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ILVW RI 3XEOLFDWLRQ

$FFHSWHG
BXQEXP .ZRQ A 9DVLO\QURWIR}]AQIWUDGHHS . 0DQGDOD 6WpPSKDQ
&pOLQH 'BRBWYDQ +XF ,QWHUURJDWLQJ WKH SRWSIQRM. BDQRI |
UHFRJQUANLBQRPRO &KHP

A 7TKHVH DXWKRUV FRQWULEXWHG HTXDOO\

[LQJIHL :PRMHSK 0 5RJHUV 6LPRQ - 'DZVRQ /LQH /DQJKRUQ 5\D
&pOLQH 'RXDW +LURDNL '6X35D D\QGHODERWLRE RI PDFURF\FOLF S

KHOLFDO DURPRWI FYU RPRBO® HYR/H P

6XEPLWWHG

/ILQJIHL @DLQH ‘RXDWQHV 6LJO 3RVW 6DL 5HGG\ /XFLOH )L

GI(VWDLQWRW =KLZHL /LX 9RMLVODYD 3RSKULVWLF WUXZHL <DQ
EDVHG GHVLJQ RI DQ DU RRIRWLHFL RHRINFE GBIFEFIGD P HU



SEVWUDFW

3URWHLQV DQG SHSWLGHV DUH HVVHQWLDO BELQRE® POHBDYDH\D W@ RD
FHOOXODU IXQFWLRQV $V NH\ WDUJHWV L QDG MWLHRIDWH ZWMAKH B D B
PROHFXOHV LV FUXFLDO IRU JXLER®PIHCGWXJI+RBHWHQ PRE WG H
SULQFUROBWUXJ GHVLJQ IRFXV SULPWKHOWRQY \DP DODQMR D biiF B ALK
GHYHORSPHQW. RI PROBPXOHV: IOLK W EHSWDILSAHEVD G Y BQ ¥ H B8 HIQQ\GV L
DQWLGEBRBHWD SHXWLFG U KF\DHIDBLRKY L QMGR PFRIGBH F XODU VAVWHPV L\
LPSRUMWIQW \SHRPOWLF ROVMMDREGNYDOO\ FRQVWUDLQHG ROLJF
PRGHO V\VWHPV GXH WR WKHLU VWDEOH FRQIRURDWLRQRX AR
PROHFXOHV ZLWK FRQILQHG IROGHG VWR XGRHN ¥ U HDE Y MWIKKH R H\ WD Ul
JURZLQJ DWWHQWLRQ KDV EHHQ GLUHFWHGDWREIWYGOWRKHRY HD'
IRFXV K®XYDDUD VKLIWHG IURP IXQGDPHQWDO PR GKOLY KWWK \WK R
SRWHQWLDO LQ GUXJ GLVFRYHU\ DQG GHYHORSPHQW

,Q WKLKEQDNR®DWLF RRQGMPMIUGH EDVHG RQ TXLQROLQH 4 EH
3 ULQJV DV EXLOGLQJ EORFNV DUH V\QWKHVL]HGHBQGE GHN X G
PDFURF\FOHV DV ZHOO DV SURWHLQVIRB GDWPWW \H S OVRRUIKELLAMEK b @\
SUHVHQWDWLRQV RQ WKH VXUIDFH WR U D®d RROD W H F R&HMEAHFD R
ELQGLQJ ZDV REVHUBARQIEMWHUV GLG QRW GLIIHUHQWLDWH U
ELQGLQJ DIILQLWLHV 7KDQANNVUWRWWHKH RW VKO W RIGERE O WK H
FRQVWLWIXG\WHH BKB\LQV Rl ERIQOBH (GU HERFEMID G MAKLIH GR®/ BQWLDO V
ZLWK RWKHU :PROKF®ROGHNVLIQHG WZR VHULHV RI IROGDPHUV ZLW
ZLWK GLITHUHQW LQWHUIDFHV FRQVLVSWSW LRSIHI IPYDHF ER RFHICH. PO IVE
E\ WKH 5D3,' VIVWHPVV6DQGRBGCQRPSWLGH ZDWHKIHI® W H G H E WHRGY B U
WDUJHW |R&EDWHUNWFWHG SHSWLGH PDFURF\FOHV VKRZHG KLJK \
RI IROGDPHU VLGH FKDLQV 7KLV VSHFLILFLW\WBE SHSWHK IGH \&8 FR
H[FOXVLYHO\ EHQGHR@HRKMX3 KHOLFDO IROGDPHU VWURQJO\ V
WDNH SODFH RQ WKH IROGDPHU VXUIDFH )XU&SK HV RRFMK EBIL QY D
WKH IROGDPHU ZIEWR®LQDGRRRCGLQ OLIJDQG EHWHXRE®Y ZVRKRQ R
JXLGDQFH RI FRP SXQ\®D WLRPKROVWRMBOWY FW Z LW K LD K\ KSHLRIWEH LR H/
VLGH FKDW®&VIRXU FU\WWDO VWUXFWXUHV RI WKH@EFRPH FRXEBW Z
SURYH WKDW P DL ®& IF®DH. R EOMU HQL W W F ROUARY W LRI FRKPES ORIQ G ®LFGH
FRXOG EH LQVHUWHG LQWR WKH IROGDPHU VWUXFWXUH ZLWKRX
GLIIHUHQW IURP SHSWLGH VWUXFWXUH GHVLJQ

,Q FRQFWWHVGRIYHORSPHQW RIDQICE R FRPH QY RQDEOHYV WKH GHVL
IROGDPHU VXUIDFHV 7KH UREXVWQHVV RI VKK IDRSOSEODMAHHGU VKR ® A



EDVHG GHVLJQ IRU FRYHULQJ ODUJH SURWWHIRQ MOGDP KB IH® V

VWDWNMNR EULQJYV WKH SRVVLELOLW\ RI SURYLG M IWVRHAXHRASD O HI
ZLWK PDQXDOKWH@WHKIHHWDMOWY SUHVHQW WKH KLJK SRWHQWLDO

UHFRJQL]LQJ SHSWLGH PDFURF\FOHV DQG SURWHLQV



QWURGXFWLRQ

/DUJHW SURWHDISBVRDHKFHRU GUXJ GLVFRY

3URWHLQV DUH HVVHQWLDO PDFURPROHFX®HW\L Q QXY BRI H X C
7KH\ DUH UHIHUUHG WR GLIIHUHQWZRQIBRCHYDGN]$ 19Q GELLGRIO R QL AIK®I L
WKH\ DUH FD O @HKGI®HD|ORIQNUDLQWK LWWLQJ VLIQDOV EHWZHHQ FH:
WKH\ DUH F D OVQHD® P EVWMERE Y LIGHQOMNOWDYXF W X DR WEGKSHR UBW H
FA\WRVNH®RR QWRQT XBQRADMEOD MRU LRFEUXJ GHYHGORBERHBW DO D Q(
SK\VLFDO SURSH WDLHBAHEB\H Q. &V R BW HFE@®LEKIYQ W\L]H VKDSH FKDUJ
K\GURSKR#KMDWNER QHSRISWLGHR OWKURXJK K\GURJHQ ERQGYV DQ
FRYDOHQW ERQGV DGRSWLQIKDW SWHRHEER PROG L QW I DW/MDHIU QD Q (
VWUXFWXURY SERWBEBY FDQ EH UHFRJQL]JHG E\ D YDRIHRU RI PR
DFWLYDWEKRRQQRWIKRPLIQ WPRGMHO®RZQVWUHDP ELRFKS$ FAKBS® UHD
XQGHUVWPRG W®RIVRD U JHWE SDIERMIER QLD BUA REB DYOHBUILF VWUXFW.
L QIR UPRIWLRQH B B WERHRHFALQLAD@EP WLRQLF UHV LG X HIYURURK BIUIRQV H L (
IRXQUD YGIOMM)IVH PHFKDQLVPV DQG GHY BORSIHLQ QHZA EDPHV FIIJ
VKDSH IURP IODW DQG JURRYHG WR LUUHJXODU HKQWFBUSRVH
PROHFXOHV WKDW FDQ H7KHF®H Y HDQORMWEBRFVENRORRAMK DV WKH IL!
LGHQWLILHG ELQGW) UKD QQDEMNEDD ORG \RSRIW\R W H D OHR WU
VSRWV DUH GHIL QW GTDNYE KH) B URNRIUZN MAKMOIOL OREL QGLQJ HQHUJ\ Z
VXEMHFWHG WR BDQ@IBUDRR QWLGHLMG DV VWDUWLQRBBURW HRUQN D
VXUIDFH URPRYQIQIWRERPSRXQGY WR SUHFLVHO\ WIVXIHWFKRW
UHPDLQV D GDXQWLQJ7WBUYN DRUH LPHDWHDMWKHHAWY WR FRQVLGHU .
VXUIDFH WDUJHWI6RD SR EFRRSQEPHQWDRSES\ DQG HQ WARRYD CAHK@\Y J H
ERQG LQWHWDRFWWHDEG FRPSRXQGV DUH VHOHFWHIGLFKRVPK RVAKHHG Q
SUHOLPLQDWGHWRBWUJR PXOWLSOH URXQ G/¥ H RWKBMHFREXUDO U
PDUNHW D %6 N EHR/I0 LREFRDPBLRMQ G WWRBHV HDUFKHUV KDYH GHYHOR'
EDVHG GHMWDIIPBRWHG OHDG GLVFRYHU\ )%/E DIVOI\GRGQXR HEL VIFR Y
)% > ZKLPKH. GHO\ XINHG WRDG FRPSRXQGV LQ HDU®\'GUXJ GL
IRFXVHV PRUH RQ GHDOLQJ ZLWK VPDOO FRPSRXW® GH BDEN HQW V
WKURXJKSXW VAWHSIDH IGIUNHEGY MKUXFW XUDO LQIRUPDWLRQ LV PLV
)%''> @KHDRQ GLIIHUHQFH EHWZHHQ WKHVBHLWZRHPHWKRGV LV VXF



JLIXUH® FKHPDWLF FRPSDULVRQ RI )%'"" DQG +76 L DAJHO) RIHORD ERKQ G)lvQ J AR YLHY
UDQJH WR KLJK —0 DUHD ZLWK OR¥Z PPROHVFXDDRUQUKHRWRWQ GV RI LPSURYHPHC
DIILQLW\ ELRDYDLODELOLW\

SURWSHILRWHLQ LQWHUDFWLRQ 33,

, QWURGXFWLRQ

33YySOD\ D IXQGDPHQWDO UROH LQ TQUHIPUD \VIOUX EW X EDR/(BLE BRADVSHR
WKH FRPSOH[LW\ RI WKH LQWHUDFWLRQ LQ\MWRI DFKU I3, W\BSHIY
LQWHUDFWLRQV LQYROYLQJ VPDOO LQWHUIDRE\SDQW W RR VW FRH:
VWUXFWXQWHUDFWLRQV ZKHUH WKH VHFRQGDU\ VWUXFWXUHV R
JURMYHS FRPSOH[ LQWHUDFWLRQV WKDW LQYROYHKPRBWIRSOH STt
RI WKH WUDGLWLRQDO GUXJ WDRQHRD @Q HO/HA B & W R GVIWRRY HGH PRER
33,V KDYH EHWRPBHWYV IRU GUXJ G HHEDHRFRIPGBEBNW LRKDEIIRHE @DW W

GLYLGMEZELIIHUH W FORRGMHLRQ DFWLYDWLRRRDO® ZIL@KL EILWE RQV
LQKLELWLRAXHLOWL EBHUV XRFX8SQ GHUVWD GG RUINMKPEGILHY DQG W
VWUXFWXUDO LQIRUPDWLRQ FDQ SDYH WKH ZD\ IRU GLVFRYHULQ
+RZHY38YKD RHWEHHHQ FR DMXGQBUKFIQEWBDGLWLRQDO PMEKHHLQDO

L QW H UWIKEE WRIH W W URVKBRU JH DRG DOVPD O OLQAUBRW VR MIWQLIL|
FKDOOHQIHVL RRURD &K WUDIEHOES LW HIUVDFIKLH RO\ K\GURSKRELF

LQYROYHV ODUJH FRQWHPFW OURD IOBWFXURRYHYV ZKLFK DUH LQI
PROHFXOHV WR RFFXS\ 6WUXFWXUD QQVWKBH RRWORHDN QREZ Q 03 BUD F)\
RI WKH FRPSOUIRWEWEPRQ SDUWLELGSG WHV SIHRMMMYLY IUDFWLRQ



SHSWHG N HROFM&RWE LUHFW O\ DS'S O KR QK RVAERBP $ RE PLWVQ WD U\ UHJ
LV XVHG WR UHS U RG WKH WKHKH WVEIMQEH M GEMARWRHR\QWY E DY HI. F D Q W O\
UHGXFHG SRWHQWLDOOGB XNH MR IWHSHV DEH NAVKGIRAGWWHR Q]HG S
IUDJPHBWQWKHVL]BEG BN WHWRUDFRFERQVMWE ZLYWWKH RULJLQDC
SURWIQIQ WKRDVORZHU ELQGLQJ DIILQLW\ SR MHMIQU L QWKHWY IHD FSHU
VWUXFWXUDOO\ LGHQWLILHG FDQ EH XVHGHDWDD/OWNKWUQ S EBRW C

JLIXUH® FKHPDWLF LOOXVWUDWLRQ RI 33, DQG LQWHUIDFH PLPLF LQKLELWLRQ

6PDOO PROHFXOHV KDYH WKH DGYDQWDJH MRH HEWK IHQR UL RNOHDIM D YRHIO}
RI J)LYHY 5R LQWURGXFHG E\ &KUIADW RIS KP-RD $ F XLCSHL D \KNDLY HQQ R
ELRDYDLODELOLW\ DGYDQWDJH RYHU VPDOO PROHFXWHM DQG
+RZHYHU ZKHQWDIW @RWRIW HLRODXUHDFR O IS F:$ OWH. B @WN B FOGLE V
QXFOHLFADFH GMRRG F D@ GALIGHD \S\BIDW I Q L IS B R QWWH E W HKD V.G H
WDUJHWLQJ GLIIHDBGW RR BH/URK BFIDHY 8 QGVIMWHG FO LD LFMO UHVH
DOKDYHHSRURRIGI FE®WPRGXODWRUV EGEOROIWQ RFDOKWR LREXV RQ
WUHDWRHQWDKHE O'H0 SFRPSRBIY EZHIBBIO\ VWXGLHG LQ DEX&H P\HO
PHWDVWDWE FORMODREIP® WK P RUWXPRUSIVRRHULQ ZKLFK FRXOG S|
IRUPDWLRQ RI FDQFHU DQEBQDERUWF D HF HOOVHSHOD WRERYHDKRIQS L
FHOO KRPHRVWDVHYSIM ¥KDRQHE SAUKRMW HIIGYR DZ K O DIOEMHE IHWIL WIRW
YDULBRVWWUDQVODWLRQDO PRGLILFDWLRQV VXFK DV SKRVS
QHGG\ODWLRQ VXPR\ODW®RK® DIMEHRIHENVEKH CRI VYR RYKNOLFDO W XU Q
D QG WWKHHRWS R WV LSIX3 YV UHVSRQVLE OIHUW K VBKIHR EKR RBLLRU S DQG
/HX VHHIXUH $QRWKHW 38DQJIJHMFHU W U H 2\WP HQWH\D 3% OR Q
%FHOO O\P IKR® D6%F Q@ QWHUDFWLRU H B 8 WIKWARHIHY )XOGIRVS W® \SLWR W |



%FOLV UHVSRQVLEOH IRU SUH Y K QO Qb OVIKW) FHESIOMTR B R \GLU/R W
%+RQO\ SURMKHILELQGLQJ GRPDL F RO\BEIBRMVEEH FKWREU RI
SHSWLGH SRVLWLR QHEH®K AP ¥ HXQE \IRC GISIRIMQRK PR V8K H VX U D F |
RI %FQAJXUH E

D E

YLIXUH[DPSOHKHRSIURWHLQ VHFRQG D UL Q3N VKEOMDMHHBGL © ¥ @ DAEHIEHHQW R® H W
'LIITHUHQW NH\QU RWDYGLEIW H U DFDVELHR@O BHBUH U H Q W URRR® RUNS 3KAHXH /HX JUHHQ
*OX OLJKW BOXHL@OVIBUDFWLRQ 3'%/ %<&5.LGEWMFDFWLRQ 3'% 34

THFKQRORJLHV WR LGHQWLI\ 33,

SHVHDUFKHUV LQ ERWK FKHPLN@IDURGES BRBGRSQUMBOWRH D BWK Y H R P
WZR GLIIHUHQW SHUVSHFWLYHVW RPISIRPEROM/G DR O W RHPWVQWURMAWLY
UHODWLRQWVKULDHEEERORILVWY IRFXV RQ XQFRYHULQJKWKH VSH
PHFKDQLVPV Rl WKHLU DFWLYDWLRQ DQG E®HKVELERVRIQ | L'HQ &MV
FRPPRQ LQWHUHVWYV X Q GWRU \GNIXQ GALDQYY G WIREBIMPHEMU® DNEHWHK HD U H
PDQWHF K QLJ XR® YWHGH L\QV BK B WXV U L ] D SRR & RVH QUDIDERLGR Q
&XUUHQW PHWKRGV VRFKFDWWDB®ORJIJUDSK\ DQIGF FRWVR RSO LIFU H (
FRPPRQO\ XVHG WR HO XF LIGDWH W KDVIROWRW BHRCSREXUUHR/Q P2 FUR V FR
SURYLGH GHWDLOHG \2AK USFBNXSHDROWILRI R P SANVSEREO\E B © QAN

LQ VREOWHRQRH SHUW X UEIDMPLLEEQ QR IV RIKIMYK HD)XOXEIR' X & 8 SIDQBI FLH V
WKH DW\RERDWEWRWDO VW UKFMFWUMRNARISW DEOH IRU TXDQWLI\L
DIILQLW\ RI RQH RI EWKW LWIR V8 DRIYEBKHSNAKLHPRH GSHHQ W K WEDDV L R Q
FRPPRQ WHFKQLTXH IRU LOOXVWUDW®ZKQORJDO VW $RFEHQHL Q O O\
VKRRQH VQBSWRERHCGHOHMVW KH VRIKG MVYRIWKH UPDO WLWUDWLRQ
635 VXUIDFH SODVPRQ UHVRQDQFH FRPRRWDRGRL B SKWIKIRDQ HP H
ELQGLQJ DQIMREMMWAHHQ WKH WZR PHDWXYHYVWKH KHDW UHOH
LQWHUDFWLRQ SURFHVV DQG LV FRPPRDHYBWXEO HR U+ RDRWXHID Q 7
OHVV VXLWDEOH IRU VXEVWDQFHV ZLWK S RIRURZ DBV KROFEOQ 1 U
$QRWKHU @RUPERWNWLRDW W KB URHDDW XUHHPLHDEW H | RIW EHDKEGE EQ W S U R



DVLJQL AKDQWQRIKDIOEY WKLYV FKDQJH LV LQWULQVLF ORZ WKH U
635 DBGR/D\@WHUIHURPHWU\ %/, ZKLFK RSHUDWH RQRLPLOD!
PHDVXUH ELQGLQJ LQWHUDFWLRRQW R YA H O\ DAKHR @ WP MAVRIZE/O 15
DUH W\SLFDOO\ VRONRIUS V] HCB/R GR/UD QB K/K U IDFHHQHUDWLRQ SURF
UHSUR G 56 GEHWN WDLQ GR@W HLQ BRBRJ ®LWL\RGH DRG0 LIDRWHLQ
LOQOWHR@W¥W XARDOILQGLQJ VXLW IVERYWWWE BWHI@® JG BRNDQI JRRG
DGYDQWDJH RI WKH VWUXFWXUDQ G (RIRUSRIRANLIR @ ARR SSOUHR WFHDLQD E H
UWHDUBK R] GHYHQRFRHRUNSW HGRYP IBKRYWQ\DV WDUJHWYV

% LRORJLVSHINHG K Q RDORG ISHD\B ,' VAVWHP

,Q YIMWMORIFPWWRRWGH XVHIXO WRROV DQOBVRES WROFKH® LW R DURUBHX
FRPSRR®GBRWHLQ O0ODQ\ WHFKQRORJLHV KDY HCAHNHQGSIAOBDURBHG L
KXDJH GLPSSIGDGLVBQBLERVRPH GAKBOBRORXDASHOBRZQ DVVDY DV D
VFUHHQLQJ PHWKRG DQG P51%$ GLVSOD\ ZLOO EH LQWURGXFHG

3IXORZQ $VVD\
7KHX8ERZQ DVVD\ LVFBPPREMBGTWR LGHQWLI\ ELQGIRPSBRQWQHU
VSHFLILFDOO\ WKRVH WKDW SK\WHMDORKDXUWHVH VD P WO ZUWKLHW
LPPXQRSUHFLSLWDWLRQ HBVKERMKIKBIEQQRQQD OLILMQ®\ WR FDS\
SURWHILKW JHQHUDO SURFHGXUH LQYROYHV LPPRELOL]JLQJ D EDL
LV WKHQ H[SRVHG WR D FHOO O\WDWH RQ G RPSRXG BEZBWBRU Q J
SURWHAMBMR Z KLJK DIILQLW)\ IRU WKH LPPRE L GEL MG ERILMWMH PIRIORMHK C
ZLWK ORZHU DIILQLW\ DUH UHPRYHG W K URXJ W KHQ ®UR PH\DWERQ
WKH DFFXPXOBPWRWELR ERRYOH[HY IDFLOLWDWLQJ VXEVHTXHQW

7KH UHVEXOMVBBPBOH[ABWUWHOHDVHG IURP WKH VROLG VXSSRUW XV
VI\VWHP DQG DQDO\]HG E\ W& B& QRIUT B$B\ WRFKGIHWQM&LI\ WKH SURWH
IURP WKH FHOO O\WDWH 7R DYRLG IDOXHLDROV LR UYHIND BERGW\WK®
RI WKH EDLW WKURXJKRXWVK@ROBD BH FR @IQ G P/ KLQGLWLRQDO
DFFRXQW IRU QRQVSHFLILF ELQGLQJ HQVXULQJ WXIRW ISWRWHL
QROQMNISHF VLWHY DUH H[FOXGHG IURP WKH DQDO\VLYV



