFLXP��)ROORZLQJ�WU\SWLF�GLJHVW��

IUDJPHQW�PDVVHV�ZHUH�FRPSDUHG�EHWZHHQ�SKRWR-UHDFWLYH�FRPSRXQG�FRQGLWLRQV�DQG�WKH�'062�

FRQWURO�WR�LGHQWLI\�FDOSDLQ�VHTXHQFHV�ZLWK�SKRWR-DGGXFWV��7KH�VHTXHQFHV�ZLWK�D�PDVV�GLIIHUHQFH�

HTXDO�WR�WKH�SKRWR-UHDFWLYH�FRPSRXQG�DUH�VKRZQ�LQ�6XSSRUWLQJ�,QIRUPDWLRQ��7KHVH�VHTXHQFHV�

ZHUH�PDSSHG�WR�WKH�FDOSDLQ-��VWUXFWXUH��)LJXUH������:KLOH�WKH�ERXQG�IUDJPHQWV�PD\�DSSHDU�
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GLVSHUVH��LQ�DFWXDOLW\�RQH�IUDJPHQW�LV�YLVLEOH�IURP�PXOWLSOH�DQJOHV��)RU�H[DPSOH��WKH�WU\SWLF�

IUDJPHQW�LGHQWLILHG�DV�UHVLGXHV����-����FDQ�EH�VHHQ�RQ�ERWK�VLGHV�RI�WKH�HQ]\PH��)LJXUH���%���

$W�ERWK����DQG�����0�FRPSRXQG�FRQFHQWUDWLRQV��DLPLQJ�WR�OLPLW�VLGH�UHDFWLRQV�DQG�PDLQWDLQ�

FRQVLVWHQW�PHWKRGRORJ\��WKHUH�ZDV�QR�GLIIHUHQFH�LQ�LGHQWLILHG�VHTXHQFHV��IRU�HLWKHU�DP
>3*/R@�

RU�F
>3*$/.@��OLNHO\�GXH�WR�WKH�KLJK�PRODU�H[FHVV�RI�FRPSRXQG�RYHU�HQ]\PH�DQG�VXJJHVWV�D�

ODFN�RI�DGGLWLRQDO�XQVHOHFWLYH�ELQGLQJ� 

 

 

