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3RXU REWHQLU OH JUDGH GH 7R REWDLQ WK
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6SpFLDOLWp &HKFIEFHSKMNQHTXH OROpFXODLUH H
$UUrWp PLQLVWpPULHO DRE€EW

BUpVHQWpH SDU 3UHVHQWHG E\

4L\DQJ -,$11lkc

E/-\I

7KgVH GLULJpH SDU 7 BHRLY &MU WWUWLLD/QRHU 6 & + $) )

SUpSDUpH DX VHLQ GX SUHSDUHG DW
(XURSHDQ OROHFXODU %LRORJ\ /IDERUDWRU\
GDQVO EGROH 'RFWRUDOH GH &KLPLH HW 6FL

&U\R PLFURVFRSLH pOHFWURQ
GH OYDGUHVVDJH HW G
FR WUDGXFWLR Q QHROIH

(OHFWURQ FU\R PLFURVFRS\RRL
FR WUDQVODWLRQDO WDUJHWL

7KYH VRXWHQXH SXEQGXERHPHHWHQ@NH RQ
GHYDQW OH MXU\ FRPSRVp GH MXU\ PHPEHUV

3URI 'U 9DOHQWLQ *25'(/,<
'LUHFWHXU GH UHFKHUFKH &($ ,%6 *UHQREOH 3Up

'U $ULHO %/2&.(5
5HDGHU 8QLYHUVLW\ RI %ULVWRO OHPEUH

‘U %UXQR 0,528;

'LUHFWHXU GH UHFKHUFKH ,16(50 ,%3& 3DULV OHPE

'U *X\ 6&+2(+1
'LUHFWHXU GH UHFKHUFKH &156 ,%6 89+&, *UHQRE

8QLYHUVLWp -RVHSK )RXULHU 8QLYHUVLWp 3LHUUH OH
B8AYHUVLWp 6WHQGKDO 8QLYHUVLWpP GH 6DYRLH *UHQ
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/IDPHPEUDQH FHOOXODLUH HVW OD EDUULqQUH TXL VpSD
O HQYLURQQHPHQW H[WpULHXU (OOH VH FRPSRVH GH OLSES
FRGDQW SRXU OHV SURWpLQHYV PHPEUDQDLUHY UHSUpVHQ
/IHV SURWpPLQHVY PHPEUDQDLUHYV VRQW VI\QWKpWLVpHV GDC
PDLV VXLYHQW GHV YRLHV VSpFLILTXHV SRXU VJfLQWpJUHU
ULERVRPHV HQ FRXUV GH WUDGXFWLRQ GH SURWpPLQHYV PHI
F\WRVRO HW DGUHVVpV j OD PHPEUDQH 3DU OD VXLWH OH
PHPEUDQDLUHYVY VRQW LQVpUpHV GDQV OD ELFRXFKH OLS
DSSURSULpHVY FH PpFDQLVPH VIDSSHOOH OD WUDQVORFDW
PpGLpH SDU OD SDUWLFXOH GH UHFRQQDLVVDQFH GX VLJQ
TXH OD WUDQVORFDWLRQ HVW HIITHFWXpH SDU XQ FHUWDLC
PHPEUDQDLUHYV

&HWWH WKgqVH GpFULW GHX[ GHV FRPSOH[HV LPSOLTX
WUDQVORFDWLRQ FR WUWF&KPWERIQDE ARROAS GKH ULERVRPH ¢
)WV< SRXU OYDGUHVVDJH HQ FRQIRUPDWLRQ ©IHUPp2& HW
ULERVRPH HVW OLp j OfKROR WUDQVORFRQ +7/ TXL VH
PHPEUDQDLUHYV -qDL XWLOLVp SULQFLSDOHPHQW OD FU\
FDUDFWpULVHU FHV FRPSOH[HV /D FU\R (0 SHUPHW GH C
PFKDQWLOORQV ELRORJLTXHV j XQH UpVROXWLRQ VXSpuU
HQYLURQQHPHQW QDWLI VDQV DYRLU j OHV FULVWDOOLVE
DPpOLRUDWLRQV UpFHQWHY GDQV OfpTXLSHPHQW HW OH W

$ SDUWLU G XQ HQVHPEOH GH GRQQpHV GH FU\R (0 RE\
JURXSH MpDL GpWHUPLQp OD VWUXFWXUH GX FRPSOH[H UL
©IHUPp2 DYHF XQH UpVROXWLRQ GH c 'LIlpUHQWHYV VWI
pWp DSSOLTXpHV SRXU LGHQWLILHU OD SDUWLH OD SOXYV K
ID VWUXFWXUH PRQWUH XQ GRPDLQH ELHQ UpVROX 653 $51
vLJQDO OLpH / LQWHUDFWLRQ HQWUH OHV 653 HW OH ULE
XQH JUDQGH ILGpOLWp &HWWH VWUXFWXUH UpYgqOH pJDO



VRQW GpWDFKpHV GH OD WpWUD ERXFOH GH O $51 HW VRQ
VRIM GX ULERVRPH SHUPHWWDQW OD OLDLVRQ GX WUDQVC

'DQV OH VHFRQG SURMHW GLIIpUHQWHY DSSURFKHV RQW
VWUXFWXUH GX FRPSOH[H ULERVRPH +7/ j KDXWH UpVROXW
D pWp REWHQXH HQ PpODQJHDQW +7/ VROXELOLVpV HQ G
GpPRQWUDQW OD SRVVLELOLWp GH SUpVHUYHU OH FRPSOH
OD SUpSDUDWLRQ GHV JULOOHV -YDL HQVXLWH H[SORUy
QRXYHDX GpWHUJHQW DSSHOp /01* SRXU VWDELOLVHU +°
GpWHUJHQW 8Q GHX[LgJPH HQVHPEOH GH GRQQpPHV D HQ
GIpFKDQWLOORQ REWHQX SDU JUDGLHQW GH IL[DWLRQ O
SUpSDUDWLRQ GHV pFKDQWLOORQV D pWp RSWLPLVpPH XWI
2Q D PRQWUp TXH GHX[ W\SHV GIDPSKLSROH +7/ SHXYHQW
VWUXFWXUHV GH SOXV JUDQGH UpVROXWLRQ GHYUDLW rwu

0276 &/eb

FUR PLFURVFRSLH pOHFWURQLTXH SURWpPLQH PHPEUDQDLU
GHV SURWpLQHV WUDQVORFDWLRQ GHV SURWpPLQHYV



$%675%&7

7KHFHOO PHPEUDQH LV WKH EDUULHU WKDW VHSDUDWHV W
HQYLURQPHQW ,W FRQVLVWV RI OLSLGY DQG SURWHLQV °
PDNH XS DERXW RI JHQRPHVY OHPEUDQH SURWHLQV DUH
E\ ULERVRPHV EXW HPSOR\ VSHFLDO SDWKZD\V WR LQWH
5LERVRPHV WUDQVODWLQJ PHPEUDQH SURWHLQV DUH UHF
F\WRVRO DQG WDUJHWHG WR WKH PHPEUDQH 6XEVHTXF
PHPEUDQH SURWHLQV DUH LQVHUWHG LQWR WKH OLSLG EL
VWUXFWXUHVY D SURFHVV WHUPHG WUDQVORFDWLRQ 7KH !
VLIQDO UHFRJQLWLRQ SDUWLFOH 653 DQG LWV UHFHS
SHUIRUPHG E\ D QXPEHU RI PHPEUDQH SURWHLQ FRPSOH[H)

7KLV WKHVLV GHVFULEHV WZR Rl WKH FRPSOH[HV LQYRO
DQG WUDQVORFEWUWUREK LXK HFRIAERVRPH 653 )WV< WDUJHWLQ
WKH *FORVHG  FRQIRUPDWLRQ DQG WKH FRPSOH[ RI D ULE
+7/ FRQVLVWLQJ RI VHYHQ PHPEUDQH SURWHLQV , PLC
PLFURVFRS\ WR FKDUDFWHUL]JH WKHVH FRPSOH[HV &
GHWHUPLQDWLRQ RI ELRORJLFDO VDPSOHV DW VXE QDQR
HQYLURQPHQW ZLWKRXW WKH QHHG WR FU\WWDOOL]H W
DGYDQWDJH RI WKH UHFHQW DGYDQFHV LQ ERWK WKH KDUC

6WDUWLQJ IURP D FU\R (0 GDWDVHW REWDLQHG E\ JURXS
WKH VWUXFWXUH RI ULERVRPH 653 )WV< FRPSOH[ LQ WKH
UHVROXWLRQ 'LIITHUHQW FRPSXWDWLRQDO VRUWLQJ VWU
PRVW KRPRJHQHRXV VXE SRRO Rl WKH GDWDVHW 7KH VW
653 51%$ DQG 653 0 GRPDLQ ZLWK D VLJQDO VHTXHQFH E
EHWZHHQ 653 DQG ULERVRPH FRXOG EH PRGHOHG ZLWK KL
DOVR UHYHDOV WKDW WKH 653 YWV< *73DVHV DUH GHWDFK
DUH IOH[LEOH WKXV OLEHUDWLQJ WKH ULERVRPDO H[LW
PDFKLQHU\

,Q WKH VHFRQG SURMHFW GLITHUHQW DSSURDFKHV ZHUH
WKH ULERVRPH +7/ FRPSOH[ DW KLJK UHVROXWLRQ $Q L



REWDLQHG E\ PL[LQJ GHWHUJHQW VROXELOL]JHG +7/ ZLWK \
WMV SRVVLEOH WR SUHVHUYH WKH FRPSOH[ XQGHU WKH
SUHSDUDWLRQ , KDYH WKHQ H[SORUHG WKH XVH RI QDQR
/01* WR VWDELOL]H +7/ LQ GHWHUJHQW IUHH EXIIHUV $ VHI
FROOHFWHG IURP D VDPSOH SUHSDUHG E\ JUDGLHQW IL[DW
DW c 6DPSOH SUHSDUDWLRQ KDV EHHQ RSWLPL]JHG IXUW
RI DPSKLSRO +7/ FRPSOH[HV ZHUH VKRZQ WR ELQG WR \
UHVROXWLRQ VWUXFWXUHY DUH H[SHFWHG WR EH REWDLQF

(< :25'6

H@BFWURQ FU\R PLFURVFRS\ PHPEUDQH SURWHLQ ULERVRPEF
SURWHLQ WUDQVORFDWLRQ
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, LUVW ZDQW WR WKDQN P\ VXSHUYLVRU 3URI 'U &KULVWL
VKH JDYH PH WR ZRUN LQ KHU ODERUDWRU\ DQG IRU WKH
I[URP KHU GXULQJ WKH WKHVLV ZRUN

, WKDQN WKH PHPEHUV RI P\ WKHVLVY DGYLVRU\ FRPPLWW
(GZDUG /HPNH 'U -RVp ODUTXH] 3URI 'U 5RE 5XLJURN DQ
IRU WKHLU VXSSRUWY DQG DGYLFHYV

, WKDQN P\ MXU\ PHPEHHUWWORFNHU 3URI 'U 9DOHQWLQ °
%UXQR OLURX[ DQG 3URI 'U *X\ 6FKRHKQ IRU WKHLU WLPH

, WKDQN HYHU\ FXUUHQW DQG IRUPHU PHPEHU RI WKH 6F}
*URXS LQ (0%/ *UHQREOH IRU WKHLU VXSSRUWYVY DQG GLVFX
'U ODQLNDQGDQ .DUXSSDVDP\ IRU WKH KHOS LQ HOHFWUR
/IRHITHOKRO] IRU WKH KHOS LQ (0 GDWD SURFHVVLQJ DQ
FRUUHFWLQJ WKH J)UHQFK DEVWUDFWYV RI WKLV WKHVLYV

, ZRXOG OLNH WR WKDQN DOO WKH H[WHUQDO SHRSOH ZKH¥
6RSKLH )HXHUVWHLQ IRU WKH KHOS LQ QDQRGLVFV 'U
6FKRHKQ IRU WKH KHOS LQ (0 GDWD FROOHFWLRQV 3U]
FROODERUDWLRQ LQ WKH ULERVRPH 653 SURMHFW DQG 'U
DPSKLSROV

, FRXOG QRW KDYH GRQH WKH WKHVLV ZRUN ZLWKR)
XQL[ VWDFNH[FKDQJH FRP , WKDQN DOO WKRVH DQRQ\PRX
NQRZOHGJH WR WKH SXEOLF LQ WKLV ,QIRUPDWLRQ $JH

, JLYH VSHFLDO WKDQNV WR P\ IRUPHU VXSHUYLVRUV 3URI
‘U ODUFHO .QRVVRZ ZKR EURXJKW PH WR WKH ILHOG RI VF|
PH FRQWLQXRXV VXSSRUWYV

O\ PRWLYDWLRQ WR GR VFLHQFH LV GULYHQ E\ FXULRVLW\
IRU OLYLQJ LV EHFDXVH RI \RX P\ GHDU DQG EHORYHG 7LQ
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SURNDU\RWLF FR WUDQVODWLRQDO WDUJHWLQJ DQG W
$SSURDFKHY DQG FKDOOHQJHV LQ VWXG\LQJ PHPEUDQ

SXEOLFDWLRQ $GYDQFHV DQG FKDOOHQJHV RI PHPEUD
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5HFHQW DGYDQFHV LQ HOHFWURQ FU\R PLFURVFRS\«««

7+( 3&/26("° 67$7( 2) &2 75$16/$7,21$/ 7$5*(7,1*
5pVXPp /D FRQIRUPDWLRQ ©IHUPp2a GH OfDGUHMVDJIH FR WL

&RQIRUPDWLRQDO UHDUUDQJHPHQWY RI 653 DQG )WV<
GXULQJ FR WUDQVODWLRQDO WDUJHWLQJ &« &«

SXEOLFDWLRQ 5LERVRPH 653 )WV< FRWUDQVODWLRQDC
LQ WKH FORVHG VWDWH®CCEELELLLLLLLL KLLLKLKK KL &

'"HWDLOHG SURFHGXUHV RI GDWD SURFHVVLQJ DQG VWI

7+( +2/2 75%$16/2&21 $1' 7+( 5,%2620( +7/ &203/(;
5pVXPp /fKROR WUDQVORFRQ HW OH FRPS@HKKAULERVRPH
([SUHVVLRQ DQG SXULILFDWLRQ RI +7/ «&«&« «&KKKKKK
JLUVW FU\R (0 GDWDVHW RI 51& +7/ «&&&& «&KKLKKK KK
,QFRUSRUDWLQJ +7/ LQWR QDQRGLVFV ««« «&«& ««&KKK:
6HFRQG FU\R (0 GDWDVHW RI 51& +7/ XVLQJ *UD)L[ DQG
7TRZDUGV ULERVRPH +7/ DPSKLSRO FRPSOH[HV«««««« <

',6&866,21 $1' &21&/8',1* 5(0%$5.6
SpVXPp 'LVFXVVLRQ HW«kRQFOXVLRQV



SBURFHGXUHY DQG PHWKRGV« AL €& «&KKLLL KK «
&XUUHQW PRGHOV RI FR WUDQVODWLRQDO WDUJHWLQJ
JXWXUH BWXGLHY « «««iiaaaaaEEEEEEEC LKL L K «
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BURWHLQ 7DUJHWLQJ RQG WO QUXREOWLRQ
&RPSRQHQWY DQG VWUXFWXUDO RUJDQL]DWLRQ R
/LSLG GHWHUJHQW DQG PHPEUDQHK SURMWHLQ VRO:
IDQRGLVFV DQG«BREKLER XK «
&RQIRUPDWLRQDO FKDQJHV RI 653 DQG )WV< GXUL
6RUWLQJ VFKHPH IRU 653 &RXQ& 8D UM LFOHYV
6RUWLQJ VFKHPH IRU FRQIRYPDWERQD®O® YDULHWLF
&RUUHODWLRQ EHWZHHQ VRUWLQ3«XQG«PLFURJUD
7KH S$FHPEO +7/ H[SUHV kR Q«kRQMW UXFW

$Q H[DPSOH RI +7/ HISUHVVLRQ«RQ G«SXLILILFDWLR(
6RUWLQJ VFKHPH+RI'% 1&D W R ¥ HW« « « «  «
'"HWDLOHG YLHZ"R++ WHKRHVEMEX KWX W H««  «

063 SURWHLQ FRQVWUXFWYV DQ&6«8XJklIkFDWLRQ RI
+ RPRREIYXULILFDWLRQ DQG QHJIJDWd«H VWRLQ (0 LPI
OROHFXODU VWUXFWXUHV«R& <&k DQG [0 ket
3XULILFDWLRQ RI GHWHOY M QW «ldkkkH 6 kkFe (*
BUHSDUDWLRQ RI *“IMDYL§ « ««««

K KKK KK
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6RUWLQJ VFKHPH RI WRMwTUDLE B W WhW «
JLWWLQJ RI FU\V WD O &k X F Wkl b &
'LITHUHQW W\SHV RI DPSKLSROV «UHOHXDQW WR WK
3XULILFDWLRQ®R I« WK K« %/
5LERVRPH FR VHGLPHQWDWLR® «k[&StkU L RekkQ W V
+7?*RYLERVRPH ELQGLQJ E\ VL]H H[FOXVLRQ FKUR!
2SWLPL]DWLRQ RIRW KR GXHF W RQ« « « « «

KK «

K KKK KK K«

JLIXUH &XUUHQW PRGHO RI 653 PHGLDWHG FR&NUDQVODWL

JLIXUH &XUUHQW PRGHO RI

PHPEUDQH SURWHI«Q LQVHUWLF

JLIXUH (XNDU\RWLF FR WUDQVODWLRQDO WHdkXHWLQJ DQG

$%
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$$






(3

&+$37(5 ,1752'8&7,21
&+$3,75( ,1752'8&7,21

5pVXPp
78LV VXMHWYV VRQW DERWEIBPLWUDQVORFDWLRQ FR WUL
SURFRWHY /HV DSSURFKHV HW GplILV GH O pWXGH GHV SL
SURJUQV UpFHQWY HQ FU\R PLFURVFRSLH pOHFWURQLTXH

/ID SDUWLFXOH GH UHFRQQDLVVDQFH GX VLJQDO 653 H\
FROL DGUHVVHQW OHV SURWPpPLQHY PHPEUDQDLUHYVY HQ FR>
] OD PHPEUDQH FHOOXODLUH Re OHV FKDVQHV QDLVVDQW}
WUDQVORFRQ 6HF<(* &H GHUQLHU SHXW HQFRUH rWUH DV
IRUPHU O KROR WUDQVORFRQ +7/ '‘DQV FHWWH WKqVH
ULERVRPH 653 )WV< HQ FRQIRUPDWLRQ ©IHUPp2 HW OH FRP

3RXU OD SOXSDUW GHV pWXGHV VWUXFWXUDOHV HW
PHPEUDQDLUHYVY GRLYHQW rWUH H[WUDLWHV GH ELFRXFKF
GpWHUJHQWY FH TXL HVW GLIILFLOH 'YfDXWUHV DSSURF
VXUPRQWHU OHV SUREOgPHV GH O XWLOLVDWLRQ GH GpWt
DPSKLSROV

/ID FU\R PLFURVFRSLH pOHFWURQLTXH FU\R (0 GHYLHQYV
GDQV OD ELRORJLH VWUXFWXUDOH /HV SURJUQV UpFHQW)\
GpWHFWHXUV pOHFWURQLTXHV GLUHFWYV SRXU O DFTXLVL
FRUULJHU OH PRXYHPHQW GHV SDUWLFXOHV LQGXLWH SDL
DYHF GHVY DOJRULWKPHY DPpOLRUpV SHUPHWWHQW GH Gp)
GDQV OHV UpVROXWLRQV TXDVL DWRPLTXHV (Q SDUDOOQC
YDOLGDWLRQ GHVMDVWRUNXRWRUHYV



(9

SURNDU\RWLF FR WUDQVODWLRQDO WDUJHWLQJ DQG W

SURWHLQ WUDQVODWLRQ DQG WKH ULERVRPH

,Q ELRORJLFDO V\WVWHPV WUDQVODWLRQ LV D SURFHVV ;
MRLQHG WRJHWKHU LQWR SURWHLQV XVLQJ WKH JHQHWLF
LQIRUPDWLRQ LV SUHVHQWHG LQ IRUP RI D PHVVHQJHU 51
ULERVRPH &RUUHFW DPLQR DFLGV HQWHULQJ WKH ULERVF
51$ ZLOO EH IXVHG LQWR WKH JURZLQJ SRO\SHSWLGH FKDL
LQWR DQ DFWLYH SURWHLQ DQG UHDOL]JHV LWV IXQFWLRQV

5LERVRPHVY DUH ODUJH DQG FRPSOH[ PROHFXODU PDFK
LGHQWLILHG DQG SXULILHG E\ XOWUDFHQWULIXJDWLRQ
DFFRUGLQJ WR WKHLU VHGLPHQWDWLRQ VSHHG LQ 6YHGE
ULERVRPHV HDFK FRQVLVWLQJ RI D VPDOO 6 DQG D
ULERVRPHY DUH DURXQG QP LQ GLDPHWHU DQG DUH FRP
SURWHLQVFKHKUHLFKWLWDERRAGPH FRPSULVHV ULERVRPDO SUR

BWUXFWXUHV Rl ULERVRPHYV DW QHDU DWRPLF UHVROXWL
'LPEHWOM DO %DHW DO 6FKOXHQVHIO 7KHVH JURXQG

EUHDNLQJ VWUXFWXUHV DOORZHG XQGHUVWDQGLQJ WKH

XQSUHFHGHQWHG GHWDLO 7KH FRUUHFW DPLQR DFLGV D
FRGRQ SDLULQJ EHWZHHQ P51% DQG DPLQR DF\O W51%$ LQ
VPDOO ULERVRPDO VXEXQLW 7KH ISH®WHGDG GUWDLRQ HRI D
DFLGV WR WKH JURZLQJ SRO\SHSWLGH FKDLQ LV FDWDO\]H
ULERVRPDO VXEXQLW E\ WKH ULERVRPDO 51%$ U51$ 7KH Q
DOVR FDOOHG WKH QDVFHQW FKDLQ SDVVHV WKURXJK WKH
RI WKH 6 VXEXQLW

$OWKRXJIJK VRPH ORZ RUGHU IROGLQJ VXFK DV IRUPDWLF
RFFXU LQVLGH WKH ULERVRPDO H[LW WXQQHO WKH PDMI
RXWVLGH WKH ULERVRPDO WXQQHO XVXDOO\ ZKLOH WKH
FDVH RI PHPEUDQH SURWHLQV IROGLQJ RFFXUV YLUWXDO((
RI WKH SRO\SHSWLGH



(9%
6LJIQDO SHSWLGH DQG SURWHLQ WDUJHWLQJ

$ IWIQDO SHSWLGH DOVR FDOOHG VLIQDO VHTXHQFH RU O
DPLQR DFLGY SHSWLGH DW WKH 1 WHUPLQXV RI WKH QD\
vLIQDO SHSWLGH LV WR WDUJHW WKH QHZO\ VIQWKHVL]HG
OLNH WKH FHOO PHPEUDQH RU WKH HIWUDFHOOXODU VSDFI

6LIQDO SHSWLGHV FRQWDLQ PDQ\ K\GURSKRELF DPLQR D
DOSKD KHOL[ 7KH ILUVW IHZ DPLQR DFLGV DUH YHU\ RI\
GHWHUPLQHV WKH WRSRORJ\ RI WKH PHPEUDQH SBRWHLQ
HDFK SURWHLQ LV RULHQWDWHG VXFK WKDW WKH VLGH
SRVLWLYHO\ FKDUJHG UHVLGXHV IDFHV WKH F\WRSODVP Y
& WHUPLQXV RI WKH VLIQDO SHSWLGH FRQWDLQV W\SLFDO

Post-translational
translocation

- TF QSRP

SecB 455 Co-translational
translocation

SecA
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EH UHFRJQL]JHG DQG FOHDYHG E\ WKH VLIJQDO SHSWLGD\
SURRHLQV WKH FOHDYDJH VLWH LV DEVHQW DQG WKHUHIRU
ILUVW WUDQVPHPEUDQH KHOL]

6LJQDO SHSWLGHV YDU\ D ORW DPRQJ GLIIHUHQW SURWFE
FDUULHG E\ WKH VLJQDO SHSWLGH QHHGV WR EH GHFRG!
IDFWRUV UHVSRQVLEOH IRU WDUJHWLQJ ,Q SURNDU\RWHYV
QDVFHQW SURWHLQ XVXDOO\ EHORQJLQJ WR D PHPEUDQ
VLIQDO UHFRJQLWLRQ SDUWLFOH 653 ZKLOH WKH VLJQD
WKH PDMRULW\ Rl FDVHV LV LGHQWLILHG DQG WDUJHWHG
FHFUHWRU\ SURWHLQV DUH ZHOO VROXELOL]HG DQG FDQ E
FKDSHURQH 6HF% DQG H[SRUWHG DIWHU WUDQVODWLRQ LV
PHPEUDQH SURWHLQV JLYHQ WKHLU JHQHUDOO\ KLJK K\GU

&R WUDQVODWLRQDO WUDQVORFDWLRQ

'XULQJ WUDQVODWLRQ RI D PHPEUDQH SURWHLQ WKH QD
WKH WXQQHO H[LW Rl WKH ULERVRPH LV VFUHHQHG E\ W
K\GURSKRELF VLJQDO SHSWLGH 2QFH D VLJQDO SHSWLGH
ULERVRPH ZLWK KLJK DIILQLW\ Q0 RU OHVV ,Q HXNDU\
VORZ GRZQ RI SURWHLQ V\QWKHVLV 6XFK SKHQRPHQD LV
SURNDU\RWLF 653 ODFNV WKH FRUUHVSRQGLQJ $OX GRPDL(

653 WDUJHWV WKH ULERVRPH QDVFHQW FKDLQ FRPSOH[ &
FKDQQHO WKH WUDQVORFRQ LQ WKH FHOO PHPEUDQH 7]
653 WR LWV UHFHSWRU )WV< LQ EDFWHULD )WV< LV DVVR
FORVH SUR[LPLW\ WR WKH WUDQVORFRQ $IWHU VXFFHVVI
WUDQVODWLQJ ULERVRPH LV GRFNHG RQWR WKH F\WRSOD'
VLIQDO SHSWLGH LV LQVHUWHG LQWR WKH WUDQVORFDYV
VIOWKHWL]HG SRO\SHSWLGH LV HLWKHU WUDQVORFDWHG L
OLSLG ELOD\HU GHSHQGLQJ RQ WKH QDWXUH RI WKH SRO\
WUDQVODWLRQDO WUDQVORFDWLRQ W HQVXUHV WKH SU|I
WKH K\GURSKRELF WUDQVPHPEUDQH KHOLFHV DUH QRW H
GLUHFWO\ LOQOVHUWHG LQWR WKH OLSLG ELOD\HU
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,Q EDFWHULD WKH SURWHLQ FRQGXFWLQJ FKDQQHO LV D
R 6HF< 6HF( DQG 6HF* DOVR FDOOHG 6HF<(* 5DSRSRUYV
HPSOR\HG IRU SRVW WUDQVODWLRQDO WUDQVORFDWLRQ R
WUDQVODWLRQDO SURWHLQ WUDQVORFEDWLRQ 7KH PROHF
UHYHDOHG E\ WKH FU\WWDO VWUXFWXUH VKRZLQJ WZR JU
LQ 6HF< DORQJ ZLWK D FHQWUDO SOXJ WKDW FDQ HLWK
PHPEUDQH WR WKH RXWVLGH RU RSHQ ODWHUDOO\ LQWR
VKHOO 9DQ GMWQD®HUJ

Q(VFKHULFKLDGREROLRQDO SURWHLQV DUH LQYROYHG
PHPEUDQH SURWHLQV $PRQJ WKHP <LG& LV DQ LPSRUWDC
WKDW FDQ SHUIRUP WKH LQVHUWLRQ RI VPDOOHSWRODGHSW

&KHBW DO YDQ GHWBWWDDQ EXW DOVR DFWV WRJHWK
6HF WUDQVORFRQ 1RWDEO\ <LG& DQG 6HF<(* FDQ DVVRF
FRQVLVWLQJ RI 6HF' 6HF) DQG <DM& 'XRQJ DQG :LFNQ
'"ULHVVHQ 7RIJHWKHU WKHVH SURWHLQV IRUP D FRPS

7KLV 6HF<(* 6HF') <DM& <LG& FRPSOH[ QDPHG WKH KF
KDV EHHQ VXFFHVVIXOO\ LVRODWHG ILU(WFRPHPBURQHAWLY

'XRQJ DQG :LFNQHU HW DOFRW®G VXEVHTXHQWO\ DV D UHF
SURGXFHG SURWHLQ FRPSOH|[ %ARKXHRMDBN NMWKD® EHHQ
VKRZQ WKDW +7/ LV PRUH HIIHFWLYH LQ FR WUDQVODWLRC
FRPSDUHG WR WKH B6HF<(* FRUH MWDRO®ORFRRFK 6BREO]H
FROOHDJXHVY KDYH ORFDOL]HG <LG& WR WKH ODWHUDO
H[SHULPHQWYVY BDW RP®WODUEWHUDFWLRQV EHWZHHQ 6HF' DQ
DOVR LGHQWLIHWGD BFKXO]H

7KH FU\WVWDO VWUXFWXTKHRBRPX6\H WK HURRSKLOXV KDV EHI

7VXND]JHWLD O , W UHYHDOHG WZR ODUJH SHULSODVPLF
6HF) 7KH SHULSODVPLF GRPDLQ RI 6HF' FRQVLVWYV RI D K
URWDWH DERXW GHJUHHYV LQ UHODWLRQ WR HDFK RWHEK

FRQILUPHG E\ FURVVOLQNLQJ H\WHUQPH®WRK DVXKRDHPRKIQ W
WKH 6HF' SHULSODVPLF GRPDLQ ZDV VXJJHVWHG WR |
WUDQVORFDWLRQ E\ FRXSOLQJ SURWHLQ WUDQVORFEDWLRQ
HW DO DV VXJJHVWHG HDUOLHU $UNRZLW] DQG :LFNQHU
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ELQGLQJ VLWH RI WUDQVORFDWLRQ VXEVWUDWHY DQG IDF
KHOFHV LQWR WKH OLSLG ELOD\HU 7KH SHULSODVPLF GRPL
FRPSULVH D ELQGLQJ VLWH IRU VXEVWUDWH SURWHNQV 2
DO

7KH PHFKDQLVP RI FR WUDQVODWLR@DLE QN RDYVHEHHY D\ X
IRU PDQ\ \HDUV 7KH JHQHUDO SURFHVV LV HYROXWLRQDU
ZHOO XQGHUVWRRG +RZHYHU GHWDLOHG XQGHUVWDQGLQ
DQG RI PHPEUDQH SURWHLQ LQVHUWLRQ EH\RQG SDUWLWLI
LQWR WKH OLSLG ELOD\HU LV ODFNLQJ WR GDWH ORUHRYF
WKHVH SURWHLQV DUH SUREDEO\ FRQVHUYHG DFURVV

FRQIRUPDWLRQ PD\ YDU\ EHWZHHQ VSHFLHV DQG LQ WKH

FRPSOH[ )RU H[OKSIQWP XWKHKHBPRYKWERRW KDV DQ ; UD\ VW
UHSRUWHG )LJIXUH LV D VLQJOH SURWRPBRP ZKILDHHV LDV V
ODUJHU SHULSODVPLF 6HF' GRPDLQ DQG LV D WLJKWO\ DVV
6HF' DQG 6HF) $ KLJK UHVROXWLR QFROHY WD D O WR XDW XQ R
EHHQ UHSRUWHG WR GDWH 7KDW PHDQV WKDW D KLJK UHV
ZKLFK WUDQVPHPEUDQH KHOLFHV FDQ EH YLVXDOL]HG

LQIRUPDWLRQ RQ WKH LQWHUDFWLRQV DPRQJ VXEXQLWYV D
WKHFRWIHFLILF GRPDLQV LQ WKH LQGLYLGXDO +7/ VXEXQL)

,Q WKLV WKHVLV ZRUN ZH VWXGLHG WKH ULERVRPH 653
FRQIRUPDWLRQ DQG WKH ULERVRPH +7/ FRPSOH]