JLIXUHHHQHUDO SURGRGZUH/ RD\SXOO

P51$GLVSWIBEFKQLTXH
7KR51$% GLVSODQWUBERWFREHUWYV D QGV 6DRVVIND R PAM E R QULKIDX\M
KDV BHMWQ® Q GIHYHHIRR/SWIGH S DEMFVERY SULQFLSOH RI WKLV WHFKC
WUDQVODWHG SHSWLGHV RUWRKHN KL ® $H FERYDLOHRUN VL [E R XIXC
$GGLWLWRABDBRAHU RI WKLY WHFKQLTXH OLHV LQ WKH VWWELOLW\
WKH VHOHFWLRQ RI WU LOOQG®W RD W DO H DFGRXQNR PWHIBRQD Y Q WKLHE ISR W L
ZKR¥KHPLFDO RIWUWWKW XOUFH. Q RD F\0) HIDXG IIQUWER¥DOH QW @W\RDW WD F
WKH § WHDBLSAB® RUHVOWKURERVRPH PRYHV DORQJ P51$% VHTXHQG
WUDQ\BWRWHRY SXURRFAXS UBHWIMSKKHR | ULERYROH @QE@GWR WKH &
WHUPLQXWDEIV Q/SRBHNE WL G HL QIRGKRE YHUVH W WDR) \OFHWQLFSWDLVRIQ W
P51$ F'1$XVLRQ SHSWLLEEWSI \EUGWHBH O HF W HGKBPIRIEJ\OW]HG WDUJ
DQWKH '1$ OIL\E WXEW HITXSH@WION G YEV B&EBIWHU VHYHUDO URXQGV
OLEUDU\ FRQWDLQV WK HWXHQ M MBR-FSAMDKERAR Q W MRIH | RQRRMHKVHNY
LPPRELOL]JHG WDUJHW FRPSDUHG ,WRSWHEG GRWNELHP®PMGLHE UL
FRPSOH[HV ZLOO EH UHOHDVHG DIWHU VHYHOBQ @ P%Q%& @RI VL.SIOFX
VHOHFWSHRQFMEBHPI51$ FRPSOH[ LV UHOHDVHG IURP VROLG VXSSRU
F'1$ OLEUDU\ ZLOO EH XVHG IRU QH[W URXQGURRWWIGRIYNWW P51
VHOHFWLRQ WHFKQLTXHV LV WKDW LW HQDEOH YV SURHK H[RRJ ¥IOR E
DPLQR DFLG UHVLGXHV RU VKRUW DELRWLF VHJWHOWRRGN W
UHSURJUDPPLQJ PHWKRGYV ZKLFK ZLOO EH GLVFXVVHG EHORZ

), 7 DQG 5D3," WHFKQRORJLHYV
,Q OARBSRXQG VFRMSFMN@® SHY R 6 KRW E B DHSYULRPBIL V L @ JO B M WXRHW
ELJ SKDUPDFHXWLFDERPS QP S RY MEXEWW BIRFRRUH. FKLQJ WKH
VX EVWDLERHD\WUEGHVHD ESRQRILFDO LWHFKDUIXHWFUHDVLQJ DWWH



UHVHDYZKHHHOQMWLRQHG L QPRIOMHF B BHW REXG®H BUMSLFDOO\ LQHIIHF)
IRWDUJHWL®QR @BHT X HSNWIOEP SOFMRIPHQHZ BREDWIRWWDUJHW SURYV
WUIDFRZHYHU WUDGKDY R Q\DKH SHEBMKGZDMQWDE S URWHRO\WLF GH
D QRS WOHDF N RSI HRUHPOH@D E9IOHL VD \S @ 1S BVUDGHF RGINRW PDWLRQDO FRQVWUDL
WR SHBDWIGRF\POIPGKQIKWBNURSLF ORVV GXULQJ3W & HWHLLRI®LAA\
SHSWLGH P XPYRIFDREBRIEGHG DV KDYLQJ K VBRHUN BHHRELVIDW H V
HXNDURR®OELWKRXW UHVRUWLQJ W RHID A RQNDXILDON LREE M KNG K F H&:
WKH BUPSW GO\ DQ G/ HUMAEMHMLAH PDFURF\G A H\Q BGDEIQRMR W FD C
O D WIHE URIU EHRO L FVB HBWWTIXGIAKABIG[ L]\P HV G H WHIBRRSR-5G3 WBRXIJ D
HQDEOH WKH EXRQG IQRSHEVBDEEIDULHY B\ 0HQIE QBVRMR VO DWLR C
),7 VA\VWSHHOH[L]\BPHM DRIQPIEL$ V\QW KH WIDWHIVORERL $ KD F\ODWLRQ
E\ LGHQWLI\LQJ WKH @fWHQ & KH QIFSIYRVW JLYHQ IOH[L]\RE® 3SUHD
VWDQGDUG BPPE®RMDEHGVRQ WKL NV DLRVWHWE G LQWR BWISQULGH V
W KUHL E R WARUPDHQ V O D WBIHRP@ WV N\BVBBWRLIEHU R F \ F 6 D@ \& H ROQF R/IWHDYWI\E LEN] W K |
W UDQV O DW MRHU B L @ XVDF K OURFU\R.DEFRHARMVESIREGHW DVKHR¥W KHWD ERQG Z|
F\WWHLQH QWYRGXHFHG GRZQVWUHDP §@QHMK P 5B W BHROEEBIH T X HQ F
D SRRO RI PRGROVHIGORBEBRHDHWLF FRGH UHSURJUDPPLQJ DQG IR
FRGLQJFD@RDLFDOVEPE S DG LW HHIEG WRP H QDRURUQRQSHSWLGH VH
FDQ EH DFKLHYHG XQGHU WKH JHQHWLF FRGH UHSURJUDPPLQJ

),7 VIVWHP DV D QHZ WRRO LV FRPSDWLEOH \ZLWHK HRBLI$ GG DV SHI3
VIVWHP 5D QGRPQGRYG 3HSWLGH ,QWHJUDWHG 'LVFRYHU\ 7KH |
WR HQDEOH KLJK GLYHUVLW\ RI SH{GCDVEGGHHY OWERMIBRA IHY) B D B H W
OLEUDULHV HQFRPSDVVLQJ XQQDWXUDO EXLOG L RQEDRFNMW QB
WDUJHW FRPRYQOXVWUDWHY WKH JHQH U D ® HOUHRFWHEGK LDH) [RU Q5/V
IROGDFPHHBSWHWDUJHW LPPRELOL]HG RRHDIRWG BB WWD DIVGWQ EHD/
FKDQJHG E\ RWKHU ELRORJLFDO PROHGIXOHW KDY HQ WXFFHHIWW | OQ
L Q FR U SIRWOPMIRIGIGI\PHHIP H QW V VKR WOSH[$ FoRHG EXLOW WZR VHULHV R
SHSWLGH PDFURF\FOH OLEUDULHV VHUY WQEHIRERP RBQGEBWHV W R
+(&7GRPDLIXH IROSBBWUGH PDFURF\FOH ZLWK: KIQI MKHVQBLQRFPLROI
UDQJH ZDV FU\WWDOOL]JHG ZLWK WKH WERUW KW BH FEWIS \WQ. GHR MIMLE
VHIPHQWY ZHUH KHOLFDOO\ IROGHG LQ DQ LQWULJXLQJ UHFLSUI



JLIXUWFKHPDWLF UHSUHVHQWDWLRQ RI 5D3," VINWHP DSSOLHG WR VHOHFWLRC

)RO G DVDNWWS 1D BW/RI WD U JHWW S IWDRRWHL Q

7R KDYH D EHW W HRUV X & GHAUWXFIZWQGILED QG IGRRIGIRWMIHROQVL Q B E MVQSE L Q
RI SURMMLOFRIOHFXOHV ZLWK KLJK O\ USHJIHKGLRHVE OB WORRN X U H T

IDFLOLW DIVWHH WOUMLRHHUV W U XA W & G D Q J PIRVG DI (DWW KRIDE HBKCHI\R P H Q F
ELRORJLFDO PDFURPRWHERQ 5 BQBP VHFRQGDU\ WR TXDWHU:
VWUXFWXUH MG L®R CFHRRBVED R SOHDIEODN V H B B @ WHHL (H QRBIEG®L Q J

W KSHU R F HRWGINPH DFWLYDWLRQ RU LQKLELWLRQXWEBMRK IDF ER FIKRD
IRO GYVWRRIIH QKW LF L QIR UD U HLRG HD WKBGINWW KRZ QDWXUDO FRP S
DGYDQWDJH RI IROGLQJ WR DFKL H FKHPRY SO/M[RRUB IO BRGEE B DR NKHUF
Q R WHMDU X FW X UHRK BWVRXQEH S URKH. GRYFHSW RI IROGDPBWRIDV EUF
6D P X*HH® O ZIXK® GH LAY SRO\PHU ZLWK D VWURQJ WHQGHQF\ WR
FRQIRUPD®WRRQJ WHKWIRIQIR O GIDWPHKL W MAVHX Q FIH RW LIRDFNER QH V

X QG D PWIQWFHMOE DCANEBHEN H U P VG BW MDXOH FRQ 1L J X U BW YR@GRIP HRD G D
FDQ EH GOWRBRIGDLQ ERROMREBEVRWLF IRPFEFOWPGEHILQI WR WKH IROGLC
%LRWLF IROGDPROBSQKRBHSEOH VLPLODU WR ELRSRO\PHUV ZKLC
GLIIHD®GW HPRW HRPREE B Y KR WP1 R MWH URA

,Q SURWHLQ VHFR®BO U]\ FRQMPAWXRI PRUH WKDQ EHFDXVH RI
VW U X 2\ MRRIRSIBU WRKHHWY D@ECKMXKEBOLFDO VWUXFWXUH LV VWL
ERYBQIROGH DWBR@GHG LKHHIWLE HIXBOL] WXUQ FRQWDLQYV L
DY H UZKIHPK J K WDVECH. JWKKMOMSHREX DHQR Q FJDWRAQELRWLF VFDIIROGV KI



GHYHORSHG@KWHORLFIRRQIRUPDWE\R Q@ RHOBEGMWIG BYG KLVWRULFDO
DPLOR PFILIREISUHSWIZGHSKIRYLGHD QBHDE®H QHG VHFRQGD U\ VWU X
S H S W IMXHR 2AHOE. DKW/ IDOH KVHAXLHR® O PRP IS DRW @ B HMGM KWWKRI DG&EWLRQDO
JURXILQIRPH |10HDPLE ZHBMBO O FHMQ DMWHK RURXJK DEBW X W L G Gl
KHWHUR EDGNERQHI RP#WXGLHY VKRZHG WKDW WKLV QHZ W\SH
DE )LIXUWMGRSWHROGH®D VIVQE FADXUBYSOLHG WR PDQ\9)LVHDVH
DESHSWUBHUBFZ LWIPLQRVIKRAHG FKDHOLEDRONKWUXFWXUH DV 7
ELQGLQJ PISWRWAPWER W FOWHQ@/IKBWHSWLGH EDFNERQHQMR RQH L
OHDG\SMWRWLGKIHVH ELRWLFHIRGIGE N PHUXG L HGWEGHFDENVB R Q FQJHH[D ¥ O
FDUERQRDWH\E UL G L]Q WX RRGHIL@ OO 7 E MWKL WW R DIER/H S W LE H

&RQFXUDHQRRMGDWBENN DGYDQWDJH VI VDERPDBRWFRVWKWRAPQJ D VW
FRQIRUPDWLRQ LQ RUJDQLF ®HQRSP MW XH RIDQGERQNUMOWX WHG X
ROLJRPHUURPWRPRQRIRIUGD VWDE GH PMIQYHRQDO VWUXFWXUH JXLC
ERQGV K\GURSKRE LR WKW IFBE@BE® HRQV L QMMBHDFMMHR@W D SRZHUI:
IRU FUHDWLQJ V\QW K H WK REKRIOWWW X & A W XNJKDIDNV DRI | X QFWALRQD O ¢
$URPDWLF IROGDPHUV FRQVLVWLQJ RI GLIIHUHQW E>XQMDWXQD EOF
PDFURPROHFXOHV ERV \DLAELR LOMXIPHIW RERIX UKBVE ED GWV W) IRUP O
FRPSOH[ VWUXFWXUHV ZLWK FRQWUROOHG VLVBIHH ¥ KIDQ QV RU LHW
SURWHL QP XRUDHFH PISOLHFNLQJ WKH ODUJH LQWHUIDKHRLYVLGH FK
ZKLFK FDQ VHUYH WKH DZRHRY RBRI®¥GINVRIQN K3BYW R GLIRPUHIIW HD Q
ZLWK SURWHLQRJHQLF VLGH FKDLQV WH® DVELGELHD F KADK_HORY RSV IRHMIQHFFW
UHJLR®LSBUWLFLSDENIDG LLGY VKRV HVYLTXH GHVLJQ DRIRFIDEA DR W\
IROGDPWDO®XDEOH WRROV IRU JDLQLQJ GHHS$BIRSIOMW JRWY & DRNUR/
EDVHG RQ WHUSKHQ\O VFDIIROG ROLJRSKHQ\O VERIIROG WHUS
SURMHFWLQJ . KHH\OLEHOPML. CRVRQ D Q GG INRZARWHNHLUAR OLJRDQWKUD QL
FRPSRR/BIGWK UD (LG FS DALGIL G B U ER [ WRERPHILBXUHRUPLQJ VWDEOF
ILYRVLPHPEHUHG ULERR\GWEHMNWZHHQ DGMDF® R WGDPIHIUHY HXKQB W
DV D VLIJQLILFDQW VXEVHW RI VXSUDPROHFXODU FKHPLVWU\ LV
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JLIXUBKHPLFDO VWUXFWXUHYVY RI EDFNERQHVY RI ELRWLF DELRWLF IROGDPHUYV

$PRQJ WKRVH VXFFHVVIX® GOIRE L Q HRSGI @ORROFHUON SULQFLSOH IUF
IDWXUH GRHV DURPDWLF$RO KIREMWPHQHR QRO BD WHKBWVPRVW VXFFHV
2QH RRVW FRPAREBAOGLQJ E)VRWK R PLIPR. QR FIDYHE R[\OZKLFKL G
IROGQWR D VWDEOH KLJKIOOLWWKEWPWHEQD RUJDQKBRQ@RUJDC
ROLJRPHUDHFKKERQQO D GEIXQFMALRSMRWHLQ VXUIDFRIBURERQQLWLRQ
GRXE@QHWDQGHLLWUSPRQRPH®2)VFDQ EH DVVHPEOHG VWDUWLQJ Il
PRQRPHUV RIIHULQJ PDQ\ SRVVLELOIRDIGIQIXYENEHISPFWR/I WKH ¢
LQWUDPROHFXO DG LLPGRAPHSRLY FRVMEIRR 1D @ RROMS®IHP R Q R THKBIVH O HFW U RV W T
UHSXOVLRQ EHWZHHQ WKH HQGRF\FOLF QLWURJH® H Q& W\DKML RQ!
RI WKH DPLGH ERQG WHILHFGQ R FREORIQVRHITDOB © M@WAD R R U RWZ R
KHOLFDO WXUQV ZLWK D SLWFK RI WK HXW KWKH-ELE BOWKIRGIRCRP D WR P
SDFNLQJ ,ROKHRAMHIR/ IROGDPHUV EXL@EWLIQKRPRENMH UMM KHIR
FXUYDWXUH GH S H GWEMHRWANM®\QFRE/INMURIDHR Q R P AKWD P L Q R
TXLQROLQHFDUER[\GIFUBFHR® WRQRBSOLH E\L QHRWBOR BRKW ®HG L D
ZLWODUJHU GLDPHWHU VL QWKEH DVXGWIBI Q PO DELEWD DHHOQVF WRRU
UHJX®PUQR TXLQRGGHGH W DRMDO @K H D PLLV\Q RQWRRS XFR\GLWLRQ W
DQ@QIWHDFKHV CQOUBRHJ\VWDO VWYUKBAXR@MH J RPRIQN GVIW
DPLQIRROLOMUER[\ORRUPELGHD® URG

'XH WR WKH IROGLQJ SURSHQVLW\ RI DURPDWLEHRRGDWHGY WK
VLGH FKDLRVH AOIFKOWR[BRVHHBROYHQW 7KH FKRLFH RI VLGH Fk
VXUIDFH HDVLO\ IDFLOLWDWH WKH VZLWHRRIXYJPRIGWKPH @R E L O L
YDULFHSWRRIHLQRJIHQLF VL & KFFKHDAVQ X CKANYLAR BF-BRE W FFRRUOR W K H

TXLQRIQAIZEWK WKH DLP WR UHSURGXFH WKH ®I9GH FKDLQV SDWW



JLIXUBP &RPPRQ EXLOGL®2)EDRFSV5IRUSUHVHQW GLIIHKEHQWENWEH FEE LDV
W H U BLHQLH UR K B HAX U WDRKHX O%ID RESP R Q R PDIQJOIRE [L BALR LMK H D U R P DML QF HE MFKNHE VG H

FDUERQ LV IUHH WR URWD® HKH® W K R GRG/LHQUID 19 OTOFINVERGR VRN RROHY R A EDIR LV
FKLUDO LUMKHGOX-HWKHO RO LIRTXLQROLQOBQIWKBOKEHD G R HGLWWHLQ D UDWLR LQ
+HPI2)WUH DFKLUDOS RK MHBWR/ KRR J H QRLHB LIKKOWY/EHIGH DLJ G

W KOHHK VQ GH GK H OH[[LVW MDEHAUL E UL X P> [9Q D\DR OSONIDRRHW HUV L QIO X F
G\QDPLRWHUFRQY H 3DIQBER HEOHEK RMMEHTX MKOFBMK RUWE UI K RO IKHO L |
KDQGHGQHVVQ @KHUVD REHBSRMPHYWR| PLQOXWHDWREWDPAU RI
KH[DQH FKORURIRUMRUHRKMROWULW)\ RIOWRY YIH YW UR@KHIIHFW
KDWILPH Rl KHOL[ KDQGBRQHNYV V@BKNMEER KW TXQBRQUGRHQRQ L'
HTXLOLEULXP LQ $¥RWHROIFRCQRIHBPLQRPHWK\O $WURE QWK UKH LG
J)LXUHD KDEFHHQ GIMWRUQI@H[LEWRLWKH KHOLFDO EDFNERQH RI Wi
&RPSDAUMGRRQRPHU WKRHX@SRVLWLRQ RI S\ULGL @H \I R FXWH RLKEHD «
E R QWGH D GMBQRB X FK  BIVKMHUQIW H U F R QWHHTUXVHUBBHRALRQ REZHW K UHVSHFW
WR WKRVH GH\SIO IEWRIBPHFXHQFHY HQDEOH WKH XVH DV VHQVRUYV
FKLUDO VXEVWDRLQ@F KD QG H G HQER DM DRX'E Q FR U S RILVD MILKDS
DURPRWILFRDPLGHLEW PORRRYSWKHOL[ HTXLOLEDQ®BM GVRHRQ HZ L W K
UHV S MAWM \R RIEAMUAVWDO VWUXFWXUH RI DIBES KRQIOOQEWGE QRDIP S K
FRXSOH& NWUH. RHEW DR QHIE@YBEKLUDO PRRRMWLIF U %R B QCRP H U
GHULYLQJ DPR®RSKHQR[\ \DKFRIZMK®I @WLWDWLYH KD QGCHRQHNVEWELD
ZLWRKLUDOLW\SKBRPRWGCO@KMRRQRFBIQQGHHQFRUSIRUDWHGLGGOH
RI VRHVHTXHQKRHEIKHWKH DG YRQOWHIXH QWIR IBHWLIQRP WKH UHVWUL



LQFRUSRUDWLQJ WKH FKLUDO PRLHWS DW) MKHW B U WREKE RI W KH
PROQRRIKUFK LDGDPMRR BDFLEGGG L WA R Q. EORERYF N E R D K EXWAR P H
D QRIDD4 PR Q R RIIDWR EQ BM\U W XNKEHLKOH O LFE@RE@ ROLIJRPHUYV

2Q0H LPSREWBIQAVD® X$PH VRY MKW UDLJKW IR U ZDKURSD MQQDMKH ¥ D) E H
HORQJDWWHGSEUVMMWHUDWLYE® DB O XKD RKHWKIRKNFEO PEFLGH DFWLYD
ZDV FRPPRQO\ DS S OIRHG DRHGHR ERWIGR RYPOVOLRRORULGH LV RQ
FRPPRQ UMPSERWRARUP WKH D BEIGHPK 6 BIDLGHXEYWKH VWURQJ DF
DQBHOHKXYEBURIJHQ FKORULGH DUH @MW LRP S D W WHEMRM RGN B HIRFUIS
VLGH BSRRVOMBDWMWREHEXW\OR[\FDUER Q\R FB QB RMADRMMORIU RK S
*KRVHIHD XDQWEHHQ F@ FO\OHADHDR) MRWLLPY 1D FH. G LA/KIO R U DG®E KR RQ\BW WQ R Q
LWV XVH UHTXLUHV VWULFW FRQGLWLRDWLPHWK WR EWHPIRY \M LD\
*KRVH]TV ZMWKHIZWVH WKRWLAHVMEQW ZLOO UHDFW ZLWK WKH D
WKH VHTXHQFHY DQG SUHYBHQMZ GJILFUMWEKNUZBRXBO I$QJV V\QWK
UHTXLUHG

3HSWLGH VIQWKHVLVY LV QRZDGD\V SHUIRUPHG & B HEWWGE B H KK\
VIQWKHVLVY 1REHO SUL]JH LQ WR %UXFH OHUUHILHOW SHE® K
VIQWKHVL]HUV DYDLODEOH RQ WEKWWKRURBWO 7UHR WHW WR G X FW RI
FKDLQV RI DPLQR DFLGV DQG WKH GHY H CPROS\PHIQ W/R R NR EBMIALQI R W
FKHPLFDOO\ VIQWKHVL]HG SHSVSR2GEW R SR K EEKIRSIN H QWX RAJEER/PLHHD
FDQ EH DH\GVHREDR Z L GU WKRIQSOREIL G @38RQYRIKDLQ HORWRIPIM RE) W
DPLQH RUHWRXOELQROLIM SRRUO\ QRPGHRSKHONFIURP VWHULF
GRQVHTXBQWWOJIRQJHU DFWLYDWLRQ RI WKH FDUERRBWRHRDDROLRZ R |
KLJK FRXSOLQJ DI ® @®KHUHIRUH WKH SRVVLELOLW\ WR VIQWKHVL
&RUYDHWLODYH UHFHQWO\ DFKLHYHG KHOLFDO DURPDWLF ROL.
FRPPHUFLDO SH S VELBGD SWISBSH\DLI\H @ HD E WIORL G FKORULGH DFWL
DQIGNHUDWLY H IS URIPHYW PIRVWW RB® VROLG SKDVH VIQWKHVLYV



JLIXUHIHQBY)BOVROLGIRRBDYDIPHU B\ORWKRIWNROY GHYHORSHGVRO DUWRWDWLWLRELJIR
YHVVHO 59 UHDFWLRQ YHVVHO

$SSURDFREW MW QDPIFWXUDO LOPREGRPOWLRQ
SURWROGQGDPHU FRPSOH]

7KHKLJKO\ SUNG DFW DBDORMKIH WOMIERBLEKDLQV HQDEOHV WKH GH\
FDS D EIOHVRIQZL AWK DDMRIN SURWHE@ PXQ MOFHERQLF D @MKUBEMVHYV  +.
FRDWHG PHWDOORHQ]J\PHV FDWDO\]LQJ WK H DIQQGN B UFRGGYRQNWRI
7KHUH DUH LW\SARRMWD/QRPHUV ZKLFK DUH GLVWULERW®IG DRQGF\W
PLWRFKR&®®LD HVSHFLDIFAWX FEOM\WROH LQ PRGLI\LQJ GLVHDV}
JODXFRPD HSLOHSV\ HGHPD KLJK DOWE®SXGHWHPNRGNRYH DQG U
FREU\WWDOOL]H ZLWK OLJDQG FR QRDP LG HQPHRMZHIKHELY D WKR DQ G
QDQRPRODU ELQGLQJSRIF KGN QWRI WKHI KFIWXUDO GDWD EHWZHH
IROGDPHU&S [BURWHLQ FRXOG SURYLGH XV YDOXDE O®LLDQREUP DV
GHVBURWHLQRBKRDEO W IEGHGHVGEHOR RIMBHES VX UIDFH Rl VKRUW RO
DWWHWRWHSORUH VWUXFWXUDO LQIRUPDWLRQ EHWQ@HHQHROGDF