 7KH�FURVVOLQNLQJ�GDWD�VKRZHG�WKDW�F
>3*$/.@�ERXQG�FDOSDLQ-��WKURXJK�LQWHUDFWLRQV�ZLWK�

WKH�&�/�GRPDLQ�RQ�WKH�XQSULPHG�VLGH�RI�WKH�DFWLYH�VLWH�FOHIW��DW�DURXQG�WKH�3��DQG�3��VXEVLWHV�

�)LJXUH������)XUWKHUPRUH��WKH�ELQGLQJ�VLWH�ORFDWLRQ�RI�F
>3*$/.@�ZDV�FRQVLVWHQW�ZLWK�

H[SHULPHQWDO�LQKLELWLRQ�GDWD�GLVSOD\LQJ�FRPSHWLWLYH�LQKLELWLRQ��LQ�VLOLFR�GRFNLQJ�PRGHOV��DQG�

SURWHDVH�VHOHFWLYLW\�H[SHULPHQWV��WKHUHE\�OHQGLQJ�FUHGLELOLW\�WR�WKLV�PHWKRG�� 

)RU�WKH�QRQ-FRPSHWLWLYH�LQKLELWRU�DP
>3*/R@��WKH�FURVVOLQNLQJ�GDWD�VKRZHG�FRYDOHQW�

ODEHOOLQJ�RI�FDOSDLQ-��DW�D�QHZ�ELQGLQJ�VLWH��)LJXUH������7KH�QRYHO�DOORVWHULF�VLWH�ZDV�ORFDWHG�DW�

WKH�FHQWHU�UHJLRQ��FRPPRQ�WR�DOO�FDOSDLQ�GRPDLQV��7KLV�VLWH�FDQ�EH�GHVFULEHG�DV�DW�WKH�LQWHUIDFH�

EHWZHHQ�WKH�&�/�GRPDLQ�DQG�WKH�3&��DQG�3&��GRPDLQV��RQ�WKH�RSSRVLWH�VLGH�RI�WKH�HQ]\PH�

IURP�WKH�DFWLYH�VLWH�FOHIW��%LQGLQJ�DW�WKLV�ORFDWLRQ�E\�DP
>3*/R@�FRXOG�LQKLELW�FDOSDLQ-��E\�

LQWHUIHULQJ�ZLWK�G\QDPLFV�RI�WKH�SURWHDVH�FRUH�GRPDLQV��RU�LQGHHG�WKH�HQWLUH�HQ]\PH��GXULQJ�

K\GURO\VLV�RI�VXEVWUDWH�������$QRWKHU�SRWHQWLDO�PHFKDQLVP�IRU�DOORVWHULF�LQKLELWLRQ�DW�WKLV�ORFDWLRQ�

FRXOG�EH�WKDW�E\�GLVWXUELQJ�WKH�WLJKW�LQWHUDFWLRQV�EHWZHHQ�WKH�SURWHDVH�FRUH�GRPDLQV�DQG�WKH�&�/�

GRPDLQ��WKH�SURWHDVH�FRUH�GRPDLQV�ZRXOG�QR�ORQJHU�EH�VWDELOL]HG��UHVXOWLQJ�LQ�ORZHU�RYHUDOO�

DFWLYLW\�RI�WKH�HQ]\PH���� 
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FRORXUHG�DV�LQ�)LJXUH����3'%���%2:���7KH�WU\SWLF�GLJHVW�IUDJPHQWV�IRXQG�WR�ELQG��$��

F
>3*$/.@��EULJKW�EOXH��DQG��%��DP
>3*/R@��EULJKW�UHG��DUH�VKRZQ��DQG�ODEHOOHG�E\�UHVLGXH�

QXPEHUV� 

 

%RWK�F
>3*$/.@�DQG�DP
>3*/R@�VHHP�WR�DOVR�ELQG�WR�ORFDWLRQV�LQ�WKH�K\GURSKRELF�

FOHIWV�RI�WKH�3()�GRPDLQV��OLJKW�F\DQ��)LJXUH������7KHVH�ORFDWLRQV�DUH�OLNHO\�GXH�WR�QRQ-VSHFLILF�

ELQGLQJ�DW�H[FHVV�FRQFHQWUDWLRQV�RI�FRPSRXQGV��DV�SUHYLRXV�ZRUN�KDV�VKRZQ�WKH�3()�GRPDLQV�WR�

EH�XQOLNHO\�GRPDLQ�WDUJHWV�IRU�LQKLELWLRQ�RI�FDOSDLQV��� 

7KH�GDWD�IURP�WKHVH�SKRWR-UHDFWLYH�ELQGLQJ�DVVD\V�FDQ�VHUYH�DV�D�VWDUWLQJ�SRLQW�IRU�

LPSURYHPHQW�DQG�UDWLRQDOL]LQJ�WKH�VWUXFWXUH-DFWLYLW\�UHODWLRQVKLS�RI�ERWK�DP
>3*/R@�DQG�

F
>3*$/.@��DV�ZHOO�DV�WKH�RWKHU�YDULDQWV��6WUXFWXUDO�GDWD�IURP�;-UD\�FU\VWDOORJUDSKLF�PHWKRGV�

ZRXOG�SLQSRLQW�WKH�H[DFW�UHVLGXHV�QHFHVVDU\�IRU�LQKLELWLRQ�E\�WKHVH�FRPSRXQGV�DQG�PD\��

XOWLPDWHO\��EH�QHFHVVDU\�IRU�LPSURYLQJ�LQKLELWLRQ�SRWHQF\�DQG�VHOHFWLYLW\� 

 

 

&RQFOXVLRQ 

 

3RWHQW��FDOSDLQ-VSHFLILF�LQKLELWRUV�DUH�VRXJKW�DV�WRROV�IRU�VWXG\LQJ�WKH�SK\VLRORJLFDO�UROHV�

DQG�VXEVWUDWHV�RI�FDOSDLQ��DQG�DV�WUHDWPHQWV�IRU�VXFK�FRQGLWLRQV�DV�WUDXPDWLF�EUDLQ�LQMXU\��

$O]KHLPHU¶V�GLVHDVH��KHDUW�DWWDFN��DQG�VWURNH��7KH�DGYHQW�RI�FDOSDVWDWLQ-ERXQG�FDOSDLQ�VWUXFWXUHV�

KDV�DOORZHG�IRU�WKH�V\QWKHVLV�RI�FDOSDLQ-VSHFLILF�LQKLELWRUV�EDVHG�RQ�VWUXFWXUDO�IHDWXUHV�RI�WKH�

FDOSDLQ-FDOSDVWDWLQ�FRPSOH[��0HGLXP-VL]HG�F\FOLF�SHSWLGHV�GHPRQVWUDWHG�WKH�DELOLW\�WR�IXQFWLRQ�
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DV�SURWHDVH�LQKLELWRUV�DJDLQVW�FDOSDLQ��SDSDLQ��DQG�FDWKHSVLQ�/��DV�GLG�WKH�F\FOH-WDLO�PRWLI�

SHSWLGRPLPHWLFV�EDVHG�RQ�WKH�VDPH�FDOSDVWDWLQ-OLNH�YDULDWLRQV�RI�WKH�./*(�VHTXHQFH� 

)RXU�PDLQ�OHDG�FRPSRXQGV��F
>3*$/.@��F
>3*6*2@��DP
>3/.*@��DQG�DP
>3*/R@��GLVSOD\HG�

FRPSHWLWLYH��QRQ-FRPSHWLWLYH��RU�PL[HG�LQKLELWLRQ�RI�FDOSDLQ�ZLWK�.L�YDOXHV�LQ�WKH�PLG-�WR�ORZ-

�0�UDQJH��ZKLFK�DUH�FRPSDUDEOH�WR�WKRVH�RI�RWKHU�FDOSDLQ�SHSWLGRPLPHWLF�LQKLELWRUV�UHSRUWHG�LQ�

OLWHUDWXUH��7ZR�RI�WKH�FRPSRXQGV��WKH�FRPSHWLWLYHO\�LQKLELWLQJ�F
>3*$/.@�DQG�DP
>3/.*@��

VKRZHG�VSHFLILFLW\�IRU�FDOSDLQ�RYHU�FDWKHSVLQ�/��6HTXHQFH�YDULDWLRQV�RI�WKH�DP
>3*/R@�VHTXHQFH�

LPSURYHG�WKH�QRQ-FRPSHWLWLYH�LQKLELWLRQ��DQG�JUHDWO\�LQFUHDVHG�VSHFLILFLW\�IRU�FDOSDLQ�RYHU�

FDWKHSVLQ�/��3KRWR-UHDFWLYH�YHUVLRQV�RI�WKH�FRPSRXQGV�F
>3*$/.@�DQG�DP
>3*/R@�ZHUH�

VXFFHVVIXOO\�HPSOR\HG�WR�ORFDWH�WKHLU�ELQGLQJ�VLWHV��7KH�ELQGLQJ�RI�DP
>3*/R@�WR�WKH�FHQWUDO��

XQH[SORUHG�UHJLRQ�RI�FDOSDLQ-��GHPRQVWUDWHG�WKH�SRWHQWLDO�GLVFRYHU\�RI�D�FDOSDLQ�DOORVWHULF�VLWH��

DQG�RIIHUV�DQ�H[SODQDWLRQ�WR�WKH�LQKLELWRU\�QDWXUH�RI�WKH�F\FOH-WDLO�PRWLI�SHSWLGRPLPHWLFV��,Q�

DGGLWLRQ��WKH�LPSURYHPHQW�RI�SRWHQF\�DQG�VHOHFWLYLW\�IRU�VHTXHQFH�YDULDWLRQV�RI�DP
>3*/R@�

FRXOG�EH�GXH�WR�WLJKWHU�LQWHUDFWLRQV�ZLWK�UHVLGXHV�XQLTXH�WR�WKH�&�/�GRPDLQ�RI�FDOSDLQ��)XWXUH�

JRDOV�DUH�WR�IXUWKHU�LPSURYH�ERWK�SRWHQF\�DQG�VSHFLILFLW\�RI�WKHVH�SHSWLGH�LQKLELWRUV�DQG�WR�

VWUXFWXUDOO\�GHWHUPLQH�WKHLU�ELQGLQJ�VLWHV�RQ�FDOSDLQ� 
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C2L C2-like 

DABCYL 4-((4-(dimethylamino)phenyl)azo)benzoic acid 

EDANS 5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid 

MCMM Monte Carlo multiple minimum 

MM-GB/SA molecular mechanics with generalised Born and surface area solvation 

PC protease core 

PEF penta-EF hand 

TFE trifluoroethanol 
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