$SSURDFKHVY DQG FKDOOHQJHV LQ VWXG\LQJ PHPEUDQF
OHPEUDQH SURWHLQ SXULILFDWLRQ

OHPEUDQH SURWHLQV SHUIRUP D YDULHW\ RI LPSRUWDQW
DV VLIQDO UHFHSWRUV DQG WUDQVSRUWHUV 7KH\ DUH VX
VWXGLHVY GXH WR WKHLU ELRORJLFDO VLJQLILFDQFH EX)\
VWXG\ WKHP 7KHLU K\GURSKRELF VXUIDFHV IOH[LELOLW\

$#
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ELRORJLFDO PHPEUDQH FRQWULEXWH WR WKH WHFKQLFDO
WH VIHU F K

$OWKRXIK VRPH VWXGLHV LED Y LEHK G HWKRURBIGILQDO PHPI
PDQ\ ELRFKHPLFDO DQG VWUXFWXUDO VWXGLHV UHTXLUH
PHPEUDQH SURWHLQVY DQG WKHLU H[WUDFWLRQ IURP WKH
YHU\ FKDOOHQJLQJ DV SUREOHPV RIWHQ DULVH IURP WKH
IXQFWLRQDO SURWHLQV LV UDWKHU ORZ LQ FRPSDULVRQ
VXEVHTXHQW SXULILFDWLRQ RI PHPEUDQH SURWHLQV LQ\)
VWHS

'XULQJ WKH H[SUHVVLRQ RI PHPEUDQH SURWHLQV DV F
VSHFLILF WUDQVORFDWLRQ V\VWHPV DUH UHTXLUHG LQ
SURWHLQY DOVR QHHG WKH SUHVHQFH RI FHUWDLQ OLSLC
RYHUH[SUHVVLRQ RI PHPEUDQH SURWHLQV KDV OHVV FKELC
RULJLQDO VSHFLHYVY 7KHUHIRUH PRVW RI WKH EDFWHULDO
LQ WKH 3URWHLQ 'DWD %DQN 3'% FROAKHHHDM HXHNG® WR V
PHPEUDQH SURWHLQV DUH RIWHQ SXULILHGBWWRP QBWLYH \
PRUH UHFHQWO\ H[SUHVVHG LQ HXNDU\RWLF H[SUHVVLRQ

7KH SXULILFDWLRQ RI D PHPEUDQH SURWHLQ XVXDOO\ VW
LQ ZKLFK WKH SURWHLQ LV ORFDWHG IURP WKH UHVW RI \V
XOwWUD FHQWULIXJDWLRQ VWHSV O6RPHWLPHYV LW LV UHF
SDUWLFOHYVY LQ RUGHU WR UHPRYH PHPEUDQH DVVRFLDWH:!
PHPEUDQH SURWHLQV 7KH FUXFLDO VWHS LQ PHPEUDQH ¢
WKH PHPEUDQH SURWHLQ V RI LOQOWHUHVW IURP WKH OLSLG

/ILSLGV GHWHUJHQWY DQG WKHLU SK\WLFDO SURSHUW

7KH FHOO PHPEUDQHVY FRQWDLQ D YDULHW\ RI ELRORJLFI
SURWHLQVY 7KH\ IRUP D ELOD\HU VWUXFWXUH WKDW FDQ E
OLTXLG LQ ZKLFK OLSLG DQG SURWHLQ PROHEFEXOHV GLIIXV
E\ WKH IOXLG PRVDLF PRGHO 6LQJHU DQG 1LFROVRQ

bQG VWHUROV DUH WKH WKUHH FODVVHV RI OLSLGV WKD\

‘%
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FRPSRVLWLRQ RI FHOO PHPEUDQHY YDULHV IURP RQH RUJ
AQAIHUHQW VSDWLDOO\ DQG WHPSRUDOO\ LQ D VLQJOH FHOO

,Q PRVW FDVHV SKRVSKROLSLGVY DUH PRVW DEXQGDQ
3KRVSKROLSLGY DUH DPSKLSDWKLF 7KH\ KDYH D K\GURSK
QHJDWLYHO\ FKDUJHG SKRVSKDWH JURXS DQG K\GURSKRE!
K\GURFDUERQ FKDLQV 7KHLU VWUXFWXUH GHWHUPLQHV V
SKRVSKROLSLGV LQ DQ DTXHRXV VI\VWHP 7KH K\GURSKREL
ZKLOH WKH KHDG JURXSV IDFH WKH ZDWHU OHDGLQJ WR W
OLSRVRPHV RU PHPEUDQHV )LJIXUH 7KH K\GURFDUER
EHWZHHQ DQG FDUERQV ORQJ 7KH OHQJWK DQG VDW
GHWHUPLQHV WKH WUDQVLWLRQ WHPSHUDWXUH RI WKH O
OLSLG ELOD\HU ORVW KHDG JURXSV DUH JO\FHULGH ZLW
ZKLFK LV GHULYHG IURP VSKLQJRVLQH 'LIIHUHQW KHDG
LOQWHUDFWLRQV ZLWK PHPEUDQH SURWHLQV DQG PHPEUDQI

7KH IDFW WKDW PHPEUDQH SURWHLQV DUH QDWXUDOO\
PHDQV WKDW WKH\ KDYH WR EH H[WUDFWHG IURP WKH EL(
DQG DQDO\]HG IXUWKHU DV LQGLYLGXDOO\ VROXELOL]HG ¢
PRVW ELRFKHPLFDO DQG VWUXFWXUDO VWXGLHV 7KH H[WI
LV XVXDOO\ DFKLHYHG E\ WKH XVH RI GHWHUJHQWYV

"HWHUJHQWY DUH DPSKLSDWKLF PROHFXOHVY MXVW DV O
K\GURSKLOLF KHDGY DQG K\GURSKRELF WDLOV :KDW GLVW
WKH FROQFHQWUDWLRQ UDQJH IRU VHOI DVVRFLDWLRQ DQG
WR WKH ODUJHU KHDG JURXSV GHWHUJHQW PRQRPHUYV
PHPEUDQHVY EXW VWUXFWXUHV FDOOHG PLFHOOHV )LJXUH
ZKHQ WKH FRQFHQWUDWLRQ RI GHWHUJHQW ULVHV EH\RQ(
&0 & KHQ PRUH GHWHUJHQW LV DGGHG RQO\ WKH FRQFHC
$ERYH WKH &0& D GHWHUJHQW EHFRPHV FDSDEOH RI VR
DPSKLSDWKLF PROHFXOHYV VXFK DV OLSLGV DQG PHPEUDQ
KHQ PRUH GHWHUJHQW LV DGGHG ILQDOO\ ZDWHU VROXE
FDQ EH IRUPHG )LJXUH *DUDYLWR DQG )HUJXVRQ 0OLOO

2QH RI WKH SUREOHPV RI XVLQJ GHWHUJHQWYV LV WKHLU
SURWHLQV $V GHWHUJHQWY DUH DSSOLHG WR EUHDN OLS
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ZHOO GLVUXSW WKH LQWHU DQG LQWUD PROHFXODU LQW
XWPDWHO\ GHQDWXUH WKH WDUJHW SURWHLQV 7KH SUF
VWXG\LQJ PHPEUDQH SURWHLQ FRPSOH[HV DV WKH SUR
JHQHUDOO\ PXFK ZHDNHU FRPSDUHG WR LQWUD SURWHLQ 1
WR LGHQWLI\ WKH EHVW GHWHUJHQW WKDW EDODQFHV WK
WDUJHW SURWHLQV

$OWHUQDWLYHVY WR GHWHUJHQWYV WR VROXELOL]H PH

7R RYHUFRPH WKH SUREOHPV FDXVHG E\ WKH XVH RI GHW
KDYH EHHQ GHYHORSHG WR VROXELOL]H RU WR PDLQW
PHPEUDQH SURWHLQV +HUH |, GHVFULEH LQ PRUH GHWDLO
P\ WKHVLY ZRUN QDQRGLVFV DQG DPSKLSROV
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1DQRGLVFV DUH OLSLG ELOD\HUV VXUURXQGHG DQG VR(
SRWHLQV 063V 1DWK $WNLQV DQG 60LJDU 7KH HQ.
K\GURSKRELF VLGH Rl WKH OLSLG SDWFK DQG WKXV VW
OHPEUDQH SURWHLQV FDQ EH LQWHJUDWHG LQWR WKH ELO
PLPLFNLQJ WKH FHOO PHPEUDQH 7KH UDGLXV Rl WKH QDC
XVLQJ 063V Rl GLIIHUHQW OHQJWKV DQG WKXV LQFRUSRUI
FRPSOH[HV RI GLIIHUHQW VL]HV 7KLV FDQ EH XVHG IRU H
RI D PRQRPHU DQG D GLPHU RI WKHWDPH S SRR WIKH U ' D
DGYDQWDJH RI XVLQJ QDQRGLVFV LV WKH LQWHJUDWLR
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HPEHGGHG PHPEUDQH SURWHLQ DQG DOVR HQDEOHV WKI
IQMUDFWLRQV )HMPXOHRQIHOG

$PSKLSROV DUH DPSKLSDWKLF SRO\PHUV 7KH\ DUH
WUDQVPHPEUDQH KHOLFHV Rl PHPEUDQH SURWHLQV E\ PXO
QRW GLVVRFLDWH HYHQ DW H[WUHPH GLOXWLRQV =RRQH!
FRQWDFWV DOVR SURYLGH D VWDELOL]JLQJ HIIHFW WR WKH
YHU\ KHOSIXO LQ VWXG\LQJ PHPEUDQH SURWHLQ FRPSOH]
DSSOLFDWLRQV RI DPSKLSROV RQ VWUXFWXUDO VWXG\ RI F

c FU\R (0 VWUXFWXUH RI WKH 7583% DRAQ MmO GHIY L DLVD RV
RI DPSKLSROV H[LVW DGDSWHG HVRF& RIWDLIDQ @ JDBLSFOL EQ VWP R
D IOXRUHVFHQW G\H 7KUHH W\SHV RI DPSKLSROV WKH
VXOIRQDWH DPSKLSRO 6$3RO DQG D QRQ LRQLF DPSKLSR
WKHVLV IRU VROXELOL]DWLRQ RI WKH KROR WUDQVORFRQ F

IHLWKHU QDQRGLVFV QRU DPSKLSROV KDYH WKH DELOLW
IURP OLSLG ELOD\HUV 7KH\ DUH XVXDOO\ DSSOLHG DIWH
SURWHLQV E\ GHWHUJHQWY G6XEVHTXHQWO\ WKH GHWHUJ}
SURWHLQ V LV UHSODFHG E\ WKHVH V\VWHPV )LJXUH !
VLPLODU IRU QDQRGLVFV DQG DPSKLSROV )LUVW WKH DPS
DGGHG DOORZLQJ WKHP WR PL[ IUHHO\ ZLWK WKH GHWHL
GHWHUJHQWY DUH UHPRYHG IURP WKH VA\VWHP XVXDOO\ |
GHFUHDVLQJ GHWHUJHQW FRQFHQWUDWLRQ LQWHUDFWLR
DPSKLSROV RU QDQRGLVFV DUH IDYRUHG )LQDOO\ SURW
QDQRGLVFV FDQ EH VHSDUDWHG IURP RWKHU DVVHPEOLH
HIFOXVLRQ FKURPDWRJUDSK\

,Q WKLV WKHVLV DPSKLSROV KDYH VKRZQ JUHDW SRW
WUDQVORFRQ PHPEUDQH SURWHLQ FRPSOH[ 7KH\ DOVR DC(
VDPSOHV DIWHU SXULILFDWLRQ ZKLFK ZDV QRW SRVVLEOH

3XEOLFDWLRQ $GYDQFHV DQG FKDOOHQJHV RI PHPE
SURGXFWLRQ
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Introduction

About one third of the proteome of every cell is translo-
cated into a membrane. Recent developmentsin high-
throughput methodsto detect and quantify protein. pro-
tein interactions described the interactome of soluble
proteins in bacteria, yeast,and human [1..3]. However,
complexesinvolving membrane proteins aremuch more
dif‘cult to identify, produceand characterizedue to their
hydrophobic nature (Figure l1a). A genome-wide ap-
proachrevealedthe membrane protein interaction land-
scapeof Saccharomyaeesevisiaesing afnity-puri“cation

CrossMark

| 1,2,3

in the presenceof different non-denaturing detergents
followed by massspectrometry [4]. Remarkably, in the
correspondinginteractomealmosttwo-thirds of the inter-
actions relate hitherto unassignedfunctions. Evidently,
yeastmembrane proteinshaveon average2.linteraction
partners, around half of those prescribed to globular
proteins[4,5], demonstratingthat, asin the cytosol, most
proteins occur and function in complexesrather than as
isolated entities in the membrane.

While systemsbiology approacheshelp to cataloguethe
membrane content and membrane protein interactions,
signi“cant progressis needed for the determination of
their stoichiometry, structure and cellular function. Here,
we review recent approachesto produce, purify and
stabilize membrane protein complexesfor these analy-
ses.

Recombinant membrane . protein complex
production in prokaryotes

Escherichigoli hastraditionally been used asexpression
host of choice for membrane proteins, alongside Gram-
positive alternatives [6] (Figure 1b). Recombinant pro-
duction allows introducing truncations, mutations and
tagsfor af‘nity-puri“cation. In fact, the “rst crystalstruc-
ture of a membrane protein complex was the E. coli
fumarate reductaserespiratory complex [7,9].

Improved E. coli strains for membrane . protein
expression

Signi“cant effort hasbeen invested to develop bacterial
strains that are tailor-made for membrane protein pro-
duction. The T7 RNA polymerase-basedexpression
hosts C41l (DE3) and C43 (DE3) have mutations in
the ladJV5 promoter that governsT7 RNA polymerase
expression resulting in lower amountsof T7 RNA poly-
merase and consequently in slower transcription and
translation rates of the proteins under the control of a
T7 promoter [9,1(0. Applying a similar strategy, the
Lemo21(DE3) strain was designedto precisely control
T7 RNA polymerase activity: expression levels of its
natural inhibitor T7 lysozyme are titrated by rhamnose
induction [10]. Slower membrane protein production
rates can reduce accumulation of misfolded, aggregated
proteins in inclusion bodies. The C41l (DE3) and
C43 (DE3) expressionhosts are frequently used; suc-
cessful examples include the AcrAB-TolC multidrug
ef’ux pump [11 ] andthe LptD .LptE complexinvolved

www.sciencedirect.com
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Figure 1

SURWHLQ FRPSOH[HV

SURWHLQ FRPSOH[HYV

ORQRPHULF PHPEUDQH
SURWHLQV

+HWHUR ROLJRPHULF PHPEUDQH

+RPR ROLIJRPHULF PHPEUDQH

E
EDFWHULD
\HDVW

PDPPDOILLDQ

LQVHFW HFHOOV

VIQWKHWLF SHSWR GHER XV

&XUUHQW 2SLQLRQ LQ gWUXFWXUDO

Membrane. protein structures in the Protein Data Base and expression hosts used. (a) The number of membrane. proteins deposited in the Protein
Data Bank (PDB, www.rcsh.org ) is exponentially increasing since 1985, but still presents a small fraction compared to all the proteins in the PDB
(currently  98,770). The majority of the membrane. protein structures are monomeric or from homo-oligomers. Multi-subunit membrane. protein
complexes are particularly challenging, and thus only 84 structures are currently available. (b) Expression hosts used for membrane. protein
production for structures deposited in the PDB between 2010 and 2015. Membrane. proteins are traditionally expressed in bacteria (66%), the vast
majority in Escherichia coli. However, eukaryotic expression systems are clearly becoming more important; in particular baculovirus-insect cell
expression (15%) is successfully used for production of G protein-coupled receptors.

in lipopolysaccharidetranslocationinto the outer mem-
brane of Gram-negative bacteria [12] (depicted in
Figure 3b). The twin-arginine translocaseinner-mem-
brane subunit (TatC) is one of many examplesfor suc-
cessful membrane protein expressionin a Lemo(DE3)
strain [13]. Additionally, auto-induction-based media
which slow down protein expressionare now commonly
usedto improve membrane protein production [14].

Co-expression systems for protein complexes
Membrane. protein complexesusually cannot be recon-
stituted from the puri“ed subunitsor subcomplexesThis
could be due to the fact that they need interaction
partners for stable folding and function or becausethe
protein. protein interactions formed by interfaceswithin
the bilayer are maskedby the detergent used for solubi-
lisation. Co-expressionof the complex subunits over-
comes this problem. Co-transformation of several
plasmids with single or multiple expression cassettes
and with different origins of replication and antibiotic
resistancg 15,14 hasthe drawbackthat the copynumbers
of the respective plasmids can vary signi“cantly. This
complicatesthe balancedexpressionof the subunits and
adjustingthe stoichiometry of the complex. Poly-cistronic
expressiorsystemausingnaturalorarti“cial operonswhere
the complex componentsare expressedrom one messen-
ger RNA often result in a more balancedprotein produc-
tion [17]. In the caseof arti“cial operonsthe orderof genes
in the construct needsto be experimentally determined

becauseexpressionevelsdependonintrinsic propertiesof
the particular coding sequences[18]. Moreover, larger
operonswith many genesoften lead to low expression
levels of the proteins encodeddownstream.The trimeric

Sectransloconcomplex was expressedfrom a synthetic
poly-cistronic mMRNA, puri“‘ed and successfully crystal-
lized with and without the partner ATPase SecA[19,2(.

The approachis not restrictedto E. coli the Na*-pumping
NADH:quinone oxidoreductasecomplexwasproducedby
homologous expression of the operon encoding its six
subunitsin Vibriocholeraf21 ]. The E. coliAcrABZ-TolC

multidrug ef’ux pump recently hasbeen elegantly pro-
duced in C43(DE3) using co-expressionfrom a vector
encoding an AcrA. AcrB fusion and a pETDUET vector
[16] encoding an AcrA.AcrZ fusion-protein and TolC

[11 ]. By usingtwo different AcrAfusion-proteinsandthus
providing two AcrA copies, the authors stabilized the
AcrA:AcrB:AcrZ:TolC complex for characterization by
cryo-EM and favoured the formation of a complex with

a6:3:3:3stoichiometry [11 ].

The ACEMBL systemfor multi-protein expressionin E.
coliusessmall, designedacceptorand donor vectors[22].
Individual genesor poly-cistrons are inserted into the
multiple-integration element of the acceptorandinto one
or severaldonor vectors with different antibiotic resis-
tance.Donor vectorshave a conditional origin of replica-
tion (oriR6Kg in Figure 2a) and needto be propagatedin
strainsencodingthe phageR6Kg pir gene.Incubation of
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ACEMBL system for multi-protein complex production used for holo-translocon production. (a) The ACEMBL system consists of acceptor and
donor vectors (left) with conventional BR322 (black) and conditional R6Kg (grey) origin of replication respectively. For expression of the holo-
translocon (HTL)an acceptor vector (pACE) carrying a poly-cistron encoding for YidC, SecD, and SecF was combined with a donor vector pDC
containing a poly-cistron encoding for SecY, SecE, SecG. The position of hexa-histidine-tags in YidC, SecD and Sec E is indicated in brown. The
resulting HTL1 construct was combined by Cre-loxP fusion with a second donor vector pDK encoding YajC with a C-terminal CBP-tag (indicated
in pink) yielding HTL3. Arabinose (ara)and trc promoters are shown in orange, terminators as a black square, antibiotic resistance marker genes
(ApR, ampicillin; KnR, kanamycin; CmR, chloramphenicol) in red. (b) Scheme for holo-translocon complex purification using the HTL3 construct.
(c,d) Holo-translocon analysis by Coomassie-stained SDS/PAGE (c, above) and Western Blot using an antibody directed against the CBP-tag (c,
below) demonstrating the presence of all seven membrane—proteins and by negative stain electron microscopy (d) showing the homogeneity of
the complex.
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donor and acceptor vectors with Cre recombinaseand
transformation into a pir strain leadsto generation of
fusion plasmidsthat canbe selectedfor by the appropriate
choice of antibiotics (Figure 2a). The ACEMBL system
wasapplied for the expressiorof the E. coliholo-translocon
complex consisting of seven membrane proteins (SecY,
SecE, SecG, SecD, SecF, YajC and YidC), one of the

largest recombinant membrane protein complexes pro-
ducedto date (Figure 2a)[22,23]. The modular architec-
ture of the individual plasmidsallowed testing different

promoter combinationsand af‘nity tagsto achieveabal-
ancedexpressionof the subunitsandto optimize complex
puri“cation (Figure 2b. d). It alsoenabledthe expressiorof
the heterotetramericSecDF..YajC..YidC subcomplexand
a subcomplexdevoid of YidC.

Puri“cation and stabilization of membrane ...
protein complexes

Af‘nity tags are usually attached to the C-terminus of
membrane proteins since N-terminal tagging may inter-
fere with propertargeting andtranslocation.For largeand
lessstablecomplexesthe useof morethan oneaf“nity tag
attachedto different subunits facilitates tandem af“nity
puri“cation; for instance, the holo-translocon could be
ef‘ciently enrichedby Ni-NTA chromatographyand sub-
sequently separatedfrom excessSecYEG subcomplexes
by calmodulin-af‘nity chromatographyusingthe CBP-tag
fusedto YajC (Figure 2a,c)[23].

The choiceof detergentis crucialbecausehe solubilisation
of the complex should be ef‘cient without compromising
the integrity of the membrane protein complex
(Figure 3a,b). Mild detergents such as digitonin are fre-

quently used for cryo-EM studies such asthe ribosome-
Sec61transloconcomplex for example [24,29. More re-

cently, new classesof detergents were developed to in-

creasethe protein stability, vary the size of the protein...
detergentcomplexand enhancechancesof obtaining crys-
tals. Impressiveresultsin stabilization of eukaryotic mem-

brane. proteins,which often arelessstablein solution than

their prokaryotichomologueswere obtainedwith maltose-
neopentyl glycol (MNG) characterizedby two hydrophilic

andtwo lipophilic subunitslinked via a central quaternary
carbon[26]. MNGs have a particular low critical micelle

concentrationallowing closeto detergent-freebuffers. For

example, lauryl maltose-neopentyl glycol (LMNG) was
usedfor crystallization of severalG-protein-coupled recep-
tors (GPCRs) such asthe human b2 adrenergicreceptor
(b2AR). b-arrestin-1complex[27] and of the integral mem-

brane. protein of the twin-arginine translocasdgTatC) [13].

More recently, newly designedsteroid-basedacialamphi-

philes were shownto form relatively small protein. deter-

gent complexes and to stabilize "exible membrane..
proteins, thus improving crystallisability [28].

Amphiphilic polymers(Amphipols) areparticularly useful
for membrane protein stabilization in detergent-free

solution (Figure 3a), becausetheir binding is irreversible
in the absenceof competing detergentsand lipids [29].
Amphipols form a compactlayer around the transmem-
brane region, resulting in nearly monodisperse com-
plexes. Moreover, they were reported to reduce protein
dynamics. The “rst cryo-EM structure in presence of
amphipolsreportedwasthe mitochondrial super-complex
141151V, [30]. Since then amphipols continue to be suc-
cessfully used for cryo-EM studies. Recent subnan-
ometer-resolution cryo-EM structures using amphipols
include the mammaliantransient receptor potential volt-
age-gated (TRPV1) channel [31 ] and the human g-
secretasg(seebelow, Figure 3c) [32 ].

Nanodiscs are formed by the reconstitution of mem-
brane. protein complexeswithin an annulus of phospho-
lipids encased by an engineered membrane scaffold
protein (MSP) (Figure 3a). This resultsin a disc-shaped
lipid bilayer with embedded protein(s) surrounded by

two MSPswhich coverthe hydrophobic moieties of the

lipid lea’ets [33]. Nanodiscs were used for structural
characterization of ribosome-SecYE translocon com-
plexes [34] (Figure 3d), and for the cryo-EM structure
of the homotetramericryanodinereceptorresponsiblefor

calcium release from the sarcoplasmicreticulum [35].

Nanodiscshave the advantagethat membrane proteins
are stabilized in a near-native lipid environment, and
detergent-free physiological buffers can be used, facili-

tating biochemicalcharacterizatior[36,37. Nanodiscsare
tailored to accommodateproteins of different sizes by

usingMSPsof different lengths,howeverlargernanodiscs
(diameter >15nm) are often lessstable.

Liposomes (Figure 3a) arecommonly usedfor functional
analysesof membrane proteins; but canalsobe valuable
for cryo-EM studies, for example, the structure of the
humanlarge-conductancecalcium-activatedand voltage-
activated potassium channel [38] (Figure 3e). Other
technologiesto stabilize membrane protein complexes,
suchasbicelles, lipidic cubic phasesand high concentra-
tions of lipid and detergent, aswell asthe use of muta-
genesis-based screening and selection methods are
reviewed for instancein Ref. [39].

Eukaryotic expression systems for

membrane . protein complexes

In general,it isreasonableéo choosean expressionsystem
closelyrelated to the natural hostof the protein, mimick-
ing the natural membranelipid compositionand chaper-
onerepertoire. The “rst crystalstructuresof recombinant
mammalian membrane proteins were obtained by over-
expressionin S. cerevisia¢40] and Pichia pastoris[41].
Today, yeast expression is still frequently used
(Figure 1b) resulting for instancein recent crystal struc-
tures of the calcium-activatedlipid scramblaseTMEM16
[42], and of the calcium-activated chloride channel
bestrophinl [43].
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Strategies for solubilisation and stabilization of membrane. protein complexes. (a) Scheme showing different approaches (described in the main
text) to stabilize membrane. proteins and their complexes. (b) Crystal structure of the Salmonella typhimurium LptD.LptE complex solubilised in N-
octyl- b-p-glucopyranoside, one of the most important detergents for purification of membrane. proteins. The complex is responsible for the
lipopolysaccharide transport from the inner to the outer membrane ([12], PDB-ID: 2GUF). E, P and OM indicate the extracellular space, periplasm
and outer membrane, respectively. (c) Cryo-EM structure and partial atomic model of the human g-secretase complex consisting of four subunits
in amphipols at 4.5 A resolution ([32 ], EMDB-ID: EMD-2677, PDB-ID: 4UPC). (d) Quasi-atomic model derived from the cryo-EM structure of a
translating E. coli ribosome bound to the SecYE translocon reconstituted in a nanodisc ([34], PDB-ID: 3J00). The black circle highlights a
previously unknown interaction between the ribosome and the lipid bilayer. MSP: membrane scaffold protein. (e) Cryo-EM structure and partial
atomic model of the human BK potassium channel reconstituted in liposomes at 17.20 A resolution ([38]; EMDB-ID: EMD-5114 and EMD-5121). A
slice through the EM density in the plane of the membrane is shown on the bottom left, illustrating the fourfold symmetry.

The majority of the recent membrane protein structures  proteins with seven transmembrane-spanningregions
from eukaryotic expressionhostswere obtained by bacu-  [44]. The humanb2AR. b-arrestin-1complexwasobtained
lovirus-insect cell expression(Figure 1b). In particular by co-expressionin insect cells [27]. The heterodimeric
GPCR studies were hampered for many yearsby the  human g-aminobutyric acid classB (GABAg) GPCR in-
dif‘culty in the production of these rather instable  volvedin neurotransmissiorinhibition in the brain[45 was
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produced using the MultiBac-insect cell expression
system[46].

Transient expressionof the human g-secretasecomplex
in HEK293F cells[32 ] wasachievedusingthe pMLink

vector system[47] in which plasmidsencoding the four
subunits were combined by ligation-independent clon-
ing. Subsequently,the structure of this small, 170kDa
complex was determined by single-particle cryo-EM at
4.5A resolution [32 ].

Large membrane . protein complexes from
endogenous source

In spite of remarkableprogressn assemblingnembrane..

protein complexes,the complexity of many large cellular
machinesis suchthat they cannotbe producedrecombi-
nantly. Therefore, the only current option is to isolate
them from their natural sourceg[48]. In the pastthis has
restricted high-resolution structural analysisto naturally
abundantmaterial, suchasthe photosyntheticcomplexes
[49] and the apparatusfor respirationand oxidative phos-
phorylation of bacteria, chloroplasts and mitochondria
[50 ,51]. The approachrelied predominantly on X-ray
crystallography.Progressin this areaover the pastten
years has been remarkable, driven by the increased
availability and quality of a wide range of detergents,
the miniaturization and automation of crystallization
screening,aswell asready accesgo intense micro-focus
beam-lines, asthe number of available membrane pro-
tein structurestesti‘es (Figure 1a).

The recent revolution in resolution in cryo-EM has
provided new opportunities for the analysisof very large
assemblies, especially of membrane proteins. The
amounts of protein required are very much reduced in
cryo-EM, comparedto X-ray crystallography.Moreover,
the inevitable increasen the "exibility andheterogeneity
in giant assemblies,which previously precluded their
high-resolution analysis,can now be overcomethrough
computational spuri“catione of the sampleand by classi-
“cation into different conformationsproviding valuable
insightsinto the dynamismof these machines.Examples
already emerged and structures are approachingatomic
resolution, including ribosome-Sec6Tomplexes[25] and
bovine complex | [50 ] amongstothers. Finally, EM is
extremely useful to screen for stabilizing factors and
conditions that promote complex homogeneity for
high-resolution studies;asexempli“ed for the b(2)-adre-
noceptor-G-protein Gs complex EM structure [52].