+RZHYHU ZLWKRXW D UHDDRQSEDFHE LG Z R 3 GXSDEGHL B/LV W B X QWA (
SRLORW IROSWDARPWHLQ L Q@ HWHLRG HR XU DWW REDYH ILUVWO\ FRXS
VXOIRQ\OEHQ]DPLGHWHRILFRLDIOMDYW RREW DQRORBPRODU ELQGLQJ EI
$2) VHTXHQFHV DQG UHES\VWRID VWU X FRXE BARRAS OWRE H GQW K D W
DURPDWLF ZRDE FORYH SUR[LPLW\ WR WKH SURWHLQ VXUIDFH Z
OLJDQG

$V LQWURGXFHG YRR3R EDMUF KRIOEGBEFRMHRYDRED QG FRQIRUPHUYV

LQWHUFRIQY MMROBBMBLR BLQGLQJ ZLWK WKH SURWHLQ ZKHQ RQH
HTXLOLEULXP ZLOO EH ESDOHDA WRFRQMH GLUFRXWDLRB @GLFKURLVP ¢



QP FDQ EH UHJDUGHG [RODBDAHQ RYEH BEFRMERESH R WHIIDVG RHV Q
DEVRUE DERYH QP WKXV WKH RFFXUULQJ &' EDQGOLQ@LFDW
EDFNER®® RDPKMYVHIKUKDY IDFLOLWDWHG D SUHWRRQQW/IRNVFUH F
ELQGL@G WKKRBHD J WK HR N F LRCHZDHG B DQGRGE Q HV WRID YHREP\BIORHQV H
ZLWKLQ3GKHOL[ ZDV IRXQG WR KDYH KLJKHU DIILQLW\ IRU WKH S
& DERYH > QP

JLIXUHD FKHPLFDO VWUXFWXUH RI +&%,, OLRDQOPHHQHRUDWOWVBERFEROBQ R I1VQ GID Q|
SRVLWLRQ RI TXLQROLQH E VFKHPDWLF SDERQUBLYRBRUL@IOXVWUDWH KRZ &' VLJ

6LQFH VKRUW \RHDTOGHIDFAKH @ LFOLQVH GV X U | D F H REDWGHDIMHIR WX SA-RMAH L Q O
QHHGHG IRU H[SORULQJ «RYHMRLY SFOR \Y R DQ QX RIDIAHR P RBW VKR ZH
D QGFR Q| R ULRHNWHU F R BT X HRGPV PRRIDFH Q LW VW bl HWM WHK®IJ IRO G DP H U
QHHGV WR SRVWHWXWV V¥ KU PP RQOHRPEHIOH. W KIHQUA-R B SIRQWD B 2K H
VHTXDQEWBERV L\ QWEM VXOWK\EULGY VHTXHQFHV 0D BIRRIR X UW H F
IDVW KHOL[ KDQGHG @HWW R QW HIQPLIRGR GPRIQ W K L ¥ DLQIRGED® LR Q
KDYH VXFFHVVIXOO\ FU\VWD O O I3]H 6\ BUKLHG ¥ R ARD G BRRLVAE. ®IQEWQ G
VHH ;WHORU\VRVD PHBURWHLQLRRBREOH[ ¥FKH VWUXFWHKWHQKNRYHG
SURWRIQ@DPHU K\GURS KREG F| RFOREDMEDEFBANU L Q8\OHHY BAPMKRHG O\ W
SURWHLQRJHQZ R WQHR-IS FFKHRG 924/ X U IDEWW H D G H &Y REZ WEBL QRO Y HQ W
DQG IWKMAMVERVLWILE@® QMR RW KJURUBEDEMHQ E\ VKDSH FRPSOHPHC
K\GURSKREBEJHKMWQRMKEOL] VWLOO SUHYDLION XISRRHWHRP EQ8BHQY
EHWZHHQ IROGDPHU DQG SURWHLQ DV ZHO QVDM MVMKRIUK\ GURR § K R €



ELQBBPSOH[ 7KLV VWUXFWXUDO HOXFLGDWLRQ KRIEHYWKHERXC
SURWRIQQGDPHU LQWHUDFWLRQ VLQFH WKMHWIROGRFHUD QG W K W \E
EHWZHHQ IROGDPHU D QXGOSVULRPENHHDWLWY W IQIRKIVL Y KR I XOILO WKH E
SURWXUDIPMKRXW WKH KHOS R VX OUW® \UTEMIQY B FPLREGL PLREIDAML\RE) R
VLGH FKDLQV RI TXLQROLQH XQOQWW RTBXEWBOWMWHG ZRUN ZLOO E

JLIXUH%XLOGLQJ EORFNNURVWPO W WQBFWXUH RPb PHU TKMHGVX&MDFH RI SURWHI
SUHVHQWHG LQ JUH\ DQG JUHHQ DUHDHYUFRW K HVWKHG DREIH3R H K\ GBWMRS KR FH. F  JADFOR
/JHX 7KH IROGDPHU FRORUHMWVQSROGW IDQUGW R RRKGIRMDHIEHGH R1 SURWHLQV



2EMHFWLYHYV

7KLV WKIPHBYWRQG RXU NSURADMIEY 5 HRS W L G H $20) W OR\FHN EIDEHGV L R Q
WR JDLQ VWUXFWXUDO LQIRUPDWLRQ RIQW KH JRRGX N QR DO HELIQD E
PRGH RI LQWHWZRWCPPEEYLYHQ SURWHLQ FRXOG EH HYHQWXDO
VXUIDFH DUHDV LQYROYHG LQ 33, 7DNLQJ LOQWRXRQRQGHBB U\ |
FRPSRVHGDRIGPRQRPHUV ZHUH VIQWKHVL]HG YLD VROLG SKDVH V
VLEKDLQ FRPSRVLWLRQ DQG HODERUDWH ORQJ $2)V MKRZLQJ J
VXUIDFH

&ODVVLFDO ZD\V Rl VHOHFW [FR@ ® HQUK & W VWIRUGYNIHE IR (SYARIVS U@ W |
WDUJHW DQG WKHQ XVH D FRPSRXQG OLEUDU\ WRUWF DHRH)J BRYVS F
FDQ EH QRZ HDVLO\ DFFHWKLIEDNK BPRX W IR FOOD/EIRRI® WRE3)6 DQG D
FDQ EH GHFRUDWHG ZLWK SURWHLQRJHQLF RU DELGDWH W MGR
UHFRJQL]H DQG ELQG ODUJH SURWHLQ VXUIDFH MHHYMHVR®JIWWH
FRQFHLYH ORQJ KHOLFDO $2)V FDUU\LQJ GIWR UNMH GREBB\FKIDER
SURW H L Q¥ UZIRVK\RXGH VATKKE LOHQ JW K RIVI ROFGRLMHWDO IDFWRU VLQF!
FRXOG RQO\ IRUP OLPLWHG DUHD RI LQWHUIDWHK HZ IGLLOIH. FOXRQ\I\ V
VIQWKHVLV $IWHU WKH GHWHUPLQDWLRQDR | DO REDADW MR O H\OQK VR
SURWHLQV LQ VDKE& DRHXOWD O\ 8 DRINFHYG@EBIEGR ZIMNMD\ VHH FKDSWHU
HQDEOHG XV WR VFUHHQ RYHU WKRXVDQGV RI SOFRRZIPLDVAIDQ G L C
SURWHLQV ZHUH FRQVLVWHQWO\ REVHUYHG HI[$[WHVNRRQLBEG
VWDELOLW\ LQ WKH IXUWKHU ELQGLQJ DVVD\RP[BHYLWHRY \S UR WY
5DG> $1$ ELQGLQJ6SWRVIHIM®KH FRHQ]\PH 4 KRPROR®ZBURWHLQ
VHOHFWHG DV PRGHO SURWHLQV VB8R R M VKHDNHWEHH L Q HEGWI@L DK D\8
DURPDWLF IROGDPHU KHOL[ LV D&ERZQ DO/ VDR LZK WK H 15 DFMR XY P @ G\
W RMHZKRD QGHGQBBM QD QWLRPHUV DJDLQMW WLSRWOURF B U@ MAHLLRYY \
RQ WKH VXUIDFH RI D SUH\ SURW KE QQ G HQV KIRI X IO DROEEHHOZH] B QG L |
VLQFH WKRIB\DQGPOWELFHY LV GLIIHUHQW DV PRW ERQ G.P@JI HD WD \H |
W XHBPR WLQHWLF H[SHULPHQWY GXH WR WKH SRVVLBILODWGWR L
RQ WKH VHQVRU WLS DQG KDYH WIKWHHS URMFH HY \LIX &/ ROKKLWWIDROQ + 3 ¢
LQ UHYHUVHG SKDVH3PRGH QB RRW REPHUNVEBRDEGEG RQ WKH 6$ Vi
WLSV DQG ELQGLQJ ZDV LQY RMWKASIHIDW/HHLGY I/ QL @K H RBHAHHEQ B E RRIH
QDQRPRODU E L QS®LAGKHION K FFFROW R URIDG\BFEY MWV HY KLIJK ELQGLQ.
WR WKH SURW HRL\QVROWRD OROWMAHU DIIHFWV WKH FHOOXODU OLI|

5SHVHDUFK RQUSKDSAWLIRGOHYHG UDSLGO\ LODQIAW K HS DRAX\VG RF DL@MV H U |
SKDUPDFHXWLFDO FRPSDQLHV 7KHLU PHGLXPG/WRA HY G HQ WHHFWC



ZKLFK LV XQSUDFWLFDO3ZS&W KGHD ORVRVRION FX RH\D G YRQ WB OOV R
SHQHWUDWLRQ VWDEOH PHWDEROLF 3 PRISHIQEBNSKWDWQICGERZBDR
QDWXUDOFBABQRIMMMINQGDUG DPLQR DFLGV>HFKIHE X WHQRIY HOH B.J WPSH
HQDEOHV W51$ FKDUVIWPRBIDVIG WRHQRRDFLGV LRDKY W FR QOBHVDR €
VIVWHP DQG P51$% GLVSOD\ :LWK WKH KHOS RISDERAH\® HRU WRHB, '
VIVWHP ),7 DQG 5D3,' VIVWHP VHHG H\BDDQWH)FEQBYKEEGW D
VXUIDFH FRPSDUDEOH RVR BPARDIE0RE MHERHDEY RIKWKHYRUH WR FK
WKH 5D3," WHFKQRORJ\ E\ XVLQJ D KHOLFDO $2y HIDH PWWDHS\M IAC
PDFURF\FOHV DV JRRG $2) ELQGHUV 7KH DUUDQJHPHQW FROQ/LGH
EH UHSUHVHQIRHLQ \WHE GBOWBH HG IRU WKH GHVLJQ RI WZR IDFHV
VROYHQW XIROK ZIDOWRKRUIQM GG WKH RWKHU)IIRX WEBKREZM B Q@HFR
H[DPSOPHRI FU\VW DO &NWYUHUDDXBHSWLGH PDFURF\FOH FDQGLGDW
VI\VWHP DJDLQVW WZR IROGDPHUV ZKLFK VKDUHG GAKIH WH® H QV\ S
WKH SRVLWLRQ DORQJ WKH VHTXHQFH IRUPLQJ WEH HLD UHBLHHE W
DV D QHIJDWLYH FRQWURO WR WKH RWKHUH Wb HFHDZ WH1 TRA V@ K H VL @
VIQWKHVEJHEGDQE DIILQLW\ WR SHSWL G PD AURFVED W@EWB XHEH D V >
WKDW WKH UHSODFLQJ WKH W QWWEBGHQWRL G H DFFKIDA QF ZH. MHKF RIWRK®
DIILQLW\ WR WKH VHOHFWHG SHSWKWKHP BRURBB GIWML K LRFFIKIRQG
GUDPDWLF HIIHFW RQ WK HWKHEWBEQHRP BURKEVWWDEOH GXULQJ
VHOHFWLRQ DQG WKDW WKH VHOHFWHG SHSWHEEDN WHIRWRF \F O H
GHWHUPLEISGD QW HEMULW K YDOLGDWH WKH VSHFLILF ELQGLQJ QD
VKRZHG VLJQLILFDQW ELQGLQJ GLIIHUHWYPHX BHWEBHR AHTW H G F\i
LQYHVWLIJDWH WKH VHOHFWLYH LQWH UDFWLRKD PRFUHR E HVOHVHDUH
FKLUDO VXEVWDQFH ZKLFK PHDQV WKDW WKHVHERKRIEQ DWVRQ ER
GLDVWHUHRVHOHFWLYH

%DVHG RQ SUHYLRXV ZRUN RQ GREFUHAW RXS EQ WHHUI@®RG WR SD"
WKH ZD\ IRUEDWHEFOWWIHQ RI $2)V WLIJKWO\ ELQGLQJ WR D VSHI
EHFDXVH LW LV HDV\ WR FU\WWDOOL]H DRGGGPRPRHVIFLEOQF HDW D\
ZLWK D QDQRPRODU+EBFRXDIGOARDBIG ®D U JHTKXURBR DM RIDAESRQ 2
WKH DU\OVXIRQDPLGH OLJDQG FRXOG BAR QWKW KSHJ RRAOHALEP\W X ULl Q Fa
FU\WWWDO VWUXFW XU H R@XB P & D WRPG RH [SUYRWHIOHG D KLJK QXPE



JLIXUH)URQW YLHZ OHIW DQG WRS YLHZ ULXILKIR OR.IQFHUTRARI DR B/URIDHFQNV KR ® GR Dt
RPLWWHG IRU FODULILFDWLRQ VLGH FKDLQVVZHWKH DIWAEINLIHRE QD ® | UHLSGH VK
GLYLGHG LQWR WZR IDFHV DQG WR IDFLOLWDWH WKH GHVLJQ

FRQW:KPWWZH ZDQWHG WR DFKLHWHKL\GYMKHYILWKHDFRWEBVHRQFHLY
HQRXJK WR VDWLVI\ D JRRG ELQGLQJ DIILQLW\ WR +&$,Y PDLQO\
7TKBHVDDEXKRREAWLGH FKDLZDW HWWWIUBRE@®$IGD VSDBFEHIHFHQWO\ GHYHC
FRPSXWDWLRQDO DQDO\WLV WRRO IRU WRSR1LHYVIKQUEDMKH DSSLC
IHDVLELOLW\ ®DVHBWREWKH SUHYLRXV FLRQGDPHWWRRFAESOH]H PR
DUHRMVWKH SURWHLQ VXUIDFH DUH REVESURSRVID\D VU HD R R BHOGH EV
&RQVLGHULQJ WKH IOH[LELOLW\ RI KHOL[ D @X s WRISKERBNDIW LR Q F
ZLVBR X QLW QEM GO MRERGGHEMXLFDOODXYHG/WDO VWUXFWXUH
WR DQDO\WH WKH QHZO\ WDUJHWHG SURWHLQ VXUIMBRH.I@WHUL
IROORZHG FHUWDLQ SULQFLSOHV VLQFH ZH ZRX®E& CROIGIDWRUSU
,QGHHGKMXIFDO FRQIRUPDWLRQ RI IROGDPHU ZD\$ N WRZQDWR IDY
7KHUHIRUH WKH LQWWRGKIFGY MRRQ VFDIWOL VKLY ® IDENQINRRE DVURG W K H

KHOL[ :H KDYH LQWURGXFHG WKH QHZO\ GLVFER YHUHS IRIOGH FKD
VHTXH@®MG VRXJKW WR REVHUYH D FXPXODWLYH HWIKH \E LRIGLRLUV
DIILQIRWADWKHU ELQGLQJ DIILQLW\ GDWD ZODRHVWQEQ B DIYRXO E
VHVE D IOXRUHVFHQFH VSHFWURVFRS\ H[SHULPH®WVWEESUWRHVN
RI WKH IROGDPHU VHTXHQFHV ERXQG WR +&$,, UH YUHDLAHDGV WHRQE H
RI WKE\.GLUHFW ILWWLQJ Rl WKH NLQHWLF RXWNovyHV UHFRUGHG E\
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Figure Sl. Solid phase synthesis of foldamérand2.



Figure S2.Crystal structure o. a) Helixhelix contacts mediated by hydrophobic side chairf&s@nhd G or QP%. b)
Helix-helix interactions mediated by salt bridges betweéd® @mmonium groups and @ sulfonate groups or &
carboxylate groups. In a) and b), the relevant side chains are shavie irepresentation. c) Overlay of the main chaiixhel
of the four crystallographically independent molecules found iaslgmmetric unit.



Figure S3. 10% SDSPAGE of captured protein samples eluted froagnetic beads.



Figure $4. Volcano plots showing the significange D[LV R @R&) versus the enrichmentgxis, log fold change) for
each identified protein. Purplerange, green and cydots indicate Rad52, SGNCOQ9 and MUD2proteins respectively
Plots were obtained froa) 1%, (b) 2" and (c)3™ pull-down experiments with foldamér respectively.



Figure S5. A Venn diagram showing the number of proteins that were enriched (faldeh€.00) when thioldamer bait
was present. A total of 74 proteins exhibited enrichment across aletkpeements.

Figure S6.Scheme of the chiral RAPLC separation of thB- and M- conformers of biotinylated helical foldam#&ron a
chiral pack QNAX® column from chiral technologies (Daicel)sing isocratic conditions composed of SO in a
trimethylammonium acetate (TEAA) buffer (150 mM, pH 7.21) (30:70), at\a flow rate of 1 ta mintwith a UV detection
at 300 nm and a CD detection at 375 nm. The peak marked @itkars correspond to column impurities with no CD detection.
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JLIXUH%6, DVVHVVPHQW Rl WKH EDQGIRGE RLFPREWRL]HG RQ VWUHSWDYLGLQ VHQC
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SORWWHG DJDLQVW >6*1 @ $ VHULHV RI WBRYROMLGLONXRR R Q WRA HYRIHQUDND @ H U
NLQHWLFW R6*ERWRG6*1 LQWHUDFWLRQV ZHUH FKDUDRBWDQG]BGEVENR BDBWGE RIV \
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DV D IXQFWLRQ Rl SURWHR. ODRR © K HQWUBTKIRQL R Q

YL :~*“+20%; :wpE, ; Ez™J2

z0
ZKHUH 1V UHSUHVHQWY WKH VORSH RI WKH ROQ Q@ KD VR ELRGH QW HHRHIQW VCBRE G B
UHVSRQVH



JLIXUH %/, DVVHVVPHQW RI2WKW3E LGB QI DRAEAG LPPRELOL]JHG RQ VWUHSWDYL
7KUHH GLIIHUHQW RRQEHQMW DMVWRRHG/ RI &WR Q0 IRWHEBAK/ ARKRRXWYEGS ¥ DV I}
WR VXEWUDFW WKH EDVHOLQH DQG D QUREEWEKLHUR WRZ YRA BRL\M KW KHWIUEHASHADFHL B L } Q /S



([SHULPHQWDO VHFWLRQ

ODWHULDOVY DQG PHWKRGV IRU FKHPLFDO VI\QWKHYV
*HQHUDIHPLFDO UHDJHQWY ZHUH SXUFKDVH®QOGRP FRERIOHD FLD O
DQG 7&, DQG XVHG ZLWKRXW IXUWRH WISXUQIRAYWLRDQ XREZ FORDGH
ORDGLQJ " PPROSXUFKDVHG$OURPLBKLIPBLRWLQ\ODPLQR@
WHWUDR[DSHQWDGHFDQRLF DFLG ZDV SXUFKDVHG IQ&P ,ULV
GLFKORURPHWKDQH '&0 ZHUH GUL¥G IRAREW RSVOH QIO G RPXPH V',
GLVWLOOHGWRRUWWDXVH 6ROLG SKDVH VIQWKHVHV RI IROGDPH
YHVVHO PRGH XVLQJ D &(0 'LVFRYHU PLFURZDYH RYBQ HU3Z& UHID
XVHG IRB/&3DQDO\VHV D Q&3 83&LDICAAN PREQS X WIHUFDMHWIRBUPHG ZL
-$6&2 +3/& V\\BWHPV3OXV 8930XV +9 DQ$® 30X VWD ROUW\WLFDO
+3/& '* 38 30XV DQG3®XV IRSUWISPUDWLYH +3/& PO D
1+2$F1+2+ DGMXVWHG WR S+ HVROHWR@LY URQE SXROYHQW %
PRELOH SKBV&HDRDO\WHV ZHUH FDUULBEHRXMW RMHR ®BB K&HUHTHF F

i PP P DW D IORR/PROYHHRBUHSDUDAVBLE 5%BLILFDWLRQV ZHUH
RXW RQ D UDRKWUHXFOHRGXU & +7HF FROXPWORZ HDPPH
PLQ(OXDWH IURP FROXPQS8ABHWRBWWREH® G\ QP XVLQJ D GLRC
GHWHFWBHVROXMWLRQ HOHFWURVSUD\ PDVV VSHFWRODEZMWWHD SJH I
LQVWUXPHQW

&KLUDO +3/& DQDO\VHV ZHUH SHUIRUPHG LQ WVB8HUVHIOREH ZLW|
89 30XV +9 D Q$%6 3O0XY¥ FKLUBOIYWRP 'DLFHO ZDV XVHG IRL
VHSDUDWLRQ BWIRAQGRRHIDWH RI PO PLQ XVLQJ D VROYHQW PLJ[
EXITHU DW S+ VROYHQW $ DQG RlI SXUH OFBHW R Q LQNWU SO H

&' GHWHFWRU ZDV PRXQWHG DIWHU WKH 89 9GVD&HWHEMWRU D

SBUHSDUDWLRQ RI TXLQROLQH DPLQR DFL G PRASURPHHBMAIHRER VR O L (
TXLQREGDYHER[\OLF DFLG PRQRPHUV ZHUH SUHSDUHG E\ XVLQJ WE

BROLG SKDVH IROG&REYNMUMOBROBILIQR ZD QUURIPRIPG WR\O :DQJ UH'
ORDGLQJ Rl WHHVIE PRQRPRE DFLG FKORULGH DFWLYDWLRQ RI
UHDFWLRQ DXWRPDWLRQ RI WKH 63)6 DQG 7)$ FOBHDYRUW HAH U |
PHWKRGRIOBRRWH WKH XVH Rl  '%8 LQ 103 IRU )PRFLGHS WRRVHFW
WZR WLPHV PLQ SUHYLRXVO\ 7 PLQ DQG WYHY H FRQCLIWIIRE

''3($ LQ 103 DIWHU WKH )PRF GRBQ RMHHF WIKPQV RADW KSHUBMVFULE



OHWKRGIXIGRBRZQ DVVD\

&HOO FXOGIWXWHFHOOV %< ZHUH JURZQ DHURELFDOONIDWW f& |
QLWURJHQ EDVH ZLWKRXW DPLQR DFLGYV DQG DPPRBRWIFVVXKRPDW
SKRVSKDWH OL[ '"URSRI DX[RWURSKLF DPLQR DFLGAX®RGH® KROWHR
ZLWK JOXFRVH DV D FDUERQ VRXUFH &HODODWIURWWK RPV RO
SUHSDUDWLRQ RI FHOGO GOIWVIHVUHVEURNHQ ZLWK JODVV EHDGV LQ
PDQQLWRO PO 7WPOV(PTHOIBBWH SOXV SURWHDVH LQKLELWRU FF
ZHUH FHQWULIXJHG PLQ DW J /N\VDWHV VXIHULJ XK WK QAN
IXUWKHU XVHV

,PPRELOL]DWLRQ RI ELRWLRI\ODWMMXE SRQG EBNAQE EWDEBWDYLGLC

7 LQYLWURJHQ ZzZDV WUDQVIHUUHG WR D PLFRBRBRGGWEXUIKUH 84X

IRXU WLPHVY 7KH EHDGV ZHUHRWKHBLRWAXEDWWE ZLREGDPHU
ZKLOH VKDNLQJ 7KH VXS RRURDAMLYEG WULHG V DENGH WXHHQE/H®IGY ZHUF
3%6