Concluding remarks

With the recent advancesin recombinant expressionof
membrane proteins, in particular using eukaryotic ex-
pressionhosts,the overexpressionof rare, large and less
stable multi-subunit membrane protein complexes
comeswithin reach.The developmentof new detergents,
amphipols and nanodiscswhich allow handling these

complexesin virtually detergent-freephysiologicalbuffer

is crucial for the stabilization of many complexes. Un-

doubtedly, the recent developments in cryo-EM and
imageprocessingwill signi“cantly speedup the structural
characterizationof larger membrane protein complexes
which aredif‘cult to crystallize. Still, the production and
characterizationof membrane protein complexesis ex-
tremely challenging, for instance due to our insuf‘cient

knowledge about speci“c interactions with lipids, sugars
and ions which may be crucial for proper function of the

proteins. Moreover, differences in lipid composition,
glycosylation(which is absentin E. colj) andthe repertoire
of membrane protein chaperonescan have signi“cant

effects on the insertion, folding, complex assemblyand
function of the membrane proteins when expressedin a
heterologous system. Clearly, membrane protein com-
plexeswill continue to be arich “eld of discoveryfor the

decadesto come.
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5HFHQW DGYDQFHV LQ HOHFWURQ FU\R PLFURVFRS\
7KUHH GLPHQVLRQDO HOHFWURQ PLFURVFRS\

JRU PDQ\ \HDUV ; Ub\ FU\VWDOORJUDSK\ ZDV WKH PDMRU
VWUXFWXUHV DW KLJK UHVROXWLRQ ; UD\ FU\VWDOORJUD'
VDPSOH ZKLFK FDQ EH YHU\ GLIILFXOW LQ SDUWLFXODU

PDJQHWLF UHVRQDQFH 105 VSHFWURVFRS\ LV DQRWKHU
ELRORJ\ EXW LV JHQHUDOO\ OLPLWHG WR VPDOO SURWHLQ
Rl WKH VDPSOH ZLWK KLJK FRQFHQWUDWLRQ ,Q FRQWUD)\
(0O DOORZV WKH GLUHFW REVHUYDWLRQ RI VSHFLPHQV

VXIILFLHQWO\ oibUuJ® DGGLWLRQ FU\R (0 HORPQOPWHY WKFE
ub\ FU\VWDOORJUDSK\ EHFDXVH WKH VDPSOH LV YLVXDOL
DPRXQW RI SXULILHG VDPSOH UHTXLUHG LV VLIJQLILFDQWO
RI WKHVH DGYDQWDJHV FU\R (0 KDV EHFRPH LQFUHDVLQJO
SDUWLFXODUO\ IRU PHPEUDQH SURWHLQ FRPSOH[HV DQG O

&U\R (0O LV D IRUP RI WUDQVPLVVLRQ HOHFWURQ PLFUR
HOHFWURQV LV WUDQVPLWWHG WKURXJK WKH VSHFLPHQ
LOWHUDFWLRQ RI WKH HOHFWURQV ZLWK WKH VSHFLPHQ D
LPDJLQJ GHYLFH 7KH SULQFLSOH LV WKH VDPH DV IRU OL
vVPDOO GH %URJOLH ZDYHOHQJWK RI HOHFWURQV DOORZYV
UHVROXWLRQ 7KH PRVW DGYDQFHG HOHFWURQ PLFURVFI
DFKLHYH D UHVROXWLRQ EHORAWN DCQJIJVYWIHRWU(URKH IUD.
QDWXUH RI ELRORJLFDO VDPSOHV GRHV QRW DOORZ WKH
HOHFWURQ PLFURVFRS\ (0 )RU WKH VWXG\ RI SURWHLQ V
SODFHG DW FU\RJHQLF WHPSHUDWXUHYV JHQHUDOO\ OLTXL
HISRVXUH WR WKH HOHFWURQ EHDP WR UHGXFH WKH UDGL
HQHUJ\ RI WKH HOHFWURQV 7R GDWH WKH KLJKHVW UH\
VDPSOH LV D a c VWUXFRRUERMRAPMWKRKR FRPSOH[ ZLWK
IDFWRU 7X HMV FIX® U 7KLV FU\R (0 VWUXFWXUH SURYLGI
LQIRUPDWLRQ WR WKH EHVW UHVRGRO& U UBR WRNWPWHX FIVR X W N T
HW DO
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(O LPDJHV DUH WZR GLPHQVLRQDO 7KH\ UHSUHVHQW Wk
pO®J WKH D[LV RI WKH EHDP 7KHUH DUH WZR PDMRU ZD\V R
WKH WKLUG GLPHQVLRQ (LWKHU E\ WLOWLQJ WKH VSHFLP

REWDLQLQJ WKH WKUHH GLPHQVLRQDO " VWUXFWXUH RI
VHW RI WZR GLPHQVLRQDO ' LPDJHV RI REMHFWYV Rl WHK
RULHQWDWLRQV ,Q ERWK FDVHV WKH " VWUXFWXUH
UHFRQVWUXFWHG XVLQJ WKH ' LPDJHV 7KH ILUVW VWI

WRPRJUDSK\ LV FXUUHQWO\ PDLQO\ XVHG WR VWXG\ ODUJ
FHOOXODU RUJDQL]DWLRQV WRZDUGV VXE QDQRPHWHU U]
QDPHG VLQJOH SDUWLFOH UHFRQVWUXFWLRQ LV VXLWDEO
QHDU DWRPLF UHVROXWLRQ

1H[W WR WKH TXDOLW\ RI WKH VDPSOH WKH WZR FULWLF
E\ FU\R (0 DUH WKH TXDOLW\ RI WKH ' LPDJHV DQG KR
WR UHFRQVWUXFW WKH ' PRGHO S5HFHQW DGYDQFHV LQ P
SURFHVVLQJ DUH WKH GULYLQJ IRUFH IRU EHLQJ DEOH WK
UHVROXWLRQ

$GYDQFHV LQ PLFURVFRSH KDUGZDUH

5SDGLDWLRQ GDPDJH VWULFWO\ OLPLWV WKH QXPEHU RI

VDPSOH 7KLV LV WKH UHDVRQ ZK\ DQ\ LQGLYLGXDO LPDJH
RU KXQGUHGV RI WKRXVDQGV RI VXFK LPDJHV QHHG WR EH
WR UHWULHYH WKH FRPSOHWH LQIRUPDWLRQ ZLWK KLJK U
LPDJH SOD\V D GHFLVLYH UROH IRU DW OHDVW WZR UHDVR
QHHGYVY WR EH UHFRUGHG LQ WKH ILUVW SODFH VXFK W
UHFRQVWUXFWLRQ $QG VHFRQG WKH LPDJH KDV WR EH J
GHWHUPLQH LWV RULHQWDWLRQ LQ UHODWLRQ WR WKH ' |
LV KHOSIXO RQO\ LI WKH LPDJH LV FRUUHFWO\ DOLJQHG 7
FDQQRW EH HDVLO\ FRPSHQVDWHG IRU E\ LQFUHDVLQJ WKH

'XULQJ WKH LPDJLQJ SURFHVV PDMRU ORVV RI LQIRUPDW
DUH UHFRUGHG E\ WKH GHWHFWLRQ GHYLFHV 7UDGLWLRC
SKRWRJUDSKLF ILOPV 'HYHORSPHQW DQG VFDQQLQJ RI ILC
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LPSUDFWLFDO ZKHQ GDWDVHWYV RI FU\R (0O SURMHFWYV HI[F
&KMWIH FRXSOHG GHYLFH &&' FDPHUDV ZHUH LQVWDOOHG
GDWD DFTXLVLWLRQ EXW WKH TXDOLW\ RI LPDJHV LV VLJQ

7KH DYDLODELOLW\ RI GLUHFW HOHFWURQ GHWHFWRUYV
WKH TXDOLW\ RI WKH (0 LPDJHV '('V DUH FDSDEOH RI PHD'
HOHFWURQ KLWWLQJ WKH GHYLFH OHDGLQJ WR D KLJKHU
$SDUW IURP DUFKLYLQJ GHWHFWLRQ HIILFLHQFLHV KLJKH
VXFK GHWHFWRUV FDQ FDSWXUH LPDJHV PXFK IDVWHU WK
XVHIXO JLYHQ WKDW SDUWLFOHV HPEHGGHG LQ YLWUHR
VSHFLPHQ LV KLW E\ HOHFWURQV 3URORQJHG H[SRVXUH W
,QVWHDG RI D VLQJOH VHFRQG ORQJ H[SRVXUH D GLUHF
PRYLHY DW D UDWH RI PDQ\ IUDPHV SHU VHFRQG :LWK WK
WKH SDUWLFOHV GXULQJ H[SRVXUH DUH WUDFHDEOH DQG
VXEVHTXHQW LPDJH SURFHVVLQJ OHDGLQJ WR LQFUHDVHG

$GYDQFHV LQ LPDJH SURFHVVLQJ

7R WDNH IXOO DGYDQWDJH RI WKH '('V SURJUDPV ZHUH (
SURFHVVLQJ 1HZ DOJRULWKPYVY DQG GDWD FROOHFWLRQ V
SUHVHUYH WKH SUHFLRXV VWUXFWXUDO LQIRUPDWLRQ IURI

7KH EHDP LQGXFHG PRYHPHQW RI SDUWLFOHYV KDV ORQJ
FKDUDFWHUL]HG RQO\ DIWHU WKH LQYHQWLRQ RI WKH "("\
DFURVV PRYLH IUDPHV WR FRUUHFW WKHLU PRYHPHQWYV
% U LW WD O 6RRQ DIWHU LW ZDV VKRZQ WKDW FRUUHFW
PRYHPHQW OHDGV WR LQFUHDVHG UHVROXWLR@MWIDOKH U

$QRWKHU PDMRU LPSURYHPHQW LQ LPDJH SURFHVVLQJ
PD[LPXP OLNHOLKRRG DOJRULWKPV ORVW RI WKH FU\R (0 \
FRPSRVLWLRQ DQG FRQIRUPDWLRQ DQG GLIITHUHQW V!
FRPSXWDWLRQDOO\ 8QOLNH WUDGLWLRQDOO\ FURVV FRU
KHDYLO\ RQ WKH LQSXW PRGHO V PD[LPXP OLNHOLKR
DOJRULWKPVY DOORZ SHUIRUPLQJ ' FODVVLILFBWMRKH ZLW
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VRXUFH RI VWUXFWXUDO YDULDELOLW\ 7KLV PHWKRG ZDV
RD %D\HVLDQ DSSURDFK 6FKHUHV

,Q SDUDOOHO YDOLGDWLRQ PHWKRGV ZHUH LQWURGXFF
FRQFHUQV DERXW SVHXGR KLJK UHVROXWLRQ VWUXFWXUH
RI QRLV\ (0 GDWD 2QH ZD\ WR SUHYHQW RYHU ILWWLQJ L
LQGHSHQGHQWO\ RQH IRU HDFK KDOI RI WKH GDWD D VF
+HQGHWHWR @O *ROG VWDQGDUG UHILQHPHQW LV XVXDOO\)

FULWHULRQ LQ WKH )RXULHU VKHOO FRUUHODWLR
GHWHUPLQDWLRQ 5RVHQWKDO DQG +HQGHUVRQ $QR
VWUXFWXUH LV WR XVH SDLUV RI (0 PLFURJUDSKYV RI WKH \
WLOW DQJOH ,I WKH VWUXFWXUH LV FRUUHFW WKH FDOFX
RI WKH WLOWHG DQG XQWLOWHG LPDJH WR WKH ' UHFR
SUHYLRXVO\ DSSOLHG WLOW DQJOH ,Q SUDFWLFH DQ DJI
FRQVLGHUHG DFFHSWBEBOBO+HQGHUVRQ

6HYHUDO QHZ VRIWZDUH SDFNDJHV ZHUH GHYHORSHG Z
DERYH $PRQJ WKHP 5(/,21 6FKHUHV LV ZLGHO\ XV
EDVHG RQ WKH PD[LPXP OLNHOLKRRG PHWKRG DQG LQF
UHILQHPHQW SURFHGXUH /DWHO\ LW DOVR LQFOXGHV S
UHVROXWLRQ RI D FU\R (0 GHQVLW\ PDS . XFXNHOELU 6LJZ

oObDQ\ RI WKHVH QHZ VRIWZDUH SDFNDJHV DUH GHVLJQHG
LOQWHUYHQWLRQ 2IWHQ WKH\ QRZ KDYH D JUDSKLF XVHL
+RZHYHU LW LV ZRUWK PHQWLRQLQJ WKDW RSWLPDO UHYV
GHIDXOW VHWWLQJV RI VRIWZDUH 8VXDOO\ SDUDPHWHUYV
VRIWZDUH SURJUDPV WHVWHG 7KLV FDQ OHDG WR VLJQLIL
"UHFRQVWUXFWLRQVY DV GHPRQVWUDWHG LQ WKLV WKHVL)
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5pVXPp
/HV UpDUUDQJHPHQWY FRQIRUPDWLRQQHOV GH 653 HW )W\
WUDGXFWLRQQHOOH VRQW GpWDLOOpV GDQV FH FKDSLWUF
OfpWDSH GLUHFWHPHQW DYDQW OH GpFKDUJHPHQMW HW O
ULERVRPH DYHF XQH VPpTXHQFH VLJQDO K\GURSKREH GH OI

,FL OD VWUXFWXUH FU\R (0 GX ULERVRPH 653 )WV< HQ F
UpVROXH j XQ QLYHDX GH c /D VWUXFWXUH D UpYpOg
©lHUPp2 OHV GRPDLQHV 653 )WV< *73DVH VIpFDUWHQW G
ULERVRPH OLEpUDQW OHV SURWPLQHV ULERVRPDOHV SH
ULERVRPH DILQ GYDFFRPSOLU OfDGUHVVDJH FR WUDGXFW
ULERVRPH HW OD VpTXHQFH VLJQDO GH OLDLVRQ SDU OH
GpFULWV LFL HQ GpWDLO VDQV SUpPFpGHQW

/JHV SURFpPGXUHV GH WUDLWHPHQW GHV GRQQpPHV HW OTI
HQ GpWDLO /H MHX GH GRQQpPHV D pWp GIDERUG QHWWR\
KLPUDUFKLTXH GHV SDUWLFXOHV DILQ G LGHQWLILHU OD
653 GDQV OH FRPSOH[H DLQVL TXH VRQ KpWpURJpQpLWp FR
OHV FRPPDQGHV XWLOLVpV SRXU FKDTXH pWDSH GH OD FOI
SUpVHQWpPV OH UDLVRQQHPHQW SRXU HIIHFWXHU FKDFXQH



&RQIRUPDWLRQDO UHDUUDQJHPHQWY RI 653 DQG )WV<
WIHWLQJ

$V EULHIO\ LQWURGXFHG LQ 6HFWLRQ DQG WKH 6
SURWHLQ WDUJHWLQJ E\ GHOLYHULQJ WUDQVODWHRRGJLULER
653 LV D FRPSOH[ FRQVLVWLQJ RI 6 513 DQG D SURWHLC
KRPRORJXH )IK KDV WKUHH IXQFWLRQDO GRPDLQV DQ 1
IRXU KHOL[ EXQGOH D * GRPDLQ ZKLFK KDUERUV *73DVH D
0 GRPDLQ WKDW LQWHUDFWV ZHW KD @ K 5 R V6 GI&H 009D W H \

DQG ZLWK WKH VLIJQDOHWMA DXHQFBLIGPIMIED 7KH 1 DQG *

GRPDLQV IRUP D FRPSDFW VWUXFWXUDO DQG IXQFWLRQDO

7KH 653 UHFHSWRU )WV< FRPSULVHV D (KERRERIRXV 1
FRQWDLQV LQ DGGLWLRQ DQ DFLGLF $ GRPDLQ WKDW LV
PHPEUDQH DQFKRULQJ RI )WV< 7KH $ GRPDLQ LQWHUDFWV
WKH WUDQVORHRWQDOHLMBIE DQG )WV< LQWHUDFW YLD WKHL
GRPDLQV 7KH FU\WWDO VWUXFWXUH RI WKH 1* GRPDLQ F
DFWLYH VLWH FRQWDLQLQJHW P @ XFRFRW LGV XKLV
H[SODLQV KRZ WKH 653 DQG )WV< *73DVHV FDQ DFWLYDWH
RI D *73DVH DFWLYDWLQJ SURWHLQ

7KH 653 SDWKZD\ ZKLFK LV FULWLFDO IRU WKH YLWDOLW
WLPH DQG VSDFH 653 WDUJHWLQJ LQYROYHV D VHULHV F
FKHFN SRLQWYV LQ EHWZHHQ WKHP &R WUDQVODWLRQDO
VWHSYV WKH UHFRJQLWLRQ RI FDUJR WKH WUDQVODWLC(
SRO\SHSWLGH ZLWK D VLIQDO VHTXHQFH E\ WKH 653 W K
PHPEUDQH E\ FRPSOH[ IRUPDWLRQ EHWZHHQ WKH 653 DQG
XQORDGLQJ DQG WUDQVIHU RI FDUJR IURP WKH 653 WR WK

*73 K\GURO\VLV S:DFWLYDWHG VWDWH DQG GLVDVVHPI

JLIXUH HWD IO 6WUXFWXUHY RI WKH ILUVW VWHS
ULERVRPH ZHUH ILUVW VROYHG E\ FU\R (0O DWNPBHIG LXP UHV
+DOHW DO 6XEVHTXHQWO\ D VWUXFWXUH RI WKH 51& 65

DEVHQFH RI *73 WKH VR FDOOHG :*HOIWURWWDWH 7KDY UHY |
FU\R (0O VWUXFWXUH GHPRQVWUDWHG WKDW WKH ULERVRP
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YWV< )WV< GRFNV RQWR WKH ULERVRPH 653 FRPSOH[ DQG
ZKOH WKH 1* GRPDLQV RI )WV< DQG 653 LQWHUDFW RQO\ Z
VLWH LV QRW IRUPHG LQ DJUHHPHQW ZLWK WKH IDFW Wi
DEVHQFH RI *73 )WV< GRFNLQJ OHDGVY WR DQ RYHUDOO Gt
ULERVRPH )LJXUH ORUH UHFHQWO\ DQRWKHU VWUXF\
ZLWK D VLIJQDO SHSWLGH UHSUHVHQWLQJ DQ pPLQFRWUHFW:
DO 7KLV VWUXFWXUH VKRZHG D GLVWRUWHG 1* GRI
KDPSHUV *73DVH DFWLYDWLRQ DQG IDYRUV GLVVIRALDWLR



DERUWLRQ RI WDUJHWLQJ 7KH FU\R (0 VWUXFWXUH ZLWK
PHFEKQLVPV RI TXDOLW\ FRQWURO GXULQJ FR WUDQVODWLR!

7KH QH[W TXHVWLRQ ZDV WKHQ WKH VWUXFWXUH RI WKI
WKLUG VWHS RI SURWHLQ WDUJHWLQJ *73 LV UHTXLUHG G
)WV< WR UHDUUDQJH LQWR WKH VR FDOOHG *FORVHG " VWL
IRU WKH 653 )WV< FRPSOH[ ZLWK QRQ K\GURO\VDEOH *7:
VXJIJHVWHG WR UHSUHVHQW WKH *FORVHG  DQG *DFWLYDW
$SWDH®HDO 9RLIJWV +RHWD@Q 6LQFH FR WUDQVODWLRQI
LQYROYHVY WKH ULERVRPH DQG D VLJQDO VHTXHQFH LW
LQIOXHQFH WKH LQWHUDFWLRQ RI WKH 653 DQG )WV< LQ
GHFLGHG WR VWXG\ WKH FORVHG VWDWH E\ FU\R (0

SXEOLFDWLRQ 5LERVRPH 653 )WV< FRWUDQVODWLRQD:¢
FORVHG VWDWH

%
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The signal recognition particle (SRP)-dependent pathway is essential

for correct targeting of proteins to the membrane and subsequent
insertion in the membrane or secretion. In  Escherichia coli, the SRP
and its receptor FtsY bind to ribosome -nascent chain complexes
with signal sequences and undergo a series of distinct conforma-
tional changes, which ensures accurate timing and fidelity of protein
targeting. Initial recruitment of the SRP receptor FtsY to the SRP
RNC complex results in GTP-independent binding of the SRP —FtsY
GTPases at the SRP RNA tetraloop. In the presence of GTP, a closed
state is adopted by the SRP —FtsY complex. The cryo-EM structure
of the closed state reveals an ordered SRP RNA and SRP M domain
with a signal sequence-bound. Van der Waals interactions between

the finger loop and ribosomal protein L24 lead to a constricted sig-

nal sequence-binding pocket possibly preventing premature release

of the signal sequence. Conserved M-domain residues contact ribo-
somal RNA helices 24 and 59. The SRRFtsY GTPases are detached
from the RNA tetraloop and flexible, thus liberating the ribosomal

exit site for binding of the translocation machinery.

protein targeting | signal recognition particle | signal sequence |
ribosome | single-particle electron cryomicroscopy

The Escherichia colsignal recognition particle (SRP) is a com-
plex consisting of the universally conserved protein Ffh and
4.5S RNA, which adopts a hairpin structure (1). Ffh is composed
of the N-terminal domain, the G domain that harbors GTPase
activity, and the C-terminal methionine-rich M domain that in-
teracts with 4.5S RNA (2, 3) and with the signal sequence (4, 5).
The N and G domains form a compact structural and functional
unit termed “the NG domain.” Targeting of ribosome-nascent

chain complexes (RNC) containing a signal sequence depends on

the interaction of the RNC-SRP complex with the SRP receptor
FtsY, which is membrane associated £8). FtsY and Ffh interact

via their homologous NG domains and form a composite
GTPase active site (10, 11). Crystal structures of the M domain

reveal a hydrophobic groove used to capture signal sequences

(4,5, 12).
Protein targeting is driven by highly regulated conformational

rearrangements of SRP and FtsY as well as GTP hydrolysis. SRP
recognizes and tightly binds to RNCs displaying a signal sequence

(cargo). Next, RNC-bound SRP efficiently recruits FtsY to form
a nucleotide-independent, trasient early state that rearranges
to a GTP-stabilized closed state (13). Ultimately, in the activated
state, handover of the RNC to the Sec translocon takes place,
followed by GTP hydrolysis and disassembly of the SRRsY
complex (14-16). These distinct conformational transitions are reg-
ulated by the ribosome and translocon in the membrane, leading to
a switch from cargo recognition by SRP to cargo release (17, 18).
Cryo-EM structures of bacterial SRP-bound RNCs revealed a
tight cargo-recognition complex (19, 20). In the SRPFtsY early
complex an overall detachment of SRP from the ribosome was
observed (21). In this state, the G domain of FtsY contacts the
conserved SRP RNA tetraloop, and Ffh and FtsY interact via their

www.pnas.org/cgi/doi/10.1073/pnas.1424453112

N domains (21) forming a pseudosymmetric V-shaped complex
positioned above the ribosomal tunnel exit. The active sites of the
GTPase domains are apart from each other, explaining why the
early state is inactive in GTP hydrolysis (13, 21, 22).

GTP is required for SRP and FtsY to rearrange into the closed
state. FRET experiments indicate that, in this state, the FfH-tsY
NG domains adopt a conformation that resembles the intimate
heterodimeric architecture observed in crystal structures (10, 11,
13). The complete SRP was crystallized in complex with the FtsY
NG domain in the closedactivated state showing the NG domains
docked at the distal end of the RNA hairpin (23, 24). Single-
molecule total internal reflection fluorescence microscopy
directly demonstrated that the FfhFtsY NG domains need
to relocate from the tetraloop to the RNA distal end to be-
come activated for GTP hydrolysis and to progress further in the
targeting reaction (24).

Although the early, closed, and activated SRHFtsY targeting
complexes have been well-characterized biochemically, the gen-
eration of distinct, conformationally homogenous closed and ac-
tivated ribosome-SRP-FtsY complexes for structural studies
proved to be exceedingly difficult, because the ribosome stabilizes
the early state (13). We overcame this challenge by developing
a robust complex preparation strategy, and describe here the
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cellular membrane. To ensure proper timing and fidelity of tar-
geting, SRP and FtsY adopt multiple conformations in a GTP-
dependent manner. We solved the cryo-EM structure of the SRP
FtsY complex with a GTP analogue in the presence of a ribosome
translating a signal sequence (the closed state) at 5.7 A resolu-
tion. We describe the structural basis of ribosome and signal
sequence binding by the SRP M domain. We demonstrate that
in the closed state the SRP —FtsY GTPase domains are moving
away from the ribosomal tunnel exit, allowing for translocon
ribosome interactions to accomplish cotranslational targeting.

Author contributions: O.v.L., S.-0.S., and C.S. designed research; O.v.L., Q.J., AA., MK,
and K.H. performed research; O.v.L., Q.J., AA,, MK., and C.S. analyzed data; and O.v.L., Q.J.,
I.B., S.-0.S., and C.S. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The EM maps and atomic models have been deposited in the Protein
Data Bank, www.pdb.org (PDB ID code5AKA), and EMDataBank, www.emdatabank.org
(accession no. EMD-2917).

*0.v.L. and Q.J. contributed equally to this work.

2present address: Institute of Structural and Molecular Biology, Birkbeck College, London
WCL1E 7HX, United Kingdom.

3To whom correspondence should be addressed. Email: schaffitzel@embl.fr.

This article contains supporting information online at
1073/pnas.1424453112/-/DCSupplemental.

www.pnas.org/lookup/suppl/doi:10.

PNAS | March 31,2015 | vol. 112 | no.13 | 3943-3948



cryo-EM structure of the closed state of the RNGSRR-FtsY
complex at a resolution of 5.7 A.

Results

Closed Targeting Complex Formation. For the structural study of
the closed targeting state we could not use the RNT? complex
displaying the N-terminal 108 amino acids of FtsQ with its
transmembrane helix (1921). RNCTS°—SRP-FtsY complexes

Formation of the closed complex by SRP and Fts¥° was tested
using FRET experiments in the presence of RNESP° (13). To this
end, residue 345 of FtsY and residue 153 of Ffh (both located in
the G domain) were labeled with BODIPY-FL and coumarin,
respectively (13). The FRET signal of the RNE**—FtsY—Fth
complex in the presence of a nonhydrolysableucleotide analog
(GMPPNP) was comparable for Fts¥*° and full-length FtsY
(both 0.5) (Fig. 1D and Sl Appendix Fig. S1A). For compari-

adopt a very stable early state, and rearrangement from the early son, the FRET signal was 0.26 and 0.24 for the RNE”>—FtsY—
to the closed state is slow and unfavorable (13). To obtain a more Ffh complex formed by full-length FtsY and Fts¥'° re-
stable closed targeting complex, we used ribosomes displayingspectively, for the early complex formed in the absence of

a nascent chain comprising the N-terminal 50 aa of leader pep-
tidase (Lep50). RNC-***-SRR-FtsY complexes were shown to

exhibit significantly faster kinetics and equilibrium for rearrange-

ment into the closed complex (25, 26).

To further enhance the formation of the closed targeting state,
we used a truncated version of FtsY (Fts¥9. This variant lacks
the N-terminal A domain and the first helix of the N domain, which
was reported to inhibit FtsY-Ffh complex formation and GTPase
activation (27); based on this, a sgle-chain construct comprising
the FtsY?*® construct fused via a 31-aa glycine- and serine-rich linker
to full-length Ffh (scSRP'9 was generated (Fig. A). A similar
FtsY-SRP fusion composed of the full-length proteins was re-
ported to be fully functional in vitro (21) and in vivo (17). Using
ribosome-binding assays, we confirmed that scSRP bound
equally well to RNC-®P*° and RNCF*S? (Fig. 1B). We observe a
twofold increase in GTPase activity of the scSR®® construct
compared with the full-length FtsY-Ffh fusion protein with SRP
RNA (Fig. 1C). A 10-fold increased GTPase activity was previously
reported for the unlinked FtsY?'®and Ffh proteins in the absence
of SRP RNA (27); the smaller stimulation we observed was likely
due to the presence of SRP RNA in our experiment that also
activates GTP hydrolysis for the wild-type FfHFtsY complex.

Fig. 1. Preparation of closed targeting complexes. ( A) Schematic repre-
sentation of single-chain SRP —FtsY?*® constructs (scSRE'® and scSRB'°2).
(B) Coomassie-stained SDS/PAGE section showing the binding of the scSRP?*°
(added in fivefold molar excess) to RNC “*P°C and RNC™*? analyzed by cose-
dimentation experiments. In the absence of ribosomes, scSRP constructs
were not observed in the pellet fraction. The protein band corresponding to
sCSRP is marked with a red star. (C) GTPase assays comparing the observed
GTP hydrolysis rate constant of the linked wild-type proteins (scSRP full-
length) and scSRP*'°. (D) FRET values between the Ffh and FtsY G domains in
the RNC-P5°_SRRFtsY and RNCG°P*°_SRRFtsY?!® complexes in the presence
of GMPPNP (calculated from the data in S| Appendix, Fig. S1A).
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nucleotide (SI Appendix Fig. SIB) (13, 21); this indicates that
FtsY?° and wild-type FtsY undergo similar conformational
changes during targeting. Importantly, the higher FRET value in
the presence of GMPPNP indicates that the G domains are closer
to each other, confirming that the RNCG-*P*_Ffh—FtsY complex
rearranges from the early to the closed state.

Cryo-EM of the Closed Complex. RNC"®P*° was incubated with a
10-fold excess of scSRR°in the presence of 1 mM nonhydrolysable
GTP analog (GMPPCP) and usedfor cryo-EM. After computa-
tional sorting of the initial data set, which contained 132,390 par-
ticles (SI Appendix Fig. S and subsequent refinement, the
structure of the RNC-*P°_SRP-FtsY closed complex was de-
termined from 32,170 particles at 5.7 A resolution‘[gold-standard
method, i.e., refining independent halves of the data separately
and the Fourier shell correlation 0.143 criterion] (28) §1 Appen-
dix, Fig. S3A). The local resolution map indicates a resolution
up to 4 A in the rigid parts of the large ribosomal subunit 8l
Appendix Fig. S3B).

In the cryo-EM structure, we observe a distinct density at the
exit of the ribosomal tunnel of the large subunit accounting for the
single-chain SRRFtsY complex (Fig. 24). The ribosomal complex
contains a P-site tRNA and nascent chain density reaching into
the ribosomal tunnel (Fig. B). However, we could not detect a
continuous density threading through the tunnel. The density at the
exit of the ribosomal tunnel accounts for the SRP RNA and the
Ffh M domain with the bound Lep signal sequence (Fig. 2C
The reconstruction of scSRB'® close to the exit of the ribosomal
tunnel has a local resolution of 67 A (S| Appendix Fig. SB),
revealing secondary structure elements. Further away from the
exit of the ribosomal tunnel, the local resolution for the distal
end of the 4.5S RNA decreases (3a.2 A), indicating flexibility.

Flexibility of the Ffh and FtsY NG Domains. We do not observe any
density accounting for the Ffh and FtsY NG domains at the
distal end of the 4.5S RNA or the RNA tetraloop (Fig. 2A). Our
results suggest that during the rearrangement from the early to
the closed state, the NG domains detach from the RNA tetra-
loop and become flexible with respect to the remaining complex,
adopting multiple conformations. We confirmed the flexible
nature of the NG domains by conjugating gold particles (1.8 nm
diameter) to a His-tag fused to the N terminus of Fts¥°in the
single-chain construct (scSRB% construct in Fig. 1A. Com-
plexes RNC-2P%° with gold-labeled scSRB*®2 were analyzed by
cryo-EM, followed by supervised classification (29) to remove
vacant ribosomes and by multivariate statistical analysis and
classification (30) (Fig. D and S| Appendix Fig. S4. The nano-
gold particles could be clearly detected as black spots in the single
images with scSRP bound to the ribosome, but were averaged out
in the class averagesS| Appendix Fig. S4A and B).

The gold particles were most often found next to the tunnel exit
of the large ribosomal subunit (Fig. ® and SI Appendix Fig. S4)
confirming the presence of the NG domains. We did not observe
any accumulation of gold particles next to the RNA tetraloop or
toward the distal end of SRP RNA (Fig. D and S| Appendix Fig.
S4C), confirming Ffh—FtsY NG domain flexibility. Our finding is
consistent with the observation that targeting complexes formed
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Fig. 2. Cryo-EM structure of RNCLep50-scSRP™ complex in the closed state.
(A) Surface representation of the cryo-EM structure of RNC “®P5°_scSRP
complex in the presence of GMPPCP. 30S, yellow; 50S, blue; scSRP, red; signal
sequence, orange; P-site t-RNA, green. (B) Close-up of the experimental
density at the beginning of the ribosomal tunnel. Density corresponding to

50S is shown in gray (contoured at 1 ), density corresponding to nascent
chain in red (contoured at 0.5 ). The P-site t-RNA is depicted in space filling
view (green). ( C) Quasi-atomic model of the scSRP?° complex in a side view
(Upper, close-up from A) and bottom view ( Lower). The experimental den-
sity is shown in light gray. Ribosomal RNA is colored in gray, ribosomal
proteins in cyan, SRP RNA in orange, the Ffh M domain in yellow, and the
signal sequence in red. (D) Nanogold labeling of the FtsY —Ffh NG domains.
(Left) 2D class average of gold-labeled RNC®P*°_scSRP*°2 particles; (Center)
plot showing the position of the nanogold in the individual images; ( Right)
surface view of the cryo-EM structure in the same orientation as the 2D class
average. The red circles indicate the theoretical volume in which the nano-
gold could be found in the closed complex assuming flexible NG domains (S|
Appendix , Fig. S4A0), taking into account the length of the linker between

the Ffh M domain and the NG domain, the dimensions of the NG domain
complex (23), and the linker and size of the nanogold particle.

with mutant FtsY(A335W), which blocks the rearrangement from

the closed to the activated state, are incapable of docking to the
distal site of 4.5S RNA in single-molecule FRET experiments
(31). Instead, the closed complex appears to adopt intermediate
states where the NG domains are found in positions ranging from
the RNA tetraloop to the RNA distal end (Fig. 2D) (31).

Ribosomal Contacts Involve Conserved M domain ResiduesWe placed
the crystal structures of theE. coli large and small ribosomal
subunits (32) and of the GMPPCP-bound SRHFtsY complex (23)
into the EM density to interpret the closed targeting complex at
the atomic level (Fig. ). The well-resolved density of the SRP
M domain allowed us to adjust the position of individual -helices
and to extend the atomic model by 4 aa to residue 436 at the
C terminus of the M domain (Fig. 3A). In addition, we identified
density corresponding to a -helix of 8 aa of the leader peptidase
signal sequence (Fig. AB).

von Loeffelholz et al.