(QULFKPHOW RI SURWHLQ ELQ@®HWKHR\WHDR'fO\GBIREGIO\VO\VDWH J /

/I Rl 3%6 DQG WRHEIDNVBEBBEMWRGY 7KH UHVXOWLQJ PLIWXUH =
ZKLOH VKDNLQJ 7KH EHDGV ZHWH B3KHQLYBWKHREHYLWRK PD[LPL]H
LQFXEDWLRQ RI FHOO O\WVDWH DQG ZDVKLQJ ZHUH UHSHDWHG IL)Y

SURWHLQ HOXWLRQ DQG GLJHYSWEWQFURG BDRWNBSGQV¥ VW UHR PIHMOMX W I

E\ LQFXEDWLRQ® LQDHPPOL VDPSOH EXIIHU IRU PLQ DW f& 7K
RQWR D 3%*6 JHO DQ@G&*6'BDV UXQ IRU PLQ DW 9 7TKH UHVXO\
ZLWK &RWRADEOXH IRU K DQG VXEVHTXHQWO\ GHVWIOQ QHBQHMV K
IRU HDFK UHSOLFDWH ZHUH ILUVW FXW LQWR VRDK GHVAEBNVQLQ
VROXWLR@PPPRQLXP ELFDUER&DWEWROO EDQGY ZHUH QR ORQJHU
JHO SLHFHVY ZHUH FROOHFWHG DQG ZHUH VXEVHTXHQRWOD\ LQFXEI
PLQ DW & 7KH '77 VROXWLRQ ZDV GLVFDUGHG BRQG WKH JHOV
LRGRDBGHWDXPL PO DPPRQLXP ELFDUERQDWH IRU PLQ LQ WKH C
ZDV UHPRYHG DQG WKH JHOV ZHUH&V¥XEVHHRWKWH@WGLJE M KWAIGRID W
GHK\GUDWHG JHO SLHFHV ZHUH VXBPRIUZHB\G VIQQD WR\BHNIL YROX
PO +&0 DQG —/ RI PO DPPRQLXP ELFDUERQDWH DWEKHLQFXE
RYHUQLJKW GLIJHVWLBRPRQEXPRELFPOERQDWH ZDV DGGHG WR Wi
UHVXOWLQJ VXSHUQDWDQW ZDV FROOHFWHGNDRDHVYR O RPWQ R FIR
DFKG&1ZDWHU YYY ZDV WKHQ DGGHG WR JHOW [ZQ% WKH
FROOHFWHG DIWHU PLQ LQOFXEDWLRQ DQG FRPELRHKBVXLILKYSU F
UHSHDWHG RQFH DJDLQ ZLWK —/ Rl WKH H[WUDHR® XRYEG W R OXNGD



SUHVVXUH DQG UHGLVVROYHG LQ —/ RI IRUPIGH DIFGE B G 6LRIONKRA
WKUHH SRUWLRQV DQG DQDO\JHG VHSDUDWHO\

Q/&6 06 DQDO\WVLV D 4PEQWLWDWLSHSDYWGHS QD[OWXUWY ZDV DQD

8OWLPDWH QDQR/& V\VWHP 'LRQH[ $PVWHUGQDP FWKH \LSWKH
2UELWUDGE /}WPRERQ L EADEVY 6SHFWURPHWHU 7KHUPR )LVKHU 6FL
— Rl SHSWLGH GLJHVWV ZHUH ORDGHG RQWR WKH V\FRWHP 3HS
LG [FP & 30MBS FROXPQ /& 3DFNLQJWLRDHDK DUDGLHQW RI VROY
PLQ VROYHQW $ ZDWLQ ZIRWMBUVROOFLHQW % ZDV &+&IRDPWHDFLG
Y YROORZHG E\D PLQ JUDGLHQW IURP WR  DWRHDY HQW

LQ SRVLWLYH LRQ PRGH DQG GDWD ZHUH DF TOH SHGGHQAW P RFOHD L
VFDQV P ] ZHUH UHFRUGHG DW D UHVRWXRVLRQ RILWK D G\QD
H[FOXVLRQ VHW WR V )UDJPHQWDWLRQ ZDV @GLPQWKGPREH WR

'DWDEDVH VHDUFK DQG WHNDXOAHW H UVRHHMAKH)G E\ 6(48(67 WKU

'LVFRYHUHU 7KHUPR )LVKHU 6FLHQWLILF ,QPH BHOHQWQF W |
S3URWHRPH 6HW IURP 8QLSQWRWLHY 6SHFWUD IURP SHSWLGHYV
ORZHU WKDRDHUH 'DHMHFWHG 7KH VHDUFK SDUDPHWHUV ZHUH I
PRQRLVRWRSLF SHSWLGH SUHFXUVRU DQG SHSW LFG\H. YWIDIP B Q @AV
EDQARQV ZHUH FRQVLOGRXEBBWRR@PDA[VGIDNLRQ Rl PHWKLRQLQHV
DV YDULDEOH PRGLILFDWLRQ DQG FDUEDPLGRG HVRIGIOD ALK QRR)! |
PLVVHG WU\SVLQ FOHDYDJHV ZHUH DOORZHG 3HBW D®R RADLONIS D\
DQG RQO\ *KLJK FRQILGHQFH" SHSWLGHV ZHUH UHW DS @S\ LFERIU U H
OHYHO

/IDENOHH 4XDQWLWDW L ¥YTHEIHDGVHD TXQIM@WLMYDWLRQ ZDV SHUIRUPHG \

IRU SBURWHRPLFV 1RQOLQHDU "\QDPLFV /VRGVHIHY PEXWGBQE&H
WKH VXP RI WKH YROXPH RI FRUUHVSRQGLQDVSHBWE BN & WY
JURXS FRPSDULVRQ DQG SURWHIDIDVK AHUH MRONLHF U BE QO REDLRQ R
IHDWXUHYV DQG XQLTXH SHSWLGHYV ZHUH FRQVLWBHWLE HR®&D WDO E
FRQVLERHUBGRWHLQV TXDQWLILHG E\ D PLQLPXP RILHYHSGNVEGHYV
FDOFXODWLQJ WKH UDWLR RI FDSWXUHG SURWHUQNMR FWWEB R UHD B
VDPH FDSWXUH VA\VWHP EXW ZLWKRXW IROGDPHU EDLW

'D 'DOWRQ

06 ODVV 6SHFWURPHWU\

SSP 3DUW SHU PLOOLRQ

+&' +LJKEBHUJ\ &ROOLVLRQDO 'LVVRFLDWLRQ

6'63%$*( 6RGLXP 'RGHF\O 6XOIDWH 3RO\$FU\ODPLGH *HO (OHFWUR:



S5HFRPELRDRIWHLQ H[SUHVVLRQ DQG SXULILFDWLRQ
<HDVW '1$ UHSDLU SURWHERH5$(YT5DRPROBDVPLG IRU \5DG 8 (

DFFHVVLRQ QXPEHU 3 ZLWRWDHWEPLQBOVKWH[®LQH WDJ RYHUH[SU
REWDLQHG IURP 7RPRKLNR 6XJL\DPOH QKWK SQUIRVAKIVQ VED V 7TH(I$ U X G
%/ S5RVHWWD FHOOWXCQWMNUESLUIRW XSJUMIX SESIORWPK QWA G ZLWK
DPSLFLOOLQ ZDVROGOXWHGIUHVK / /% PHGLD DQG JURZQ DW f.
7KH H[SUHVVLRQ ZDV LQGXFHGWKLRGDOWERG® RUDQRYUBS\W R PD
FRQFHQWUDWLRQ FXCPWUXWDH) @DWVKHQFXEDWHG IRU KRXUV DW
KDUYHVWHG DW,7(S U$P -5RWRU %HFNPDQ &RXOWHU DQG VW
IROORZLQJ SXULILFDWLRQ VWHSV ZHUHWDUHNVXEG RMQBB® L& %
PO 3%6 EXIIHU S+ F R QMHILRDLSMW R HRMK D QR O JO\FHURO PO
PO 306) 7KH FHOO ZHUH O\WHG E\ VRQLFDWLRQ DQGWEKH O\VDW
USP -$ 5RWRU %HFNPDQ &RXOWHWWRQW 2D\ HTKH OWESIHDWH G
QLWULORWU LIVBH\W LB WDRALKE EHIDGYV E\ JHQWOH PL[LQJ IRU KRXU
WR D JUDYLW\ IORZ FROXPQ GUDLQHG &XWS +D Q GFRMWKBDILEQ Z QW K
LPLGD]ROH 7ZOH/ FHORWHLE ZLW&O $0 7ULV PO LPLGD]JROH DQG LF
GLOXWHG ZLWK&O FEXMHUVWR UHGXFH WKH LPLGD]ROH FRQFHQW
SURWHLQ ZDV FRQFHQWUDWHG XVLQJ D 9LYDVSLQ@K OUPR FROX
ILOWHU DQG ORDGHG RQWR WKH JHO ILOWUDWLRWLRQRDAHUH
SRROHG WRJHWKHU FRQFHQWUDWHG DQG IURJHQ LQ OLTXLG QL

<HDVW XELTXLQRQH ELRVARM KHV¥RWP SIURBQGMURBHAD &8QL3URW DF

QXPEHU >LQVHUW DFFHVVZRWKYKMRBPHQ@O BDV WDJ ZDV PROHFXC
WKH H[SUHVVLRQ YHFWRU S(7 D DQG VXEVHTXHQWO\ HPSUHVVHG
FHOOV SUHYHB XRYOH FXIOWWULQ /% PHGLR®GZHAUW KG LIDKWKH % PHGL
FXOWXUHG DW f& XQWLDDVQWRDFKHG ,QGXFWLRQ RI SURWHLQ
E\ WKHWVDBG LRI PO ,37* IRU KRXUV DW f& $IWHU LQGXFW
FHQWULIXJDWLRQ DW J DQG VWRUHG DW i f& SQRWALXDDM |
VLPLODU WR WKDW GHVFULEHG IRU \5D& R FAHPI\G DYRO W ZDN6 X\
IRU WKH ZDVKLQJ VWHS GXULQJ ,03& SXULILFDWLRQ

<HDVWESTHGLQJ SURMWHMLQPHE&H HQFRGLQJ WKH 6*1 SURWHLQ 8QL

3 DPLQR DFLE@DV FORQHG LEWRYWRWRBOSERZQVWELIIA. @J D P
SURWHLQ O0%WDJD BQWB DQ +59 & FOHDYDJH VLWH 3URWHLQ H[S
%/ FHOOV ZHUH WUDQVIRUPHG ZLWK WKHRH[%U H\FPHLORINV YZHHUMWR W
LQRFXODWHG LQWR IUHVK /% PHGLD / \OUSE R QWH® @X KL
RFFXUUHG XSR® SMDFAXQ @WHRYLW\ DW 2' RI ZLWK WKH DGG
SURWHLQ ZDV H[SUHVVHG DW f& IRU KRXUV JROERZLQJ



FHQWULIXJDWLRQ DW J DQG UHVXVSHQGHG LQ DIEXXICHU FRQW |
PO LPLGD]ROH PO 306ESIURGVHDADFOIWMQKLELWRU FRENWDLO &HOC
DQG VXEVHTXHQW FHQWULIXIJDWLRQ ZDV FRQGXFMWHGBEBNROMQLPLC
FROXPQ 7KH WDUJHW 6*1 SURWHLQ®LXD YV WFIDIHDMWH®R QUKRPRW KH QO
GIHVWLRQ ZLWK +59 & SURWHDVH DW f& RYHURQJIXKDW BREDVHRTKB
WR VHSDUDWH%SKH FAOHD MHRP OWKH 6*1 SURWHLQ )LQDOO\ IUDF
SURWHLQ IURP WKH UHYHUVH ,0$8& VWHS ZHUH SRROOSX\DRGL QI E
D +L/RDG 6XSHUGH] FROXPQ

%LQEGLQRJ FKDUDFWHUL]DWLRQ E\ ELROD\HU LQWHU

%/, HISHULPHQWV ZHUH SHUIRUPHG RQ DQ 2FO\VRAL QY 6QWWRXIP)
UHFRPPHQGDWLRQV 3ULRU WR DQ DVVD\ VWDWSOMDDBGMLGL@LGQSI

SKRVSKDWH EXIIHU VDOLQH T 3%6 VIKHUMMAMNEK BI[EBBVHPHQW
VHF LQ PO +(3(6 S+ PO 1D&OEXIITHUZHRIQORZHG E\ WKH OfF

RO IROGDPHU LVRODWH& IEWRFEDWBIG W XJ P/ RYHU VHF LQ +(
OLJDQG LPPREVGIQDRMULR@HWHKHEDVKHG IRU VHE LQ WKH VDPH E;
EDVHOLQH IRU VHF DJDLQ LQ +(3(6 6HULDO FROXP@®B@LOXWLE
ZHUH DQDO\WHG NHHSLQJ WKH ODVW ZHOOHRQ WKW WH/NHRIFLDN
$VVRFLDWLRQ ODVWHG VHF IROORZHG E\ GLVVRRMDMG RVOR IR
ELQGLQJ PRGHOV XVLQJ WKH 2FWHW DQDO\VLV VWXG KR VRI
DEVHQFH RI XQVSHFBUWRWHIQBL QRRIWMKHSWDYLGLQ ZDV FRQILUP
LQ D VLQJOH ZHOO RQ D 6$ VHQVRU ZLWK QR AWPHHIREH G L BHUR WH
FRQFHQWUDWLRQ: YRO»H1ZDWKH OFXODWHG ZLWK WKH /DQJPXLL
ELQGLQJ PRGHO VHH FDSWLRQ RI )LIXUH 6

, UDRU\VWDOORJUDSKLF DQDO\VLV RI FRPS

I\RSKLOL]HG SRIWGBUVRIROYHG XVLQJ ZDWHU DQG DPPRQLXP ELFD
RI PO &U\WWDOOL]DWLRQ WULDOV ZHUH PDGH XVLQJ VWDQGDUG
; UD\ TXDOLW\ FU\VWDOV ZHUH REWDLQHG DHOHRRWKUHH-DHRINV
FU\WWVWDOOL]DWLRQ UHDJHQW FHRW B RS/HHGWRDIQ H GA. R O PO +(3(6 EX
S+ PO SRWDVVLXP FKORULGH PO PDIJQHVLXWHNIBDSGRKRI/WHH
GLITUDAHDWXQUIRPHQW D FU\WWWDO ZDV ILVKHG XVLQJ D PLFUR ORF
PRWKHU OLTXRUSVRWHFWDQWURJ WKH FU\WVWDO

7KHUD\ GLIIUDFWLRQ GDWD ZIRF ¥R OIQ HHFG H G HDUN \WERHDPDRE D Q  E
6\QFKURWURQ 5DGLDWLRQ )DFLOLW)\ (65) *UHIQRERWY ZILMWUKDF WA
GDWD ZDV PHDVXUHG DW 7KH FU\WVWDOV ZHUH H[SRVHG IRU vV



SHU IUDPH 'LIIUDFWLRQ GDWD ZDV6S URHH ¥V KGNV OWVL 8 Bl O\RQ 136G RA
JURXSQ ZLWK XQLW FPOO SDUDPHWHUV € c f
f f9 O©QG PROHFXOHV SHY DVRPPHWHKHF XQL\
VWUXFWXUH ZDV VRO&HG; ZD & WHIH GRIRAR) DR DXPDYMNY PHWKRG R
ZLVBK(/;/ ZLWRQE[ $/IWHU HDFK UHILQHPHQW VWHS YLVXDO LQ\
HOHBGHIRVLW\ PDSV ZH U H2PBHDUISRE MKVPRK VilDQUG GLIITHUHQFH )RX
)ri )¢ PDSV 7KH LQLWLDO VW UKD QUBIWRHPRH RID MK D YQ GAHD E@ D L Q
ZHUH UHILQHG ZLWK IXO0O RU SDUWLDO RERVSDDFRWERQV)ZHBH"
LPSURYH WKH JHRPHWU\ RI PROHFXOHV 5HVWDBH@WVYVR@HDE
LPSOHPHQWHG ZLWK 5,*8 DQG (% 3D MWRPW UKIFWK R @G\WD RINER QRYQ ZH U
DQLVRWURSLF GLVSODFHPH®RWISDHOQPH WRIXWL H U FPFD ®HIBV R\FOO H F X C
SHQWDQHGLRO 03' ZDV LGHQWLILHG IURPOFDWWBPOSW VD W RRR
WKH GLVRUGHUHG VLGH SKBEE@GXWH HZ BYSX{EH{G WR IODWWHQ WK
9HWGLVRUGHUHG VLGH FKDLQV DQG V&RIOFXOND \WROHFRYBDYD SHRWH
DFFHVVLEOH YRLG YROXPH DQG HOHMWQWBRQ FRXBWSSIHW IEYHOM DX
DWRPV ZHUH SODFHG DW LGHDOL]HG SRVLWLRQV

6WDWLVWLFV RI GDWD FRODWH VBIHR/G DLEG W HIQ GBEBQVEBEDRI7TKH LG
HIDPLQHG LRKIBRNBIDJRULWKP 'XH WR WKH ODUJH YROXPH IUDF
PROHFXOHYV ZHDN GLIIUDFWLRQ LQWHQVRQG @G S RRRAUH U M\WRODKXW
WKHKHFN&OH 7KHVH DOHUWY DUH LQKHUHQW WR WK IGDIWDG V H W
EHORZ DQG ZHUH GLYLGHG LQWR WZR JURXSV RIKWHKHUFBDWIU R X!
UHIRBEW VWDWLVWLFV ZKHQ FRPSDUHG WR WKRVRPHKIHKWHG |
GLIIUDFWLQJ FU\VWDOV 7KH VHFRQG JURXS LV FRQFONIQHHGWR (
EHORZ $WRPLF FRRUGLQDWHZDYN QGCHBRVULWWE UK WERWRDWVRULGJ!
'DWD &HQWUH &&'& ZLWK DFFHMVEBOYODFRGHYDLODEOH IUHH RI
2727 FFGF FDP DF XN

&KHFN&,) YDOLGDWLRQ RI

*URXS DOHUWYV WKHVH LOOXVWUDWH ZNWN FNVXDD EWRP RD UGN
PROHFXOH VWUXFWXUHV IURP KLJKO\ GLIITUDFWLQJ FU\VWDOV

7+(70 B$/(57B B$ 7KH YDOXH RI VLQH WKHWDBPD[ ZDYHOHQJWK
&DOFXODWHG VLQ WKHWDBPD[ ZDYHOHQJWK

3/$7 B$/(57B B$ +LJK 5 9DOXH SHSRUW
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3/$7 B$/(57B B$ +LIJK Z5 9DOXH L H ! 5HSRUW

3/$7 B$/(57B B% /DUJH 5HSRUWHG 0OD[ 3RVLWLYH 5HVLGXDO 't
3/$7 B$/(57B B$ ,VRWWURERPWVRQ 0DLQ 5HVEHSRUW

3/$7 B$/(57B B% +LJK ODLQORO 8HT DV &RPSDUHG WR 1HLJKERL
3/$7 B$/(57B B% /RZ ODLMWRA®PSMTHG WR 1HLJKERUV RI

3/$7 B$/(57B B% 6LQJO\ %YRQGHG BWRER@LNWHFWHG +

3/$7 B$/(57B B$ 7RR PDQ\ + RQ & LQ & 1 ORLHW\ LQ O0DLQ 5HVLGX
3/$7 B$/(57B B$ 6KRUW ,QWUD + + &RQWDFW

3/$7 B$/(57B B% 6KRUW ,QWUD ;+ +Q

3/$7 B$/(57B B$ 6KRUW ,QWHU ' $ &RQWDFW

3/$7 B$/(57B B$ TRUVLRQ &DOF

*URXS DOHUW LV FRQQHFWHG ZLWK GHFLVLRQ PDGH GXULQJ U
6+)68 B$/(57B B$ 7KH DEVROXWH YDOXH RI SDUDPHWHU VKLIW W

$GGLWLRQDO F\FOHV Rl UHILQHPHQW GLG QRW UHPRYH WKL\
3/$7 B$/(57B B$ 1R BVKHO[BIDEBILOH 30HDVH 6XSSO\

'XH WR ODUJH ILOH VL]H WKH ILOH ZDV VHSDUDWHO\ VXSSO
3/$7 B$/(57B B$ OD[LPXP 6KLIW (UURU K\

$GGLWLRQDO F\FOHV RI UHILQHPHQW GLG QRW UHPRYH WKL
3/$7 B$/(57B B$ ,VRWURWRPWYRQ $QLRQ 6 RAKHFQW

'XPP\ 2 DWRP ZDV LQWURGXFHG LQWR UHILQHPHQW



Table S1.Crystallographic data and refinement detailsXor
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Figure S13. HR-MS spectrum of foldamet.