The SRP engages the ribosome by forming three contacts in the
closed targeting complex. All three contacts involve the M do-
main. One contact likely involves a hydrogen bond of Ffh gluta-
mine 411 to the sugar phosphate backbone of rRNA helix 24 in
the closed conformation (Fig. 8). GIn411 is conserved in bacteria
(SI Appendix Fig. S®A), whereas in Sulfolobus solfataricugar-
chaea) a glutamic acid residue is found at this position (in which
case, the contact could then possibly involve chelation of a mag-
nesium ion). A second contact is formed between the C terminus
of the M domain and rRNA helix 59 (Fig. 3C); it involves elec-
trostatic interactions between lysines 431 and 432 and the sugar
phosphate backbone of rRNA h59. Sequence comparison shows
that all bacterial M domains contain positively charged amino acid
residues in this region 81 Appendix Fig. S5A). A third contact is
observed when the map is contoured at a slightly lower level (0,8
Fig. 3D), which may indicate that this interaction is not overly
strong. The contact involves van der Waals interactions between
conserved hydrophobic residues in the finger loop (isoleucine 360
and possibly valine 364) and ribosomal protein L24 (alanine 51
and leucine 52; Fig. ® and S| Appendix Fig. S5A and B). In-
terestingly, a similar contact could also be found in a previous

Fig. 3. Atomic model of the M domain, the bound signal sequence, and
ribosomal contacts. ( A) Model of the Ffh M domain and the Lep signal se-
quence bound in the hydrophobic groove and flanked by the finger loop.
Color-coding as in Fig. 2C. (B) Interaction between rRNA helix 24 and the
M-domain helix 4. ( C) Two lysines (431 and 432) in the C-terminal part of the
M domain bind the sugar-phosphate backbone of rRNA helix 59. (D) Contact
formed between the M-domain finger loop and ribosomal protein L24.

(E) Model of the M domain (yellow) with the bound Lep signal sequence (red)

is superimposed on the crystal structure of the SRP54 —-signal sequence complex
from S. solfataricus (adapted from ref. 5). SRP54 M domain, blue; yeast
dipeptidyl aminopeptidase B-signal sequence, purple. The path of the nascent
polypeptide chain exiting from the large ribosomal subunit is indicated by red
dots. (F) Same asE, shown in a view from the ribosomal tunnel.
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reconstruction of the E. coli RNC-SRP complex (33), albeit at
lower resolution ( 10 A), which had ruled out interpretation at the
amino acid residue level.

It is important to note that the interaction between the SRP and
the ribosome is weaker in the closed targeting state compared with
the early state. AKy of 0.03 nM was determined for the SRPFtsY
binding to the RNC3**"" in the early state, and &Ky of 0.9 nM in
the closed state (34). Therefore,n different targeting states, it
appears that additional amino acids could participate in mediating
contacts to the ribosome.

The Finger Loop Stabilizes Signal Sequence BindingAnother inter-
esting observation is the density connecting helix 1 ¥1) and
helix 2 ( M2) of the M domain representing the finger loop (Fig. 3
A and D). Among numerous SRP crystal structures, only three
structures visualized an ordered finger loop (3, 5, 12). In each of
these structures, the finger loop adopts a different conformation.
None of the crystal structures fitted to the EM density corre-
sponding to the finger loop in the closed complex. We therefore
modeled residues N343D369 comprising the finger loop de novo
using HHpred and flexibly fitted the resulting helixdoop—helix
structure into the EM density (Fig. 3A and D), providing the first
insight into how the E. coli SRP finger loop is arranged in a
ribosomal complex.

The Lep signal sequence is bound at virtually the same position
as in the SRP54signal peptide crystal structure frons. solfataricus
(5) (Fig. 3 E and F). In our structure, which includes the RNC, we
find that the finger loop is located closer to the signal sequence,
giving rise to a sterically more restricted binding pocket. A 20-aa

(Fig. 2A). Instead, single-molecule FRET experiments (31) and
our gold-labeling experiments of the FtsY NG domain indicate
that, in the closed complex, the NG domains are flexible (Fig..2
and Sl Appendix Fig. SA). In contrast, in the early state the NG
domains are bound to the RNA tetraloop (21, 35) (Fig. 4). In the
activated state, the NG domains bind at the RNA distal end 100 A
away from the tetraloop (23, 24); taken together, this suggests that
the linker between the Ffh M domain and the NG domain must be
very flexible to allow such dramatic conformational rearrange-
ments (Fig. 4).

Whereas the RNC stabilizes the early state (13), the transition
to the activated state is triggered by binding to the SecYEG
translocon (18, 31). Indeed, L23 is accessible in the closed state for
translocon binding (Fig. 4 andSI Appendix Fig. S, in contrast to
the SRP-bound and early targeting complexes (19, 21, 33) where
L23 is occluded by the Ffh NG domain. It is noteworthy in this
context that a similar mobilization of the SRRSRP receptor NG
domain complex has been described for the eukaryotic cotrans-
lational targeting complex (20), suggesting that the underlying
molecular mechanisms are evolutionary conserved.

Our cryo-EM structure reveals a fully ordered M domain with
a bound signal sequence. The signal sequence rests in a hydro-
phobic groove lined by methionine residues (methionine bristles)
and flanked by the finger loop. The finger loop has been sug-
gested to form a“lid” that closes over the signal sequence located
in the groove (3-5, 12). The crystal structure of theS. solfataricus
M domain in complex with a signal peptide (5) fits well into our
M-domain density (Fig. 3E and F), with exception of the finger
loop. Eight amino acids of the N-terminal part of the signal se-

signal sequence was present in the crystal structure (5). We notequence in the crystal structure (5) fit in our density, which cor-

that, in the presence of the ribosome, the path of the nascent chain responds to a signal sequence of minimal length. The remainder
containing the signal sequencesiincompatible with the geometry of the signal sequence is not detected, despite the fact that the Lep
observed in the crystal structure (5), because the C-terminal part signal sequence comprises 16 hydrophobic amino acids. These
of the signal peptide would clash with ribosomal protein L24 eight amino acids may be stably bound in the core of the signal
(Fig. 3F). Thus, it appears that in the closed targeting complex, sequence binding groove of the M domain during the complete
only a smaller part of the signal sequence is bound by the M do- SRP targeting process. Possibly, the signal sequence is bound more
main, and the nascent chain follows a different path when exiting tightly in earlier states of targeting and partially released during the
from the ribosomal tunnel (Fig. 3E and F). closed state.

_ _ In the early state cryo-EM structure, we found that the signal
Discussion sequence-binding part of the M domain was flexible as evidenced
Here, we report the 5.7-A cryo-EM structure of the RNG-SRR- by loss of this density (21). It is not straightforward to draw con-
FtsY complex in the presence of GMPPCP, representing the clusions about the M-domain conformation from these structures,
closed state. The quasi-atomic model of the SRP comprises the because RNCs with a different nascent chain lengths and different
Ffh M domain and residues 1487 of 4.5S RNA (Fig. 2Q. Thus, signal sequences have been used in each study. Different signal
the reported binding site of the NG domains at the distal end of sequence composition and nascent chain length has been reported
the RNA (G83—-C87) (23, 24) is included in our model. However, to affect SRP binding to the ribosome (36). Therefore, it could be
we could not detect any density corresponding to the Ffh and that the relatively short Lep50 nascent chain used in this study
FtsY NG domains either at the distal end of the SRP RNA or induces a less-flexible M domain, which thus can be observed in
close to the RNA tetraloop in the cryo-EM reconstruction the EM density.

Fig. 4. Model of cotranslational targeting in E. coli. In the RNC-SRP complex, SRP is prepositioned to bind FtsY. FtsY binding leads to an early complex
inactive in GTP hydrolysis. Rearrangement of the NG domains in the closed complex requires GTP and leads to detachment of the NG domains from the RNA
tetraloop. SecYEG binding to L23 is suggested to lead to docking of the NG domains to the distal end of the RNA in the activated state and RNC handover to
SecYEG. GTP hydrolysis results in SRAFtsY disassembly.
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We found three connections between the M domain and the
large ribosomal subunit (Fig. 3B-D). In our structure, none of

buffer A (Fig. 1 A). The complexes were furth er characterized by GTPase
assays, fluorescence measurements, and gold-labeling followed by cryo-EM

the interactions is very strong, and this is in good agreement with (S! Appendix, Methods ).

the previously reported reduced affinity of the SRRFtsY closed
complex for RNCs (34). The Ffh M-domain helix 4 ( M4) seems
to play a major role in ribosome binding of the closed state forming
two contacts. A third contact involves the M-domain finger loop
and L24 (Fig. D). Deletion of finger-loop residues led to a signif-

Electron Microscopy and Image Processing.Quantifoil grids (300 mesh; Agar
Scientific) type R1.2/1.3 coated with a thin continuous carbon layer were
glow-discharged for 30 s, and 2.5- L sample (200 nM RNCs) was applied on
the carbon side. The grids were blotted for 2 s inside the humidity chamber
using a Vitrobot Mark IV (FEI) and plunge-frozen immediately in liquid

icant loss of SRP RNA-stimulated complex assembly by SRP and ethane. Data were collected with FEI EPU software on a Titan Krios at 300 kV

FtsY (4), indicating that the finger loop has a role beyond signal

using $0.6 to $3 m defocus in 100-nm steps and an electron dose of 24 eA S2,

sequence binding. Intriguingly, the finger loop has been shown to Micrographs were recorded on a direct electron detector (Falcon II; FEI) with
have crucial functions as a sensor for signal sequence binding anch calibrated pixel size of 1.08 A per pixel.

facilitator of subsequent conformational changes in SRP and FtsY,

including RNC unloading from the SRP (37). The finger loop

contacts the signal sequence and ribosomal protein L24 in our
structure (Fig. D). We speculate that L24 stabilizes signal sequence

binding by inducing a finger-loop conformation that prevents pre-
mature release of the signal sequence and SRP dissociation.

In conclusion, the closed-complex cryo-EM structure reported
here reveals the complex interactions of the SRP M domain with

The contrast transfer function was determined and corrected with bctf (Bsoft
package) (38). A total of 132,390 particles were selected semiautomatically
from 2,840 micrographs using e2boxer (EMAN2) (39). For initial alignments,
the particles were resampled to 5 A per pixel in Fourier space using Xmipp
3.0 (40), and were aligned against a 40-A low-pass-filtered vacant ribosome
(EMDB ID no. 1045) (41), yielding an initial reconstruction with relatively
weak density of ScSRP?'® (SI Appendix, Fig. S2. The resulting map, together
with another copy in which the scSRP 2'° density was deleted using UCSF
Chimera (42), was used for supervised classification to sort scSRP?*°-con-

the signal sequence and the RNC. Our structure suggests thattaining particles from vacant ribosomes. The remaining 67,236 particles
signal sequence binding to the M domain is stabilized by the were then reextracted with 2.5 A per pixel. The average map from these

ribosome, which induces the formation of a more constricted
binding pocket by means of repositioning the finger loop. Fur-
thermore, our results show that the NG domains are detache
from the RNA tetraloop in the closed state but not yet bound to
the distal end where they are fully activated for GTP hydrolysis.
Additional high-resolution structures of cotranslational targeting
complexes will be required to uncover in the future the intricate

particles was low-pass filtered to 40 A and used to perform an unsupervised
classification with four classes in RELION (43). We applied a spherical mask

d @around scSRP® and the 50S ribosomal subunit to guide the classification

focusing on the different SRP conformations. The subset consisting of 32,170
particles demonstrates a well-defined M domain and 4.5S RNA. A final re-
construction for this subset was obtained using particles of 2 A per pixel with

a spherical mask applied around scSRP?*° and 50S. We used autorefine in
RELION, which is refining a separate model for two independent halves of

molecular mechanisms of communication among SRP GTPases,the data and avoiding overfitting (43). The final map was b-factor sharp-

SRP RNA, signal sequences, and ribosomal complexes.

Material and Methods

Cloning, Expression, and Purification of scSRE'®, scSRP'%2, Fts¥*'°, and RNESP
Plasmids encoding the scSRP°® (pET24aFtsY NlinkFfh and pUC19Ffs) (19) were
transformed in E. coli BI21 Star cells. scSRP® was expressed and purified by
affinity chromatography using the hexahistidine- and the Strepll-tags, fol-
lowed by anion exchange chromatography (MonoQ) as described (21). FtsY  2°Q345C
was expressed in E. coli BI21 Star cells and purified by NiNTA, MonoQ,
and size-exclusion chromatography (S200) in buffer A [50 mM Hepes —-KOH,
100 mM KOAc, 8 mM Mg(OAc) , (pH 7.5), 500 g/mL chloramphenicol]. RNCs
were prepared by in vitro transcription and translation from pUC19StrepLep50
and purified by sucrose gradient centrifugation and affinity chromatography.

See S| Appendix, Methods for cloning details.

Preparation and Characterization of RNC-*P*hscSRB'>-GMPPCP Complexes.
scSRP' constructs were added in a 10- to 15-fold molar excess to 150 —200
nM RNC®P%° and incubated for at least 15 min on ice followed by addition of

1 mM GMPPCP (Sigma) and further incubation for 1 h at room temperature.

The binding of scSRP?!° to RNC"®P%° under these conditions was confirmed

by cosedimentation experiments through a 0.5-M sucrose cushion in
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ened using an automatically ca lculated b-factor value of $236.9.

Flexible Fitting and Generation of the Quasi-Atomic Model. A quasi-atomic
model was generated by initial rigid body-fitting of crystal structures of the

SRP (23), the 50S and the 30S ribosomal subunit (32), and the P-site tRNA into
the EM density using Chimera. The signal sequence was modeled using
a polyalanine sequence adopting a  -helix. The finger loop has been mod-
eled in HHpred (44) using the sequence from N343 to D369 of the  E. coli SRP.
The quasi-atomic model of the Ffh M domain and the 4.5S RNA as well as
rRNA Helix 59 along with other deviating parts of the ribosome were
adapted to the density and energy-minimized using Coot (45), followed by
energy minimization in CNS version 1.0 (46).
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7KH 653 65 FR WUDQVODWLRQDO MCCRMM@®/\WYE JGALR/BOMDMA'

IOH[LEOH 1* GRPDLQV DQG D GHILQHG 0 GRPDLQ ZLWK

2WWLOLH YR F/RULNPQRREOPDQRDOHHQ $OD@RWVNDDQGDQ PDFUXSSDVDP

.DULQH X PUuE BHGIKN RX 6XP® &KULVWLDQH 6FKDIILW]HO

$IILOLDWLRQV

®XURSHDQ OROHFXODU %LRORJ\ /DERUDWRU\ *UHQREOH 2XWVW
F8QLW IRU 9LUXV +RVW &HOO ,QWHUDFWLRQV 8QLY *UHQREOH
)UQFH

"LYLVLRQ Rl & KHPLVWU\ DQG &KHPLFDO (QJLQHHULQJ &DOLIRU
&$

%FKRRO Rl %LRFKHPLVWU\ 8QLYHUVLW\ Rl %ULVWRO %ULVWRC
"¢ XUUHQW DGGUHVV ,QVWLWXWH RI 6WUXFWXUDO DQG OROHF

& ( +; 8QLWHG .LQJGRP

7TKHVH DXWKRUV FRQWULEXWHG HTXDOO\ WR WKLV ZRUN
TR ZKRP FRUUHVSRQGHQFH VKRXOG EH DGGUHVVHG
&KWWWLDQH 6FKDIILW]JHO (0%/ DYHQXH GHV ODUW\UV &6

JUDQFH 7HOHSKRQH (PDLO VFKDIILW]JHO#HPEO IU









IURP WKH VDPSOH E\ SXULILFDWYIRID LRV W& KV B D EHQDM 6 WFE 53,
E\FRQFHQWUDWLRQ DQG EXIIHU H[FKDQJH WR EXIIHU $ XVLQJ D
0:&2 N'$ OLOOLSHRUHWF6EH13%033&3 FRPSOH[HV ZHUH SUHSDUHG
(0O DV GHVFULEHG DERYH ZLWK D DQ® OBO0H{FIB\&BE R& UWKR6EB GD WL
ZHW FROOHFWHG RQ D 7HFQDL * 3RODUD )(, RSHUDWLQJ D)
PDJQLILFDWLRQ RI [ ZLWK D *DWDQ N [ N &&' FDPHUD L
i —P DQGIi —P ZLWK DQ LQLWLDO SL[HO VL]H RI c RQ WK
7KH FRQWUDVW WUDQVIHU IXQFWLRQ &7) ZDV GHWHUPLQ
SDFNDJH SDUWLFOHV ZHUH VHOHFWHG VHPL DXWRPDWI
H ER[HU (0%$1 JRU DOLJQPHQWV WKH SDUWLFOHV ZHUH UH V
ORZ SDVV ILOWHUHG WR c 7KH SDUWLFOHV ZHUH DOLJQHG X
DV LQLWLDO UHIHUHQFH (0'% ,' LQ 63,'(5 &ODVVLILFD
VF653 DW WKH ULERVRPDO WXQQHO H[LW LQ 63,'(5 UHVXOWHG
UBHVHQWI{"®JIVE683 *033&3 7KLV SDUWLFOH SRRO ZDV IXUWKHL
FOMHV E\ PXOWLYDULDWH VWDWLVWLFDO DQDO\VLV 06$% DQG
VKRZLQJ RULHQWDWLREHBS R10\EK&I35ARP SOH[HV ZKIHW A OHBE B\
YLEOH ZHUH LGHQWLILHG E\ SURMHFWLRQ PDWFKLQJ WR D UL
FRUUHVSRQGLQJ SDUWLFOHV ZHUH VXEPLWWHG WR D VHFRQ
FODVVHV XVLQJ ,0$*,& 1LQH RI WKHVH FODVVHV ZHUH LGHQW
GHQVLW\ XVLQJ 63,'(5 7KH FDOFXODWHG DOLJQPHQW DQG FO
LGHQWLI\ DQG DOLJQ WKH FRUUHVSRQGLQJ QRW LQYHUWHG IX
JROG ZDV PDUNHG PDQXDOO\ LQ HDFK DOLJQHG SDUWLFOH XVL

WKUHH PRVW SRSXODWHG FIODBVYWW LQ@QJI XKV KRKRB/IWBS53
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JLUXUH 6 1DQR JROG ODEHOLQJ RI WKH )WV< )IK 1* GRPDLQV

H[SHULPH@WW\SISFDO PLFURJUDBR @ LW K G IXD E HOMHEBWY. FOFBY L Q

WKFHUHVHQFH RI *033&3 7R VKLIW WKH HTXLOLEULXPDWRZDUGYV
DGG LQ WHQ IROG PRODUW(EHW MWERGUYEBXBOHIDUWLFOHV XVI
RI WKH )WV< )IK 1* GRPDLQV DQG WKH DYHUDS3H&RS DVKWHIVAO HIKIK
FrPXODWHG ZLWK 63,'(5 $6 5 *ROG SDUWLFOHV WKDW ZHUH SL
*ROG SDUWLFOHYV SRVLWLRQHG DW WKH HGJH RI WKH ER[ ZHUH
VFDOH EDU DUH VKRZQ IRU WKH PLFURJ&EDSKODQY¥ WKHUIDIWKW LE
JROG ODEHOHG SDUWLFOHV LQ WKUHH RULHQWDWLRQV LQ ZKLF
SORW RI WKH SRVLWLRQ RI WKH QDQR JROG LQ WKH LQGLYLGX
FODVV DYHUDJHV FROXPQ DQG VXUIDFH YLHZ RI WKH VDPH
FROXPQ 7KH UHG FLUFOH GDVKHG OLQH LQ WKH SORWYV R
VXUIDFH UHSUHVHQWDWLRQ LQGLFDWHV WKH WKHRUHWLFDO

WKHRUHWLFDCORRK®EOH) PAKHXPLQJ IOH[LEOH )IK )WV< 1* GRP
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(VWURI]JL /) %RHKULQJHU ' 6KDQ 62 %DQ 1 G6FKPRIQW]HO &
FR WUDQVODWLRQDO W DU HDNWER @ IFRRIFPEIDWL BMIQU WKW &/RAVD B i

=KDQJ ; .XQJ 6 6KDQ 62 'HPRQVWUDWLRQ RI D PX
DVVHPEO\ RI WKH 653 [ 653 UHFHSWRU FRPSOH[ LPSOLFDW
51$- ORO %LRO

6FKDIILW]JHO & %DQ 1 *HQHUDWLRQ RI ULERVRPH C
VWUXFWXUDO DQG-IZWBWEWRQ@PIROWXGLHYV

3HOXVR 3 6KDQ 62 1RFN 6 +HUVFKODJ ' :DOWHU 3
*7T3DVH F\FOHV R %IKR B RIBP YW WU\

6KDLNKHW5 DO 63,'(5 LPDJH SURFHVVLQJ IRU VLQJOH SDUW
ELRORJLFDO PDFURPROHFXOHMDWRPURWHRAFWURQ PLFURJUD:

YDQ +HHO 0 +DUDX] * 2UORYD (9 6FKPLGW 5 6FKDW] 0O
,0$*,& LPDJH SURFHV\WBMWAIX¥W WoH R O

7DQJ MW DO (0%1 DQ H[WHQVLEOH LPDJH SURFHVVLQJ
PLFURV-FRSBUXFW %LRO

SHWWHUWMQ D@ 8&6) &KLPHUD D YLVXDOL]DWLRQ V\VWH
UHVHDUFK DQ &RPGEXOA\&IKH P

6EFKHUHV 6+ 5(/,21 LPSOHPHQWDWLRQ RI D %D\HVL
VWUXFWXUH G HWHIXFEMQ BBWR R Q

5RVHQWKDO 3% +HQGHUVRQ 5 2SWLPDO 'HWHUPLQL
$EVROXWH +DQG DQG &RQWUDVW /RVV LQ 6L:QUROG SDUWLI
%LRO

XFXNHOELU $ B6LJZRUWK )- 7DJDUH +' AXDQWLI\LQJ \

(0O GHQVLWADAD)SWH OHWKRGV



'"HWDLOHG SURFHGXUHV RI GDWD SURFHVVLQJ DQG VWL
SDUWLFOH SLFENLQJ DQG PLFURJUDSK SUH SURFHVVLQ

7KH GDWDVHW RIF65& *033&3 ZDV FROOHFWHG RQ D 7LWDC
RSHDWHG DW N9 ZLWK D GLUHFW HOHFWURQ GHWHFWR
SL[HO VL]H RI ¢ SHU SL[HO $ WRWDO QXPEHU RI FR(
FRUUHFWHG PLFURJUDSKY ZHUH REWDLQHG

, ltuvw SHUIRUPHG D UHIHUHQFH EDVHG DXWRPDWHG SD
SDFNDJH (0$1 HWQDO DQG D 6 ULERVRPH DV UHIHUFE
(O'DWD%DQN DFFHVVLRQ (OHW DODOOHWHUZDUGYV HDI
PLFURJUDSK ZDV LQGLYLGXDOO\ LQVSHFWHG WR UHPRYH R
DQRG WR SLFN PDQXDOO\ VRPH PRUH ULERVRPDO SDUWLFOH
VHOHFWHG WKRXJK WKLY VHPLDXWRPDWLF PHWKRG

7KH FU\R (0 PLFURJUDSKY ZHUH FROOHFWHG VXFK WKDW |
DV PXFK DV SRVVLEOH +LJK IUHTXHQF\ VLIJQDOV ZKLFK FD
DUH E\ WKHRU\ OLPLWHG WR KDOI RI WKH VDPSOLQJ UDWH
WKHRUHP 7KLV UHVXOWY LQ D WKHRUHWLFDO UHVROXWLR
ZK\ PLFURJUDSKY DUH UHFRUGHG ZLWK VPDOO SL[HO VL]
IUHTXHQF\ VLIJQDOV DUH RIWHQ ORVW EHIRUH WKH I1I\TXLVYV
GHIRFXV 7KH XVH RI VPDOOHU SL[HO VL]H KLJKHU PDJQLI
QHHGHG WR UHFRUG WKH VDPH REMHFW DQG IHZHU REMHF
ORUHRYHU WKLV UHVXOWY LQ ELJIJHU SDUWLFOH GLPHQVL
SRZHU 6LQFH LQ WKH HDUO\ VWDJHV RI GDWD SURFHVVLQ.
DQG FRQIRUPDWLRQDO GLITIHUHQFHY OLNH WKH SUHVHQFH
WHVWHG GLIITHUHQW VRUWLQJ VWUDWHILHYV |, LQLWLDOO\ C
SL[HO VL]H WKXV VSHHGLQJ XS FDOFXODWLRQV ,Q IDFW W
QHFHVVDU\ DW WKH HDUO\ VWHSV |, UHVDPSOHG WKH PLF
GXULQJ WKH GLITHUHQW VWDJH RI GDWD SURFHVVLQJ

'RZQ VDPSOLQJ RI LPDJHV XVHG WR EH DFKLHYHG E\ D PH
LV DYHUDJLQJ QHLJKERULQJ SL[HOV LQWR RQH $ QHZ PF



SHUIRUP WKH GRZQ VDPSOLQJ LQ )RXULHU VSDFH DQG KD\
KLE UHVROXWLRQ LQIRUPDWWRRQROEHWWHU 6RU]JDQR

, lLUVW GRZQ VDPSOHG DOO PLFURJUDSKV WR c SHU .
DQDO\WVLYVY 7KH FRPPDQG LQ VRIWZDUH ;PHWS DO QH OD 51
DSSOLHG WR LQGLYLGXDO PLFURJUDSKYV 7KXV D VLPSOH I
WKH SURFHVV

IRU PLFURJUDSK LQ PUF GR
[PLSSBWUDQVIRUPBGRZQVDPSOH L PLFURJUDSK R 653E

GRQH

$00 ULERVRPDO SDUWLFOHV ZHUH WKHQ H[WUDFWHC
PLFURJUDSKV $V WKH SDUWLFOHV ZHUH SLFNHG LQ WKH R
ILOHV QHHGHG WR EH DGMXVWHG WR DGDSW WKHP WR WKFE
7KLV ZDV GRQH E\ WKH IROORZLQJ VFULSW 7KH RSHUDW
QHZHVW YHUVLRQ RI 5(/,21

IRU ER[ILOH LQ ER[ GR

DZN ~SULQWI L L L L?0Q
653BVDPSOH BER[ILOHV ER[ILOH
GRQH

" FODVV DYHUDJLQJ ZDV SHUIRUPHG XVYLDQQ WHIHAO\DROIW ZD'
7KH UHVXOWV ZHUH H[DPLQHG WR LGHQWLI\ SEDG”
GLVWRUWHG ' FODVV DYHUDJH 7TKHVH SDUWLFOHYV ZHUH
UHPRYLQJ WKH FRUUHVSRQGLQJ FRRUGLQDWH UHFRUGV IU
OHIW SDUWLFOHV WR EH IXUWKHU DQDO\JHG LQ

6 XSHUYLVHG FODVVLILFDWLRQV IRU 653 ERXQG SDUWI

7KH SDUWLFOHV ZHUH H[WUDFWHG ZLWK SL[HO VL]H
PHQWLRQHG DERYH 7KH LPDJHV ZHUH QRUPDOL]JHG DQG F|
GH OD 5RVDHWHDYxQ 7R SHUIRUP " UHILQHPHQWYV LQ 5(/,z
PRGHO UHIHUHQFH PDS LV UHTXLUHG 7KH UHWUBDQFH F

%



ZDV UHVL]HG WR ¢ SHU SL[HO LQ RUGHU WR KDYH FR
WRV +H\PDQQ DQG %HOQDS

ELQW VFDOH RULJLQ WUDQVODWH
HPGB PDS VDPSOH BHPGB PUF

$IWHU JUH\ VFDOH FRUUHFWLRQ RI WKH LQSXW PDS WKL
WKH QHZHVW YHUVLRQ RI 5(/,21 DXWR UHILQHPHQW ZDV
WKH IROORZLQJ VHWWLQJ

PSLUXQ QS PDFKLQHILOH PSLBILOHB UHOLRQBUHILQH]
SHILQHB DQJSL] LWHU WDX BIXGJH UHI
*6FRUUFWBVDPSOH BHPGB PUF SDUWLFOHBGLDPHWHU

DXWRBUHILQH VSOLWBUDQGRPBKDOYHV RIIVHWBUDQJFL
PD[BPHPRU\ SRRO

7TKH UHVXOWLQJ PDS KDG D UHVROXWLRQ RI c *ROG
)6 & FULWHULRQ VDPH IRU WKH UHVW RI WKH &KDSWHL
ZDV UHDFKHG DV GLVFXVVHG DERYH 7TKH UHVXOWLQJ PDS
ULERVRPDO 51% DQG DQ H[WUD GHQVLW\ DW WKH ULERVR
URZ 7KLV H[WUD GHQVLW)\ ZKLFK 21M8U W\KHHQE\RX /& W/ VFBE5 B
Zl® EH UHIHUUHG DV p6539Y LQ WKH IROORZLQJ WH[WV 7KH
DQRG WKH 653 ZDV UHODWLYHO\ ZHDN 7KLV VXJJHVWV WI
ULERVRPHYVY DQG 653 ERXQG ULERVRPHV ZKLFK ZDV H[SH
H[SHULHQFH ZLWK 653 ULERVRPH HRP ® OH [H\W WeH¥ DDIQ W]H O
YRQ /RHITHWKBO] 7KH GLITHUHQFH EHWZHHQ pHPSW\Y
653 ERXQG ULERVRPHV LV KXJH DQG WKXV VRUWLQJ FRX!
UHVROXWLRQ ZDV OLPLWHG WR c 6XFK VRUWLQJ RI N
SHUIRUPHG LQ D VXSHUFEAVHRVYLGKIORQWZR LQSXW PDSV FR
WKH 653 ERXQG ULERVRPH DQG HPSW\ ULERVRPH

,Q WKH ILUVW DWWHPSW WKH LQLWLDO PDS FDOFXODYV
UHSUHVHQW WKH 653 ERXQG ULERVRPH $QRWKHU FRS\ RI
GHQVLW\ ZDV GHOHWHG XVLQJ 8&& RRLPHDWD XIHIVEWWHR PHBL
WKH HPSW\ ULERVRPH VXFK WKDW WKH RQO\ GLIITHUHQFH F
RU DEVHQFH RI WKH GHQVLW\ DW WKH ULERVRPDO WXQQHO
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PSLUXQ QS PDFKLQHILOH XVHU TMLDQJ PSLBILOHB Ut
,0$* &BFOHDQHG VWDU R &0ODVVLI\B DQJSL] LW
KHDOSL[BRUGHU UHI UHIB VWDU SDUWLFOHBGLDPHYV
RITVHWBUDQJH RITVHWBVWHS QRUP PD[BPHPRU\

6XSHUYLVHG FODVVLILFDWLRQ KDV EHHQ ZLGHO\ XVHG |
VHYHUDO LWHUWBPWDR QW] H)AD 7TKH LGHD LV WKDW WKH LQS



IRU WKH HPSW\ ULERVRPH KDV SL[HOV RI |JHUR LQWHQVLW\
WY LV GXH WR WKH WUHDWPHQW GHOHWLRQ RI 653 GHQV
LOWURGXFH DUWLIDFWYV DV WKH UHVW RI WKH PDS ZKHUH
ILOOHG E\ QRLVH , H[SHFWHG WKDW VXFK DUWLIDFWV F
HYROXWLRQ RI WKH PDSV +RZHYHU WKH GHQVLWLHV DUF
EDFN DIWHU URXJKO\ ILYH LWHUDWLRQV )LJXUH DQG
LGHQWLFDO DIWHU LWHUDWLRQV 7KLV PHDQV WKH FOL
FULWHULRQ UDWKHU WKDQ WKH SUHVHQFH RU DEVHQFH R
TKHUHIRUH WKH TXHVWLRQ UHPDLQHG KRZ WR VRUW RXW
ULERVRPHYV

, GHFLGHG WR FRPSDUH WKH SDUWLFOH SRROV JHQHUDW
RI VXSHUYLVHG FODVVLILEFDWLRQ )RU H[DPSOH SDU!
WKH HPSW\ ULERVRPH SRRO LQ WKH ILUVW LWHUDWLRQ |
LWHUDWLRQ 7KH WZR SRROV KDG SDUWLFOHV LQ FRF
ZHUH XQLTXH LQ LWHUDWLRQ RQH DQG SDUWLFOHV LG
DQDO\]H WKHVH PXQLTXHY SDUWLFOH VXE SRROV 7R GR V
ZDV UHILQHG LQWR D ULERVRPH VWUXFWXUH DQG WKH WZ
YLIXUH ERWWRP URZ ,Q IDFW ZH DQDO\]HG WKH uXc
ULERVRPH SRROV EHFDXVH WKH SUHVHQFH RI 653 ERXQG U
ULERVRPH SRRO FDQ HDVLO\ EH GHWHFWHG DW KLJKHU FEF
PDS 9LFH YHUVD FRQWDPLQDWLRQ RI WKH 653 ERXQG
ULERVRPHV OHDGV WR PDSV ZLWK VOLJKWO\ ZHDNHU GHQ\
WXQQHO ZKLFK LV PRUH GLIILFXOW WR HYDOXDWH 7KH XQ
WKH IROORZLQJ VFULSW

DZN ASULQW ° &ODVVLI\B BLW BGDWD VWDU !
DZN ASULQW ~ &ODVVLI\B BLW BGDWD VWDU !
FRPP BLW BFODVV VWDU BLW BFODVV VWDU ! LV

7KH UHVXOWYV RI WKLV DQDO\WLV LQGLFDWHG WKDW LW
VHSDUDWLRQ EHWZHHQ HPSW\ DQG 653 ERXQG ULERVRPHYV
GLVSOD\HG DOPRVW QR 653 GHQVLW\ )LJXUH ERWWRP |
WKH TXDOLW\ RI LQSXW PDSV LV FULWLFDO IRU VXSHU



LOQSXW PDSV ZHUH EDVHG RQ WKH DYHUDJH PDS RI DOO SLC
HPSV\ ULERVRPHV 7KHUHIRUH D VHFRQG URXQG RI VXFK V
SHUIRUPHG XVLQJ WKH QHZ 653 ERXQG ULERVRPH VWUXFEFW
WKH VRUWHG SDUWLFOH SRRO DQG VKRZHG HQKDQFHG (0
ULJKW

7TKXV WKH SDUWLFOHV FRUUHVSRQGLQJ WR WKH
UHVXOWLQJ IURP WKH VHFRQG LWHUDWLRQ ZHUH XVHG IRl
LQ RUGHU WR VRUW IRU FRQIRUPDWLRQDO YDULHWLHYV

B8QVXSHUYLVHG FODVVLILFDWLRQV IRU FRQIRUPDWLRC

&RQIRUPDWLRQDO YDULHW\ DOZD\V H[LVWV LQ FU\R (0 GD\
FU\VWDO ODWWLFH +HWHURJHQHLW\ KDSSHQV DW GLIIH
PRYHPHQWY WR UHDUUDQJHPHQWYVY RI HQWLUH GRPDLQV 71
UHTXLUHG WR LPSURYH WKH TXDOLW\ RI WKH PDS ,Q SU
EDODQFHG E\ D VLIJQLILFDQW UHGXFWLRQ RI WKH QXPEHU F

653 ERXQG SDUWLFOHYVY ZHUH H[WUDFWHG ZLWK D SL[HC
UHVROXWLRQ LQIRUPDWLRQ LQ WKH LPDJHV PD\ EH XVHI>
DYHuUbJH PDS RI DOO SDUWLFOHV ZDV ILUVW JHQHUDWH (
URXWLQH 7KH UHVROXWLRQ RI WKH UHVXOWLQJ (0 PDS ZD
ZHOO GHILQHG ULERVRPH EXW WKH GHQVLW\ DFFRXQWLQJ
TXDOLW\ 7KLV VXJIJHVWHG WKDW IXUWKHU VRUWLQJ VWH:
UHTXLUHG $V GLVFXVVHG LQ 6HFWLRQ VXFK KHWHURJ
EHWWHU VRUWHG E\ XQVXSHUYLVHG FODVVLILFDWLRQ 7R
WKH 653 GHQVLW\ ZKLFK ZH DLPHG WR LPSURYH D VSKEF
DSSOLHG GXULQJ WKH FODVVLILFDWLRQ

EHGLWLPJ FUHDWH VDPSOLQJ VSKHUH
ILOO EDFNJURXQG PDVNB,; B5 B* PUF

, WHVWHG WKH HIITHFWV RI QXPHURXYV SDUDPHWHUV GXUL
LOQFOXGLQJ WKH QXPEHU RI FODVVHV WR EH JHQHUDWHG
UHJXODUL]DWLRQ SDUDPHWHU WDX BIXGJH LQ WKH FRPPD



UHJLRQ DQG ZKHWKHU WKH PDVN LV DSSOLHG )LQDOO\ Wt
DFKHLYHG ZLWK WKH IROORZLQJ VHWWLQJV

PSLUXQ QS PDFKLQHILOH XVHU TMLDQJ PSLBILOHB Ut
SHILQHB BGDWD VWDU R &O0DVVLI\B : DQJS
WDX BIXGJH UHI S5HILQHB BFODVV PUF LQLBKL
VROYHQWBPDVN PDVNB; B5 B* PUF KHDOSL[BRUGHU \
RITVHWBUDQJH RITVHWBVWHS QRUP PD[BPHPRU\

W LV ZRUWK PHQWLRQLQJ WKH ORFDO DQJXODU VHDUEFKL
VWUXFWXUHVY DUH UHSUHVHQWHG E\ WKHLU ' SURMHFWLR
GHWHUPLQHV KRZ ILQHO\ GLIIHUHQW YLHZV RI WKH VW
FRQIRUPDWLRQDO FKDQJHV ZLOO EH QRWLFHG RQO\ ZLWK
VDPSOLQJ UHTXLUHV VLIJQLILFDQWO\ PRUH FRPSXWLQJ SR
LGHD RI ORFDO DQJXODU VHDUFKLQJ LV WR ILUVWO\ XVH

% ~C % % %)



GHWHUPLQH WKH RULHQWDWLRQ RI HDFK SDUWLFOH DQG '
DURQG WKLV DQJOH WR VHDUFK IRU VWUXFWXUDO YDULDW
7KLV IXQFWLRQ LV YHU\ XVHIXO IRU VPDOO FRQIRUPDWLRQ
WKH ULERVRPH KRZHYHU LV QRW DFWLYDWHG ZLWK WKH G

7KH VRUWLQJ UHVXOWHG LQ IRXU FODVVHV RI YROXPHYV

VWUXFWXUHV UHSUHVHQWLQJ 3MXQN" SDUWLFOHV GXVW
YROXPHVY ERWK UHSUHVHQW 653 ERXQG ULERVRPHV ,Q D F
FRQWDLQHG D EHWWHU UHVROYHG 653 ZKLOH LQ YROXPH F
ORRNHG GLVWRUWHG DQG WKH FRQQHFWLRQ EHWZHHQ
HIWUHPHO\ ZHDN )LJXUH 9ROXPH FODVV ZDV REYLRX)
IXUWKHU UHILQHG , ZRQGHUHG ZKDW WKH GLITHUHQFH L
'‘RHV FODVYV UHSUHVHQW D GLVWLQFW FRQIRUPDWLRQ FRF
DULVH I[URP DUWLIDFWYV GXULQJ WKH FDOFXODWLRQ"

:KLOH H[WUDFWLQJ SDUWLFOHV IURP YROXPH FODVYV ,
FRQWULEXWHG QR SDUWLFOHV WR WKLV FODVV ,W ZDV
FRQWDLQHG RQ DYHUDJH PRUH WKDQ SDUWLFOHV DQG W
SDUWLFOHV RI HDFK PLFURJUDSK VKRXOG EHORQJ FODV\
SDUWLFOHV FRPSULVLQJ RI WKH WRWDO GDWD VHW ZlI
WKHUHIRUH WKDW WKH VHSDUDWLRQ RI SDUWLFOHV LQWR
GHIRFXV YDOXHV RI WKH PLFURJUDSKY , ZURWH WKH IROO
7KH UHVXOWLQJ SORW LV VKRZQ LQ )LJXUH

VWULQJ

ZKLOH > VWULQJ OH @ GR

XVHG CZF O 653BVDPSOH &7)B BFORVHGS5LERG653B VW
DOO CZF O 653BVDPSOH BVKLIWHG &7)B BFORVHGG5LE]
ASULQW ° C

UDWLR CHFKR XVHG DOO _ EF O C

GHIRFXV CJUHS BFORVHGS5LER653B VWULQJ &7)BYDOXI
SULQWI | _ 1?Q UDWLR GHIRFXV !l YHUVXV W[W

VWULQJ VWULQJ
GRQH
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7KH SORW GHPRQVWUDWHY D WHQGHQF\ RI SDUWLFOHYV
GHRFXV YDOXH RI WKH PLFURJUDSK H[FHHGYV —P O6RPHK
OHG E\ FHUWDLQ LQIRUPDWLRQ ZKLFK ZDV GHIRFXV UHOD\)
FODVV DQG FODVV VKRXOG UHSUHVHQW ELRORJLFDOO\ L
GLIILFXOW WR LPDJLQH WKDW FHUWDLQ VSHFLHV H[LVWV L
EXW QRW RQ RWKHUV $W WKLV SRLQW , GHFLGHG WR IXU
FODVV DLPLQJ IRU KLJK TXDOLW\ PDSV

SHILQHPHQW WRZDUGV KLJK UHVROXWLRQ

7KH ILUVW UHILQHPHQW RI WKH SDUWLFOHY EHORQJLQJ WHR
¢ UHVROXWLRQ $OWKRXJIJK WKH RYHUDOO UHVROXWLRQ E\

EHIRUH WKH XQVXSHUYLVHG FODVVLILFDWLRQ c WKH |
UHVROYHG $SSOLQJ D VRIW HGJH PDVN GXULQJ WKH UH
UHVROXWLRQ WR c )XUWKHU RSWLPL]IDWLRQ RI WKH F}I

PDVN UHVXOWHG D EHWWHU VWUXFWXUH ZLWK ¢ UHVRC(



DJDLQ ZLWKLQ UHDFK SDUWLFOHV ZHUH UH H[WUDFWHG ZL
DMAOKWO\ LPSURYHG UHVROXWLRQ DW c ,Q WKH ODVW V
IDFWRU VKDUSHQLQJ ZHUH DSSOLHG DQG WKH ILQDO F
UHVROXWLRQ 7KH FRPPDQGV XVHG DUH WKH IROORZV

ELQW VLI]H RULJLQ WUDQVODWH QHZ
DUFKLYH 653B5HOLRQB *6FRUUFWBVDPSOH BHPGB

*VFRUUFWBVDPSOH BHPGB PUF

EHGLWLPJ FUHDWH VDPSOLQJ VSKHUH

EDFNJURXQG PDVNB; B5 B* PUF

PSLUXQ QS PDFKLQHILOH XVHU TMLDQJ PSLBILOHB Ut

R SHILQHB DQJSL] WDX BIXGJH UHI *6FRUUFV
LQLBKLJK IODWWHQBVROYHQW VROYHQWBPDVN PDVH

VSOLWBUDQGRPBKDOYHV QRUP PD[BPHPRU\

UHOLRQBSRVWSURFHVYVY L S5HILQHB DQJSL] R 5H

DXWRBEIDF
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+77 HVW XQ FRPSOH[H GH SURWpPLQH PHPEUDQDLUH FRQV
GLIIpUHQWHYV [/ H[SUHVVLRQ HW OD SXULILFDWLRQ GX FRP
GDQV FH FKDSLWUH

3OXVLHXUV DSSURFKHV GLIIpUHQWHY RQW pWp WHVWpH
ULERVRPH +7/ HW HQ UpVRXGUH OD VWUXFWXUH HQ FU\R (O
+7/ VROXELOLVp GDQV GX Q GRGPF\O % ' PDOWRVLGH ''0
PWp REWHQXH DYHF XQH UpVROXWLRQ GH ¢ 'HV HIIRUWYV
OH FRPSOH[H +7/ GDQV XQ QDQRGLVF PDLV OH UHQGHPHQ
Q RQW SDV SHUPLV GH SUpSDUHU GHV FRPSOH[HV SRXU C
TXDOLWp / XWLOLVDWLRQ G XQ QRXYHDX GpWHUJHQW C
/01* HW XQH PpWKRGH GH IL[DWLRQ SDU JUDGLHQW RQV
HQVHPEOH GH GRQQpV D pWp REWHQX HQ XWLOLVDQW +7/ \
DYHF OH ULERVRPH HQ FRXUV GH WUDGXFWLRQ VWDELOLYV
/D VWUXFWXUH FU\R (0 GH FH FRPSOH[H ULERVRPH +7/ D p
DLQVL XQ SUHPLHU DSHUoX GH OD EDVH PROpPFXODLUH GH ¢
FRPSOH[H GH +7/ /D SUpSDUDWLRQ GH O pFKDQWLOORQ G
OHV DPSKLSROHV /HV DPSKLSROHV RQW SHUPLV OD SUI
KRPRJGQHV GDQV GHV WDPSRQV VDQV GpWHUJHQW /D OLDI
W\SHV GI{DPSKLSROHV DYHF OH ULERVRPH HVW GpPRQWUpH



(ISUHVVLRQ DQG SXULILFDWLRQ RI +7/
7KH H[SUHVVLRQ FRQVWUXFW

7KH KROR WUDQMWYRPFRPMUPEUDQH SURWHLQ FRPSOH[ RI VH
D WRWDO PROHFXODU ZHLJKW RI N'" ([SUHVVLRQ RI VX
FRPSOH[HVY HVSHFLDOO\ LQ WKH FDVH RI PHPEUDQH SURWI
JRRG OHYHO RI VWRLFKLRPHWULF H[SUHVVLRQ LV XVXDOO\
H[SUHVVLRQ V\VWHP Z7ZDV GHVLIJQHG WR IDFLOLWDWH \
H[SUHVVLRQ H[SHUERGQRWLRY¥VHN HW ®ODFW +7/ ZDV DPR
WKH ILUVW FRPSOH[HVY WKDW EHQHILW IURP WKH $FHPEO \
GLG QRW FRPSULVH <DM& 7KH +7HWFRQVWIKEMK 6 FBKXCGEN ]
GXULQJ P\ WKHVLV )LJXUH ZDV GHYHORSHG EDVHG RQ \
<DM& ZKLFK KDV D KLWKHUWR XQNQRZQ IXQFWLRQ ZDV V
VWDELOL]JH WKH 6HF<(* 6HF') <DM& FRPSOH[ ZKLFK ZDV Y
ORUHRYHU <DM& ZDV WDJJHG ZLWK D FDOPRGXOLQ ELQGLC
DINTLQLW\ SXULILFDWLRQ VWHS ,Q IDFW PXFK EHWWHU SU|
WKH +7/ H[SUHVVLRQ FRQVWUXFW FRPSDUHG WR +7/ EXW
GLUHFW VWDELOL]JLQJ HIIHFW RI <DM& RQ WKH FRPSOH]
SURWRFRO IRU +7/ ZKLFK , LQLWLDOO\ XVHG GXULQJ P\ WE
3K'" VWXGHQW LQ WKH ODERUDWRU\ ODWKLHX %RWWH +
H[SUHVVLRQ DQG SXULILFDWLRQ RI +7/ XVLQJ WKLV SURWF

+7/ HISUHVVLRQ DQG SXULILFDWLRQ

7KH SODVPLG S$FHPEO +7/ ZDV WUPRWILR WPRNWHIGULQWR/WHKBL
/KH FHOOV ZHUH JURZQ LQ <7 %URWK J TU\SWRQH J

%
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SHU RQH OLWHU FXOWXUH LQ WKH SUHVHQFH RI
FIORDPSKHQLFRO DQG —J PO NDQDP\FLQ 7KH FHOOV ZHU

WKH H[SUHVVLRQ Rl SURWHLQV ZDV LQGXFHG E\ DGGLQ
DUDELQRVH $IWHU DQ DGGLWLRQDO KRXUV RI FXOWXULG
DQG IDVW IURJHQ LQ OLTXLG QLWURJHQ 7KH FHOO SHOOH
WKDQ RQH ZHHN

7KH FHOO SHOOHWY ZHUH UH VXVSHQGHG LQ +6*0 EXIIHU
PO 1D&O ZY JO\FHURO PYXBISOEHG ZLWK SUR
LRELELWRUV 5RFKH F2PSOHWH ('7$ IUHH RQH WDEOHW SHL
FHOOV ZHUH GLVUXSWHG XVLQJ D PLFURIOXLGL]JHU RSHUD\
PHWKDQH VXOIRQ\O IOXRULGH 306) ZDV TXLFNO\ DGGH
FHQWULIXJDWLRQ DW 5&) LQ D -$% URWRU %HFENPL
VKRXOG SHOOHW FHOO GHEULV 7KH VXSHUQDWDQW ZDV
5&) LQ D 7L URWRU %HFNPDQ &RXOWHU IRU KR X

OHPEUDQH SHOOHWYV ZHUH KRPRJHQL]JHG LQWR a ZY L
XVHG IRU FHOO VXVSHQVLRQ 7KH PHPEUDQH VXVSHQVLR
QLWURJHQ DQG WKHQ VWRUHG LQ WKH f& ITUHH]HU

Q 'RGHF\O % ' PDOWRVLGH '"'0 IURP *O\FRQ /XFNHQZDOG
WR VROXELOL]H WKH PHPEUDQHYV ZY "0 VROXWLRQ ZI
VXVSHQVLRQ LQ D YY UDWLR VXFK WKDW WKH ILQD(
$IWHU KRXUV RI JHQWOH DJLWDWLRQ DW f& WKH PL[WXL
LQ D 7L URWRU %HFNPDQ &RXOWHU IRU KRXU DW f&
JRU LPPRELOL]HG PHWDO LRQ DIILQLW\ FKURPDWRJUDSK\
ORDGHG RQWR D +LV7UDS +3 FROXPQ *( +HDOWKFDUH HTX

PO LPLGD]RO "0 7KH FROXPQ ZDV ILUVW ZDVKHG E
PO LPLGD]RO "0 IRU DW OHDVW FROXPQ YROXPHYV
FROXPQ YROXPH KLJK VDOW ZDVK ZLWK +6*0 EXIIHU PO

"0 $IWHU IXUWKHU ZDVKLQJ ZLWK +6*0 EXIIHU P

"0 IRU DW OHDVW FROXPQ YROXPHV WKH SURWHLQV ZHU!
PO LPLGD]RO "0 7KH HOXDWH ZDV GHVDOWHG WR P
PO 1D&O ZY JO\FHURO PO'"'®&D&WVWLQJ D +L7UDS

'"HVDWLQJ FROXPQ *( +tHDOWKFDUH 7KH SURWHLQV ZHUH
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DIILQLW\ UHVLQ 6WUDWDJHQH $JLOHQW XVXDOO\ PO
IFXDWLRQ ZLWK JHQWOH DJLWDWLRQ UDQJLQJ IURP KR.
FDOPRGXOLQ UHVLQ ZDV ZDVKHG ZLWK FROXPQ YROXPHV

PO 1D&O ZY JO\FHURO PO BDBCEVHTXHQWO\ Wil
SRWHLQV ZHUH HOXWHG E\ PO +HSHV .2+ S+ PO
JO\FHURO PO (*79% "0 )LQDOO\ WKH EXIIHU RI WKH

H[FKDQJHG DFFRUGLQJ WR WKH QHHGV RI WKH VXEVHTXHOQ\
HDFK VWHS RI WKLV SXULILFDWLRQ SURFHGXUH YLVXDOL]H
VWDLQHG 6'6 3$*(

7KH \LHOG RI WKLV SXULILFDWLRQ LV TXLWH ORZ 7\SLF
REWDLQHG PJ RI SXULILHG +7/ FRPSOH[ 7KH HOXWHG +7/
FROXPQ W\SLFDOO\ KDV D SURWHLQ FRQFHQWUDWLRQ RI
FRQVLGHUDEOH KHWHURJHQHLW\ DV MXGJHG E\ QHJDWLY}
EHHQ PDGH WR FRQFHQWUDWH WKH VDPSOH DQG WR IXUWK
FKURPDWRJUDSK\ +RZHYHU WKLV OHG WR GLVVRFLDWLRQ
DQG 6HF') <DM& <LG& VXEFRPSOH[HV %RWWH WKHVLYV



WKHVLV GLITHUHQW VWUDWHILHY KDYH EHHQ SXUVXHG WR
DPXLSRO VWUDWHI\ ZDV VKRZQ WR EH VXFFHVVIXO

J)LUVW FU\R (O GDWDVHW RI 51& +7/
6DPSOH SUHSDUDWLRQ DQG GDWD FROOHFWLRQ

7KH DLP RI P\ WKHVLYVY ZRUN ZDV WR REWDLQ D FU\R (0 VWL
ZLWK D WUDQVODWLQJ ULERVRPH 6XFK D ULERVRPH +7/ FF
YDOXDEOH LQIRUPDWLRQ UHJDUGLQJ WKH IXQFWLRQDO LQ
WKH DFWLYH +7/ ,Q DGGLWLRQ WKH LPDJH SURFHVVLQJ R/
FRQVLGHUDEO\ HDVLHU FRPSDUHG WR FU\R (0 RI WKH LQD
7KH ULERVRPH SDUW RI WKH FRPSOH[ VKRXOG GULYH WKH
WR KLJKHU DFFXUDF\ RI DOLJQPHQW DQG WKXV KLJKHU
LQFOXGLQJ WKH +7/ SDUW RI WKH FRPSOH]

BUHYLRXVO\ LW ZDV VKRZQ WKDW WKH +7/ ELQGV WUL
ULERVRPHV XVLQJ VHGLPHQWDWWRRODVVRKH UBERXAWHH+7/
VDPSOH ZDV SUHSDUHG E\ IRUPHU JURXS PHPEHU ODWKL
VROXELOL]JHG %+7/D@G@G/ULERVRPH GLVSOD\LQJ D DPLQR
QDFBW FKDLQ ZLWK D VLJIQU®* VHTIXH ®FH 5R&ODU UDWLR
51&"WY* FRPSOH[HV ZHUH SUHBSDWWMHBRUBEQVODWLRQ IROOR
XOWUDFHQWULIXJDWLRQ DQG DIILQLW\ SXULILFDWLRQ DV
%DQ

‘DWD 7ZDV FROOHFWHG XQGHU ORZ GRVH FRQGLWLRQV
+HLGHOEHUJ RSHUDWHG DW N9 ZLWK D N [ N &&' FDP
FDOLEUDWHG SL[HO VL]H RI c $ WRWDO QXPEHU RI
XVLQJ D GHIRFXV UDQJH RIT WR —P W KDV WR EH QRWLF
GRQH 'HFHPEHU GLUHFW HOHFWURQ GHWHFWRUV ZH
UHVHDUFK JURXSVY DQG WKH XVH RI QHZ VRIWZDUH SDFNL
ZLGHO\ UHFRJQL]HG



'DWD SURFHVVLYJ*‘RIFIWKH 518&

&7) SDUDPHWHUV Rl WKHVH PLFURJUDSKV ZHUH HVWLP
DGMXVWPHQW XVLQJ %FWI %VRIW +H\PDQQ DQG %HOQI
PLFURJUDSKY ZLWK GULIW RU VWURQJ DVWLJPDWLVP e
UHPDLQLQJ 5HIHUHQFH EDVHG DXWRPDWLF SDUWLFOH SL
XVLQJ WKH ULERVRPH YROXPH (0° DV WKH UHIHUHQFH
HIWUDFWHG IURP PLFURJUDSKY ZKLFK ZHUH ELQQHG WR
ZDV WKHQ VXEMHFWHG WR ' 06$ DQG FODVVLILFDWLRQ
DOLJQPHQW LQ ,0$*,& LQ RUGHU WR FOHDQ XS WKH GDWD
IURP W R SDUWLFOHV

6 XEVHTXHQW VXSHUYLVHG FODVVLILFDWLRQ DQG UHILQH
6KDLNKW DO XVLQJ SDUWLFOHYV ELQQHG WR c SHU SLJ[
JHQHUDWHG IURP DOO SDUWLFOHV XVLQJ DQ HPSW\ UL
UHIHUHQFH ([WUD GHQVLWLHVY DW WKH ULERVRPDO WXQQ!
ILUVW LWHUDWLRQ DQG WKH PDS GLG QRW FKDQJH IXUWKF
URZ 6XSHUYLVHG FODVVLILFDWLRQ ZDV HPSOR\HG WR VR
VRUW RXW HPSW\ ULERVRPHV ,Q WKH ILUVW URXQG WKH
ZKHUH WKH +7/ GHQVLW\ ZzDV PDVNHG ZHUH XVHG DV UHIH
FRUUHODWLRQV RI HDFK SDUWLFOH WRZDUGV WKH WZR P

SDUWLFOHY DOLJQHG EHWWHU WR WKH +7/ ERXQG U
DOLIJQHG EHWWHU WR WKH YDFDQW ULERVRPH 7KH UHVXC
IURP WKHVH WZR SRROV 7KLV \LHOGHG RQH PDS ZLWK V)
WXQQHO H[LW ZKLOH WKH RWKHU PDS GLVSOD\HG DOPRYV
VHFRQG URZ 7TKHVH WZR PDSV ZHUH XVHG DV UHIHUHQFH
SRRO FRQWDLQLQJ SDUWLFOHYV IRU D VHFRQG URXQ

SDUWLFOHV ZLWK +7/ ERXQG WR WKH ULERVRPH ZHUH
WKLV VXESRRO RI SDUWLFOHYV ZDV XVHG IRU WKH ILQDO L
ULERVRPH PDS (O0' ZDV XVHG DV DQ LQSXW PDS WR D°
PDS JHQHUDWHG IURP VXSHUYLVHG FODVVLILFDWLRQ 7K
LWHUDWLRQV ZKHQ WKH PDS ZzDV VWDEOH )LJXUH WKLU
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$QDO\WLV RVWKH 5 V& UXFWXUH

7KHVYWUXFWXUH UHDFKHG D UHVROXWLRQ RI c ZLWK )6¢
VWUXFWXUH VKRZHG D FOHDU GHQVLW\ DW WKH ULERVRPD
$W WKLV UHVROXWLRQ LW LV QRW SRVVLEOH WR LQWHUSL
GHPRQVWUDWHG WKDW VRPH LQ WKLV FDVH RI WKH FF
WKH FU\R (0 VSHFLPHQ SUHSDUDWLRQ )XUWKHUPRUH |
VWUXFWXUHV DYDLODEOH RI 6HF<(* ULERVRPH FRPSOH
FRPSOH[HV HWL.VDOD OpQpWMWHWO )JUDXHQIWOIO  WKH



H[WUD GHQVLW\ LQ RXU PDS LV ODUJHU DQG KDV D VWUI
YUXUH ZKLFK ZDV QRW VHHQ LQ WKH RWKHU PDSV LQG
FRPSRQHQWYV

$ PRUH LQWHUSUHWDEOH DQG KLJKHU UHVROXWLRQ VWU)
PRUH LPDJHV XVLQJ D GLUHFW HOHFWURQ GHWHFWRU IRL
QHZHU VRIWZDUH SDENDJHV +RZHYHU ZH GHFLGHG WR
SUHSDUDWLRQ SURWRFRO GXH WR IROORZLQJ UHDVRQV
DJJUHJDWLRQ ZDV GHWHFWHG LQ WKH PLFURJUDSKV LQGL
FRQGLWLRQV DQG RU WKH VWDELOLW\ Rl WKH +7/ 6HFRQC
ODUJH IROG H[FHVV RI +7/ IRU JULGV SUHSDUDWLRQ
ULERVRPDO SDUWLFOHV a SHU PLFURJUDSK GXH WR WKH
VROXELOL]JHG +7/ FDQQRW EH FRQFHQWUDWHG ZLWKRXW F
WKDW ZLWK WKLV W\SH RI JULGV ZH ZRXOG QHHG WR FROO
KDYH D UHDVRQDEOH VL]JHG GDWD VHW WKDW DOORZV PXC
LPSUDFWLFDO 7KHUHIRUH , KDG WR HLWKHU LQFUHDVH
ELQGLQJ RI +7/ WR ULERVRPHV KDV WR EH VWDELOL]JHG L
FRPSOH[HV GXULQJ JULG SUHSDUDWLRQ ORUHRYHU WKH V
LI LW ZRXOG EH VXEMHFWHG WR D IXUWKHU VWHS RI SXUL
LVVXHV LV WKH QDQRGLVFV WHFKQRORJ\ ZKLFK DOORZV
FRPSOH[HV DQG WR XVH GHWHUJHQW IUHH EXIIHU FRQGLWL

Oott
"#$
1 0 ..
# % %
>( 16 0 * &&:
0*
#3



 QFRUSRUDWLQJ +7/ LQWR QDQRGLVFV
&RQVWUXFWYV DQG SXULILFDWLRQ RI WKH 063 SURWHL

$V EULHIO\ LQWURGXFHG LQ 6HFWLRQ WKH PROHEXOD!
RI WKH 063 SURWHLQV XVHG IRU QDQRGLVF UHFRQVWLW X\
UHFRQVWLWXWHG QDQRGLVF 7KHUHIRUH WKH ILUVW TXtI
FRQVWUXFW WR XVH IRU LQFRUSRUDWLQJ +7/ ZLWK LWV
QDQRGLVF

ODQ\ GHULYDWLYHV RI 063 SURWHLQV H[LVW 7KH PRVW 2

063 (' ERWK GHYHORSHG E\ WKH 60LJBIW /DERUDKWHRU\ 'F
063 ' KHUHDIWHU FDOOHG 063 JHQHUDWHY QDQRGLVFV R
WKH 063 (' KHUHDIWHU KDV WHKG& HB3DGGLWLRQDO KHOLFH

063 SURWHLQ UHVXOWLQJ LQ ODUJHU QDQRGLVFV RI a

JURP QHJDWLYH VWDLQ (0 LPDJHV ZH HVWLPDWHG WKH GLI
DQG QP 'XRQJ DQG FROOHDJXHV KDG UHSRUWHG WKH XV
FRQWDLQLQJ RQO\ WKH PRQRPHU RI 6HF<(* ZKLFK KDV W
WKH 063 ZDV XVHG WR JHQHUDWH QDQRGLVFV WKDW FDQ |
'DOB® DO $ FU\R (0 VWUXFWXUH Rl ULERVRPH ERXQG Z
SXEOLVKHG )HWXBQIHX®LQJ D QDQRGLVF UHFRQVWLWXWH
SURWHLQ ZKLFK LV VOLJKWO\ ORQJHU WKDQ 063 %DVHC
HVWLPDWHG WKDW LW FRXOG EH VRPHZKDW WRR VPDOO \
WUDQVPHPEUDQH KHOLFHV Rl WKH 6HF') <DM& <LG& FRPSR!
, XVHG 063 SURWHLQ IRU WKH LQLWLDO QDQRGLVF SUHSDU

$IWHU H[SHULHQFLQ B FERONWXYEWWHPYILQDQRGLVFV ZLWK +
SURWHLQ ZDV HQJLQHHUHG EDVHG RQ 063 DQG 063 7KH S
QDQRGLVF ZLWK a QP LQ GLDPHWHU ZKLFK FRXOG DFFRPF
KHOLFHV RI +7/ DQG KDYH VRPH DGGLWLRQDO VSDFH
FRQIRUPDWLRQDO FKDQJHV LQ +7/ ZKLFK FRXOG RFFXU G
SURWHLQ QDPHG 063 (' KHUHDIWHU FDOOHG 063 ZDV
H[WUD KHOL[ EXQGOH RI 063 FRPSDUHG WR 063 KHOL]J

7KH FRQVWUXFW S(7 DB063 (' zZDV JHQHUDWHG E\ VXE\
063 ZLWK D VIQWKHVL]HG VHTXHQFH VXFK WKDW WKH W]



KDYH D GLIITHUHQW FRGLQJ VHTXHQFH WR DYRLG KRPR
VEMWXWLRQ RI WKH IUDJPHQW ZDV DFKLHYHG E\ UHVWU
OLIJDWLRQ XVLQFRBKBIHX@Q/WUIDFWLRQ VLWH LQ WKHBWIKHOL[ EX

VLWH LQ WKH KHOL[ EXQGOH 3 ~ $ FRPSOHWH HQ]\PDWLF
JHO SXULILFDWLRQ HQVXUHG WKH UHWULHYH RI SODVPLG
KHOL[ EXQGOH 3 °~ )LJIXUH 7KH LQVHUW ZDV JHQH V