Figure S14. HR-MS spectrum of foldamez.
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Figure S15'H NMR spectrum of foldamet (500 MHz, CCN + 50% HO, water suppression), 25°C
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Figure S16 *H NMR spectrum of foldame? (500 MHz, DMSQds), 25°C
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Chemical Formula: C71HggN14042S
Exact Mass: 1340,4862
Molecular Weight: 1341,4710
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6\QWKHVLYVY RI SHSWLGH PDFURF\FOHYV
Fmoc-GIy*O

2: Fmoc-AA-OH, HCTU, NMM, DMF

1: 2 x DMF/Piperidine (80:20, v/v)
50°C, 25W, 2 + 10 min

‘|15 \ 3: Chloroacetic anhydride, DIEA, DCM

4: TFA/TIS/IEDT/H,0 (92.5:2.5:2.5:2.5, viviviv)
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EDQ&ZHUH VIQWKHVL]HG IROORZLQJ WKH VDPH SURFHGXUH XVI
DPLQR DFLG 7KH FRUUHVSRQGLQJ PDFURF\FOLF SHSWLGHG ZHU|I
7R QRVEHWIKWHUP7US ZDV UHSODBISG E\ D
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Structure-based design of an aromatic helical foldamprotein

interface
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The starting point of this study isetsolid statestructure of a complex between human carbonic anhydidgHCAII) and a
helically folded tetradecaamide aromatic foldanweith a nanomolatHCAII ligand appended tite N terminusof the helix

In this complex, the foldamer is achiral but its handedness is bibgatlastereoselective interaction with the protein.
Computational analysis of the HCAII surface and inspection afitied solid state structure led to the suggestion of main
chain anl side chain modifications of the foldamer helix that woulduiein an extension of the foldamer protein interface
as well as in absolute helix handedness control. Molecular dynanmudasions validated several of these suggested
modifications as potentially resulting in favorable foldarpeotein contacts. Fivaew Fmoeprotected amino acid building
blocks bearing new biogeniike side chains were synthesized. Nine new tetradecaamide sequenttesrwiithout the
appended HCAII ligand were synthesized on solid phase and purifiedHyLRP The solid state sttuies of four of these
sequences in complex with HCAIl were obtained and validated the main desigplpsing) side chains can be predictably
introduced at precise positions of the foldamer surface to azeaw contacts with the protein; (ii) side dha modifications
do not alter main chain behavior and can be implemented independent gach other; (iii) some main chain units derived
from quinoline, pyridine, or benzenebased wamino acids are largely interchangeable without altering the oVéedix
curvature in the context of a complex with a protein. An assessemehedd values required the adaptation of an existing
fluorescence competition assay and suggested that the side @rnmain chain modifications introduced in the new
sequences did not result in significant improvement of the affinityheffoldamers to HCA

Introduction acid (Fig. 1) also possess the advantage that their confornsation
are very stable in particular in protic solvedtsand that

Aromatic oligoamidesepresent a large class of compounds thagynthetic methals exist to introduce various biogeHike side
can be used to recognize proteins and nucleic acids and th@fains at their periphery3

may interfere with their functions in multiple waysThey

comprise  natural products such as distamykin,

cystobactamid$,and albicidint drug molecules such as suramin

that has been crystallized bound to numerous protéined-

like oligomers many of which have been developedrdmeelix

mimetics® and oligomers that adopt helically folded

conformations’1® We have been interested in the latter

becauseheir relatively large size offers the possibility to cover

a large surface area of a protein target, which is relevant tay. 1 Chemical formula (left) of a hexadecaamidé&-amino-2-quinolinecarboxylic acid

protein-protein and proteinnucleic acid interactions, two typesbearing a protein ligand (Lig) at the N terminus arafybniclike side chains (R groups)

of interactions that are difficult to inhibit with Sma”in position 4 Sc_hematic representa_tion (ri_ght) pf thglital structure gf the
. . . . hexadecaamide with some R groups interactinghvd protein surface to which the

molecules!!Helical aromatic oligoamide foldamers (AOFs) arﬁéand is also bound.

in particular those derived from-8mino-2-quinolinecarboxylic

The potential of helical AOFs to interfere with protein

a.Department Pharmazie, LudwigaximiliansUniversitat, Butenandtsti5 t13, function has been hlgh“ghted in the context of amyIOId:"fEB

81377 Miinchen (Germanygmail:ivan.huc@cup.Imu.de. and DNAbinding proteins® For the latter, AOFs that specifically
b.CBMN (UMR5248), UnBordeauxCNRSNP, Institut Europgn de Chimie et mimic the shape of charge distribution of DNA have been

Biologie 2 rue Escarpit, 33600 Pessac (France) . .. .
cDepartment of Chemistry & Biochemistry, Rowan Univera@g Mullica Hill developed. In contrast, methods are still missing to design
Road, 08028 Glassboro, New Jersey (USA) initio a helical AOF protein binder that does not mimic an

d-Department of Chemistry, New York University, 10008 Merk, New York (US, s e .
Supplementary Information available: Supplementary figuaesl data,detailec already known biding epitope, for example through the

experimental protocols and characterisation of new compoundsec introduction of biogenidike side chains complementary to the
DOI:10.1039/x0xx00000x



protein surface. To assess the potential of some helical A&Fschiral AOF exists as a racemic mixture of figiided P) and
interact with a given protein surface, we introduced a tetherinteft-handed M) enantiomeric conformers. If either helik(or
approach where a covalent or narovalent linkage confines the P) helix interacts better than the other with the protein surface,
AOF at the surface of the protein (Fig82)lethering between the resulting change of proportion leads to an induced circular
small molecules or between small molecules and their protedichroism (CD) signal. An AOF CD signal is easy to detect
target is a common approach in the context of drug research because AOFs absorb above 350 nm, in regions where proteins
compensate for initially weak binding. It lies at the heart ddre trarsparent. Using human carbonic anhydrase Il (HCAII) as a
linker design in fragmerbased approache¥,including in the model system, strong helix handedness induction was observe
context of templateassisted strategie®, and of covalent with several helical AOFs linked to the protein via a naslam
ligands'® Tethering of AOFs to a protein target was used tigand. Subsequently, solid state structures of such complexes
detect foldamerprotein interactions upon observing awere obtaineal that confirmed the preferredhelix handedness
preferred handedness in an achiral oligoniélaken alone, the and informed about foldamer protein contacts.

Fig. 2 a), b), c) and d) show different views of the solid state structfitheocomplex between HCAIl and ADFOnly the surface of the protein is shown. The foldamer is shown in
stick representation. Pyridine units (P) are shown in gagahthe HCAII ligand is shown in gold. In b), two teidf inerest are shown in purple. In c) three carbon atoms oé¢h
Presidues are shown in purple balls. These carbons wellthg to the additional benzenic ring when implementinB>Q mutation at these positions. Hydrogen atoms have been
omitted for clarity. e) Structural formula df

In the case or tetradecamide sequentethe solid state
structure showed a large contact surface area between the . .
foldamer and HCAIl (Fig. 2However, it has not yet been R€SUIts and discussion
shown whether such a structure could serve to further desiggynthesis and general design principles

the foldamer to extend its contact with the protein surface.

. . . . « . .
Furthermore, although the AOFs are known to be rigid, (Rhgoamlde sequerTca cgnS|sts Of_ elgh.t Q -\A;amlno_acu.j

. . . . monomers presenting different biogeniike side chains in
remained to be demonstrated whether side chand main

chain modifications could be implemented without alterindJOSItlon 4}§Sdt-0f St'X I; rle_,'3|duest(F|gs. 2;" 3);[ IchreS|d githe
their overall structure, a task difficult tachieve withe.g. a same contribution to helix curvatures as*Cbut they are more

peptide or an aliphatic peptidic foldaméfHere, we show that, erX|bIe_. Their initial role was t(_) make hellx ha_ndedness
dynamics fast enough to be practically monitoredy. in the

with the help of computational tools, the solid state structure . ]
of the complext{, // v e . .5 E5]VP %Oﬂ?/eé Osf} ng/lL)r;L(J)tes to hour® for ex_am_ple when helix
side chains at defined positions in space to further elaborate tﬁ]andedness bias ta_lkes place upon b|nQ|ng 1Of_0 HCAIP‘_

foldamerprotein interface. We validate that the foldameruneXpeCtedly’ P residues werauhd to be directly involved in

structure remains independent of side chain variations anfgldamer—proteln contacts in the solid structure &f,  // ~&]P X

. L 2b). Their role thus extends to that of interacting units despi
even some main chain \ations. Although the changes . . . .
the fact that they carry no biogenlike side chains.

implemented have not resulted in significant changes in the :
For the purpose of extending the foldamBEICAIl contacts a

dissociation constant of the complexes, the results further b £ opx idered beari ide chai
validate the concept that AOF helices can serve as reIiaBIlém er of @*monomers were considered bearing side chains

. . « .
scaffolds to display biogenlike side chains at the surface of a’ position 4, 5 or 6 (Fig. 3)"Bmonomers were also involved.

protein B u}v}iu E-+ -@minavacids as well and may thus bring a
' contribution to helix curvature similar to that of Q and¥n



addition, they carry a stereogenic center that has been shovwnformation. All monomers were produced with a free
to quantitatively bias helix handedne&s. Sequences carboxylic acid and an Fmpecotected main chain amine. In
comprising Bx*monomers are thus designed to be one handedddition, the side chains of®® and (% were protected with
even when they are not bound to HCAII. B®onfiguration of Boc groups. Typically, side chain installation involved
B**x monomers is intended to favoP helicity. Among the Sonogashira or Suzuki crassupling reactions on a bromoaryl
monomers used in this study (Fig. 3), some were previougsecursor!3 Of note, @'"was also prepared but it was found to
described, some were used only in computations, and fi884, undergo oxidative degradation in air, especially after insertion
BGPr, (B, FPhand (¥9r twere newly synthesized (Fig. S1). Thia oligoamide sequences, and its preparatisnnot reported
preparation of these building block in a form suitable fordsolihere.

phase synthesis is presented in detail in the Supplementary

Fig. 3 Structural formulas of P,*& and B* wamino acids and of #&rminal Lig and Tail functional groups. Carbon atonposition 4, 5, and 6 of ®¢are indicated and carry IR,
andR¢ side chains, respectivelyhn@ y £ /&£ SZE o0 §8 E } U (}E SZ <]%]&E ]JveC]SZ}usSZ[H - dasBoG&cid$ bedring similar side chains, even
when they may not exactly match. The three letter code als@atds when the side chain is in position S6aof the quinoline ring. Sequencég1are defined with the letter code
used in his study. To facilitate residue identification, the colorsha highlighted residues match with the side chain colorhaaddjacent boxes.

Sequenced-3 and 15-21 (Fig. 3) were synthesized on solidhe onresin introduction of the HCAII ligand at theté&tminus
phase using an establisheid situ acid chloride activation of the helix using a urea linkage was also developed. Sequences
protocol for the coupling step%. An improved procedure for



were purified by RIHPLC after TFAediated resin cleavage inversion takes places fast&r, before evaporating and
and side chain deprotection. redissolving in water.

Sequenced-14 were investigated in computational studies
but not synthesized. Sequenc@s were the focus of a first Computational design

phase of our investigation. They are analoguekiafwhich P10 protein surface analysisThe potential of the HCAII surface for
is replaced by different, more rigid Q10, residues. In the @ds interacting with biogenidike residues was assessed with
3, it could be verified experimentally that helix handednessbiwphaspacel a computational analysis tool designed for
upon binding to HCAII takes place despite the added rigidityagmentcentric topographical mapping. The assessment
albeit significantly slower than with (Fig. S2). This first phaseproceeded in two phases. In a first phase, the surface in the
led to the installation of a M0 residue ir8 instead of P10 in vicinity of the HCAIl active site was analysed, leadinchéo t
1. QPMO was conserved in all subsequently synthesizegentification of potential binding pockets P¢05 (Fig. 4b).
sequences butl5. In a second phase, residue variations ipg1 has the highest ligandability (highest Bscose)d
positions 6, 7, 11, 12 and 13 were assessed computationallye#tresponds to the HCAII active site where HCAII ligasitsiy
sequences6-15 (see next section) and a selection of theSQind.24|nthe1{, Il }u%o £U W}U WHU Wi v V
variations was experimentally implementedif-20. Sequence py the Nterminal ligand and the helix backbone, as indicated by
21is an analogue @ lacking the Nterminal ligand. the color patches in Fig. 4a, leaving essentially no spaaddo
Including chiral Bxunits to favorP helix handedness was functionalities on the foldamer helix to further enhance
desirable, for example to avoid conformational changes in th@ntacts with the potein surface. In contrast, Po4 was
course of &p value determination. For this purpose, residues fentified as a sizeable (158)&avity nearby P10. Since a P10Q
and 11 were chosen as possible locations. This choickagesl mutation appeared to be feasible without causing steric clashes
on the observation that the side chains in position 4tleé (Fig. 2c), various side chains were docked in Po4 while being
quinoline rings of @®% and Q<11 of1 lie far from the HCAIl conrected to the C5 carbon of the quinoline ring of Q10. All 274
surface (Fig. 2c). Removing these side chains and part of §ig chains of the Swiss amino acid dataBasere tested. In
pyridine ring of Q when performing aXB mutation should not each case, the amino acid was replaced by the quinoline residue
alter the H@IHoldamer interactions observed in the solid stategnd Autodock Vird& was used to score interactions between
In contrast, the carbon atoms in position 5 and 6 of thghe side chain in position 5 and Po4 (Fig. S @2 and Q™
quinoline rings of &% and @¢€11 inl1 seem better orientedto A (E =« o & « Z AlvP en((]' 1 v80C o}A &
introduce a side chain that may interact with the HCAII surfaging at the same time synthetically accessible. As presented in
and a B*monomer may offer a similar side chain presentatiomjetail below, subsequent computational steps, synthesis and

Before implementing @B mutations, another design structural analysis eventually delivered the solid state structure
feature had to be considered. While chiral B units have beef the 3{, // }u% o £ AZ & W}8 ] ]v (lo

shown to quantitatively bias helix handedness in the contéxt phenethyl side chains of%€10.
(Qx oligomersz®this has not been validated when the helix also  The second surface analysis was performed ondthe //
contains multiple more flexible P units, aslinindeed, partial complex in order to identify potentially ligandable sites ie th
handedness bias has occasionally been observed whenyi@nity of the foldamer helix where foldamgrotein contacts
monomers are mixed with other monome#$To mitigate the may be extended through the addition of foldamer side chains
risk that the chiral Bontaining sequences would not be(rig. 4c). This analysis led to the identification of pocka6
quantitatively one handed, we reptad some P units by Q inpp9. Po9 consists of the space left in Po4 that is not occupied by
the vicinity of the B6 and B11 monomers. With their additionahe side chain of €10, hinting at the possibility that this side
fused benzenic ring, Q monomers are bulkier than P. TBRain may be further elaborated (Fig. S4). However, this option
structure of thel{, // }u% o A <Z}A SZ S 3ZjJas nbt &xplored& many of the suggested side chains were
could be accommodated without generating clashes in P7, Pd¢hthetically challenging. We focused instead on-Po8 which
and P12, but not in P5 and P8 (Fig. 2c). Chi@briaining all lie on the same side of the foldamer helix, and may
sequenced 5-20therefore contain at least one and sometimesyotentially be reached with side chains on residues Q6QR8,
up to three Q monomers at residues 7, 10 or 12. and Q13 (Figda). As explained above for Q10, side chains that
The onehanded nature of the new chiral foldamers coulthoth had a reasonable docking score and appeared to be
be verified by"H NMR spectroscopy through the observation ofynthetically accessible were kept for subsequent investigations
a single set of signals. On top of ensuring quantitatiyfigs. S5, S6). For Q6 and Q11, we have mentioned above that
handedness bias, the additional Q residues also resuitstbiv  side chains in position #f the quinoline do not establish

helix handedness inversion in water. In case handedn&ss bcontacts with the protein surface (Fig. 2b) and that these
was incomplete when the fdamer was first dissolved in water,positions were considered for the introduction of chiral B
e.g. for RRHPLC purification, it may no longer proceed tgesidues to control helix handedness. Instead, the HCAII surface
completion. This pitfall is easily detected by the obsernvatd analysis suggested the side chainpasition 6 of the quinoline

two distinct sets of gnals on theH NMR spectra, ring might establish contacts with the protein. This eventually
corresponding td®andM diastereomeric conformers. To solveled to the mutation of @s% into guanidiniuracontaining B

this problem, one can dissolve and incubate the compound #p BSres in sequence$, 10, 13, 14, 18, 19, as well as indane

an organic solvent such as DMF, where helix handednmtaining residue 'B6 in sequences8, 12, 20. Similarly,



mutation of @<c€l1 to guanidinurrcontaining residues @11, using the AMBER22 packadé8The initial HCAIl and foldamer
QP11 or BPr11 was implemented in sequenceéd4and16-19. structures and positions were those of the solid state structure.
Possible modifications of A13 were inspired by a salt The ff14SB force fietélwas used forr-amino acid residues. The
bridge between this residue and Lys24 of HCAII observed in gemeral AMBERorce field (GAFFP, with improved torsional
of the solid state structures presented below. To better reagharameters for arylamide%; was used for the foldamer (see
this Lys24, residuesB@®13, (B3 and BBU13 were considered supplementary information for details). One additional
in sequence§-9and11-13. It should be pointed that, given the simulation in the presence of 125 mM NaCl was performed on
extensive HCAIlI surface that the foldamer helix cover3{, //It resulted in minor changes such slightly larger
opportunities for mutations and for the creation of newfluctuations, deviationsand a reduction of the occurrence of
foldamerprotein contacts were too numerous to be consideredalt bridges. To inspect the interaction between foldamed an
at the same time. For instae, pockets Pot®0l14 were not HCAII, we carried ot combination of structure visualization,
investigated (Fig. 4c). calculations of root mean square dispdmeents (RMSD)of
protein and foldamer backbone atoms with respect to the solid
Molecular Dynamics (MD) simulation®rior to investingime state structure, as well as analysis of specific residue=sidue
and resources in the preparation of new momoners and newdistances. With the exceptions of sequencésand 11, all
sequences suggested by the HCAII surface analysis, the effetiaakbone RMSDs stayed withid®f the solid state structure.
foldamer modifications in sequenc@&sl4 on interactions with Because of the larger deviations observed Toand 11, not
HCAII were evaluated using MD simulations in explicit wateruch could be concluded for these two sequences.

Fig. 4 a) Structural formula a3 including Q and P residue numbering. The bonds shown ihighdight parts of the molecule in direct contact witie HCAlburface in the solid
state structure of the3{, // }u% 0 £ ~&]PX fieX dZ }v « Z&Av WSPE ¥ZZ]BEZolPE JvA}oA 3Jv v S@Ealll@fcooihe $olid state
structure of the3{, // }u% o AX dZ }0}E % § Z « Jv ] Elo3Zd ®ul]¥e ¥ JE [EE ] Z Jve 1H pS&qf tHeochmpiexSPoekets are colored
and numbered as in b) and c). b) Pocket analysis ofutface of HCAII restricted to thecinity of the ligand binding site and the contaceamwith the foldamer helix in the solid
structure of thel{, // }u% o £ ~&]PX TeX +« W} | § ¢ 0CY]E}¢SE] $uEY} $23 A] ]v]3C 37 ZZAdatherhel’ indae sokd structure of the
5{, I/ }u%o0 /£ ~&]PX fisX /v ¢ v U %} | 3« ZZA]E A}osqruss v | EZ [EEuo R Pockits]RoGPel4 weE noKincluded in this study.



A first aspect concerns the rationale that led to selectingnalysis per sequence. The results are presented in Figsl 57
sequences 3-14. Because the number of possible singland a representative example is shown in Fig. 5.
mutations was large, these were not investigated individually The MD simulations reflected the strong interaction
Most sequences, carry two, three or four simultaneous sideetween the ligand and HCAII (Figs-S9j. In all simulations,
chain modifications with respect th, at positions 6, 10, 11 andthe bond between the HCAblound ZA* ion and the ligand
13. This way, all but two side chain modifications wersulfonamide group, tight contacts between the two aryl groups
examined in at least two distinct MD simulations. The firgif the ligand and pockets Pol and Po2, and contacts between
essential result is that the various side chain and, sometim&33 and P5 with HCAII in Po2, all remained well in place 2Z&igs.
main chain modifications maildepend on where they are 4a,b). Concerning the mutations of P10 implersehto fill Po4,
implemented, and generally do not depend from one anothe@*PM0 was found to form stable hydrophobic contacts with
When a mutation is performed at a given position, the behavidtrol37, Leu203, Glu204 ang/s205, as highlighted by the
of the new residue tends not to vary with mutations at othehistograms of distance shown in Fig. 5. Note that sequeAces
positions. This is a major advantage for mgkimedictions and and5 show some deviations in these histograms because their
sharply contrasts with aliphatic peptides where localifferent @10 and GPal0 residues establish distinct contacts.
modifications may impact global behaviBrThe consistent The indole side chain of 50 in sequencel lies closer to
behavior of each new residue regardless of other sequenBeol37. This residue was actually synthesized but had stability
modifications also tells that no mutation led to a major steriissues that hampered experimental investigations. The
clash that would disturb the whole structure. In addition,io benzamidinium side chain o810 in sequenc® appeared to
to the independent behavior of the side chains, we coulde too large for pocket Po4 and its position fluctuatmore. It
perform an analysis per interaction site/pocket, instead of awas not considered further and 510 was conserved in all
subsequent experiments.

Fig. 5 a) MD Simulations of complexes between HCAIl and foldaggdsshowing the occupancy of pocket Po4 by the side chai@ldf, that is, &0 for all sequences but

(Q¥"10) and5 (FPa10). The histograms show the probability, through #mdire simulation time, of the distance between the centemudss (COMof the phenyl ring of 8310 or

QPaor of the pyrroleringof &@U v, // E ] p ¢ CeTifi ~%}*]S]}v }( teW "outld > |KDi ~ KD }( 00 ¢] v W]E}ikKDt{-UU vU v
weX dA} ]+8]v § sJupo §]}ve A E % FETHeEimulatohdzarked witl # included 125 mM NaGbws highlight the different positioning ofSM10 and GP2L0

in the pocket. The histograms show weaker probabilities for sequeneaesl 11 due to strong deviations from the initial structure in these twees (the Q10 residues are most of

the time at distances >12 A from Po4). b) Snapshot fitwenMD simulation of7 {, // sZ}AJvP 8Z @& 0 A v8 € +] p *X /v Z2]e «9% %o+ ZFJEUVF] vE ¢« 08§

between the carboxylate side chain 0$@Q3 and the Arg27 (dashed yellow lines). This salt bridge does nat foequently.

The interactions between side chains on residues 6, 11 asyhthesized and implemented in sequend&s20. Finally, the
13 and pockets PeB08 (Fig. S10) can be summarized as followsnefit of cationic residues in position 11 to fill pocket Po8 was
Overall, the distance histograms show larger variations than foot clear. Salt bridges were established only during small
the contacts in pockets PeRo4. The salt bridge betweenfractions of simulation time. With sequee 10, a possible
Q*sr1L3 and Lys24 seen in one solid state structure (see belogXception to the independent role of the side chains was
was absent or presenh small percentage (3% to 41%) of th@bserved with an apparent positive cooperative effect of the
time along the trajectories in agueous solution. Using otheyuanidiniumcontaining side chains of¢B6 and Q911 (Fig.
negatively charged side residue$uQ@3, ¢rh13, and GB113 S10).
made little difference These were therefore not tested MD simulations revealed an additional, unplanned,
experimentally. In the case of residue 6, the hydrophobic sidavourable foldamesprotein contact between €97 and
chains of B3 or the cationic side chains of6 or BP6 could GIn135 (Fig. S11). As mentioned above, P¥end P12y
potentially form contacts with Phe20 and Aspl19, respectivelynutations were introduced to rigidify the helix and mitigateth
within pocket 6. Some of these residues were subsequentigk that chiral B residue may not quantitatively bias »heli



handedness. &9 residues were selected for that purposethese contacts are all conserved in foldam#rg, 3, 16 and 20.
because their side relatively acidic yet small hydrogg shain In retrospect, we hypothesized that the unsuccessful
would not decrease foldamer water solubility. Neverthelesgrystallization of the complexes with7, 18 and 19 may be
MD simulations suggest that the side chain ¢¥#®@ can also assigned to the mutation ofA&¥11 into BPr11 or 911 in these

hydrogen bond to GIn135. compounds.
The structure oR{, // A o] § 3§Z & muationy
Structure elucidation of the foldamer could be performed without any steric clash

Crystallization was attempted for all foldamEICAIl complexes. between thg protein ar\d Q10 or.any alteration of the
Inthe case o2 {, //%{, //16{, // 20{, //U .]Vfglgamer helix shape (Fig. 6a,b). This structure also restemle

crystals suitable for-¥ay diffraction analysis were obtained (FigiaIt bridge between the carboxylate of thé*@3 and residue

S12) and the solid state structures were elucidated irf@,;2  -YS24 (Fig. 7a). In the structure bf, //U $Z -] Z 1v }
space group at a resolution of 1.4, 2.1, 1.6, and 2.1 W524 was only partly visible in the electron density mapthe

respectively (Fig. S13, S14). For the four structur@lt bridge was overlooked. As mentioneabove, MD
crystallization conditions were similar to that®{, //U v sifnulations suggested that this salt bridge is not stable in
were the unit cells and packing arrangements. Some parts of {8U€0Us solution and is not convincingly stabilized whengis
foldamer molecule are involved in intercomplex contacts in th@nionic side chains longer than A3, or placed in position 5

crystal lattice, including the side chain of@1 (Figs. 4a, S15),°f the quinoline ring, or having a dianionic phosphongrteup,
as in @ut, (Brh and QBu

Fig. 6 Solid state structures of HCAIl in complex with1,ap) 2, c,)3, d,e) 16, f) 20. In a)c), the protein is shown as a white soft surface ane tbidamer is shown in stick
representation in gray except the residue in position 10 adn purple. In d¥), the protein is shown in gray ribbon representation exagpevant amino acidshich are in space
filling representation. The foldamer is shown in bluelstiepresentation except the residue in position 10 in d thsidue in position 7 in e€) and the residue in position )jn
which are colored in purple. Hydrogen bonds areéated as yellow dashed lines. Pockets Po4 and Po6 are defined in Fig. 4

The structureoB{, // $Z v A o] & §Z § $Z YprinarySBmigie of IGIn135 and the hydroxy side chain B0
chain of @GPMO filled Po4 as predicted by computations (Fig. 6likely favors contacts with the latter as well, be it in a
d). The methylene carbon atom linked to the quinoline ring wasotonated or deprotonated state. Finally, the structure of
found at 3.9 A from a methyl group of Leu203, and one carb@{, // A o] & $Z & 8Z ]v vBdY%gfiledPdps }(
atom of the phenyl ring lies within 34 from the nitrogen atom again as predicted by computations, establishing contacts with
of Pro137. The structure df6{, // }v(]Eu §Z %o JRHeXD} (Fig.(6€). In this structure, Lys24 was again visible in th
@PMo found in3{, // v A o] & §Z 1 o elegt®nsdénsity map, but in a conformation where hydrogen
Q*sBBeY and P7@yd intended to introduce helix handednessbonding to @sP13 is not established (Fig. 7b), different from the
bias (throudpn B>¥6) and to make the helix more rigid (throughstructured2{, //X K( v}$ U ]Jv oénI3iGEnwolvpdE U Y
Qv96). The proximity of &4 and GIn135 (Fig. 6e) makes thén a salt bridge with a lysine (Lys80) belonging to another HCAII
hydrogen bonding observed in MD simulations plausibl¢hén molecule of the crystal lattice as part of the intercomplex
solid state, the GIn135 amide Nhydrogen bonds to the main contacts (Fig. S15). This probably influences, that is, competes
chain carbonyl of @497. In addition, the proximity between the with the formation of the salt bridge with Lys2#the solid state.



Fig. 7 Solid state structures of HCAIIl in complex witl2,d) 20. The protein is shown in
gray ribbon representation except P21 and Lys24, whica @r space filling
representation. The foldamer is shown in blue stick repneation except the residue in
position 13, which is colored in purple. Hydrogen boads indiated as yellow dashed
lines.

Altogether, the solid state structures validate the predictions
made by computations. They demonstrate the equivalent
contribution to main chain helix curvature of P, Q and B
monomers in the context of a foldamg@rotein contact area.
They also demonstratthat the positions of the foldamer side
chains and the type of interactions they may engage with the
protein are predictable.

Binding studies

We set out to measure the binding affinities Bhelical, chiral

B-containing sequence5-20 for HCAII to assess the extent to

which they reflected the changes introduced in the foldamers.

Sequencesdl-3 are potentially problematic as they exist as a

racemic mixture oM andP helical conformers that must have Fig. 8 a) Structural formula of HCAII ligap@and of fluorescence prob23 used in the
different Ko values and whose proportion evolve with time upORompetition assay. bi-hangesn fluorescencespectra (381m t 600nm) upon HCAII
binding to HCAII, hence the focus @B-20. This assessment titration of sequencel9. [19] = 23] = 50 nM;c) Experimental®) and calculated values
proved challenging. Simple ligands such2agFig. 8a)t the gsing a 1_:1 binding isother_m)(of ﬂu_orescence intensity of sequenc#§-20 ar_1d. 22_
fagment ofL5-20tha il pockets PoL and Poz.of HORing 7170 11 1AL oty s 2650 okt v et
in the low nM range. Getting accuraltg values to comment on calculated by simultaneously fitting data recorded in the 880 nm range.
potentially small effects for such strong binding is delicate

Furthermore, we have shown that appending a foldame2an o1qamers absorb both at the excitation (373 nm) and emission
has one major consequence: both the association andooas0 nm) wavelengths 023. Performing classical direct
dissociation kinetics are slowed down by almost two ord#rs yjsnjacement titrations where a foldamer is added to aiion
magnitudeda Unlike with classical small molecule HCAII ligan%ntainingZSand HCAIl would be complicated by variable inner
disseiation becomes so slow that techniques such as surfaga effects. Instead, we performed titrations in which alids
plasmon resonance (SPR) or biolayer interferometry (BLI) r}w? v, I/l *}ou&]}vU §C%] o0oC i ..DU A &
longer deliver reliable results. already containing a foldamer (50 nM) ag8 (50 nM). The
We turned to a recently published assay that exploits thgjamer and23were also present at the same concentrations
quenching of the fluorescence of nanomolar ligaP8upon j, the HCAIl alution. This way, the concentrations of
binding to HCAII (Fig. 88)The lowko value of23 makes it f6rophore and foldamer were kept constant and only the ratio
suitable to perform competition (displacement) assays Wit call was varied. A representative titration is shown in Fig.
compounds binding in the same concentration range. Howeveyi, 4nd the correspondinkp values are shown in Table 1. With
some optimization of the assay was required to perforngg assay, thelo value for simple ligan®2 was 10 nM
experiments with foldamecontaining ligands because the compared to 5 nM previously measured by SPR with HCAII



immobilized on the SPR chip under slightly different buffevith much smaller molecule®.Finally, it may be that the very
conditions$8a architecture of foldamer45-20 makes it difficult for side chain
modification to result in strong effects. These compounds

consist of small nanomolar ligand to which is appendeduahm
Table 1 Dissociation constants of the complexes formed with HE@&termined by the

fluorescence competition assay.

HCAII bindér Ko (nM)°
22 (reference ligand) 10
15 15
16 (with QPPe10) 52
17 (with FPhe10, BPP111) 10
18 (with BSP6, (FPhe10,GPr11) 7.2
19 (with BSP6, (FPhe10, 69r11) 9.3
20 (with B9%6, Phe10) 7.4

aSome remarkable features are indicated in parenthesig@lues were found to
be repeatable withint 15% in duplicate experiments.

In order to confirm these data, we tried to develop an alternate

competition assay using BLI. A new biotinylated HCAII ligénd

(Fig. 9a) was synthesized which, after immobilization on

streptavidin sensors allowed for an accurdgdetermination

of its association with HCAII (Fig. 9). Immobili2ddmay in

principle act as a reporter of the concentrations of free HCAIIfi§: @ @ Structural formula of biotinylated HCAII liga2#l b) BLI sensorgrams (black

solution. However, in this case as well, the kinetics were SiOWS,O”d lines) of tht—*-T titration oR4 immobilized on the streptflvidin sensors at different
i i . HCAII concentrations. Calculated curves based on aridingiisotherm (colored dashed

steady state regime was not reached. A calibration curve coyldly fit with the measured values, yieldikg= 38.2 nM.

in principle be produced by intercepting a value on the

sensorgrams after a fixed amount of time instead of Waitinl%rger foldamer that has inherently no affinity for HCABm®in
until a steady state is reached. However, this proved not to Bga |ow micromolar range no induced CD is observed at 38
accurate enough to reliably determine the free HCAllin 21 which lacks an HCAII ligand (Fig. S2). In other words, the
concentration in solution. . starting affinity of the foldamers for HCAII is too low topho
Coming back to theko values measured with the y,o¢ 5 few modifications will bring it to an interesting range of
fluorescence competition assay, it appears that sequetiBe | \ajye. In this respect, the choice of HCAII as a modedrsyst
with no added side chain in positions 6, 10 and 11, is the bes,5 herhaps not ideal. HCAII is a therapeutically relevant target
binder and that all others bind similarly. These resshsuld and transmembrane isoforms HCAIX and HCAXIl are
nevertheless be taken with caution. The foldamers suffer frog\/erexpessed in some cancers and identified as potential
low water solubility and a contribution from foldamery, o5 as welt428 Nevertheless, we selected HCAIl as a model
aggregatio cannot be excluded. For instance, when theyqiem mainly for its robustness, easy overexpression, good
fluorescence titrations were  performed  at  highery. g growth ability and the availability of simple namaiar
concentrations €.9.[23] = 100 nM, [foldamer] = 200 NMKig.  jigands that could act as tethers. To our knowledge, the wcini
S16), the apparenko were higher than in Table 1, consistent¢ yhe HCAIl active tsi is not involved in proteiprotein

with an effect of aggregation that reduces the effectivg,ioractions and deprived of any hotspot that may facilitate
foldamer concentration for binding to HCAII. The valu€kable foldamer binding.

1 could therefore also reflect that sequenc&6-20 aggregate
more thanl5, e.g.because of their hydrophobic10 residue. Conclusions

It remains that none of the additional side chain _
combination ofL6-20 appear to result in a strong enhancemeni’ Summary, starting from the crystal structure of the complex
of their affinity for HCAIL It should be pointed that thd’€tween HCAIl and tetradecaamide foldaniewe have used
structure-based design is intended to stabilize the complex, thgPmputational tools to identify main chain and side chain
is, to slow down complex dissociation. The effect of th@odifications that may result in an extended foldarmotein

additional side chains on theridtics of complex formatiore.g. interface. New monomers and sequences incorporating these
potentially slowing it down, remains unknown and is taken MONOMers were synthesized and several solid state structures

Rfcomplexes with HCAII validated the design principles. Mde fi
that Q, B, and P main chain variations are interchangeable also

formation rather than slower complex dissociati#hAnother [N the context of a falamerprotein complex. We also find that

early study also reported the lack of effect of extending an HCA{€ chains may generally be introducec! indep_endently from
ligand in the search for secondary binding sites, a resQit® ar.10ther, a r_esult that was consistent in. b_Oth MD
comparable to ours in an approach conceptually similar, alb&imulations and solid state structures. This behavian sharp

into account in the computations. Early studies on HCAII liga
had shown that higher dfiity correlated with faster complex



contrast with that of peptides and peptidic foldamers inialh A data availability statement (DAS) is required to be submitted
a local changeg.g.a side chain modification, may also result imlongside all articles. Please read dull guidance on data

a different behavior of the main chaifi.The robustness of availability statementsfor more details and examples of
aromatic foldamer helices should therefore represent a goaslitable statements you can use.

starting point for the structurebased design of protein binders

that cover large protein surface areas. Nevertheless, the

modifications explored in this study did not resultarstronger 1RWHV D Q G UHIHUH Q FHV

associations nor did they deliver foldamers that would bind ~ <u v 7and11are very similart they differ only from one
HCAIl withouta ligand or a covalent tether to mediate themethylene group in the side chain of Q1%o the fact that in both

interactions. The grand challenge of thb initio design of an cases the MD trajectories significantly deviate framitial solid
. state coordinates is probably not a coincidence. The tevesson

) ) " not ckar but it appears that the combination of an anionicesid
unmet. In the meantime, other studies have revealed thgnhain on Q6 and a cationic side chain on Q11 magl te this
potential of some aromatic helical foldamers to mimie behavior. These two side chains are five units apiagt,exactly
heliced32 or DNA double helice®. Solid state structures havetwo helix turns, and thus onlpbout 7 A from each other. Salt

been obtained of complexes between chromosomal proteiffidges between them are observed especially in thgecof7 (40%
of the simulation time) which has a longer cationiaeschain.

imi d
Sap?gl ,an(,j a DNAimic foldamet*?and bgtween a fragment of § For SPR measurements: 2:98 DMSO/aqueous phospHate sa
ubiquitin ligase E6AP and a foldanpeptide macrocyle® In  pyffer PBS at pH 7.4 (vol/vol) at 25 °C, with PBBmN NaHPQ,
these complexes, no ligand or covalent tethering are involvet.8 mM KHPQ, 2.7 mM KCI and 137 mM NaCl. For fluorescence
Furthermore, reliables determination methods are available.measurements: 50 mM  HEPES -(2sydroxyethyl}1-

These structure thus represent new candidates to apply triP€razineethanesulfonic acid) at pH 7.2.

sFructyrebased qesign principles.validated herg. Steps in theie T. Seedorf, A. Kirschning and D. So@aem. t Eur. J.2021,
directions are being made and will be reported in due course 27, 7321.
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6XSSOHPHQWDU\ )LIXUHV DQG 7DEOHV

6XSSOHPHQWDU\ ILIXUHYV
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JLIXUH &' VSHFWUD RDQ&E MXIUHVHQFH RI +&$,, LQ SKRWSKRQDWE EXDMU
f& 7KH FRQFHQWUDWLRQV RI +&$,, DQG IROGDPHUV DUH ERWK —0



JLIXUH BRFNLQJ DQG VFRULQJ RI VLGHUFKNDGQW 4Q SRV IWKHLQ LRWHUDFWLRQ ZL
VLGH FKDLQV LQ SRVLWLRQ RU POR¥H WRRSIPANHWRP RWQWRRSARSRVHG VL
SODFHG LQ SRVLWLRQ 7KH WRS VFRUHUV DUH VKRZQ



A/

Q10

JLIXUH BRFNLQJ DQG VFRULQJ RI VLGH FKBK® V4L QI FBR WHKHIRQLQRMHWHD FWLRQ ZLV
VLGH FKDLQV ZHUH QRW GHULYHG IURRK HWEXWS ZIENM VALIGRX PO QJ EQMDEWH G 7K F
ZHUH QRW IXUWKHU LQYHVWLJDWHG



6LGH FKO G* NFDO

JLIXUH BRFNLQJ DQG VFRULQJ RI VLGH FKDUQM RIHUBV¥MARM % LVWRU3IMRK 7KH LQG
DQG DQDORJXKYD @LGVHFNPDLQLQJ VLGH FKDLQ ODFNLQJ WKHLIGIBWHRE JURXS Z



JLIXUH BRFNLQJ DQG VFRULQJ BRVLWHRFEDIRJWHRQGXH 4 |IRU WKHIRJ LQWHUDF
*DQLGLERQEWDLQLQJ VLGH FKDLQV RI GLITHUHQMMGOHQJIJWKYV ZHUH IXUWKHU FRQ



19073 950A0¥A AH/ YN S GHHZX A OTH /WX MQAANEDEIEAADC O X A XK DA AMTD THINM ADMM FHWANM AD Od 9HAQI 9HMAOX40d4d HNA
90A T HO1RAOHIOXA 90ArC10 MICTIMHENS 9HO HDF GOOMZATAHA ARMAD AMMAITA (D NAQATE DDATAO HIM MA COT901% HNXC(



\NIdM4dHWANM AD Od 9HAAQ3T 9HMAOX40a4d
[ANHMCOHA DI MNSRIMNVON N T MDOHEBRHTE ABHRKCD D/MHHHEZ /AAA B MEHAD @ODATASHEINEAENT I MA T+ MHNAYS Ma OdTM4dnNHMO9 HNXC(



HOTA T HIM Od rOTN 47MAdENA HIMI AHMA4190T TcOTN ¥ \ndMdHWANM AD
PAMBHY 0§ 40 & M/ I DDA ANHMAVDO A MNO O TH M DH DD HAES XM A0 ANMATD OHANAANTHMAT+ MHN4dS ma OdImdanHM® HNXC1(



dMdHWanm AO Od 9HAQT S9HMAOXDOOI WOIADTAMRAEHSE O D \MNHXD NOHBORHEAMENS 90A ASXHENC NHAdA9D0YI OHHZMH3A
O A TAO M AL HECHYWAMAZ AHAAHE LHANCDAA™HEIIMDZ dJAHOY HRMHADHS N@¥ I Ny NYd MHN4YdS Mma OdI1m4anHMOY HNXe(



amas \ndMdHWANM AO
AT OHMABXIHAOD HNAE@ O DA DEXHH OOTA T M TORISZOWH T XYNWHAO @A NI OZ I8 INdANCIMA T+ MHN4YdS Mad OdTIMAAdNHMOY9 HNXC(



JLIXUH & U\VWDOV RI FRPSOH[HWRBE +RIWWB Q& JEWWWRP CHRWWRP ULJKW



JLIXUH §OHFWURQ GHRWLWRXDRBRNR XU IROGDPHU KHOLFHV ZKHQ ERMXMQIBWMR +&$,,
D E F G



JLIJIXUH YHUOD\ RI IROGDPHU VHTXHQFHVY ERXQG WR WEKSH, VRO LBKWW DWH |RKI
PROHFXOHV KDYH EHHQ VXSHULFNSRRRIAQ 6RTUHQG ERHEAKIQFMHTIXM QHREBORZ
VHTXHQRH) JUHHQ 7KH +&$,, VXUIDFH LV FRORUHG LQ JUH\



JLIXUH 6,QWHUFRPSOH[ FRQWDFWYV LQYROYLQVWWUXFWOGDPHU LQ WKH VROLG



JLIXUH §[SHULPHQWRG FDOFXODWH G/ DEEXBFN IRUQB®XRUHVFHQFH LQWHQVLW\ R
VHTXHQFH® GLIIHUHQW DRGIBCRPHW FHQF A RSURREHWUDWLRQ FRPELQDWLRQV 1RWI]
ILWWLQJ LV VKRZQ DW RQH ZDYHOHQJWKXW \VQRDWMURBYV L DDXN WUDIDW XR D W H
VLPXOWDQHRXVO\ QRVIMLYQHOHQJWK PHDVXUHG



6XSSOHPHQWDU\ WDEOHYV
7DEOH 6FUHHQLQJ UHVXOWV RI XQLW

60,/(6 Score
(kcal/mol)
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&& 2 1F FF >&##+@ & 2 FFF 2& & & 1 2

&& 2 1F FF >&#+@ & 2 FFF 2& & & 1 2

& & &&&F FFF 2& & & 1 2 F 1& & 2 F & 2 2

&& 2 1F FF &&&1& 1 >12& @ &FIF 2

&& 2 1F FF &&&1& 1 2 FFF 2& & & 1 2

& &&F FFF 2& & &1 2 F 1& & 2 F

&& 2 1F FF &&&&&&1 FFF 2& & & 1 2

&&F FFF 2& & & 1 2 F 1& & 2 F

&& 2 1F FF &>&##+@ & & 2 FFF 2& & & 1 2

&&& && FFHRFR & 1 2 F 1& & 2 F

&& 2 1F FF && 2 FFF 2& & & 1 2

&&>&##+@ 2 F FFF 2& & & 1 2 F 1& & 2 F

&& 2 1F FF &>&##+@ & & 2 2 FFF 2& & & 1 2

&& 2 1F FF &>&#+@ & & ) ) ) FFF 2& & & 1 2

&&&&&F FFF 2& & &l & & R F

&& 2 1F FF &1& 1 >1+ @ FFF 2& & & 1 2

&& 2 1F FF &&&2 FFF 2& & & 1 2

&& 2 1F FF &&6& ) ) FFF 2& & & 1 2

&& 2 1F FF &2 FFF 2& & & 1 2

&&&F FFF 2& & & 1 2 F 1& & 2 F

&&&&F FFF 2& & &1 & R2 F

&& 2 1F FF &&&1 FFF 2& & & 1 2




&& 2 1F FF &&6&2 FFF 2& & & 1 2

&& 2 1F FF &>&#+@ & &) FFF 2& & & 1 2
&& 2 1F FF &1 FFF 2& & & 1 2

&& 2 1F FF &&6& 1 FFF 2& & & 1 2

&& 2 1F FF && &&&& FFF 2& & & 1 2

&& 2 1F FF >&#+@ 2 &&0O FFF 2& & & 1 2

&& 2 1F FF >&#+@ 2 & 2 2 FFF 2& & & 1 2

&&6&&F FFF 2& & & 1 2 F 1& & 2 F

&& 2 1F FF &) ) ) FFF 2& & & 1 2

& & l1F FF && & & FFF 2& & & 1 2

& & 1F FF & FFF 2& & & 1 2

2

&& 2 1F FF && FER 2& & & 1 2
2
2

& &

1F FF &&>&#+@ & &>&##+@ 1 & & FFF 2& &

&& 2 1F FF && &&&&& FFF 2& & & 1 2

&6&&F FFF 2& & & 1 2 F 1& & 2 F

&& 2 1F FF &&0 FFF 2& & & 1 2

&2>&#+8@F FFF 2& & & 1 2 F 1& & 2 F

&& 2 1F FF &&6 FFF 2& & & 1 2

7TDEOH66FUHHQLQJ UHVXOWYV RI XQLW

60,/(6 Score
(kcal/mol)
CC(=0)Nc2ccc(CCclccececl)c3cec(C(N)=0)nc23 -1.4
CC(=0O)Nc2ccc(CCclccec(Cheecl3ecc(C(N)=0)nc23 -1.7
CC(=0)Nc2ccc(CCclceec(C(N)=[NH2+])ccl)c3cecc(C(N)=0)nc23 -2.2
CC(=0)Nc2ccc(CCclcec(O)ecl)ec3cec(C(N)=0)nc23 -1.6
COc3ccc(CCcleec(NC(C)=0)c2nc(C(N)=0)ccecl2)cc3 -1.7
CC(=0)Nc3ccc(CCclc[nH]c2cccecl2)cdcec(C(N)=0)nc34 -2.0
CC(=0O)NcZcc(CCclc[nH]c2cc(Clececl2)cdcec(C(N)=0)nc34 2.1
CC(=0)Nc3ccc(CCclc[nH]c2c(O)c(N)ccel2)cdcec(C(N)=0)nc34 -2.5




7TDEOH 6FUHHQLQJ UHVXOWYV RI XQLW

60,/(6

Score
(kcal/mol)