(FRODQ@®®»F, EHIRUH OLIJIDWHG WR WKH EDFNERQH 7KH UHV
FRQILUPHG E\ VHTXHQFLQJ

([SUHVVLRQ DQG SXULILFDWLRQ RI 063 DQG 063 ZHUH
BURWHLQV ZHUH H[SAREMVHEWIMU '( LQ <7 %URWK ZLWK
NDQDP\FLQ 7KH FHOOV ZHUH FXOWXUMHEDBKRHG & XDOOWL® K
WKWHPSHUDWXUH ZDV ORZHUHG WR f& 3URWHLQ H[SUH\
RI PO ,37* PLQXWHV DIWHU ORZHULQJ WKH WHPSHUDW

KRXUV DIWHU LQGXFWLRQ E\ FHQWULIXJDWLRQ DQG ZH
IUHH]LQJ LQ OLTXLG QLWURJHQ

7R SXULI\ WKH 063 SURWHLQV WKH FHOOV ZHUH UHVX
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SKRVSKDWH S+ YY 7ULWRQ ; DQG SURWHDVH LQ
('7$ IUHH 7KH FHOOV ZHUH O\WHG E\ VRQLFDWLRQ F\FO|
DPSOLWXGH 7KH FHOO O\WDWH ZDV FOHDUHG E\ FHQWU

URWRU IRU PLQXWHV DW f& BXEVHTXHQWO\ WKH V.
+LVWUDS +3 FROXPQ HTXLOLEUDWHG ZLWK PO 7ULV +&0O
7ULWRQ ; 7KH FROXPQ ZDV ZDVKHG ZLWK DW OHDVW F
7KHQ WKH +LVWUDS FROXPQ ZDV ZDVKHG ZLWK DW OHDVYV
EXIIHU PO 7ULV +&0 S+ PO 1D&O PO VRGLXP |
LPLGD]JROH 7KH 063 SURWHLQV ZHUH VXEVHTXHQWO\ HOXYV

PO 1D&O PO LPLGD]JROH DQG GHVDOWHG WR PO +H
PO 1D&0O $OLTXRWV ZHUH IDVW IUR]JHQ DQG VWRUHG DW
SXULILFDWLRQ VWHSV RI WKH 063 YLVXDOL]HG E\ &RRP
VKRZQ LQ )LIXUH

SHFRQVWUXFWLRQV RI +7/ QDQRGLVFYV

7KH JHQHUDO LGHD Rl UHFRQVWUXFWLQJ QDQRGLVEV ZDV
YLIXUH 7KH FULWLFDO IDFWRU WR RSWLPL]JH GXULQJ
+7/ 063 OLSLG UDWLR LQ WKH UHDFWLRQ PL[WXUH 7KH RS
HDFK VDPSOH DQG 063 SURWHLQ 7KH UDWLR GHSHQGV DO\
WKH FRQFHQWUDWLRQ UDQJH RI SURWHLQV DQG WR D ODL
XVHG 7ZR SUREOHPV UHQGHUHG WKH QDQRGLVE UHFRQV
SDUWLEXODUO\ GLIILFXOW )LUVW WKH ORZ FRQFHQWUDW
UHFRQVWLWXWLRQ ,Q IDFW ZKHQ WKH SURWHLQ FRQFHQ\
RI QDQRGLVF IRUPDWLRQ PD\ EH FKDQJHG DQG WKH RSWLH
IDU DZD\ IURP WKH VXJJHVWHG VWD UW ERIRPPQGO WILRG H p\W |
$YDQWL &DW , XVHG IRU WKH H[SHULPHQWYV ZDV D \
QDWXUDO VRXUFHG OLSLGV PL[WXUH ZDV FKRVHQ EHFDX\
HQYLURQPHQW RI WKH +7/ ,Q IDFW PDQ\ SURWHLQV LQYRO
UHTXLUH DFLGLF SKRVSKROLSLGY SKRVSKDWLBW DIOOFHUR

/LOO 'RZKDQ DQG :LFNQHW DO *RRZGHYHU VXFK QDW
OLSLG H[WUDFW LV DOVR NQRZQ WR EH KHWHURJHQHRXV I
FKDUDFWHUL]HG 7KXV PRVW Rl WKH UHSRUWHG ZRUNV RI



VIQWKHWLF OLSLGY DQG WKH GLIILEXOW\ Rl JHQHUDWLQJ
DFNQRHGJHG H\WRRNO IRQHWKHOHVV QXPHURXV FRQGLW
WHVWHG WR RSWLPL]H +7/ UHFRQVWUXFWLRQ LQWR QDQRG
DQG UHFRQVWUXFWLRQ SURWRFRO IRU +7/ QDQRGLVF ZKL]
KDQGV

( FRERODU OLSLG H[WUDFW DV O\RSKLOL]JHG SRZGHU ZD
.2+ S+ PO 1D&O PJ PO VRGLXP FKRODWH PO GLW
KDYH D VWRFN VROXWLRQ RI PO OLSLGV LQ PO FKRODYV
WKH SURWRFRO LQ 6HFWLRQ ZLWK WKH IROORZLQJ PF
+LVWUDS +3 FROXPQ ZDV GHVDOWHG WR PO +HSHV .2+

"0 DQG ZDV FOHDUHG E\ XOWUDFHQWULIXJDWLRQ DW
URWRU %HFNPDQ &RXOWHU IRU PLOQXWHV DW f& 7KI
GHWHUPLQHG XVLQJ DQ DEVRUSWLRQ FRHAHIIZBFYHQRHKIPL[HG
ZMW 063 DQG OLSLGV WR D ILQDO FRQFHQWUDWLRQ RI
UHVSHFWLYHO\ FRUUHVSRQGLQJ WR D PRODU UDWLR RI
WKH FROG URRP IRU KRXU DQG zZDV WKHQ PL[HG ZLWK H
%LR %HDGV 60 DGVRUEHQWY %LR 5DG 7KH UHPRYDO R
RYHUQLJKW LQ WKH FROG URRP ZLWK JHQWOH DJLWDWLRQ
IURP WKH VHWWOHG %LR %HDGV DQG VXEVHTXHQWO\ ZDV
71% URWRU IRU PLQXWHYV DW f& 7\SLFDOO\ RQH W|
UHFRYHUHG DV VROXEOH SURWHID® DHFFRKIG LTI WS WK D2V LC
PIHG ZLWK FDOPRGXOLQ DIILQLW\ UHVLQ IROORZHG E\ WKF
WKH SXULILFDWLRQ RI '""0 VROXELOL]JHG +7/ 6HFWLRQ
RPLWWHG IURP DOO EXIIHUV )LQDOO\ WKH HOXDWH IUDF

ORDGHG RQWR D 6XSHUGH] 3& FROXPQ *( +tHDOWKF
PO +HSHV .2+ S+ PO 1D&O JO\FHURO PO (*7%
HIFOXVLRQ FKURPDWRJUDSK\ )LJXUH 7KLV VWHS VHUYI

DQG DGGLWLRQDOO\ GHPRQVWUDWHG WKDW WKH +7/ ZDV
WKHUH ZDV QR PRUH GHWHUJHQW SUHVHQW

,Q WKH GHVFULEHG SURFHGXUH WKH UHFRQVWUXFWLRQ |
EHWZHHQ WZR DIILQLW\ SXULILFDWLRQ VWHSV TKLV 2
UHFRQVWLWXWHG QDQRGLVFV FRQVLVWHG Rl GLIITHUHQW

"%
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QDQRGLVFV ZLWK 6HF<(* QDQRGLVFV ZLWK 6HF') <DM& <L
+7/ QDQRGLVFV $00 WKHVH VSHFLHV DUH VLPLODU LQ VL]F
SXULILFDWLRQ ZRXOG EH WKH EHVW ZD\ WR VHSDUDWH

6HF<(* QDQRGLVFV DV WKH FDOPRGXOLQ ELQGLQJ SHSWLGH
6WLOO ZH FDQQRW H[FOXGH WKDW WKH UHVXOWLQJ QDQR:
<DM& <LG& DQG +7/ +RZHYHU ZH GHFLGHG WKDW WKLV Z|
+7/ KDV D KLJKHU DIILQLW\ IRU WKH ULERVRPH WKDQ WKH
7KXV ZH H[SHFWHG WR EH DEOH WR HQULFK WKH +7/ LQ FR

(OHFWURQ PLFURVFRS\



3HDN IUDFWLRQV IURP WKH VL]H H[FOXVLRQ FKURPDWRIJL
HDPLQHG E\ QHJDWLYH VWDLQ (0 $V VKRZQ LQ )LJXUH

GLDPHWHU FRXOG EH IRXQG 7KH VDPSOH VHHPV WR EH U
DQG VL]H ,W LV SRVVLEOH WKDW WKH QDQRGLVFV SUHSD!
IOH[LELOLW\ LQ WKHLU VKDSHV JLYHQ WKHLU DUHD LV a
QDQRGLVF UHVXOWLQJ LQ HOOLSVRLG VKDSHV DQG EHQGF
ZH REVHUYHG D WHQGHQF\ Rl WKH +7/ QDQRGLVFV WR VWLF

IHYHUWKHOHVYV ZH GHFLGHG WR XVH WKLV VDPSOH W
ULERVRPH ERXQG ZLWK +7/ QDQRGLVF :H UHDVRQHG W
QDQRGLVFV ZRXOG ELQG WR WKH WUDQVODWLQJ ULERYV
KRZHYHU FU\R (0 JUW6VY/RIDSARGLVF ZHUH DOZD\V IRXQG W
QR/\ EDFNJURXQG OLNHO\ GXH WR WKH DJJUHJDWLRQ RI -

REVHUYHG DOVR LQ QHJIJDWLYH VWDLQ (O , ODWHU GL
FRQFHQWUDWLRQV SOD\ D FULWLFDO UROH LQ WKH PRQR!
6HFWLRQ +RZHYHU LW ZDV QRW SRVVLEOH WR RSWLF

ZLWK WKH QDQRGLVF VDPSOH EHFDXVH RI WKH ORZ \LHO
DSSURDFK KDV QRW EHHQ SXUVXHG IXUWKHU EHFDXVH WK
DQG DPSKLSROV SURYLGHG PRUH SURPLVLQJ UHVXOWYV +|
WR SXUVXH +7/ QDQRGLVF SUHSDUDWLRQV IXUWKHU EH
VXUURXQGLQJ WKH +7/ PD\ SURYLGH H[WUD LQIRUPDWLRQ I
WKDW WKH QH[W WZR DSSURDFKHV FDQQRW

6HFRQG FU\R (0O GDWDVHW RI 51& +7/ XVLQJ *UD)L[ DQG
5DWLRQDOH RI XVLQJ *UD)L[ DQG /01*

7KH FU\R (0 ZRUN XVLQJ GHWHUJHQW VROXELOL]JHG +7/ E\ F
WKDW +7/ FRXOG EH VWDELOL]J]HG HIILFLHQWO\ XVLQJ *UD
ZKLFK VWDQGV IRU *UDGLHQW )L[DWLRQ LV D PHWKR
PDFURPROHFXODU FRPSOH[HV G6WDUN 6DPSOHYV DUH
LOQFUHDVLQJ FRQFHQWUDWLRQ RI FKHPLFDO FURVYV OLQNH!



FDVH DQG ZLWK DQ LQFUHDVLQJ GHQVLW\ JUDGLHQW 7K.
FRSOH[HV DUH VHSDUDWHG DFFRUGLQJ WR WKHLU VL]H DC
DJHQW %\ IROORZLQJ WKLV SURWRFRO WKH VDPSOH LV
FRQFHQWUDWLRQ RI FURVV OLQNHUV ZKLFK ERWK VKRXOG
FURVVOLQNLQJ OHDGLQJ WR DJJUHJDWLRQ 7KH GHQVLW\
VDPSOH UXQV DSSUR[LPDWHO\ LQWR WKH PLGGOH RI WKH
VHSDUDWHG IURP DJJUHJDWHYV

%\ DSSO\LQJ *UD)L[ WR WKH 51& +7/ VDPSOH LW ZDV H[S
+7/ WR WKH 51& ZLOO EH VWDELOL]JHG VXFK WKDW , FD(
QHFHVVDU\ IRU UHFRQVWUXFWLRQ RI WKH FRPSOH[HV 7KL
OHVV EDFNJURXQG QRLVH PRUH SDUWLFOHV SHU PLFURJU!
RI +7/ ERXQG SDUWLFOHV ORUHRYHU , H[SHFWHG WKDW
FRQIRUPDWLRQDO YDULHW\ RI +7/ LQ SDUWLFXODU WKDW |
DQG <LG& E\ FURVV OLQNLQJ WKHVH GRPDLQV WR QHLJKER
VKRZQ WR IDYRU FRPSDFW FRQIRUPDWLRQV RI SURWHLQV

,Q DGGLWLRQ WR *UD)L[ D QHZ W\SH RI GHWHUJHQW ZDV
QHRSHQW\O JO\FRO /01* LV D QHZO\ GHYHORSHG GHWHU.
JO\FRO IDPLO\ 7KLV W\SH RI GHWHUJHQW KDV D IDYRUDEO
GHWHUJHQWW &KDH PRVW QRWDEO\ WKH H[WUHPHO\ OR
FRQFHQWUDWLRQ &0& a PO RU FRPSDUHG WR
PO 7KH KLJK DIILQLW\ RI /01* WR PHPEUDQH SURWHL
WKH IDFW WKDW /01* LV YLUWXDOO\ D GLPHU IRUP RI WK
WKHUHIRUH H[SHFWHG WR ELQG WR PHPEUDQH SURWHLQ)



UHPDLQ WR EH VROXEOH HYHQ ZKHQ WKHUH LV QR PRUH /
SHURQDO FRPPXQLFDWLRQ 7KHUHIRUH /01* DSSHDUHG W
QDQRGLVFV LQ RUGHU WR REWDLQ +7/ LQLDHGR WHRWIHQW
GHWHUJHQW LQ WKH EXIIHU EXW RQO\ WKRVH ERXQG WR
DQG LPSRUWDQWO\ 01* GHWHUJHQWY ZHUH VKRZQ WR VWEL
HW DO ZKLFK ZDV D IXUWKHU LQFHQWLYH WR VZLWEK IURF

6DPSOH SUHSDUDWLRQ DQG GDWD FROOHFWLRQ

7KH HIIHFW Rl /01* DQG *UD)L[ KDG WR EH WHVWHG VWHS E
/01* FDQ EH UHPRYHG IURP EXIIHUV DIWHU WKH SURWHLQ\
6HF<(* IRU WKLY SXUSRVH DV LW LV HDVLHU WRHSN R®XFH
DQG LV PXFK PRUH VWDEOH WKDQ +7/ /01* $QDWUDF!
"0 VROXELOL]HG 6HF<(* 6BIF&(WKH VDPSOH ZDV IXUWKHU S

HFOVLRQ FKURPDWRJUDSK\ 6XSHUGH] */ XVLQJ /01
ILUVW PO +HSHV .2+ S+ PO .23%F PO 0Q123$F
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5H FKURPDWRJUDSK\ RI SXULILHG 6HF<(* VDPSOHV VKRZH
6HF 6HF<(%*" zZDV KRPRJHQRXV DQG KDG D FRPSDUD

6HF ° )LIXUH 7R DVVHVV WKH SURWHLQ VWDELOLWI
ERWVDPSOHVY ZHUH VWURQJO\ GLOXWHG WR UHDFK D GHW
UHVSHFWLYH &0&V $IWHU XOWUDFHQWULIXJDWLRQ PLQ

URWRU DW f& WKH UHPDLQLQJ VROXEOH SURWHLQ ZDV -
%LR 5DG 3URWHLQ $VVD\ 7KH UHVXOWV LQGLFDWHG WKL
ZDV QRW DIIHFWHG IRYU WHEPISOHF<EXW QR VROXEOH SURW
GMFWHG IRU BHRAHFW , WULHG WR UHPRYH WKH H[FHVV /0
E\DEVRUELQJ'BHA%R*DQ LRQ H[FKDQJH FROXPQ +LWUDS 63

HTXOLEUDWHG LQ PO VRGLXP SKRVSKDWH S+ JO
IROORZHG E\ ZDVKLQJ DQG HOXWLRQ ZLWK GHWHUJHQW I
J)LIXUH %DVHG RQ QHIJDWLYH VWDLQ (0 LPDJHV QR DJ

WKLV GHWHUJHQW I WBIR SO <jt IXUH

1HW , WULHG WR DVVHVV WKH TXDOLW\ RI +7/ ZKHQ VRO
ZKHWKHU KRPRJHQRXV VDPSOH FDQ EH SUHSDUHG E\ *U
H[FKDQJH RI "0 WR /01* GXULQJ GLIIHUHQW VWHSV RI +
SUHFLSLWDWLRQ ZDV REVHUYHG ZZRHQ FDOPRGEQILO7DIILQI
7KHHIRUH WKH FDOPRGXOLQ DIILQLW\ SXULILFDWLRQ ZD
FRQWDLQLQJ EXIIHUV 7KH HOXDWH IURP WKH FDOPRGXOL
+HSHV .2+ S+ PO 1D&O PO 0J 2'$F JO1*
D@ ZDV FOHDUHG E\ D XOWUDFHQWULIXJDWLRQ EHIRUH OR|
JUDGLHQW 7KH *UD)L[ JUDGLHQW ZDV SURGXFHG IURP DQ
PL[HG E\ D *UDGLHQW ODVWHU %LRFRPS WR FUHDWH D C
EXIITHUV ,Q P\ H[SHULPHQW WKH XSSHU EXIIHU FRPSULVH:

PO 1D&O PO 0J 2$F JO\FHURO /01* DQG WKH ORZ]
ZD¥VWRPSRVHG RI PO +HSHV .2+ S+ PO 1D&O PO 0J .
JGRHURO /01* ZY JOXWDUDOGHK\GH $ FRQW

SUHSDUHG ZLWKRXW JOXWDUDOGHK\GH , GHFLGHG WR QR\
/01* EXW NHSW D FRQFHQWUDWLRQ RI /01* MXVW DW LWV &
GLUHFWO\ IRU HOHFWURQ PLFURVFRS\ ZLWKRXW FRQFHQW
VPDOO DPRXQW RI GHWHUJHQW FRXOG DOVR KHOS WR RE



SDUWLFOHYV ZKHQ DGVRUELQJ WR WKH FDUERQ IRLO RQ \
VPXOH ZDV ORDGHG RQWR WKH WZR JUDGLHQWYV 7KH JUDGI
530 IRU KRXUV LQ D 6: 7L URWRU %HFNPDQ &RXOWHU
ZLWKRXW JOXWDUDOGHK\GH ZHUH DQDO\HG E\ 6'6 3$*( V
SURWHLQV LQ WKH JUDGLHQW DQG WR LGHQWLI\ WKH EHVYV
7KH FRUUHVSRQGLQJ IUDFWLRQ ITURP WKH JOXWDUDOGHK)
XVHG WR SUHSDUH QHJDWLYH VWDLQ (0 JULGV )LJXUH
WKH VDPSOH SDUWLFOHV ZHUH PDQXDOO\ SLFNHG IURP
FODVV DYHUDJHV )LJXUH %DVHG RQ WKH VWRLFKLRPI
VXEXQLWY LQ WKH &RRPDVVLH VWDLQHG 6'6 3$*( JHO RC
SDUWLFOHV LQ WKH QHJDWLYH VWDLQ PLFURJUDSK DQG
DYHUDJHV ZH GHFLGHGI RMR KWARO®MWLWXWLRQ RI ULERVRPD

Ypoo\ WKH+31°4 FRPSOH[ ZzDV SUHSDUHG IROORZLQJ D \
DVH¥FULEHG DERYH %BXaDMVLE)G IHU H[FKDQJHG LQWR PO +
S+ PO 1D&O PO 0J 2%$F "0 /O1* XVLQJ D +LWUD S
'HVDWLQJ FROXP®" MO SOH zZDV PL[HEZIONMK 51&PRODU UDW

% $1;; ! 7 )
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EHIRUH ORDGLQJ WKH UHDFWLRQ PL[ RQWR WKH *UD)L]
JDGLHQWY DQG WKH SDUDPHWHUV IRU FHQWULIXJDWLRQ
ODUJHU DQG GHQVHU 7KH XSSHU EXIIHU FRQWDLQHG PO
1D&O PO 0J 2$F Z Y VXFURVH /01* DQG WKH ORZHL
PO +HSHV .2+ S+ PO 1D&O PO ONX$BRVH
/O1* JOXWDUDOGHK\GH 8OWUDFHQWULIXJDWLRQ ZDV F
KRXUV LQ D 6: 7L URWRU )LJXUH VKRZV WZR IUI
WKURXJK a RI WKH QRQ FURVV OLQNLQJ JUDGLHQW 7Kt¢t
IUDFWLRQV ZHUH SRROHG DQG FU\R (0 JULGV ZHUH SUHSD
AXDQWLIRLO JULGY FRDWHG ZLWK FDUERQ ILOPV IRU RQH K
9LWURERW ON )(, ZLWK VHFRQGVY EORWWLQJ WLPH DQG |

'DWD SURFHVVLQJ RIYWAKH *U B R SEALK[

'‘DW ZzDV FROOHFWHG RQ D 7THFQDL 3RODUD )(, RSHUDWHG

FDPHUD 86 *DWDQ XQGHU ORZ GRVH FRQGLWLRQV DW
c $ WRWDO QXPEHU RI PLFURJUDSKYVY ZHUH UHFRUG
DFTXLVLWLRQ VRIWZDUH )(, (38 SDUWLFOHYV ZHUH F

&7) FRUUHFWHG PLFURJUDSKY 7KH GDWD ZDV LQLWLDOO\
RI +7/ ERXQG SDUWLFOHVY D SURFHGXUH GHVFULEHG LQ 6|
QHZ VRIWZDUH SDFNDJHV LQFOXGLQJ 5(/,21 63%$5; DQG ;Pl
WKLV GDWDVHW DQG WKH UHVXOW IURP 5(/,21 ZzDV IDYRUH
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KDG PRUH IHDWXUHV 7KHUHIRUH WKH +7/ ERXQG S
IXWKHU LQ 5(/,21

JRXU PDSV ZHUH JHQHUDWHG IURP WKHMVHGVKO DRXIQGFE
J)LIXUH 7KH PRVW REYLRXV GLIIHUHQFH DPRQJ WKHVFE
RI WKH VPDOO ULERVRPDO VXEXQLW 6 VXEXQLW 2QH |
FRQIRUPDWLRQ ZKLFK ZDV SRVVLEO\ LQGXFHG E\ JOXWDUL
WKUHH PDSV HDFK UHSUHVHQWHG D FRQIRUPDWLRQ RI W
GRFXPHQWHG E\ SUHYLRXV FUHR (DOZRUID UYWVYFROHY ITURP WHK
PDS ZHUH GLVFDUGHG DQG WKH UHPDLQLQJ SDUWLFOHYV
FODVVLILFDWLRQ XVLQJ WKH RWKHU WKUHH PDSV DV UHIH!
XVHG WR DOORZ PRUH SUHFLVH DVVLIQPHQWY RI SDUWLF
)LQDOO\ HDFK VXESRRO RI SDUWLFOHV ZLWK
UHVSHFWLYHO\ ZDV UHILQHG XVLQJ 5(/,21 DXWR UHILQH )L

$Q0DO\VLV RY'WRH'51& VWUXFWXUH

THWKUHH VWUXFWXUHYV ZHUH UHILQHG WR ¢ c DQC
VWDQGDUG UHILQHPHQWY ZLWK )6& FULWHULRQ $OW
ORZHU UHVROXWLRQ LW UHSUHVHQWYV WKH FRQIRUPDWLR
FURVV OLQNHG ULERNWRPBO )LUYFBKHRYHU WKH +7/ GHQVLYV
VWUXFWXUH LV VOLJKWO\ ELJJHU FRPSDUHG WR WKH RW
VWUXFWXUH ZDV XVHG IRU IXUWKHU DQDO\VLV

&U\WVWDO VWUXFWXUHV RI WKH 6 ULERVRPH 3URWHLQ
6FKXZIULWWIDO DQG D PRGHOOHG VWUXFWXUH RI +7/ %RW
ILWWHG LQWR WKH FU\R (0O PDS )LJXUH 'LPHQVLRQ
PHPEUDQH SODQH DJUHHG ZLWK WKH ILWWHG TXDVL DWRP
EHWZHHQ +7/ DQG ULERVRPH FDQ EH LGHQWLILHG IRU Wil
FRQQHFWLRQV IURP 6HF<(* WR WKH ULERVRPH DQG WKH
FRQVLVWHQW ZLWK WKH SXEOLVKHG ELRFKHHWLBOO DQG V
.RKOHW DO 7KLY ZDV DQ HQFRXUDJLQJ UHVXOW EXW W
DQ\ IXUWKHU LQWHUSUHWDWLRQ DLPLQJ IRU GHWDLOV ¢
SRVVLEO\ FRUUHVSRQGLQJ WR WKH SHULSODVPLF GRPDLQV
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HQRXJK WR DFFRPPRGDWH WKH FU\WVWDO VWUXFWXUHV RI &
< ORUHRYHU D ODUJH (0 GHQVLW\ ZDV GHWHFWHG QH[W
ULERVRPDO VXEXQLW )LJXUH ZKLFK KDV QRW EHHQ RE
WKDW WKH SHULSODVPLF GRPDLQ RI <LG& ZDV FURVVOLQN!
WKLYV LV DQ DUWLIDFW VLQFH LQ WKH FHOO WKH SHULS!
PHPEUDQH IURP WKH ULERVRPH ,QLWLDOO\ FURVV OLQN
UHGXFH WKH FRQIRUPDWLRQDO GLYHUVLW\ RI WKH FRPSC
VXEXQLW LQ VHYHUDO GLVWLQFW FRQIRUPDWLRQV WKDW
UHGXFHG WKH DPRXQW RI SDUWLFOHV LQ HDFK SDUWLFOH
LOWURGXFHG DUWLIDFWY ‘H FRQFOXGHG WKDW FURVV OL
HISHULPHQWY 2WKHU PHDQV KDYH WR EH IRXQG WR UHGXI|
LQ WKH +7/ FRPSOH]

7TRZDUGV ULERVRPH +7/ DPSKLSRO FRPSOH[HYV

#%



, QLWLDO H[SHULPHQWYV ZLWK DPSKLSRO $

7TKHVHDUFK IRU GHWHUJHQW IUHH +7/ VDPSOHV FRQWLQ X
DPSKLSROV 7KH XVH RI DPSKLSROV KDV EHFRPH SRSXODI
DIWHU VHYHUDO SXEOLFDWLRQV RI KLIJK UHVROXWLRQ (O
XVH RI DPSKLSR@VDOLDRXHW DO ,Q DGGLWLRQ WR EHLQ.
PDQLSXODWH VDPSOHV LQ GHWHUJHQW IUHH EXIIHUV WKt
SDUWLFXODU LQWHUHVWLQJ WR RXU UHVHDUFK DV WKH FF
+7/ LV WUDSSHG LQ DPSKLSROV

$PSKLSRO $ $QDWUDFH )LJXUH ZDV XVHG IRL
WHVW LWV DELOLW\ WR VROXELOL]H +7/ DQG WXH SURSHU
$ ZDV VROXELQ@LMHGBGGLQQFXEDWHG RQ LFH IRU VHYHUDO
JRB UHK\GUDWLRQ DV UHFRPPHQGHG =RRQHQV BQG 3RSF
ZDVEXIIHU H[FKDQJHG LQWR PO +HSHV .2+ S+ PO
(*7% "0 'LIITHUHQW DPRXQWV RI $ Z2HWHR KXK®G HG VOB G
PDVUDWLRV RI $ +7/ RI DQG UHVSHFWLYHC

- ( ' ) 7 L% % %
G 5< > % ) H% %
% % 7 % %
% 7

#$



n * .
41 + % 0* G 5<

"7 % * & $# 7
> % %

LQFXEDWLRQ RQ LFH %LR %HDGV ZHUH DGGHG WR WKH PL
PJ'"'0 "0 ERXQG WR +7/ ZDV DOVR WDNHQ WR FRQVLGHUDW
SHU PJ +7/ 7KH UHDFWLRQ PL[WXUHV ZHUH URWDWHG R
%LR %HDGV WUHDWHG VDPSOHV ZHUH XOWUD FHQWULIXJHC
D 7/$ URWRU 7XBIV2GHWHUPLQHG DQG FRPSDUHG WR WK
%HB®V WUHDWPHQW $OPRVW QR SURWHLQ ZDV GHWHFWHG
DPSKLSRO zZDV DGGHG ,Q FRQWUDVW DQG RI
UHFRYHUHG IURP WKH DQG VDPSOHV UHVSHFWL®
LQGHHG PDLQWDLQHG +7/ VROXEOH LQ D GHWHUJHQW IUH|
PDVV UDWLR RI $ DQG +7/ ZDV VXIILFEHQM RRUNKRIOXELC
VDBOH ZDV DQDO\JHG E\ VL]H H[FOXVLRQ FKURPDWRJUDSK\
EXIIHU PO +HSHV .2+ S+ PO 1D&O JO\FHURO DQ
KRPRJHQHLW\ ZLWK DQ H[SHFWHG HOXWLRQ YROXPH FDO
N' WKH +7/ LV D N' FRPSOH[ )LJXUH

5LERVRPH ELQGLQJ H[SHUIPH® WRFZLWK +7/

$HEWXIK WKH UHVXOWYHWURPY HUA HQFRXUDJLQJ LW ZDV NQI
DVKW PRVW FDQRQLFDO DPSKLSRO DJJUHJDWHV DW WKH
SLFDH® DO 7KDW SUHYHQWHG IXUWKHU H[SHULPHQWYV

#I



UHTXLUH PDIJQHVLXP LRQV LQ WKH EXIIHU IRU WKHLU VWDE
Q&FHG DJJUHJDWLRQ RI $ LV WKDW WKH FDUER[\ODWH

GLYDOHQW FDWLRQV 7R RYHUFRPH WKLV SUREOHP VHYHL
EHHQ GHYHORSHG QRWDEO\ WKH VXOIRQDWH DPSKLSRO
DPSKLSROV 1$3ROV JLIXUH 7TKHVH DPSKLSROV ZHUE
=RRQHQV IURP ,QVWLWXW GH %LRORJLH 3K\VLFR &KLPLTXH

7KH 6$3RO ZDV XVHG ILUVW IRU +7/ VROXELOL]DWLRQ EH
DPSKLSRO RQO\ WKH FDUER[\ODWH JURXSV ZHUH FKDQJHG
PDVV UDWLR RI DPSKLSRO +7/ ZDV DSSOLHG DV WKH DYHL
PROHFXODU ZHLJKW SHU K\GURSKRELF FKDLQ RI 6$3RO LV "
WKH VDPH SURWRFRO IRU WKH H[FKDQIHR"&RPS OHRHIVPBERQS
EHSXULILHG LQ VLPLODU TXDOLW\ DQG \1HOGRWDE G\HWFKH
VLIH[FOXVLRQ FKURPDWRIPRERGRAHFDUULHG RXW LQ WKH
POO0J 2%$F

1HW , WHVWHG WKHPEIORLQKRIULERVRPH S5LERVRPH E
XV>XD\ YHULILHG E\ ULERVRPH FR VHGLPHQWDWLRQ H[SHUL
PL[HG LQ GLIIHUHQW UDWLRYV LQFXEDWHG IRU PLQXWH
ORDGHG RQWR D VXFURVH FXVKLRQ PO +HSHV .2+ S+
0J 2$F 0 VXFURVH $IWHU XOWUDFHQWULIXJDWLRQ

URWRU ULERVRPHV DQG ULERVRPDO FRPSOH[HV VKRXOG
+7/ ELQGLQJ WR ULERVRPHV RU ULERVRPDO VXEXQLWV F
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SUHVHQFH RI +7/ LQ WKH ULERVRPDO SHOOHWYV 7KLV PHWt
ELQLQJ RI+747PY DQG $99R°WR ULERVRPHV 6XUSULVLQJO
H[BULPHQWYV VKRZHG QR VLIE/WRE HQ @ KMHU R RFG/WUDQVODW
RGBG1&WY4)LIXUH $W WKDW WLPH ZH VXVSHFWHG WKDV
FKDHV RQ 6%$3RO PD\ LQWHUIHUH ZLWK WKH ELQGLQJ WR W
FKDUJHG F\WRSODVPLF ORRSV RHWHFX IDIG GMIQH ¥SHRWIL W L
FKDUJHG & WHUPLQXV RW<DG& DRKOMQRZQ WR EH UHVSRC
ULERVRPH ELQGEBBRPGOH|HVY WKH SRVLWLYHO\ FKDUJHG |
ORSY PD\ LQWHUDFW ZLWK WKH 6$3ROV UDWKHU WKDQ WKH