&& 2 1F FF &&>&#+@ & 1& 1FBPE+& @® BFQF

&& 2 1F FF &&& 2 12 FF FFF & 1 2 QF

&& 2 1F FF &&>&#+@ & &>&##+@ 1 & & FF FFF &

& & &&&F FF 1& & 2 F QF &1 2 FFF F & 2 2

&& 2 1F FF && &F FFFFF FF FFF & 1 2 QF

&& 2 1F &&1& 1 >1+ @ FF FFF & 1 2 QF

&& 2

1F

FF &&&1& 1 >1+ @ FF FFF & 1 2 QF

& &

1F

FF &&&>&##+@ 1 & 2 2 FF FFF & 1 2 QF

& &

1F

FF &&&1& 1 2 FF FFF & 1 2 QF

& &

1F

FF &&&&1& 1 >1+ @ FF FFF & 1 2 QF

N N N DN

& &

1F

FF &&&1& 1 6 FF FFF & 1 2 QF

&1l& 2 &&F FF 1& & 2 F QF &1 2 FFF F

&& 2 1F FF &&&1 FF FFF & 1 2 QF

&& 2 1F FF &&&& 2 & 2 2 FF FFF & 1 2 QF
&& 2 1F FF &&&2 FF FFF & 1 2 QF

&& 2 1F FF &&&&1 FF FFF & 1 2 QF

&& 2 1F FF &&&&&&1 FF FFF & 1 2 QF

&& 2 1F FF &&21 & 1 1 FF FFF & 1 2 QF

&2& 2 &&F FF 1& & 2 F QF & 1 2 FFF F

& &

1F

FF &&& & & FF FFF & 1 2 QF

& &

&&F FF 1& & 2 F QF & 1 2 FFF F

& &

1F

FF &&&& 2 2 FF FFF & 1 2 QF

N N NN

& &

1F

FF &&& 2 2 FF FFF & 1 2 QF

&& 2

1F

FF &&&&2 FF FFF & 1 2 QF

&&&&&F FF 1& & 2 F QF & 1 2 FFF F

&& 2 1F FF &&& 1 2 FF FFF & 1 2 QF
&& 2 1F &&21 FF FFF & 1 2 QF

&& 2 1F FF &&6 & 2 2 FF FFF &1 2 QF
&& 2 1F FF &&6& ) ) FF FFF & 1 2 QF

&&&&F FF 1& & 2 F QF & 1 2 FFF F

&& 2 1F FF &&6&2 FF FFF & 1 2 QF

&& 2 1F FF &&>6##@FRFF2&FF 2 QF




& &

1F FF &&>6##@ & 2 FF FFF & 1 2 QF

& &

l1F FF &&6& 1 FF FFF & 1 2 QF

& &

2
2
2

1F FF &&1 FF FFF & 1 2 QF

& &

2

1F FF &&2 FF FFF & 1 2 QF

&&6&&F FF 1& & 2 F QF & 1 2 FFF F

&&&F BER & 2 F QF &1 2 FFF F

& &&F FF 1& & 2 F QF &1 2 FFF F

&6&&F FF 1& & 2 F QF & 1 2 FFF F

&& 2 1F FF &&F FFFFF FF FFF & 1 2 QF

&& 2 1F FF &&6 FF FFF & 1 2 QF

&&F FF 1& & 2 F QF & 1 2 FFF F

&& 2 1F FF && 2 FF FFF & 1 2 QF




7TDEOH 'BWBROOHFWLRQ DQG UHILQHPHQW VWDWWHWRROWWELWDWLKMODE VD IR WK

SDUHQWKHVHYV

HCAII 3 HCAII 2 HCAII 116 HCAII 220
Data collection
X-ray source SOITE”'_ SOITE”'_ ESRF- ID30A-1 | ESRF- ID30B
Proxima-2 Proxima-2
Wavelength (A) 0.979995 0.979999 0.965459 0.87313
Resolution (A) (last 50.00-2.11 65.00-1.40 45.89-1.64 17.17-2.05
shell) (2.24-2.11) (1.48-1.40) (1.74-1.64) (2.12-20.5)
Space Group P 21212 P21 2.2 P21 2.2 P21 2.2
Cell parameters
a b c(A) 80.25, 81.29, 79.596, 81.601, | 78.512, 81.515, | 81.6816, 78.9698,
46.12 46.72 45.893 46.116
90.00, 90.00, 90.00, 90.00, 90.00, 90.00, 90.00, 90.00,
f 90.00 90.00 90.00 90.00
Asymmetric unit 1 complex 1 complex 1 complex 1 complex
Unique reflexions 17876 (2756) 60722 (9648) 67930 (10792) 19166 (3555)?
Multiplicity 6.50 (6.57) 13.27 (13.19) 2.43(2.31) 4.4 (4.60)
Completeness (%) 99.8 (97.1) 99.9 (99.6) 97.0 (95.7) 99.04 (97.20)
, 1, 10.79 (1.22) 18.31 (1.17) 7.34 (0.51) 7.20 (1.88)
Rmeas (%) 11.7 (145.9) 7.3(230.2) 9.2 (212.6) 16.8 (55.31)
CCu:2 (%) 99.8 (55.7) 100 (58.8) 99.8 (22.9) 96 (80.1)
Refinement
Rwork 0.2003 (0.366) 0.1555 (0.391) 0.1836 (0.412) 01708
(0.2056)
Rfree 0.2524 (0.402) | 0.1825 (0.395) 0.2108 (0.385) 0.2309 (0.2937)
r.m.s. bonds (A) 0.007 0.009 0.009 0.008
r.m.s. angles (°) 1.035 1.425 1.025 2.018
No. of atoms
Total 2410 2649 2591 2649
protein 2020 2056 2073 2036
ligand 235 227 233 242
water 102 341 278 362
Overall B-factor (A2) 50.084 22.393 31.218 25.15
protein 53.522 25.045 34.907 23.02
ligand 43.355 20.683 29.174 22.81




water 55.946 37.165 42.376 3191
Ramachandran
96.47 96.86 96.50 96.47
favored (%)
Molprobity score 1.26 0.91 1.23 1.57
PDB code 9GAK 9GAM 9GAJ 9HGB




&RPSXWDWLRQDO VWXGLHYV

3RFNHW DQDO\VEW @QWGLEFRFINGHVFKDLQ VFUHHQLQJ
3RFNHW DQDO\VLV LV SHUIRUWKHGE KK GHMWMHFONSK DQEDFKDQWLWDWLY
VSDFH RQ WKH VXUIDFH RLIJD GG RRRRSQ HRU QUWWH L DO\VLYV UHYV
JHRPHWULF IHDWXUH UHODWHG WR WKH VLIHWBE XR SWD 8B R DP RBR
I[UHH HQHUJ\ WKDW FDQ EH JDLQHG E\ RFFXS\LQJ D SRBNHW 7K
IROORZV WR LQFUHDVH SRAQWWLRFFFREGBRBLQIRIFWHWUULHG RXV
FKDLQV 6LGH FKDLQV DUH HLWKMHOHWBPWHKGOGOOVRIBEHYEZLQYPWEL |
KWWSYV Z22Z VZLVVVLGHFKDLQ FK 6LGH FKDLQV DUHK DDWWD FK
ORFDWHG QHDU W KH SRFNHW RI LOQWHUHVW &ERQIRUPHI
KWWSYV Z22Z VZLVVVLGHFKDLQ FK E\ NHHSLQJ WIK®LEDHNERRM
SURFHGXUH LV SHUIRUPHG WR FDOFXODWH WKH EWQBLQGLMIJLQ
DIILQLWN YDOXH LV XVHG DV WKH VFRUH RI WKH VLGH FKDLQ

6LGH FKDLQ VFUHHQLQJ LV SHUIRUPHG IRU SRFNIDWDOVRBRBWLY
DWWDFKHG WR XQLW XQLW DQG XQLW UHMSHFWH PBQXDRO
GHVLIJQHG ZKLOH IRU X@IQG L ®OMEHXYQDRLWH TURRHZLVVG6LGH&KDLQ

OROHFXODU G\QDPLFV VLPXODWLRQV
‘H FDUULHG RXW 0' VLPXOWRERRYGROWR/ HEXHQBHM[ISGQFLW ZDWHU
WKH $0%(5 SDHENDXIHOW WKH LQLWLDO VWUXFEWXUHW RIVIND®D V\V
VWUXFWXUH %DVLFDOO\ WKH LQLWLDIG YWRXFWHUFURY WR ®, VID
WKHQ WKH IROGDPHU KHOL[ ZDV SRVLWLRQHG EWUDOLDQLQW WX
7KH IROGDPHU VWUXFWXUH ZDV FRQVWUXE WG ® EE\ORPQ G H FEWL@IG
DG UHVLGXHV IRU WKH OLJDQG $00 EXLOGILER EIRRPNDW UR Y DGXH
ILWWLQJ SDRWRFERWHP ZDV WKHQ VROYDWHG E\ H[SOLFLW 7,3 3 .
PHDVXULQJ DERXW ¢ DORQJ HDFRDAL GNBBKHROIR ©% LI & WAHY LIGHXOHC
JHQHUDO $0% (5 IRUFHLUWHOL® SI$SRIYHG WRUVLRQD B D KIVAHHGEWIRWY
WKH IROGDPHU $00 V\VWHPV ZHUH HTXLOLEUDWHGPXYRWILRMXH \

KHDWLQJ DQG 137 VLPXODWLRQ DW DWP DQG . SUREGXMHWLRQ
WKHQ FDUULHG RXW IRUN FRYVSHID VOQVWWHPHUMDSXW LQ SODFH \V
EHWZHHWQR=-QWYKIH WHO® G SRRWLY UHVLGXHV UHVSHFWLYH

RI WKH VXOIRQDPLGH JURXS RI WKH OLJDQG WR PDNH VXUH WKF



&U\WWDOORJUDSK\

7KH UHFRPELQDQW +&$,, HQJ\PH ZDV H[SUHVVHG®BQGRSXWRILH

FU\WVWDOOL]DWLRQ PBRBZRIWHGVROXELOL]JHG LQ SXUH '062 +&$,,

SUHLQFXEDWHG ZLWK HWKHY RHTRKOQGDEREHWKOGDPRHRAXNLY RI IROC
DQG ZLWK HTXLYLQRI IROGDEHMIEXIIHU S+ FROQWDLQLQJ

+&$% )RU WKH ELQDU\ FRPSOH[ RIGHEBSV ZERUKY LRREGIIERRS O H [
VROXWLRQ BQ@WKH SUHFLSLWDQW VROXWLRQ FRQWDLQLQJ 0
3(* DQG 1PA 7KH GURSV ZHUH HTXLOLEUDWHG E\ YDSRU Gl
VROXWLRQ DW URRP WHPSHUDWXUH DQG SODKHQHW @ DS §HPHIH
[ [ P ZLWKLQ WR PRQWSYRWHHWZAHEEH W BNRY SBOKWLRQ VXS
E\ JO\FHURO

+&%$+% )RU WKH ELQDU\ FRPSOH[ RIGHERS )V ZERWKV LR REGIERRS O H |

VROXWLRQ PIQWKH SUHFLSLWDQW VROXWLRQ FRQWDLQLQJ OLWKIL
3(* DQG 1P0 7KH GURSV ZHUH HTXLOLEUDWHG E\ WDSRU GL
VROXWLRQ DW URRP WHPSHUDWXUH DQG EODGHG FW\WWDOV D
TKH\ZHUB BFPRWHFWHG LQ WKH SUHFLSLWDQW VROXWLRQ VXSSOHI

+&$+ JRU WKH ELQDU\ FRPSOH[ RIG&R S VZE RE@VIRGEHTRIRES O H [

VROXWLRQ WIQWBKH SUHFLSLWDQW VROXWLRQ FRQWDLQLQJ 0 Ol
3(* DQG PO IR#H GURSV ZHUH HTXLOLEUDWHG E\ YDSRU GLI
VROXWLRQ DW URRP WHPSHUDWXUH DRQGiSOPWH®&HWXHDHSHD\RH
SURWHFWHG LQ WKH SUHFLSLWDQW DPWHU DGGLWLRQ RI RQH GU

+&$+ )JRU WKH ELQDU\ FRPSOH[ RIGH&RS,VZERXYLR/GGERRE O H [

VROXWLRQ RPQWKH SUHFLSLWDQW VROXWLRQ FRQWDLQLQJ 0
3(* DQG PO IRH GURSV ZHUH HTXLOLEUDWHG E\ YDSRU GL

VROXWLRQ DW URRP WMHKPESHD WX \WHV CDOQMG DSSGSIHW H HIG DPW H U GD
7KH\ ZHUBUPRWRFWHG LQ WKH SUHFLSLWDQW DOWNK DUGHGLWQR Q (
OLTXLG QLWURJHQ

'DWD ZHUH RROPIHFWRHBFXV EHDP OMW) N \DFRULRWIRRQFRP/$SDH[HV
+8&$+ DQG +&%$,DW VIQFKURWURQ (65) RR EHRPGIOHH B'QS, ,.DW
(65) EHDPOLQH ,' % DW . IRU FRPSOH[ +&%,,

$00 GDWD ZHUH UHGXFHG ZLWK ;'6 RU &U\V$OLVZWRV HDLUDIANXR2|
6RIWZDUH VA\VWHP YHUVLRQ D 5LIJDNXRRVYVIRIXFWXRG V
+&9%,, +&%$,, +&%,, ZHUH VROYHG E\ PROHFXODU UHSODMBPHFRGH QW XV



DWRPLF FRRUGLQDWHY RI D SUHYLRXV SURWNLD VROGPRHREGRPS
. UD\ VWUXFWXUZDRIWRSYHG E\ PROHFXODU UHS O DIFGI® HDQWR XIVA Q.
FRRUGLQDW BV RW DIQDWRUXFWRWVHD ¥'HDUFKI PRGHO S5HILQHPHQW
XVLQJ 5HDPIBF3KBQIG[ PDQXDO PRGHO EXIKHGWRBE RURQY IZRRW XV HC
DQG UHILQH WKH PRGLILHG LQKLELWRUV KDYH EHHRQHIBDRHUDW H (
VWUXFWXYBO ZHWWHG XVEQURIR WRURESRVYLWLRQ LQ WKH 5&6% 3L
FRGHV *$. *$0 *$- DQG +*%



WLRSK\WVLFDO PHDVXUHPHQWYV

& DQG 89V VSHFWURVFRS\
&LUFXODU 'LFKURLVP &' VSHFWUD ZHUHXOBBER UEKGRR @ PDV-DWFWR U
TXDUW] FHOOV RI PP RSWLFDO SDWK OHQJWK 6FDQV ZHUH PH
QP ZLWK D UHVSRQVH WLRHVBHHGVRIF DQR DLQYQFODKRRY L8O GDWI
DQ DYHUDJH RI WZR VFDQVFRWDWHEBWHABUHREDNVHQDQHFRQWULEXW
FRQWDLQLQJ +&%$,0 k®$,,PO BREXIIHU DW S+ RU 6DPSOHYV Z
E\ DGGLQUWY RTXWKH IROGDPHU PO VROXWLRQ LQJISHIBH, 062 W

0 LQD POGB2EXIIHU DW S+ RU

$00 XOWYUDNIEROHHHW89 9LV DEVRUEDQFH PHDVXUHPHQWYV ZHUF
VSHFWURSKRWRBXMHQW XVLQJ D FP TXDUW] FXYHWWH OHDVXLU
QRW VWDWHG RWKHUZLVH

$ VHULHV RI VROXWLROQMRI FRRPSESRXRRG —0 ZHUH SUHSDUHG L(
+(3(6 EXITHU SALWKRXW GHUBYVERVEWMWRRG '062 VWRFN VROXWL
B89DEVRUED@W RIZDAVKREZQLIXBHDQWKH ZKROSEHFWWKREQV
JLIX8H)URP —0 WR —0 ODEHOOHG LQ SLQN FRORU WKH DEV
D SRWHQWIWIORDIBKHIPRODU H[WLQRAWL Q@ FRHKHWFHLHRMWM FDOFXO
%HHMNPEHUWY YV ODYDDEWPHDVXUHG IURP D UDQJH RI FRQFHQWU
OLQHDU UHJUHVVLRM LPRIH D YORPXHZRLMKKHY LQ JRRG DJUHHPH(
UHSRUWHG YDBKH 0

JLIXUH 689 DEVRUED®@PH RIQP DW GLITHUHQW FRQFHQWRXOWIHRRR BPRBSIBVUHDOLE
ZLWK WKH YDOXH IURP OLWHUDWXUH DIWHU UHPRYDO RI WZR $EV YDOXHV DER



JOXRUHVFHQFH ELQGLQJ DVVD\
7KLV IOXRUHVFHQFH DVVD\ ZDV DGD SW$H@O!| URPRW K M FFHBREHU WRLVE @
GRQH LQ DTXHRXV PO +(3(6 EXIIHU S+ DW URRWKM/HPSHL
VDPSOHV DQG XVLQJ D TXDUW] IOXRUHVFHQBPHLBRY BWWH(REZQ WX
6SHFWURSKRWRPHWHY DVVDW A BVUIHVAUDWILRH G RISWRMWH WX RV BW U W
J)LIXUH 6 VHIRWORGDPHU FRPSHWXWHREG HDWMDDO H[SHULPHQWYV ZH
DQG YDOLGDWHG D UHSURGXFLELOLW\ ZLWKLQ HUURU

JLIXUH 66FKHPDWLF SURFHGXUH RI WKH WLWUWFDWIRRQ H DBHW LHEHQW EGHMMSAWHHE®
OLWHUDWXUH

. PHDVXUHPHQW &S, WKRIPSOH |

JOXRURSERVH/\QWKHVL]HG DFFRQGL QB [WRGQVWRODMWX W SX
JHW D VWRFN VROXWLRQ DW PO

7R WKH VROXWQ®QLRI+(3(6 EXIIHU PO S+ LQ WKH IOXR!
P/ LQFUHPHQWDO YROXPHV RI D VWRFN VROIXWAHRWHRI GGG $1V
HDFK DGGLWLRQ DQG JHQWOH DJLWDWLRQ WKHVAKH XQWHQY P
RI IOXRUHVREZIDYFWKHQ UHFRUGHG IURP @FP WR QP

,Q WRWDO DURXQG HTXLY RI SURWHLQ ZBW B®®&HWEWIH DG

Q0 HWLJIJXUH BKH GDWD ZHUH SORWWBD® X\HR XD QR X B WSHHHW R/HR |
JRU FXUYH ILWWLQJ WKH ELQGLQJ PRGHQ@ @DV SHPILHVRZ H U H7 KIHH F
IURP QP WRGQ; QPQP LQ VHSDUDWH H[SHULPHQWYV DQG VHW D



YDOXH ZDV GHWHUPLQHG FRQVLGHULQJ DOO WKHGZGMMDBDWUIRB®Y
RI WKH RYHUDOO FRQVWDQWY JLYHQ GLUHFWO\ E\ WKH SURJUDP

JLIXUH 6D )OXRUHVFHQFH VSHFWUXP FKDQJH N IRW H&Y, L. WW\GRIL WDRRUHVFHQFH
UHD@PW QPZHUH SORWWEHIDFN VTXDUHV DUH WKH UHDG V) DNADHFWHNA O QBVWHISH U |
,) 7TKH RYHUDOO ILWDVMXQH BRIYHYV @0 ZKLFK LV LQ JRRG DJVY B BEH&RW MHNK DIQIGH
ZLOO QH[W EH XVHG IRU WKH.FPDBXBDWLRQ RI IROGDPHU

6HQVRU DJJUHIJDWLRQ DQG UHDVRQV IRU SURWRFRO

JRUROGDPHU ELQGLQJ DIILQLW\ GHWHUPLQBWMMRQVLXH VEXBKWV
WLWUDWLRQ EXW SHUIRUPHG WKH H[SHWIKRMHSQWEOLWKHGS BB R\ER
FRPSHWLWRUV ZHUH DGGHG WR[WXVRO O\WQKRQI AHHFERUGHG ZL\
LQFUHPRQPHQRIUBRARHWLWRUV 7LWUDWLRQ FXUYHYDOROHORB! WK »
FRPSHWLWRUV FRXOG EH FDOFXODWHG ,Q RXU H[SRSWMEQWR VZ H
WR DGG WKH IROGDPHUA& W R FIR FYSRODHW ERQD BIGN & MDKGH EHRWHLQ
VROXWLRQ RI IREGBPBHBEDQ®J WZR VROXWLRQV

BROXWARMWDLQHG WKH IROGDPHU DQG

BROXWERQWDLQHG WKH SURWHLQX UR O GOPGIRR 6 BISDGG) DW L R (
ZHUH WKH VROX\D VRIQD

7KMROXWDRQWKHQ WRW X BWRES VEKH UHDSHZMUE/ XRGIG WR FDOFXC
. YDOXH Rl IROGDPHUV FRPSHWEZWIRWUWI[SEH ULB B KM ORGW ¥ DU ZD
DGGUHVV WKH LQQHU ILOWHU HIIHFW ZKLVKQBHLVKMM\RIRR KV Z|
IROGDPHUV DEVRUBEWDWKH KFLWDWLRQ IZRLYHOFHRIWHKQRMUDWLRQV
ZHUH DGGHG WR WK&S$VRORPBICRH] RVKH[EQWEBRMRM\ZRXOG EH SD



DEVRUEHG E\ WKH IROGDPHUV OHOGLQAVWRVDWASH IURBUAHLRIQ H PL
ILOWHU HIIHFW

6HFRQTBA\Q REDIMVMHEG IRRDEURHE LQ WKH ZDYHOHQJWKRPWOQJH EHW
VSHFWUXP RILNR GIGHDPHML IXHG 6RYHUODSSLQJ ZLWK WKH HPLVVLF
7KLV LQKHUHQW DURPDWLF IROGDPHU DEVRUBWIFRI@ FH. JIKQW 16Q
VHFRQGDU\ LQQHU ILOWHU HIIHFW %A REFHIMMVILIOL QR QW KFHR RO
WLWUDWLRQ WKLV LQQHU ILOWHU HIIHFOWRDNVNH®WHF R@VEHD QV
VROHO\ WR WKH FRPSHWLWLYH LQ\DKGDIROICRIPNRWARKHNHG VDK\H D5
FRQFHQWUDW GRI® RGP MHKUH P H D\QXBHEREHI W UHQW FRQFHQWUDWLR
WR PDNH VXUH WKH REWDLQHG YDOXHV ZHUH UHOLDEOH

JLIXUH 62YHUOD\YRVB®BEVRUSWLRQ VSHPWGDSBREMRIBDRWEHQFH HPLVVLRQ VSHF!
A QP



+ PHDVXUHPHQW RI +&%$,, FRPSOHDRG DUWR GG)V

JLIXUH 66 FKHPDWLF SURFHGXUH RI D FRPSHWDWIGRIR & GDHHIP HHQWWOHHWQBH Q

BROXWLR@GLFDWRU VWRFN V U
RU OLJDWWRFN VROXWLRQ ZHUH C @A“@(’\/\/\W%COO
HaNO,S
EXIITHU LQ WKH FXYHWWH 7KH WRYV 22 W P/

BROXWLR@GDPHU RU OIQEN®HLQ
—0 LQ +(3(6 EXIIHU VWRFN VROXWLRQV ZHUH GLOR® RG XVLQ
IROGDPHUZBIQE NHSW DW Q0 WR UHPIVR® X\®HRW DOD S UR W HL
FRQFHQWUDWLRQ ZDV —0 WRWDO Y P@XCPRZHDBW KDW/ WKH G R @

RI IROGDPHWHDIGHSW FRQVWDQW QR GLOXWIGRQ XSRQ SURWHL

SOLTXRWRORWLR® ZHUH DGGHBXWERRQWKH ,) ZDV UHFRUGHG
QP WR QP QP

$V IRU FXUYH ILWWLQJ D ELQGLYDOPRGRO MV DBBOLHC
LQVHUWHG DV D FRQVWDQW 7KH VSHFWUD RI DOO HPGWWLQJ VS
QP LQ VHSDUDWH H[SHULPHQW VKMQ &D\CHH \D VRIOI@IRZ IQUV BHE M B
FRQVLGHULQJ DOO WKH ZDYHOHQJWKY DQG WKH LQWHQVLW\ RI |



%LR/D\HU OQWHUIHURPHWU\

%/, PHDVXUHPHQWY ZHUH FDUULHG RXW DW f& ROWD®VARNHW !
VWUHSWDYLGLQ ELRVHQVRUV 6% (31BH EXAOHLDZDV PDZHHQ

'062 S+ +(3(6 $W ILUVW DQG DIWHU D EDVHOLQH LQ EX
ELRWLQ\ODWHG DU\OVX®RQRMIGHE RQIDNIEH VHQVRUV  VHQVRU\
D ORDGL®I MWRYHU VHF 7KH VHQVRUV ZHUH WKHQ ZDVKHG ZL
EDVHOLQH ZDV UHFRUGHG IRU VHF DQG WKHQ WBE&JBVRIRFLDW
+&$,, FRQFHQWUDWLRQV IURP Q0 WR Q0 WKW GLVHWRFEDM UF
RYHWKH VDPH WLPH EQI+{2K6{ YDOXH ZDV REWDLQHG DIWHU JORE
ZLWK WKH VRIWZDUH HPEHGGHG ZLWK WKH 2FWHW 5 LQVWUXPH