+REG WR RYHUFRPH WKLV SUREOHP RQH W\SH RI 1$3]
VROXELOL]DWLRQ 7KH VROXELOLW\ RI 1$3ROV LV SURYLGC
KHQFH WKH PROHFXOH LV QRQ L'RGZDV)ISIXWIHLHG IRGORZ
VLPDU SURFHGXUH ,WV ELQGLQJ WR WKH ULERVRPH ZDV
H[SHULPHQW DQG VXUSULVLQJO\ DJDLU&R°BRERGR PR WE LEH:
GHWWHG )LJXUH 7KH TXHVWLRQ ZDV ZKHWKHU DPSK
ELQGLQJ WR WKH ULERVRPH RU ZKHWKHU WKH ULERVRPH +
FR VHGLPHQWDWLRQ DVVD\ ZKHQ VROXELOL]HG LQ DPSK
SHUPLWV UHMHFWYV SDUWLFOHV DFFRUGLQJ WR WKHLU GF
IRUP ORRVH EHOWV VXUURXQGLQJ WKH VROXELOL]HG SUR\
RYHUDOO GHQVLW\ RI WKH SDUWERPOSHKDW P LYWW REH WKIDG
WRORDW RQ VXFURVH FXVERKUTRO®EL VAVIRALIDWLRTY IURP ULERVRF

7RWHVW WKLV K\SRWKHVLVY QHZ H[SHULPHQWYV KDG WR El
+7 PP3ROISIRPR ULERVRPHV 7R WKLV HQG ZH GHFLGHG W
FKPRWRJUDSK\ 6DPSOH ZDV ORDGHG RQWR D 6XSHUGH]
HTXLOLEUDWHG LQ PO +HSHV .2+ S+ PO .RWFHU PO
JHOLOWUDWLRQ ULERVRPHV VKRXOG DSSHDU LQ WKH YR
VKRXOG EH GHWHFWHG LQ WKRVH IUDFWLRQV DV ZHOO 7K
XVLQJ —J ULERVRPHV FRUUHVSRQGHG WR Q0 FRQIL
HOXWH LQ WKH YRLG YROXPH DQG WKDW WKHUH LV QR +7
ILOWUDWLRQ R¥RVKRIZHGB/ QR DJJUHJDWLRQ RI WKH VDPSC
SWMHQFH RI +7/ SURWHLQV LQ WKH YRLG YROXPH®*3*RLQDOO\
DQG —J ULERVRPH PRODU UDWLR RI ZDV VXEMHFWHG
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FRPSRQHQWV RI +7/ FDQ EH FOHDUO\ GHWHFWHG LQ WKH Y|
WH ULERVRPH )LJXUH $ VOLJKW VKLIW RI WKH YRLG )\
PROHFXODU ZHLJKW ZDV DOVR REVHUYHG ZLWK D VKRXOG
ZKLFK PD\ IRUPHG E\ GLVVRIDDWHROHY/ GXULQJ WKH FKU
H[BULPHQW 7KH UEEBR¥RPBOH|] ZDV QRW VWRLFKLRPHWUL
IBP WKH 6'6 3$*( JHO )LJXUH EXW WKLV FDQ EH H[SO
SURWHLQV DUH GLOXWHG GXULQJ WKH JHO ILOWUDWLRQ
ZHDN FRPSOH[HV FDQQRW HEHKLWHYMUNHBRQ HTXLOLEULXP
6LPLODU UHVXOWV ZHUH REWD LFRQF X G aT eI WER /G v
WBLERVRPHV KRZHYHU ZH VWLOO QHHG WR GHWHUPLQH W
WKHUPRSKRUHVLY WR IL® GVRKIW KAHKWH WG MUKW ISHUHVHQFH RI
FROQ®QARQ , DP FRQILGHQW WKDW LW {NRSRPFZERORPWR >
FRPGH[ IRU FU\R (0

2SWLPLI!®FSURGXFWLRQ

YHKXMH RI WKH IDFW WKDW WKH FKHPLFDO VWUXFWXUHYV |
GLITHUHQW WKH RSWLPDO UDWLR RI 1$3RO DQG +7/ GXULC



EH UH HYWDEOLVKHG O0DVV UDWLRV RI DQG ZHUH
DPRXQWYV Rl SURWHLQV ZHUH UHFRYHUHG DIWHU %LR %HDG
FKURPDWRJUDSK\ 6XSHUGH] 3& EXIIHU PO +HSH
PO 1D&O JO\FHURO SHDNV RI VLPLODU KHLJKW ZHUH RE
DW WKH H[SHFWHG HOXWLRQ YROXPH +RZHYHU D ODUJH D
YROXPH $V D FRQWWRDON ZD/V SXULILHG DW WKH VDPH WLPF
+7/° VDPSOH DQG SURFHGXUH KDV VKRZQ JRRG TXDOLW\ )

, RXQG WKDW WKH S+ DQG VDOW FRQFHQWUDWLRQV GXU
KDYH D VWURQJ LQIOXHQFH RQUWRMHDAXO®LW) R WK SIHYL/F
SXLILHG %7ZDV EXIIHU H[FKDQJHG LQWR WKUHH GLIIHUHQW
PO +HSHV .2+ S+ PO 1D&O "0 PO +HSHV .2+ S+

PO 1D&O "0 DQG PO +HSHV .2+ S+ PO 1D&O
''0 7KH VDPH DPRXQW RI 1$3ROV ZDV DGGHG LQ D PDV)\
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E\ LR %HDGV WUHDWPHQW $IWHU XOWNOXHW®Y WKHUH UHWRRK
IJUR WKH WKUHH VDPSOHV EXW GLIITHUHQW HOXWLRQ SUF
HIFOXVLRQ FKURPDWRJUDSK\ XVLQJ WKH FRUUHVSRQGLQJ

7KLV VXJIJHVWHG WKDW HLWKHU ORZHU S+ RU ORZHU VI
ROLJRPHUL]DWLR&FRITKWHKHDFW WKDW WKHVH ODUJHU SDU\
UHRYHG E\ WKH XOWUDFHQWULIXJDWLRQ VWHS LQGLFDWH
ODUJH DJJUHJDWHYV

,PSRUWDQWO\ VDPSOH SUHSDUHG LQ S+ DQG PO 1D
ZKHQ FKURPDWRJUDSKHG LQ ORZ S+ DQG ORZ VDOW EXIIH
PO 1D&O PO 0J 2$€®RZHYHU VDPSOH SUHSDUHG LQ S+
180 GLG QRW LPSURYH VLJIQLILFDQWO\ ZKHQ FKURPDW
SUHVHQFH RI PO 1D&O0 DOWKRXJK WKH YRLG YROXPH S
FDVH DQG D KLJKHU VLIJQDO DSSHDUHG DW ORQJHU UHWHC(

VORZ GLVDVVRFLDWLRQ RI WKH ROLJRPHUV )LJXUH

1RWDEO\ WKH YDPBHP$D/H VROXELOL]JHG ZLWK $ RU 6%
PRM KRPRJHQRXV HYHQ LQ ORZ S+ DQG ORZ VDOW EXIIHL
H[SODLQHG E\ WKH IDFW WKDW WKH +7/ ROLJRPHUV DUH O
IRUFHVY DQG WKHUHIRUH FRXOG EH GLVUXSWHG E\ KLJKHU
$OWHUQDWLYHO\ WKH SRO\DQLRQLF FKDUJHV RI WKH $
+7/ ROLJRPHULF VSHFLHVY , VSHFXODWH WKDW RQFH WUDS
WKH ROLJRPHUV ZHUH VWDELOL]HG DQG WKHUHIRUH FRXO
S+ VDOW 3UDFWLFDOO\ WRHMFrOQHBH FDWURBGRRXW LQ S+
PO 1D&O GXULQJ WKH GHWHUJHQW UEB R DmOWKMIDS E B RIKRIMNC
SXWLHG E\ VL]H H[FOXVLRQ FKURPDWRJUDSK\ DQG EH XVH
ZLWK ORZHU S+ DQG RU VDOW FRQFHQWUDWLRQ

,Q FRQFOXVLRQ LW ZDV SRVVLEOH WR LPSUR¥YHCWKH S
FRPGH[HV 7KHWHN4ME&RFRPSOH[HY FDQ QRZ EH DQDO\]JHG F
IRBRWKHU ELRSK\VLFBOWPHBEKQDDYBY ; UD\ VFDWWHULQJ
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'"HX GHV SULQFLSDX[ SUREOgqPHV WHFKQLTXHV TXH M{DL UI
WKgqVH VRQW DERUGpV GDQV FH FKDSLWUH OHV OLSLGHYV
+7/ HW OD SUpFLVLRQ GH O DIIHFWDWLRQ DQJXODLUH GDC
(0

(Q FRPELQDQW OHV FRQQDLVVDQFHV REWHQXHV j SDUWL
GHV UpVXOWDWYV H[LVWDQWY MH SUpVHQWH GHV PRGqOHYV
PpGLp SDU 653 DLQVL TXH GHV PRGgOHV SRXU OD WUDQ!
SURWpPLQH PHPEUDQDLUH PpGLp SDU +7/

1RXV GLVFXWHURQV GHV GLIIpUHQWYVY FRPSOH[HV TXL
ULERVRPH VHUYDQW j OTDGUHVVDJH HW OD WUDQVORFDWL
FRPSUHQQHQW OD FRQIRUPDWLRQ O©ODFWLYp2 GX FRPSOl
FRPSOH[HVY ULERVRPH 653 )WV< DYHF GLIIpUHQWHYV VpTXH
FRPSOH[H ULERVRPH +7/ HIWUDLW GLUHFWHPHQW j SDUWLL
FRPSOH[H ULERVRPHQ@7VEWHX WIRPRIUDSKLH FU\R pOHFWUR
WRPRJUDPPH PR\HQQH (Q RXWUH OH UHSOLHPHQW GHV SL
rwWUH pWXGLp SDU OD SUpSDUDWLRQ GH ULERVRPHV HQ
SOXVLHXUV KpOLFHVY WUDQVPHPEUDQDLUHY 3RXU ILQLU !
WUDQVORFDWLRQ SRVW WUDGXFWLRQQHOOH DLQVL TXH
WUDGXFWLRQQHOOH FKH] OHV HXFDU\RWHV VRQW GLVFXWp
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SURFHGXUHY DQG PHWKRGYV
/ILSLGY DQG PHPEUDQH SURWHLQ SXULILFDWLRQV

OHPEDQH SURWHLQV DUH QDWXUDOO\ HPEHGGHG LQ WKF
LOQOWHUDFWLRQ EHWZHHQ OLSLGV DQG PHPEUDQH SURWHL
ODQ\ PHPEUDQH SURWHLQV DUH NQRZQ WR UHTXLUH FHUW
VWUXFWXUDO VWDELOLW\ +RZHYHU PHPEUDQH SURWHLQV
DQG LVRODWLQJ WKHP ITURP WKH ELOD\HUV XVLQJ GHWHL
HQVXUH WKDW WKH SURWHLQ OLSLGV LQWHUDFWLRQV D
DWWHQWLRQ KDV WR EH SDLG WR WKH VR FDOOHG PLOGQ
QRQ LRQLF GHWHUJHQWYV VXFK DV ""0 KDYH EHHQ ZLOGO\
% RRWK $V VKRZQ LQ )LJIJXUH WKH VROXELOL]DWLI
GHWHUJHQWY LV D FRQWLQXRXV SURFHVV 8QGHU PLOG FI
GHWHUJHQWY DQG SURWHLQV LQ D ZDWHU VROXEOH IRUF
SXULILFDWLRQ RI OLSLGV ZLWK WKH +7/ FRPSOH[ ZDV H[S
DQJOH QHXWURQ VFDWWHULQJ XQSXEOLVKHG ZRUN LQ W|

WUDQVORFRQV DUH NQRZQ WR UHTXLUHHWDBOGLF SKRV
/ILOO 'RZKDQ DQG :LFNQHHW DO *RIOG GLVDVVHPEO\ RI +7/
VXE FRPSOH[HV ZLWK LQFUHDVLQJ FRQFHQWUDWLRQV RI "
DQ LQFUHDVH LQ +7/ VWLPXODWLRQ RI 6HF$ $73DVH LOQ
6FKX®MW DO LQGLFDWLQJ WKDW OLSLGY DUH LPSRUWDOQ
WKH +7/

2Q WKH RWKHU KDQG VROXELOL]JLQJ PHPEUDQH SURWHI
LOWURGXFHVY WKH ULVN RI LQHIILFLHQWO\ VROXELOL]JLQJ !
YHU\ KHWHURJHQHRXYVY VDPSOHV ,Q IDFW LW LV YHU\ Gl
DPRXQW RI OLSLGY ERXQG WR WKH PHPEUDQH SURWHLQV I
FDQQRW EH GHWHFWHG E\ WUDGLWLRQDO 6'6 3%*( DQG Wtk
VDPSOH LV RIWHQ LIJIQRUHG 7KHUHIRUH LW LV VRPHWLPH
EHWZHHQ SUHVHUYLQJ WKH OLSLG SURWHLQ LQWHUDFW
VROXELOL]HG VDPSOH IRU VWUXFWXUDO VWXGLHV $OWKRX
RI' +7/ ZRUNHG QLFHO\ WR D ODUJH H[WHQW LW LV VW|
LPSURYHPHQW FDQ EH PDGH ZLWK WKH XVRFRV\DQRWEKRV L&
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RU GLILWRQLQ ERWK KDYH EHHQ VXFFHVVIXOO\ DSSOLHG
RPHPEUDQH SURWHLQV

$QJXODU DVVLIQPHQWY DQG FU\R (0 GDWD SURFHVVLQ

'XULQJ WKH SURFHVVLQJ RI VLQJOH SDUWLFOH FU\R (0 GI
FROOHFWHG LPDJHV KDYH WR EH GHWHUPLQHG IRU LQV
FROOHFWLRQ JHRPHWU\ DV LQ WKH UDQGRP FRQLFDO UHEFR
HW DO RU E\ PDWKHPDWLFDGOGPDSFKRDBKWKH LPDJHV WR
SURMHFWLRQV RI D NQRZQ ' VWUXFWXUH ,Q RUGHU WR
UHVROXWLRQ LQIRUPDWLRQ FRQWDLQHG LQ WKH LPDJHYV
LWHUDWHG DQG UHILQHG XVLQJ PRUH SURMHFWLRQV DQJ
LQIRUPDWLRQ PD\ QRW EH HDVLO\ QRWLFHG SDUWO\ EHFI
DYHUDJLQJ RI KXQGUHGYV RI WKRXVDQGV RI LPDJHV DQG WK
LQGLYLGXDO LPDJH FDQQRW EH HDVLO\ DVVHVVHG DQG C
ORQJ EHHQ WKH FULWHULRQ WR MXGJH DQ (0 PDS ZKLO
DQJXODU DVVLIJQPHQWY KDV EHHQ XQGHU HVWLPDWHG $

WKH DQJXODU DVVLJQPHQW RI DQ LPDJH SOD\V D
UHFRQVWUXFWLRQ RI D ' PRGHO VXFK WKDW LI WKH DVVLJ
PRUH OLNHO\ WR DGG QRLVH WR WKH PRGHO WKDQ WR FR
DSSURDFK WR RYHUFRPH WKLV SUREOHP LV WKH XVH RI
,QVWHDG RI EDFN SURMHFWLQJ LPDJHV XVLQJ WKHLU EH\
FURVV FRUUHODWLRQ EDVHG PHWKRGV HDFK LPDJH LV E
RULHQWDWLRQV EXW LWV FRQWULEXWLRQ LQ HDFK RULHQ
FDOOHG SUREDELOLW\ ZHLJKWHW DW®YHUDJLWX WK LI\Z ROUS/BK R |
QRLV\ LPDJHV ZLOO QRW FRQWULEXWH WR WKH PRGHO EHI
VHYHUDO SURMHEWLRQV 7KLV DSSURDFK LV VXSHULRU HV
ORZ VLJQDO WR QRLVH UDWLRYV

SDUWLFXODU SUREOHPV H[LVW IRU H[DPSOH LQ WKH H]J
DQRG LQ )LIXUH ,Q WKLV FDVH ZH NQHZ WKH GLIIHUFE
ZDQWHG WR VRUW IRU QDPHO\ WKH SUHVHQFH RU DEV
VXSHUYLVHG FODVVLILFDWLRQ ZDV OHG E\ RWKHU FULWHU

$%$



SUREDELOLWLHV RI LPDJHV DUH FDOFXODWHG JOREDOO\ \
QIHUHQFH LV REYLRXV LQ UHDO VSDFH LW PD\ QRW EH V
HVSHFLDOO\ ZKHQ FDOFXODWLRQV DUH SHUIRUPHG LQ WKt
RYHUFRPH WKLV SUREOHP LV WKDW WKH DQJXODU DVVLJC
JLYHQ LPDJH FDQ EH WUHDWHG VHSDUDWHO\ $V LQ WKH
DVVLIJQPHQW RI DQ LPDJH FRXOG EH DFETXLUHG E\ D JORE]I
EXW WKHQ RQO\ WKH SL[HOV DW WKH NQRZQ SRVLWLRQ RI
XVHG WR GHWHUPLQH ZKHWKHU WKH LPDJH FRUUHVSRQGYV
D YDEFDQW ULERVRPH

,Q JHQHUDO WKH LQIRUPDWLRQ ZKLFK LV FULWLFDO IRU
WKH LQIRUPDWLRQ FULWLFDO IRU EDFN SURMHFWLRQ DQ
PHGLXP IUHTXHQFLHV DUH PRUH XVHIXO IRU DEWODU GH

ZKLOH KLJKHU IUHTXHQFLHV ZKLFK FRQWDLQ PRUH GH
IRU WKH UHFRQVWUXFWLRQV DW KLJKHU UHVROXWLRQ &H!
E\ KDQGOLQJ DQJXODU DVVLJQPHQWY DQG EDFN SURMHFV
XVLQJ RQO\ ORZ IUHTXHQFLHV IRU DQJXODU DVVLIJQPHQW
SUHYHQW RYHU ILWWLQJ RI WKH FWIHR DOVW YXEWKHHP RUIQ
RQH PD\ HYHQ XVH GLIIHUHQW LPDJHV IRU DQJXODU DVVLJ
JRU H[DPSOH D KLJK GRVH H[SRVXUH DIWHU UHFRUGLQJ
PLFURJUDSK KDV EHFRPH D SRSXODU VWUDWHJI\ 7KHVH
FRQWDLQ SDUWLFOHV WKDW DUH UDGLDWLRQ GDPDJHG E
VLIJQDO WR QRLVH UDWLR ,Q IDFW WKH ORZ IUHTXHQFLH)
GDPDJH LQ WKH KLJK GRVH H[SRVHG LPDJHV 7KHVH LPD
SDUWLFOH SLFNLQJ EXW WKHLU XVH IRU DQJXODU DVVLJCG
EDFN SURMHFWLRQ KRZHYHU WKH 30RZ GRVH’ SDUWLFOH
KLJK UHVROXWLRQ LQIRUPDWLRQ

&EXUUHQW PRGHOV RI FR WUDQVODWLRQDO WDUJHWLQJ

653 PHGLDWHG SURWHREROWDUJHWLQJ LQ

$%'
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,Q WKLV WKHVLV ZRUN , VROYHG WKH FU\R (0 VWUXFW?>

FRSOH[ LQ WKH 3FORVHG" FRQIRUPDWLRQ 7KH VWUXFWXUF
653 DQG WKH )WV< WKDW KDV QRW EHHQ UHSRUWHG EHIRU
653 0 GRPDLQ ZLWK WKH 1* GRPDLQV RI WKH 653 DQG WHK
)LIXUH 7KLYV VWUXFWXUH SURYLGHV FULWLFDO QHZ
WDUJHWLQJ RI PHPEUDQH SURWHLQV 1RZ DOO WKH PDMRL
RULJLQDOO\ LGHQWLILHG E\ )5(THWHDU X UAHRPHI) WQ DORKHEI E!
FU\R (0 XQWLO WKH 3FORVHG”™ FRQIRUPDWLRQ 'XULQJ FR
WLIKWO\ ELQGV WR WKH ULERVRPH XSRQ UHFRJQLWLRQ RI
Rl WKH 653 LV SUHSRVLWLRQHG WR IDFLGBIWDWH WKH ELQC
)WV< * GRPDLQ ILUVW ELQGYVY WR WKH WHWUDORRS RI WKH
GRPDLQV ZHDNO\ LQWHUDFW YLD WKH 1 GRPDLQ DGRSWLQ
LV LQDFWLYH LQ *73 K\GWROWLV 7(KNWDEWLYDWLRQ RI *7
UHTXLUHYV D UHDUUDQJHPHQW RI WKH 1* GRPDLQV WR IRUF
ZLWK D FRPSRVLWH DFVWAYBOVLWRIFH®HDO DQG *73

K\GURO\VLV LV IXUWKHU VWLPXODWHG E\ ELQGLQJ WR WKH
51$¢ 9RLIWV +RHWPDQQ ORUHRYHU WKH GLVSODFHPHQW RI
IURP WKH WHWUDORRS WRZDUGV WKH GLVWDO HQG RI WK
DFFHVV RI WKH WUDQVORFDWLRQ PDFKLQHU\ WR WKH ULE

$%



ULERVRPDO WXQQHO 'RFNLQJ RI 1* GRPDLQV WR WKH GLVW
FRRUPDWLRQDO FKDQJHV LQ WKH 653 DQG )WV< DQG PD\ El
D 6HF<(* WUDQVORFRQ WR WMHDUWLERMRPHR BKEHE\ WKH KD Q
RI WKH QDVFHQW FKDLQ WR WKH WUDQVORFDWLRQ PDFKL
UHVXOWV LQ WKH GLVDVVHPEO\ Rl WKH 653+)WV< FRPSOH]
PRPHQW ZKHWKHU WKH DFWLYDWLRQ RWWHH B3 YDWWH G R/
RFFXUV RQ WKH ULERVRPH RU ZKHWKHU WKH 6HF<(* WUDQ'
ULERVRPH ILUVW

)W LV H[FLWLQJ WR VHH WKDW WKH VWHSV Rl FR WUDQYV
ZHUH ILUVW FKDUDFWHUL]HG ELRFKHPLFDOO\ XMWQDQ5(7 D
7KH WDUJHWLQJ PRGHO KDV WKHQ EHHQ VWHDGLO\ U
SDUWLFOH )5(AW6RB®Q FU\WWDO VWUXFWXUHV RI 653 D
FRPSOH[HVHWHDO )RFHW DO -DQHW DO S$WDHMBHDO
9RLIJWV +RIWDE® DQG FU\R (0 VWUXFWXUHV RI ULER
FRPSOH[HV 6RKWIDIW]HOWHWR]DO YRQ /RHIHMORRO]
WKLV ZRUN 653 WDUJHWLQJ LV D JRRG H[DPSOH RI KR
FRPELQHG WR KHOS XQGHUVWDQGLQJ D ELRORJLFDO SURF
KRZ ; UD\ FUI\VWDOORJUDSK\ FDQ SURYLGH WKH GHWDLOHG
DQG VPDOOHU FRPSOH[HV ZKLOH WKH FU\R (0 LV XVHG WR
DUH XQOLNHO\ WR FU\VWDOOL]H LQ DQ HQYLURQPHQW FOR

OHPEUDQH SURWHLQ LQVHUWLRQ E\ +7/

BURNDU\RWLF WUDQVORFDWLRQ SURWHLQV KDYH EHHQ V\
DQG FU\R (0 &U\WWDO VWUXFWXHWWRI 6HKR* ZIVXANHDJDNL
HW DO DQG <LG& .MWDPXNL KDYH EHHQ GHVFULEHG SURYI
PHFKDQLVWLF LQVLJKWY LQWR WKH PROHFXODU PHFKDQLYV
(0O VWUXFWXUHV RI ULERVRPH 6HF<(* FRPSORJBRW 3DAN H\
DQG ULERVRPH <LG& FRRARWOBQHV: LRNEWMDO KDYH

EHHQ UHSRUWHG +RZHYHU WR XQGHUVWDQG KRZ WKHVH W
ZLOO EH HVVHQWLDO WR SURYLGH FU\R (0 VWUXFWXUHV

FU\R (0 VWUXFWXU¥H+HIY" 5B&RYLGHYVY QHZ LQVLIJKWV LQW

$%



DUFKLWHFWXUH DQG LQWHUDFWLRQV ZLWK WKH ULERVRPF
ZLWWSXEOLVKHG UHVXOWV ZH SURSRVH WKH FXUUHQW ZRU
Y)LIXUH

7KH ODWHUDO JDWH RI WKH 6HF<(* WUDQVORFDWLRQ SF
SUR[LPLW\ RI <LG&EWSDPEPKHOMKXY RXU FXUUHQW ZRUNLQJ PR

VXJIHVWYVY WKDW 6HF< RSHQV WRZDUGV <LG& WR KDQGR
WKH QDVFHQW SURWHLQ 7KH WUDQVPHPEUDQH KHOLFHV E
VWDEOH GRPDLQ DVVLVWHG E\ WKH <LG& FKDSHURQH 2
ULERVRPH +7/ FRPSOH[ FRXOG VXSSRUW WKLV K\SRWKHVLYV
SRVVLEOH WR ILW 6HF<(* DQG <LG& VHSDUDWHO\ LQWR W
ULERVRPDO WXQQHO VXFK WKDW WKH ODWHUDO JDWH RI 61
WKDW WKH F\WRSODVPLF ORRSV RI 6HF< FRQWDFW ULER'
SUHYLRXVO\ UHSRUWHG 3FRUDNODWWDOO ORUHRYHU WKHUH
DGGLWLRQDO VSDFH LQ WKH FU\R (0 GHQVLW\ WR IXUWKHU
SDUWV RI 6HF' DQG 6HF) %LRFKHPLFDO VWXGLHV VXJJHVW
WKH WUDQVORFDWLRQ RI SURWHLQV E\ LQWHUDFWLQJ ZL\
SHULSODVPLF VLGH %LQGLQJ RI WUDQVORFDWLRQ VXEVWL
SHULSODVPLF GRPDLQ 3 PD\ SUHYHQW EDFNVOLGLQJ
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ORUHRYHU FRQIRUPDWLRQDO FKDQJHV LQ 6HF' FRXOG FR?’
SURRQ WUDQVIHU DFURVV WKH PHPEUDQH WKXV BMFHOHU!
DO 1RWDEO\ ULERVRPDO 51% KHOL] ZKLFK KDV D V
<LG& LQ RXU ULERVRPH +7/ FU\R (0 VWUXFWXUH KDV EHH
OLSLGV LQ WKH FU\R (0O VWUXFWXUH RI WKH ULERVRPH 6H
J)UDXHQHMO G O ,QGHHG WKH F\WRSODVPLF VLGH Rl <LC
SRVLWLYHO\ FKDUJHG UHVLGXHV ZKLFK PD\ LQWHUDFW
ULERVRPDO 518%

7DNHQ WRJIJHWKHU WKH FU\RY/G¥NUSHWXUBHNI GHE&Z LQVL.
L® WKH +7/ DUFKLWHFWXUH DQG LQWHUDFWLRQV ZLWK WK
$ EHWWHU UHVROYHG VWUXFWXUH LV KLJKO\ GHVLUHG WR
SRVVLEOH DW QHDU DWRPLF UHVROXWLRQ DQG WR SURY
WUDQVODWLRQDO WUDQVORFDWLRQ E\ WKH +7/ FRPSOH]

YXWXUH 6WXGLHV
JXUWKHU ZRUNV RQ ULERVRPH 653 )WV< FRPSOH]

'LWK WKH :FORVHG" ULERVRPH 653 YWV< FRPSOH[ EHLQJ
VWUXFWXUHY DORQJ WKH 653 PHGLDWHG WDUJHWLQJ SC
FRPSOHWH 7KH REYLRXV PLVVLQJ VWUXFWXUH KHUH LV DC
WKRXJK WKH :DFWLYH VWDWH LV GHVFULEHG ELRFKHPLF
WUDQVLHQW FRPSOH[ FRQVLVWLQJ RI ULERVRPH 653 )WV<
FXUUHQW PRGHO WKH ELQGLQJ RI 6HF<(* LQGXFHV WKH I
*73DVHV DQG DW WKH VDPH WLPH WKH QDVFHQW FKDLQ
GRPDLQ DQG VXEVHTXHQWO\ FDSWXUHG E\ WKH 6HF<(* ,W
DQG VWDELOL]H D FRPSOH[ LQ ZKLFK 6HF<(* ELQGV WR WKI
LWV LOQOWHUDFWLRQ ZLWK WKH ULERVRPH DQG RU LQWHUDF
QR ELRFKHPLFDO GDWD LQGLFDWLQJ WKH H[LVWHQFH RI VX

,Q WKH IXWXUH LW ZLOO EH LQWHUHVWLQJ WR VWXG\ WK
WA\SHV RI QDVFHQW FKDLQV 7KH ZRUN XVLQJ (VS3 QDVFH

$%



FRPSOH[ LV D JRRG GHPRQVWUDWLRQ RI KRZ 51&V GLVSOL
FRG LQIOXHQFH WKH VWUXFWXUDO UHDUUDQJHPHQW RI WK
D QHZ VWUXFWXUDO EDVLV IRU WKH 653 PHGLDWHONWDUJ!
DO ORUHRYHU 653 FRXOG DOVR WDUJHW PHPBEUDWQH S
DO 7KH FKRLFH RI WUDQVORFRQV GXULQJ 653 WDUJHW
E\ VLIQDO SHSWLGH DQG WKHUHIRUH WKH FRQIRUPDWLRC
VXEVWUDWHY IRU <LG& DQG IRU 6HF<(* PD\ DOVR EH GLIIH
GHWDLOV RI WKLY DUH HQLJPDWLF

1HZ DSSURDFKHV LQ VWXG\LQJ ULERVRPH +7/ FRPSOH]

, W KDV EHHQ VKRZQ WKDW ULERVRPH WUDQVORFRQ FRPSO
IURP WKH FHOO UDWKHU WKDQ EHLQJ UHFRQVWLWXWHG

VWUXFWXUH RI WKH PDPPDOLDQ ULERVRPH 6HF MREPS O H |
FRPSOH[ ZzDV H[WUDFWHG GLUHFWO\ IURP SRUFLQH SDQFUI
HQULFKHG XVLQJ PLOG GHWHUJHQWY 'HVSLWH WKH IDFW
OHVV KRPRJHQRXV LW ZDV SRVVLEOH WR UHDFK D UHVROX
a ¢ IRU WKH WUDQVORFRQ SDUW ®ORRBKEBEHEM BWSDRDFK P
SRVVLEOH IRU ULERVRPH +7/ FRPSOH[HV XVLQJ FHOOV WKD
,Q WKLV FDVH FU\R (0 VSHFLPHQ FDQ EH SUHSDUHG E\ LV
GHWHUJHQW VROXELOL]DWLRQ IROORZHG E\ SXULILFDWLR
WKDW DUH H[SHFWHG WR EH ERXQG E\ +7/ *LYHQ WKH DGY/!
DQG GDWD SURFHVVLQJ LW VKRXOG EH SRVVLEOH DV LQ
3SXULI\" WKH ULERVRPH +7/ FRPSOH[ E\ FRPSXWDWLRQDO V

$W WKH VDPH WLPH WKH QHZ JHQHUDWLRQ RI GLUH
LPSUHVVLYHO\ LPSURYHG WKH UHVROXWLRQ WKDW FDQ
WRPRJUDSK\ DQG UHQGHUHG FU\R WRPRJUDSK\ DQG VXE
SRZHUIXO WRRO LQ VWXG\LQJ PDFURPHRWHFXODU7KHRPSOH
WRPRJUDSK\ DSSURDFK KDV VHYHUDO DGYDQWDJHV RYHL
LQVWDQFH WKH SRVVLELOLMQ WRMXP VKR XWK HV ¥ B PGIOHG W R
DQG SXULI\ WKH FRPSOH[HV Rl LQWHUHVW 7KH VXEVHTXH
DV WKH DQJXODU UHODWLRQV EHWZHHQ WKH LPDJHV DUH N

$%



RI WKH (0 VWUXFWXUHVY REWDLQHG E\ WKLV FU\R WRPRJUD
HOWLYHO\ ORZ VLIQDO WR QRLVH UDWLR RI HDFK LQGLYLG
RI DQ (5 ERXQG ULERVRPH KDV EHHQ VROYHG DW c XVLQ
3IHITHW DO $ PRUH UHFHQW SXEOLFDWLRQ RQ PHPEULI
ULERVRPHV XVLQJ VLPLODU DSSURDFKHV KDV UHDFKHG D
LGHQWLILFDWLRQ RI D SURWHLQ WKDW PHGLDWHV WKH
WUDQVORFRHW IEGITHUWK WKH WRPRJUDSK\ WHFKQLTXH LV
IRUHVHHDEOH WKDW QHDU DWRPLF UHVROXWLRQ VWUXFW
HOHFWURQ WRPRJUDSK\ SURYLGHG WKDW WKH VDPSOH 1
HQULFKHG LQ WKH FHOO VXFK WKDW PDQ\ VXE WRPRJUDP
DYHUDJLQJ

%HVLGHYV +7/ WKH ULERVRPH QDVFHQW FKDLQ FRPSOH][ F
DV WKH FDVHV RI ULERVRPH 653 )WV< FRPSOH[HV WKH QEC
WKH ULERVRPH KDV D ODUJH LQIOXHQFH RQ WKH VWUXFW
VWXG\ FRPSDULQJ FU\R (0 VWUXFWXUHYVY RI D QRQ WUDQV¢
DQG D 51& 6HF< FRPSOH[ VKRZHG WKDW PDMRU FRQIRUPD\
KDSSHQ ZLWK WKH LQVHUWLRQ RI D QDVFHQWDSEWSWMGHYV -
GLIILFXOW WR LPDJLQH WKDW WKH KROR WUDQVORFRQ LV
GLITHUHQW FRQIRUPDWLRQV WR DFFRPPRGDWH QDVFHQW
GLIITHUHQW DPRXQWV RI WUDQVPHPEUDQH KHOLFHYVY DQG ZI
DQG SHULSODVPLF ORRSVY DQG GRPDLQV $V +7/ ZDV SURS
WUDQVORFDWLRQ RI ODUJHU DQG FRPSOH[ PHPEUDQH SUR
WR REWDLQ VWUXFWXUDO LQVLJKWYV LQWR WKH LQVHUW
WUDQVPHPEUDQH KHOLFHV FDSWXUHG E\ WKH +7/ DQ
WUDQVPHPEUDQH KHOLFHVY DUH KDQGHG RYHU IURP 6HF<(*

S3RVW WUDQVODWLRQDO WUDQVORFDWLRQ

7KH +7/ FRPSOH[ KDV EHHQ VKRZQ WR EH DFWLYH LQ WKH
RI PHPEUDQH SURWHLQV DQG DV ZHOO LQ SRVW WUDQVC
SURWHLQV )LIXUHHW D®OFKXOJHLQJ SRVW WUDQVORFDWLR
FRQWDLQLQJ D VLIQDO VHTXHQFH DUH KHOG LQ DQ XQIROC
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K\GURO\VLV E\ 6HF$ LV WKH GULYLQJ IRUFH WR SXVK WKH
SURHLQ FRQGXFWLQJ FKDQQHO 7 KH HFWRRWIRO DV QHOEFW/LXPU-H
BHF<(* FRPSOH[ UHYHDOHG WKDW 6HF$ ELQGLQJ FDXVHV D
Rl 6HF< DQG OHDGV WR D GLVSODFHPHQW RI WKH SOXJ G
URRP WR LQWHJUDWH WKH VLJQDO VHTXHQFH LQWR WKH O
WR DQ RSHQLQJ RI WKH FHQWUDO SRUH WKDW DOORZV Wk
WKH WUDQVORFRQ LQ D PRVWO\ K\GURSKLOLF HQYLURQP}

&URVV OLQNLQJ H[SHULPHQWY VKRZHG WKDW WKH ELQ
JDWH LV SUHVHUYHG GXULQJ 6HMFHSW ERQGLQXR &R PKAHLITDAN
ELRFKHPLFDO VWXGLHV VXJJHVW WKDW 6HF') LV LQYROYH
BHF<(* LQWHUDFWLRQ 'XRQJ DQG :LFNQHU $ VWUX
FRPSOH[ ZLWK D WUDQVORFDWSERESVYREMNQPDWHOO SURYL
LQIRUPDWLRQ UHJDUGLQJ WKH UROHV RI 6HF') <DM& DQG F
WUDQVORFDWLRQ ORUHRYHU WKH GLIIHUHQW FRQIRUPDW
SRVW WUDQVODWLRQDO WUDQVORFDWLRQ FRXOG EH UHYHI

(XNDU\RWLF FR WUDQVODWLRQDO WDUJHWLQJ DQG WU

(XNDU\RWLF FHOOV DUH PRUH PXFK PRUH FRPSOH[ ZLWK
7DUJHWLQJ RI SURWHLQV WR WKH WREOGKRXV W &HFRDWRF KR
WKDW GR QRW H[LVW LQ SURNDU\RWLF FHOOV 7KH 653
WUDQVORFDWLRQ PDFKLQHU\ KRZHYHU LV HYROXWLRQDU\
LQWR DQG DFURVV WKH PHPEUDQH RI WKH HQGRSODVPLF
VIVWHPV QDVFHQW SURWHLQV ZLWK D VLIJQDO SHSWLGH
653 FRPSRVHG RI VL[ GLVWLQFW SRO\SHSWLGH VXEXQLWYV
QXFOHRWLGHV ZKLFK LV VLIJQULFBRO®®3OGIZDUIHB WKDQ V
QXFOHRWLGHY &RPSDUHG WRRMYXHKRKRORIRWLIFQ653 FRP
DQ $OX GRPDVQUWK®RWQVLEOH IRU WUDQVODWLRQDO DUUH)
WDUJHWLQJ

JRU FR WUDQVODWLRQDO WDUJHWLQJ WKH 51& 653 FRPS:
YLD WKH 653 UHFHSWRU ZKLFROWVE FRRRQWULNWWVW WRWZR VXE)
RI WKHP LV DQ LQWHJUDO PHPEUDQH SURWHLQ 1\DWKL :L
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*73 K\GURO\VLVY WKH 51& LV WUDQVIHUUHG WR WKH 6HF WL
DRGLWY UHFHSWRU DUH UHOHDVHG DQG WUDQVODWLRQ !
FRQGXFWLQJ FKDQQHO LV QDPHG 6HF DQG LV KRPRORJR
ILNH 6HF<(* 6HF FDQ DOVR UHFUXLW IXUWKHU SURWHLQ"
SURFHVVLQJ IRU H[DPSOH WKH VLIQDO SHSWLGDVH DQG
FRPSOH[ ZKLFK DGGV 1 OLQNHG JO\FDQV WR WKH QDVFHQW
6HF WUDQVORFRQ )LJXUH

+LJK UHVROXWLRQ VWUXFWXUDO VWXGLHV RI SURWHLQ F
WDUJHWLQJ DQG WUDQVORFDWLRQ LQ HXNDU\RWLF FHOOV
FRPSOH[HV +RZHYHU LW LV OLNHO\ WKDW WKHVH FRPSOF
(0O VLQFH WKH\ DUH DEXQGDQW LQ WKH FHOO -XVW DV LQ
LWV UHFHSWRU XQGHUJR PXOWLSOH FRQIRUPDWLRQDO FK
I\DWKL :LONLQVRQ DQG 3RRO &EXUUHQWO\ RQO\ RQI
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UHSRUWHG IRU D ULERVRPH 653 653 UHFHSWRU FRPSOH]

XRPELIJXRXVO\ LQWHUSUHW WKH 653 653 UHFHSWRU SDUW

OLPLWHG UHVROXXKWDRQ +TKHLMVMWUXFWXUH RI WKH ULERVRP/|
KDV EHHQ VROYHG DW KLJK UHVROXWIERXQW 9RER UWKKH W IHEAR \
FRPSOH[ ZLWK 6HF 75$3 DQG 267 RQO\ D ORZ UHVROXWLF
3IHIIKHW DO 7TKHUHIRUH WR XQGHUVWDQG FRPPRQDOLWL
PROHFXODU PHFKDQLVPV IXUWKHU VWUXFWXUDO DQG IXC
WUDQVODWLRQDO WDUJHWLQJ DQG WUDQVORFDWLRQ DUH |
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5()(5(1&(6

$1*(/,1, 6 6 '(,7(50$11 $1' + * .2&+ )WV< WKH EDFWH
UHFRJQLWLRQ SDUWLFOH UHFHSWRU LQWHUDFWYV IXQFWI
WUDQVORFRQ (0%2 5HS 0D\

$5.2:,7= 5 $ $1': :,&.1(5 6HF' DQG 6HF) DUH UHTXLUHG |
HOHFWURFKHPLFDO JUDGLHQW VWLPXODWLRQ RI SUHSUR

$7%,'( 6 ) 1 6&+0,7= . 6+(1 $ .( HW DO 7KH FU\WVWDC(
VLIQDO UHFRJQLWLRQ SDUWLFOH LQ FRPSOH[ ZLWK LWV

%s$, ; & , 6 )(51$1'(= * 0&08//$1 $1' 6 + 6&+(5(6 S5LEF

VWUXFWXUHV WR QHDU DWRPLF UHVROXWLRQ IURP WKLU
H

%$1 1 3 1,66(1 - +$16(1 3 % 0225( HW DO 7KH FR

VWUXFWXUH RI WKH ODUJH ULERVRPDO VXEXQLW DW $

%$7(< 5 7 5 3 5%0%2 / /8&%67 % 5+% HW DO &U\VWI
ULERQXFOHRSURWHLQ FRUH RI WKH VLIQDO UHFRJQLWLF

%,(1,266(. & < 1,( ' )5(< 1 2/,(5,& HW DO $XWRPDW
PXOWLJHQH UHFRPELQHHULQJ IRU PXOWLSURWHLQ FRPSC

%277( 0 $UFKLWHFWXUH RI WKH 6HF<(* ') <DM& <LG& +
*UHQREOH ,

%5,/27 $ ) - = &+(1 $ &+(1* - 3%$1 HW DO %HDP LQ
YLWULILHG VSHFLPHQ RQ KROH\ FDUERQ ILOP - 6WUXFW ¢
&$53(17(5 ( 3 . %(,6 $ ' &$0(521 $1' 6 ,:$7% 2YHUFRP

FKDOOHQJHV RI PHPEUDQH SURWHLQ FU\WVWDOORJUD SK\

&+$( 3 6 6 * 5%$60866(1 5 5 5$1$ . *27)5<' HW DO
QHRSHQW\O JO\FRO 01* DPSKLSKLOHV IRU VROXELO
FU\WWDOOL]DWLRQ RI PHPEUDQH SURWHLQV 1DW OHWKRG

&+(1 0 - & 6$08(/621 ) -,$1* 0 08//(5 HW DO 'LUHFW
<LG& ZLWK WKH 6HF LQGHSHQGHQW 31 FRDW SURWHLQ
LQVHUWLRQ - %LRO &KHP 0DU
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&+(1 < 6 3)())(5 7 +5%$%( - O 6&+8//(5 HW DO )DVW I
WHUHQFH IUHH DOLJQPHQW RI VXEWRPRJUDPV - 6WUXFW

'$/$/ . & 6 &+$1 6 * 6/,*$5 $1' ) '821* 7ZR FRSLHV RI
FKDQQHO DQG DFLGLF OLSLGV DUH QHFHVVDU\ WR DF\
$73DVH 3URF 1DWO $FDG 6FL 8 6 $ 0DU

'(/$ 526% 75(9,1 - 0 - 2721 5 0$5%$%,1, $ =$/',9$5 HW
DQ LPSURYHG VRIWZDUH VXLWH IRU LPDJH SURFHVVL
BWUXFW %LRO 1RY

'( 95,-( 7 5 [/ '( 6:$57 : '2:+$1 - 7200$66(1 HW T
3KRVSKDWLG\OJO\FHURO LV LQYROYHG LQ SURWHLQ WUI
LQQHU PHPEUDQHV 1DWXUH -XO

'(1,629 , * < 9 *5,1.29% $ $ /$=%$5,(6 $1' 6 * 6/,*$5 'LL
VHOI DVVHPEO\ Rl PRQRGLVSHUVH SKRVSKROLSLG ELOD!
VLIH - $P &KHP 6RF 0DU

'821* ) $1' : :,&.1(5 7KH 6HF')\DM& GRPDLQ RI SUHSURWH
FRQWUROV SUHSURWHLQ PRYHPHQW E\ UHJXODWLQJ 6HF
$XJ

(*($ 3 ) 6 2 6+$1 - 1$3(76&+1,* ' ) 6$9%*( HW DO
WZLQQLQJ DFWLYDWHV WKH VLJQDO UHFRJQLWLRQ SDUW

(51, 5 0 ' 5266(// & .,6,(/2:6., $1' 8 '$+0(1 $WRPLF UHV
LPDJLQJ ZLWK D VXE SP HOHFWURQ SUREH 3K\V S5HY |

(6752=, [/ ) ' %2(+5,1*(5 6 2 6+%1 1 %$1 HW DO &U\R (
WKH ( FROL WUDQVODWLQJ ULERVRPH LQ FRPSOH[ ZLWK
ORO %LRO -DQ

),6&+(5 1 $ [/ .21(9(*$ : :,17(50(<(5 0 9 52'1,1$ HW
5LERVRPH G\QDPLFV DQG W51$%$ PRYHPHQW E\ WLPFH
FU\RPLFURVFRS\ 1DWXUH -XO

),6&+(5 1 3 1(80%$11 $ / .21(9(*$ / 9 %2&. HW DO 6WU

( FROL ULERVRPH () 7X FRPSOH[ DW $ UHVROXWLRQ
1IDWXUH )HE
)2&,$ 3 - , 9 6+(327,1296.$<$ - $ 6(,'/(5 $1' ' 0 )5(<0

+HWHURGLPHULF *73DVH FRUH RI WKH 653 WDUJHWLQJ FR

$$



)5$8(1)(/' - - *80%$57 ( 2 6/8,6 6 )81(6 HW DO &U\R (I
RWKH ULERVRPH 6HF<( FRPSOH[ LQ WKH PHPEUDQH HQY
%LRO 0D\

*$5$9,72 5 0 $1' 6 )(5*8621 0,//(5 'HWHUJHQWYV DV WRRO\
ELRFKHPLVWU\ - %LRO &KHP $XJ

*2%$/$ 0 7 %(&.(5 % %($75,; - 3 $50$&+( HW DO 6WU.
6HF FRPSOH[ HQJDJHG LQ QDVFHQW SHSWLGH WUDQVOR
1IDWXUH )HE

*2/" 9 $ $ 52%621 + %$2 7 520%$17629 HW DO 7KH DFW
RQ WKH EDFWHULDO WUDQVORFRQ 3URF 1DWO $FDG 6F

+$,1=/ 7 6 +8%1* * 0(5,/%$,1(1 . %5%$1167520 HW DO 6WL
RI VLIQDO VHTXHQFH UHFRJQLWLRQ E\ WKH VLIJQDO UHF
%LRO ODU

+$/,& 0 O %/$8 7 %(&.(5 7 0,(/.( HW DO )ROORZLQJ WK
IURP ULERVRPDO WXQQHO H[LW WR VLJQDO UHFRJQLWLF

+$/,& 0O 0 *$570$11 2 6&+/(1.(5 7 0,(/.( HW DO 6LJQDO
SDUWLFOH UHFHSWRU H[SRVHV WKH ULERVRPDO WUDQVC

+(1'(5621 5 6 &+(1 - = &+(1 1 *5,*25,()) HW DO 7LOW S
LPDJHV IURP D UDQJH Rl GLIIHUHQW VSHFLPHQV LQ
FU\RPLFURVFRS\ - ORO %LRO 1RY

+(1'(5621 5 $ 6%/, 0 / %$.(5 % &$55%$*+(5 HW DO 2XW
ILUVW HOHFWURQ PLFURVFRS\ YDOLGDWLRQ WDVN IRUF}

+(<0$11 - % $1' ' 0O %(/1$3 %VRIW LPDJH SURFHVVLQJ
PRGHOLQJ IRU HOHFWURQ PLFURVFRS\ - BWUXFW %LRO -
“$1'$ & < - /, & 28%5,'*( + +(51$1'(= HW DO S5HFRJQLYV

SHSWLGH E\ WKH VLIQDO UHFRJQLWLRQ SDUWLFOH 1DW;

.$/,3$71%$38 6 $1' $ &+$7723%'+<$< OHPEUDQH SURWHLQ
UHFHQW DGYDQFHVY DQG FKDOOHQJHV LQ VROXELOL]DWLR
/ILIH -XO

2+/(5 5 ' %2(+5,1*(5 % *5(%(5 5 %,1*(/ (5/(10(<(5 HW
<LG& DQG 2[D IRUP GLPHULF LQVHUWLRQ SRUHV RQ WKH
0D\

$$



.8&8.(/%,5 $ ) - 6,%:257+ $1' + ' 7$*$5( 4XDQWLI\LQJ \
WHVARXWLRQ RI FU\R (0 GHQVLW\ PDSV 1DW OHWKRGV -DQ

.80%$=%., . 7 .,6+,0272 $ )858.%:%$ + 025, HW DO &U\VWD
(VFKHULFKLD FROL <LG& D PHPEUDQH SURWHLQ FKDSHL

[,$2 0 ( &%2 ' -8/,86 $1' < &+(1* 6WUXFWXUH RI WKH 753
GHWHUPLQHG E\ HOHFWURQ FU\R PLFURVFRS\ 1DWXUH

[,/ 5 : '2:+4%$1 $1' : :,&.1(5 7KH $73DVH DFWLYLW\ RI 6HF$
E\ DFLGLF SKRVSKROLSLGY 6HF< DQG WKH OHDGHU DQC
SURWHLQV &HOO -DQ

/8 3 : & %$, ' 0% 7 ;,( HW DO 7KUHH GLPHQVLRQD
JDPPD VHFUHWDVH 1DWXUH $XJ
0(1(75(7 - ) - 6&+$/(7=.< : 0 &/(0216 -5 $ 5 26%251(

SLERVRPH ELQGLQJ RI D VLQJOH FRS\ RI WKH 6HF< FRPSH
WUDQVORFDWLRQ ORO &HOO 'HF

0,75$ . & 6&+$)),7=(/ 7 6+$,.+ ) 7$0% HW DO 6WUXFW
SURWHLQ FRQGXFWLQJ FKDQQHO ERXQG WR D WUDQVODW

1$7+ $ : 0 $7.,16 $1' 6 * 6/,*$5 $SSOLFDWLRQV RI SKR'
QDQRGLVFV LQ WKH VWXG\ RI PHPEUDQHY DQG PHPEUDQF

12(6.( - - +8%$1* 1 % 2/,9,(5 5 $ *,$&2%%( HW DO
VWUHSWRJUDPLQ DQWLELRWLFV RFFXUV LQGHSHQGHQW
$QWLPLFURE $JHQWV &KHPRWKHU 6HS

128:(1 1 $1'$ - '5,(66(1 6HF')\DM& IRUPV D KHWHURWHW
ZLWK <LG& ORO OLFURELRO -XQ

1<$7+, < % 0 :,/.,1621 $1' 0 5 322/ &R WUDQVODWLRQI
WUDQVORFDWLRQ RI SURWHLQV WR WKH HQGRSODVPLF U]

2/,9(5 ' & $1' 0 3%(7=(/ &U\VWDO VWUXFWXUH RI WKH PDN
RI WKH EDFWHULDO PHPEUDQH SURWHLQ DVVHPEO\ IDFLO

3$5. ( - ) 0(1(75(7 - & *80%$57 6 - /8'7.( HW DO 6WU
6HF< FKDQQHO GXULQJ LQLWLDWLRQ RI SURWHLQ WUD:(

$$



3$5. . + ( %,//21'(1,6 7 '$+0%$1( ) /(%$83%,1 HW DO
FXGURQ RI FHOO IUHH V\QWKHVLV RI PHPEUDQH SUR)
VXUIDFWDQWYV 1 %LRWHFKQRO $SU

3(77(56(1 ( ) 7 ' *2''$5' & & +8%$1* * 6 &28&+ HW DO
&KLPHUD D YLVXDOL]DWLRQ V\WWHP IRU H[SORUDWRU\ U
&KHP 2FW

3)())(5 6 ) %5%$1'7 7 +5%%( 6 /$1* HW DO B6WUXFV
DUUDQJHPHQW RI HQGRSODVPLF UHWLFXOXP PHPEUD
BWUXFWXUH 6HS

3)())(5 6 0 : :2(//+$) - 0 +(550%$11 $1' ) )2567(5
2UJDQL]DWLRQ RI WKH PLWRFKRQGULDO WUDQVODWLR(
FU\RHOHFWURQ WRPRJUDSK\ 1DW &RPPXQ

3,&%$5" O 7 '$+0%$1( O *$55,*26 & *$8521 HW DO 3URW
LQKLELWRU\ HIIHFWV Rl YDULRXV W\SHV Rl DPSKLSRO\
VDUFRSODVPLF UHWLFXOXP D FRPSDUDWLYH VWXG\ %LF

5$'(50$&+(5 0 7 :$*(1.1(&+7 $ 9(56&+225 $1' - )53$1.
7KUHH GLPHQVLRQDO UHFRQVWUXFWLRQ IURP D VLQJOF
VHULHV DSSOLHG WR WKH 6 ULERVRPDO VXEXQLW RI (\
3W

5$323257 7 $ SURWHLQ WUDQVORFDWLRQ DFURVV WK
UHWLFXOXP DQG EDFWHULDO SODVPD PHPEUDQHV 1DW)>

5%$9$8' 6 * 67-(3%$129,& . :,/" $1", 6,11,1* 7TKH FU\VWDO
WKH SHULSODVPLF GRPDLQ RI WKH (VFKHULFKLD FROL Pt}
FRQWDLQV D VXEVWUDWH ELQGLQJ FOHIW - %LRO &KHP ¢

5226 & 0 =2&+(5 ' 08//(5 ' 081&+ HW DO &KDUDFWHL
WUDQVODWLRQDOO\ IRUPHG QDQRGLVF FRPSOH[HV ZLW
SURWHRUKRGRSVLQ DQG ZLWK WKH ( FROL 0UD< WUDQ\
"HF

526(1'$/ . 5 ot 02172<% $1', 6,11,1* &U\WWDO VWUX
FRPSOHWH FRUH RI DUFKDHDO VLJQDO UHFRJQLWLRQ
LOQWHUGRPDLQ FRPPXQLFDWLRQ 3URF 1DWO $FDG 6FL 8

526(17+%/ 3 % $1' 5 +(1'(5621 2SWLPDO GHWHUPLQDW!
RULHQWDWLRQ DEVROXWH KDQG DQG FRQWUDVW Ot
FU\RPLFURVFRS\ - ORO %LRO 2FW

$$



6$&+(/$58 , 1 $ 3(75,0$1 5 .8'9% 3 .8+1 HW DO <LG&
OMUDO JDWH RI WKH 6HF<(* WUDQVORFRQ DQG LV VHTXH
PHPEUDQH SURWHLQ - %LRO &KHP -XQ

6$0%522. - OROHFXODU FORQLQJ D ODERUDWRU\ PDQXD
6SULQJ +DUERU 1 < &ROG 6SULQJ +DUERU /DERUDWRU
6508(/621 - & ) -,$1* / <, 0 &+(1 HW DO )XQFWLRQ

LQVHUWLRQ RI O SURFRDW SURWHLQ LQ (VFKHULFKLD F
VKRZ GLIITHUHQFHV LQ WKHLU PHPEUDQH SRWHQWLDO GHS:E
%LRO &KHP 6HS

6&+%$)),7=(/ & $1'1 %$1 *HQHUDWLRQ RI ULERVRPH QDVFL!
IRU VWUXFWXUDO DQG IXQFWLRQDO VWXGLHV - 6WUXFW

6&+%)),7=(/ & 0O 26:%/'" , %(5*(5 7 ,6+,.$:$ HW DO 6WUX
( FROL VLIQDO UHFRJQLWLRQ SDUWLFOH ERXQG WR D WI

6&+(5(6 6 + $ %D\HVLDQ YLHZ RQ FU\R (0 VWUXFWXUH GF
-DQ

6&+(5(6 6 + 5(/,21 LPSOHPHQWDWLRQ RI D %D\HVLDQ C
VWUXFWXUH GHWHUPLQDWLRQ - 6WUXFW %LRO 'HF

6&+/8(1=(1 ) $ 72&,/- 5 =%$5,9%&+ - +$506 HW DO 6
IXQFWLRQDOO\ DFWLYDWHG VPDOO ULERVRPDO VXEXQLW
6HS

6&+8/=( 5 - - .20%$5 0 %277( : - $//(1 HW DO OHPEU
LQVHUWLRQ DQG SURWRQ PRWLYH IRUFH GHSHQGHQW VH
WUDQVORFRQ 6HF<(* 6HF') <DM& <LG& 3URF 1DWO $FDG

6&+8:,57+ % 6 0 $ %2529,16.$<$ & : +$8 : =+$1*
BWUXFWXUHV RI WKH EDFWHULDO ULERVRPH DW $ UH
6&277, 3 $ O / 85%$186 - %5811(5 - : '( *,(5 HW DO

(VEKHULFKLD FROL KRPRORJXH RI PLWRFKRQGULDO 2[D S
WUDQVORFDVH (0%2 - )HE

6(''21 $ O 3 &8512: $1' 3 - %227+ OHPEUDQH SURWHLQ
GHWHUJHQWY QRW MXVW D VRDS RSHUD %LRFKLP %LRS!

6+%,.+ 7 5 + *$2 7 %$;7(5 ) - $6785,$6 HW DO 63
SURFHVVLQJ IRU VLQJOH SDUWLFOH UHFRQVWUXFWLRQ |
HOHFWURQ PLFURJUDSKYV 1DW 3URWRF

$$



6+,+ $ < 3 [/ )5('2/,12 6 * 6/,*$5 $1' . 6&+8/7(1 'LVDVV
RQDQRGLVFV ZLWK FKRODWH 1DQR /HWW -XQ

6,*:257+ ) - $ PD[LPXP OLNHOLKRRG DSSURDFK WR V
UHILQHPHQW - BWUXFW %LRO
6,*:257+ ) - 3 & '2(56&+8. - 0 &$5%$=2 $1' 6 + : 6&+(5

OD[LPXP OLNHOLKRRG PHWKRGV LQ FU\R (0 3DUW , WKHF
HILVWLQJ DSSURDFKHV OHWKRGV (Q]J\PRO

6,1*(5 6 - $1'* / 1,&2/621 7KH IOXLG PRVDLF PRGHO RI W
PHPEUDQHV G6FLHQFH )HE
625=%$12 & 2 6 $ ,5,$57( 5 0%5%$%,1, $1' - 0 &$5%=2 (IIF

GRZQVDPSOLQJ VFKHPH RQ WKUHH GLPHQVLRQDO HOHF
SDUWLFOHV ,Q ,OQWHOOLJHQW 6LJQDO 3URFHVVLQJ
6\PSRVLXP RQ S

67$5. + *UD)L[ VWDELOL]DWLRQ RI IUDJLOH PDFURPROH
SDUWLFOH FU\R (0 OHWKRGV (Q]\PRO

7%1* * /[ 3(1* 3 5 %$/':,1 ' 6 0%11 HW DO (0%1 DQ
LPDJH SURFHVVLQJ VXLWH IRU HOHFWURQ PLFURVFRS\ -

7,$1 3 $1' + ' %(5167(,1 ,GHQWLILFDWLRQ RI D 3RVW WDU
(IILFLHQW &RWUDQVODWLRQDO 7UDQVORFDWLRQ RI 3UR
,QQHU OHPEUDQH -RXUQDO Rl %LRORJLFDO &KHPLVWU\

768.%$=%., 7 + 025, < (&+,=(1 5 ,6+,7%$1, HW DO 6WUXFW
D PHPEUDQH FRPSRQHQW 6HF') WKDW HQKDQFHV SURWtE

9$//( 0O - 6(1*837% 1 . 6:$0, 5 $ *5$668&&, HW DO
UHYHDOV DQ DFWLYH UROH IRU DPLQRDF\O W51$ LQ WKH
- -XO0

9%$1 '(1 %(5* % : O &/(0216 -5 , &2//,1621 < 02',6 HW L

VWUXFWXUH RI D SURWHLQ FRQGXFWLQJ FKDQQHO 1DWXI

9%$1 (5 /$$1 0 3 %(&+7/8)7 6 .2/ 1 128:(1 HW DO ))
VIQWKDVH VXEXQLW F LV D VXEVWUDWH RI WKH QRYHO <L
ELRJHQHVLV - &HOO %LRO $SU

9%1 +((/ 0O * +$5%$8= ( 9 25/29% 5 6&+0,'7 HW DO $ QHZ
RI WKH ,0%$*,& LPDJH SURFHVVLQJ V\VWHP - 6WUXFW %LR!

$$"



92,*76 +2))0$11 ) 1 6&+0,7= . 6+(1 6 2 6+$1 HW DO 7K
EDWLRI YWV< UHFUXLWPHQW DQG *73DVH DFWLYDWLRQ E\

921 +(,-1( * $1' < *$9(/ TRSRJIJHQLF VLIJQDOV LQ LQWHJIUDC
(XU - %LRFKHP -XO

921 /2())(/+2/= 2 . .12236 $ $5,26%$ ; =+$1* HW DO 6\
EDVLV RI VLJQDO VHTXHQFH VXUYHLOODQFH DQG VHOHF
1DW 6WUXFW ORO %LRO 0D\

921 /2())(/+2/= 2 0 %277( $1' & 6&+$)),7=(/ (VFKHULFK
&RWUDQVODWLRQDO 7DUJHWLQJ DQG 7UDQVORFDWLRQ (¢
"RKQ :LOH\ BRQV /WG &KLFKHVWHU

9225+((6 5 0 , 6 )(51%$1'(= 6 + 6&+(5(6 $1' 5 6 +(*'
BWUXFWXUH RI WKH PDPPDOLDQ ULERVRPH 6HF FRPSOH
_XQ

(,&+( % - %85. 6 $1*(/,1, ( 6&+,/7= HW DO $ FOHDYI
PHPEUDQH DQFKRU LV LQYROYHG LQ PHPEUDQH ELQGLQJ
UHFHSWRU - ORO %LRO 0DU

(/77 5 .8'9% 3 .8+1 [/ 67850 HW DO 3URPLVFXRXV
SRO\WRSLF PHPEUDQH SURWHLQV WR 6HF<(* RU <LG& E\
UHFRIJQLWLRQ SDUWLFOH ORO %LRO &HOO )HE

. &./1(6 6 $ 6,1*+$52< - $1'5($1, 6 6((0$<(5 HW DO $ V

PRGHO RI WKH DFWLYH ULERVRPH ERXQG PHPEUDQH SU
H

- 0% (5/< % 7 ' ( %52'(56(1 : 0 &/(0216 -5 5 - 025*4

:$55(1 HW DO 6WUXFWXUH RI WKH 6 ULERVRPDO VXEX

=+$1* ;. & 6&+%$)),7=(/ 1 %$1 $1'6 2 6+%1 OXOWLSOH F
VZLWFKHV LQ D *73DVH FRPSOH[ FRQWURO FR WUDQVODW
$FDG 6FL 8 6 $ )HE

=,00(5 - < 1%$0 $1' 7 $ 5%$323257 6WUXFWXUH RI D FRPSO
6HF$ DQG WKH SURWHLQ WUDQVORFDWLRQ FKDQQHO 1DW

=221(16 0 $1' - / 32327 $PSKLSROV IRU HDFK VHDVRQ -

$o#
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