&KHPLFDO 6\QWKHVLV

*HQHUDO

&RPPHUFLDO UHDJHQWYV VXSSOLHUV $BROWG ULKMKHTUE&6 F¥H'GW D L
9:5 ZHUH XVHG ZLWKRXW IXUWKHU SXULILFDWLR@ X @®INKY RWK}
ZDV SXUFKDVHG$OURPLBBIREN RWLGH UHMWLKDS/ G VI USRI PR Q \
3HSWLGH JEIDRGHVKIOIRUPDPLGH '0) ZDV SXUFKDVHG IURP &DUOR
WULHWK\ODPLQHGIZKYRBQBSNAHWK\ODPLQH ',3($ ZHUH REWDLQH
SULRU WR XVH $QK\GD®XV +\WHIYU® KBGRKORURPHWKDQH '&0 ZH
0%5$81 636 VROYHQW SXULILFDWLRQ V\VWHP 8OWUDSXUH ZDWH
SUR 9) XOWUDSXUH ZDWHU V\VWHP 5HDFWLRRQ\N ZSKH P/RQ IRQR U
OHUFNPADLOHO SODWHY DQG REVHUYHG XQGHU 89 OLJKW &ROXP
ZHUH FDUULHG RXW RQ OHWFN-P('83XFG®HDU PDJQHWLF UHVRQDQ]
ZHUH UHFRUGHG RQ DQ $YDQFH ,,, +° 0+] %INONHH %LRESLQ VS
0+] %UXNHU %LR6SLQ VSHFWURPHWHU HTXLSPHGHLE)WK D EU
&U\R3UREH70 8URBPHDVXUHPHQWY ZHUH SHUIRUPHG DW  f& XQ
VXSSUHVVLRQ ZDV SHUIRUPHG ZLWK H[FLWDWLRW®KVEKXD\S BH DRYDF
Y 105 SURFHVVLQJ VRIWZDUH IURP O0HVW3J B O B EU SIS RHDWHR
LQ SSP DQG FDOLEUDWHG YLD UHVLG XD ODEREQHY QU VWHEEDINOW 6 L
GRXE O H\® AW X\WB UMWH W X O V&HG HWE HFWUD ZHUH UHFRUGHG RQ D %
LQ SRVLWLYH LRQL]DWLRQ PRGH 7KH LQVWUXPHFQQWLDDXVERQLE!
FDOLEUDWLRQ VROXWLRQ/ $REZ GHROW HOWKORQARILAXQBEQJ OL[ 7K
DQ WOPDWH +3/&¥\VWHP 7KHUPR)LVKHU 6FLHQWLILF HTXLSSHG
FROXPIQ PP P DW D IORZ UDWH RI P/ PLQ IRUPLF DFL(
DGGHG WR WKH DTXHRXV PRELOH SKDVHQWR® Y HEW $UDQGHOW
PLQ W R VROYHQW % DW f& 7KH FROXPQ HOXHQW ZDV PF
DQG QP ZLWK D GLRGH DUUD\ GSIWHEDADW LEKDE HY HRD/OK BIXG
SHUIRUPDQFH OLTXAG+BK& RPDWR SHNSRUPHG RQ D 7KHUPR )LVKF

+3/& 6\WWHP XVLQJ ODFKHUH\1DJHO 1XFOHRGXU & *UDYLW\ F
i PP —P RU ODBKIUHXFOHRGXU & *UDYLW\ FROXPQV 1 P
PP P— ZLWK GLIIHUHQW JUDGLHQWYV FRPSRVHG RI VROYHQW $
DFHWRQLWUL @V IOLWHRZYPRELG SKDVH IROGDPHU VIQWKHVLV 63
'LVFRYHU %LR PDQXDO PLFURZDYH DSSDUDWXW VHCH 2V M PFSRIQ LDWF
ZLWK DQ RSWLFDO ILEHU SUREH $XWRPDWHG 63)6 ZDWR8RQH R
BURWHLQ 7THFKQRORJLHV E\ DSSO\LQJ LQGXFWLRQ KHDWLQJ



([SHULPHQWDO SURFHGXUHV IRU FKHPLFDO V\QWK

6ROLG SKDVH VI\QWKHVLV DQG SXULILFDWLRQ RI D
$2)V

7KH ORDGLQJ RI WEKH PRORWHPRFQG ORDGLQJ GHWHUPLQDWLRQ
UHSRUWHG SURBRFFRRWXGHOH RBMA3Q % PR RRHHUNWHUDWLYHO\ FR.
VROLG VXSSRUW DVXYHRBKH QMWK BHEBHRIHBIBGE KR U X V VIQWKHVL]HU
FKDSWHWOHDYDJH IURP WKH UHVLQ DQG VLGHFKDLQ\ZH®WKRWHF\
D IUHVKO\ SUHSDUHG 7)$ VROXWLRQ FRQWDUQL®YS$ WBIIHLVRSUR

Y Y MU BOMDYDIJH WKH FUXGH PDWHULDO ZDHSO\RB/MKILOH
53+3/& XVLQJ D VROYHQW PL[WXUH RI $ DQG % WWKIXSKQLW\ WD

$SWWDFKPHQW RI WKH /LJDQG DERXWEH2)Y WDLO RQ
7KLV FRXSOLQJ VWHS ZDV RSWLPL]JHG Y RPKW K)IBRER\N MERMMO UH W

ERXQG PHU —PRO VFDOH ZDV ILUVW VXEMHGWHAGBVWIRG ZISAKK
103 17 P/ DQG WKLV VWHS ZDV UHSHDWHG RQFH 7KHQ WKH U}
P/ IROORZHG E\ GU\ ", 3($ —/ —PRO HTXLY 7TULSK

HTXLY ZDV GLVVROYHG LQ DQK\GURXV 7+YHVVHO 59RXWKE8 bBQ X
SODFHG LQ WKH H FUHRADY ADD/QBXEWVHTXHQWO\ KHDWEG XQGHU P

PLQ 7KH UHVLQ ZDV QH[W ILOWHUHQ® RIWRKR DWHRPRG HZ IDWQK WUTC
WULSKRVJHQH

2Q WKH GD\ SUHFHGLQJ WKH OLJDQG LQVWBIHFHVRR Q ROP\RRO LG

HTXLY ZDV GLVVROYHG LQ D '&0 7)$ PL[WXXS$ DQG D NV HVR VIRIOP
HYDSRUDWLRQ SODFHG RYHUQLJKW XQGHU WK KV K 1B FXHK[RV O3\ HWWK
UHVXOWLQJZDY GRUWROYHG LQ GU\ 103 P/ IROORZHG E\ WKF
' 3($ —1 —PRO HTXLY DQG WKH VROXWLRUEBKOIRXU}
DFWLYPRMYBIGDIWH UHVLQ 7KH UHVLQ ZDV KHDW®G XS XQRSLHU PLFU
7KH UHVLQ ZDV QH[W ZDVKHG ZPWK IDIRKXWKRXWWHS ZDV UHSHD!
SUHVHO®RMK ',3($
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6FKHPH2YHUYLHZ RI WKH 63)6 DQG FKHPLFDOHWW]UHDG W2 UHNT R HQ BIOVW K KIHV MNQWD (¢
WDLO JURXS ZDV LQVWDOOHG YLD VDPH RRPHMMJI PHWKRG Rl 4 % DQG 3 PR



$2) PRQRPHU DQG ELRWLQ\ODWHG +&$,, OLIJDQG V
&RPSRXQG (WK\@DFWDWH PO PPRO HTXLY HQDQWL]
7JULSKHQ\OSKRVSKLQH J EURPRQWURBKHQRG J PP
HTXLY ZHUH GLVVROYHG SQRWPFWHL)RQQGKH PL[WXdHWPONQFRRO
S P/ PPRO HT ZDV DGGHG WR WK I$ UPR\WH X WH. R/ RZK
UHDFWLRQ PL[WXUH ZDV VWLUUHG DW 57 IRU WHKOLFEKEK FK RXQUBV WKKH
FUXGH ZDV SXULILHG E\ VLOLFD JHO FROXPQ FK ORP BI/&H U B BIOR 2

FU\WWWDOOLQH SRZGHU J PPRO
+ 105 0+] &'&Q0 G- +] + - GGH] - +] + - G
+] + T + P + G &t+105 w+] +'06% /
+506 (6, FDOFG
IRU & %U120+@ IRXQG
&RPSRXQ&RPSRXQG J PPRO HTXLY%R&EURSDUJ\ODPLQH J
PPRO HTXLY DQG 7($ P/ HTXLY ZHUH GLUVQBOWKK LC

VROXWLRQ ZDV GHJDVVHG WLPHV E\ IUHMHRB SXPRBRQQJD @ &H® &3 K
—+RO PRO ZHUH DGGHG XQGHU $U DWPRVSKHUH &RG WKH LU
KRXUV $IWHU UHDFWLRQ2P W WHEK UPH. [@/XQUXHWLRY H[IWMKDGFWLHHE Z L W

RYHU 0D6QG VROYHQWY ZHUH UHPRYHG XQGBVY 9XGBGIXEHG SUHNKEP

VLOLFD JHO FROXPQ FKURPDWARJIJUDSK\ &\HOGUMWQRA$F PPRO

DV D \HOORZ RLO

'H-NMR 0+]CDCls / G - +] o+ GG - +] o+
+] + T - +] + V + TT - +] +
+ G - +] + VvV o+ V +F +& 108 - 0+]
CDCl; /
+506 (6, FDOFG+ LRULR >0 1D @ IRXQG
&RPSRXQ&XRPSRXQG J PPRO HTXLY ZDV VXVSHQGHG LQ "

P/ ZzDV DGGHG WR WKH VXVSHQVLRQ 7KH VRCHQW ZQ \Z DW R/RWLH
XQGHU UHGXFHG SUHVVXUH DQG WUDFHV RRQ)$&RPHEHRZAQYDOO\ U
GLUHFWO\ XVHG IRU WKH IROORZLQJ SURFHVV ZALWBRRXWW DOIW K
GLVVROYHG LQ 7+) P/ DQG ',3($%$ P/ PPRO[WXHHXDWQG ZI
WKH VROXWLRQ ZRPVf &RROHWR B BXQPDWECHUER[DPLGLQH J P

HTXLY ZDV DGGHG DQG WKH UHVXOWLQJ PLIWPRN ZOGKYEFBHUU
UHGXFHG SUHVVXUH DQG WKH FUXGH ZDV GLVVROWLHG B ZDN\2I$ F
ZLWK FLWULF DFLG VDWXUDWHG 1D&&2DP QKB UFLLHXGs R YZHDWY/ 19X U L



E\ VLOLFD JHO FROXPQ FKURPDWRJUDSK\ &\FH[ (WR2BRO Y DV\L
D JUHHQ VROLG

+ 105 0+] &'&Q vV o+ + W -G +] + - GG +]
- +] + - G +] + T + G + T + G
\Y + \Y + BCNMR + O0+]CDCl;s /

+506 (6, FDOFG IRU
&+ 12 >0 +@ IRXQG
&RPSRXQ&GERPSRXQG J PPRO ZOWVT GLYWVROYHG LQ 7+) P/

DGGLWLRQ RI D VROXWLRQ RI /L2+ 2 PJP/ WERROUHDFWLRQ BPQ[V
VWLUUHG IRU PLQ DW 57 7KHQ WKH PL[WXUKVZQV DBLGLOLHG
+2 7KH UHVXOWLQJ DTXHRXV SKDWV H QBVGH[MWHED RM/HAEB ZI6E RREQ Q J
WKH VROYHQWY XQGHU UHGXBENGQ/HBRYNKHB TPRPBEWXWDBWLYHO\

H-NMR 0+]CDClz / \% + \% + G - +] + G
+] + G - +] + V + T - +] + \
+] + G - . BG-NMR 101 MHz, CDC}) /

150.75, 139.83, 137.14, 129.21, 115.31, 85.20, 83.78, 81.30, 80.08, 74.55, 67.96, 31.49, 28.19, 28.05,
25.60, 18.22HRMS (ESI+) calcd. for @gHsiN4Og [M+H] * 507.2091, found

&RPSRXQ&RPSRXQG J PPRO HT&RY [PQG 1D PPRO
HTXLY ZHUH GLVVROYHG LQ OH2+ P/ 7 KRHJ WRIOXMH. R\ ZZHDW  ESI
DGGLQJ 3G & PJ ZZOD\DQIBSWRBWE RXSKHUH 7KH UHDFWLRQ

VWLUUHG DW URRP WHPSHUDWXUH IRU WK 0HQWHOURGY RYWY EI
HYDSRUDWHG XQGHU UHGXFHG SUHYV XU H PLIRHID GINXPIQ MRPABIRW DYGH C

+ 105 0+] '06% / vV o+ vV o+ G - +] + C
+] + GG - +] + V + T - +] +

+] + P+ Vv o+ V &405 G+] +'06% /
+506 (6, FDOFG+ LRU>& +@ IRXQG
&RPSRXQ&@RPSRXQGJ PPRO HTXLY DIQG 1DP#ER0 HTXLY
ZHUH GLVVROYHR LQKHQ&PPRF J PPRO HTXLY GLVVROYH

P/ ZDV DGGHBYBPIW K 7KH UHDFWLRQ FE[RMXRBRIQH MGG UMW URG GOD
WKHQ DW 57 IRU K $IWHU WKH UHDFWLRQ PL[WXAUMHL QADV O FEOLL
+2 WKH DTXHRXV SKDVH ZDViH[WUDHR® HG EQ®WKE'EREY VROYHQWYV
UHPRYHG XQGHU UHGXFHG SUHVVXUH %KH UHO/XW:BHEIDR QS X UAWIH



OLQH $ ZDWHU OLQH % $RIQ WKHQ WR RH®G FRPSRXQG

PPRO DV D ZKLWH VROLG
+ 105 0+]'062 G / vV o+ VvV o+ VvV o+ W -
G - +] + GG - +] + V + W -
- +] o+ G - +] o+ T - +] o+ GG -
W - +] + P + +] £ - G - +] + G
& 105 0+]'062 G /
+506 (6, FDOFG+ LRU>& +@ IRXQG

&RPSRXQGKH SURWRFRO ZDV EDVHGDR@ VBERKWGO\GPRIGW HIUHBW X B
WZRHFN IODVN IOXVKHG ZLWK BGRY¥EWRYH SURRRRUH RRO

LQGHOQ ERURQLF DFLG PJ &RPROJ HPPIROXLY ZHUH DGGHG
WKH IODVN ZDV DJD LERPFBRKHEG ZLWHKP RO HTXLY ZDV GLVVROY
RI WROXHQH2HWKDPJRO PH P/ YYY DQG GHJDVVHG WKUHH

VROXWLRQ DB\G WRD@KFNWARVN DQG WKH PL[MRYHUZDL\M KWA D TWKHL
UHDFWLRQ PL[WXUH ZDV GLOXWHG ZLW K @0WHIL HD® 7R YAKM WIDF W H
FUXGH ZDV SXULILHG ILUVW E\ VLOLFI54HDFPRYVRIPDIWRS ¥ DISIK\F D Q/
VIVWHP OLQH $ ZDWHU OLRH PLQSWKHQ % PLQ WR \LHOG F

J PPRO
+ 105 0+]CDCl;z [/ G - +] + GG - +] +
+] + GW - +] + WG+ - P + +] +
G - +] + T - +] + ¥fG - GG - +] +]
+ G - +] + W &105 +] O+]CDCk /
+506 (6, FDOFG+ IIRU>& +@ IRXQG
&RPSRXQ&RPSRXQG J PPRO HTXLY ZDV GLVVROYHG LQ 7+)
PJ PPRO HTXLY VROXWLRQ LQ ZKWMWKH UHDFWLR @ @G HA

DFLGLILHG ZLWK FLWULF DFLG LQ ZDWHWK D&QGTW EHVHTUXE B X\Q 3 K
ZLWK62DWKH VROYHQW ZDV HYDSRWDWHKE& XWR | XUHDIGH RPSRIXIQ ED V
PPRO

+ 105 0+] '06% / G- +] + - GG +] + - G
+] + - G 4] + - WG +] + + P + - G
+] + \% + - 1G +& 105 0+]'062 G/



+506 (6, FDOFG+ IRVCG& 1D @ IRXQG

&RPSRXQ&RPSRXQG PJ PPRO HTX2y DG 1DHTXLY ZHUH
GLVVROYHG LQ OH2+ P/ BQGJIWEGEHVKRICG X\S/RERMEDAH WKIHVV XUH
PJ Z Z ZDV DGGH®\DQE SOWHMW® EYSKHUH 7KH UHDFWLRQ

VWLUUHG DW 57 IRU K ILOWHUHG RYHU D GW® LAHH 1S DHG' MR B
XQGHU UHGXFHG SUHVVXUH WR LQUIAXANVBWIRFBRXYB \LHOG ZLWKR

&RPSRXQ&RPSRXQG J PPRO HTXLY DQG 1PRPRD HTXLY
ZHUH GLVVROYHRY LGKHQ&PPRF J PPRO HTXLY LQ GLR[D!
DGGHG&WHU K 7KH UHDFWLRQ P&RWXREH DG &MWNIURJGIKEODKAR X U [
IRU K 7KH UHDFWLRQ PL[WXUH ZDV QH[W DB LGLOLLEE WIRHDSS U |
DTXHRXV SKDVH ZDV H[WUDFWHG ZLWK G&UR Y HHQW.L\H G HRIYH U HRIR
UHGXFHG SUHVVXUH 7KH UHVIGKH 3DWX\8 $XUILIH G DEV ISRKQ IV)\& DWVHKP
OLQH % $&1 % PLIQHW % PLQ WR \LHOG FRPSRX®RRO
D ZKLWH VROLG

+ 105 0+]'062 G/ vV o+ vV o+ G - +] + €
+] + \Y + W - + +] W - +] + GG -
+ + P + G - + +G - T +] +] +
+ P + T - +] o+ S - +] o+ GG -
GG - +] + G &105 +] 0#]'062 G /
+506 (6, FDOFG+ IRVLG +@
IRXQG
&RPSRXQ@RPSRXQG J PPRO HTXLY ZDV GLVVROYHG LQ 'C
P/ zZzDV DGGHG 7KH UHDFWLRQ PL[WXU\MKDVWCB{W(E);N_Q'B(GVE\
3G 33&K0 PJ PPRO HTXLY DQG &X, PJ PPRO H
WKH UHDFWLRQ PL[WXUH ZDV DJWKD B MIHDRK/HLGT YW\ F BKX\QN Q D IF B MV
PPRO HTXLY ZDV DGGHG DQG HNMGKHKSURRBRW L R Q 7KKIH W X UDHF VX L

PLIWXUH ZDV BRRPAUWRUHQWRZDWHU DQG '&0 OD\HUV ZHUH WKHQ
HIWUDFWHG RQH PRUH WLPH ZLWK '&0 &RPELQHEURQHBDQMWALPBVH!
GULHG RYHWRBER2 WKH VROYHQW ZDV UHPRYHG XQGHU UHGXFHG
VLOLFD JHO FKURPDWRJUDSK\ LQ SXUH '&0 WR \LIPGEBONVKH VDINUD I
\HOORZ VROLG



+105 0+]CDCL / G - +] 4+ G - +] 4+ G -

+ G - +] ++ P + % P + % P+ %

+ &105 0+]CDCls /

+506 (6, FDOFG+ LRU>& +@ IRXQG

&RPSRXQ&G & PJ PP ZDV DGGHG WRIJFRP SFRPXRG5 HTXLY
(W2$F DQG '0) VROYHQW PL[WXUH PZIDVWVEXEEOHBGHRBRCAORZHG

EXEEOLQJ VWHDHOPWKG® 2DV SODFHG DQG VWLUUHG DWOWHRUB G K
WKURXJK D FHOLWH SDG ZDVKLQJ ZLWK (W2$F XQWULIDOPWR X HGH @RI
\LHOG WKH WDUJHW FRPSRXQG DV EURZQ VROLG ZLWKRXW IXUWI

+ 105 0+]'062 G / G - +]  + G - x+] P
+ + P+ G - +] 4 vV o+ GG -
+ +506FDOFXODWH®& IRU & 0+ )RXQG

&RPSRXQG 1D+&Y¥YROXWLRQ P/ ZDV DGGH® VEGRRVRRHRPPRXQGC
J)PRREO J PPRO HTXLY LQ P/ ZDV DGGHG "W R$SWWKHHUP L [W
DGGLQJ WKH VROXWLRQ ZDV VWLUUHG LQ 5IIRHG XYILIKIW  FKM U
DFLG H[WUDFWHG ZLWK '&0 WLPHVY 7KH FRPEMHG RUUQRBLF
WLPHV GULWGEG ZIKWHKKVRIDYHQW ZDV HYDSRUDWHGVLDQED FUK®GH

FKURPDWRJUDSKOH2IHWIKQ '&0 PL[WXUH WR \LHOG J WDUJHW F
+ 105 0+]'062 G / v o+ G - +] + G - +]
G - +] + G - +] + WG - +] +

+ + P + + P + G - +] W+ - +] +

W - +] + &R OS5+ 0+]'062 G/ +

P

+506 (6, FDOFG IRU
&+ 12 >0+@ IRXQG

&RPSRXQ&RPSRXQBYV VIQWKHVL]HG DFFRUGLQJ &RRSWRKIQGUHYLR
PJ PPRO HTXLY ZDV GLVVROYHG LQ 7)%V IO JRMSXUH
UHPRYDO WKH VDPSOH ZDV O\RSKLOL]JHG ZLW KXW I ZDW KH V VRO
LQ D ZDWHU GLR[DQH PL[WXGHE\ WK/H DGGLWLRQ ®RRZIB($ —/
HTXLY 7KH UHDFWLRQ PAFRAMNYH EEKRDPNPDORER@\S\DB RA&R  +
\O PHWK\OHQH FDUEDPDWH PJ PPRO HATEKH YU H DB W MRK
PLIWXUHEHOHDU 7KH UHDFWLRQ PL[WXUH ZDV VWLWURG WXHU



FUXGH ZDV SXOLIEHGHD FKURPDWR2Y4OSK\&DLWIKW XUH WR \LHOG F
PJ PPRO

+ 105 0+]'062 G/ Vo4 vV oo+ Vo4 G -
W - +] + G - +] + G - +] +
+ G - +] + WG - +] ++] + WG -G -
+]  + W - H + P o+ w - +] o+ S -
+ vV o+ &105% 0+]'062 G /

+506 (6, FDOFG IRU
&+ 12 >0 +@ IRXQG

&RPSRXQ&RPSRXQGIJ PPRO HTXLY ZDV GLVVROYHG LQ D PLJ[
7+) P/ YY 7($ P/ zDV DGGHG DQG WKHNBKHBBWLRQ PL
PJ Z Z ZDV QH[W DGGHG DQG WKH UHDRMWVRWPH [WEDH ZI
KRXUV 7KH UHDFWLRQ PL[WXUH ZDV ILOWHUHGVDWHRXQ& I KH
VROYHQW ZDV UHPRYHG XQGHU YDFXXP WHRROHOG FR RIUMQIE R L

+ 105 0+] '06%B / G- +] + - G +] + - W +]
+ GG +] + - GG +] + vV o+ & 105 +
0+] '068B /
+506FDOFXORWH& IRU 0 + )RXQG

&RPSRXQ&RPSRXQG J PPRO HTXLY ZDV GLVVROYHG LQ P
ZLWK /L2+PJ PPRO HTXLY 7KH URDFWLRQ ZDV PRQLWRUH
UHDFWLRQ FRPSOHWLRQ 0O DTXHRXV +&0 P/ ZDDH DGEHG W
WKHQ FRROHEDGRZ QDWR2 J PPRO HTXLY ZDV DGG&@m $ VRO

J PPRO HTXLY LQ GLR[DQH P/ ZDW DBW HRBQGRRPSSAD W\

DTXHRXV FLWULF DFLG ZDV DGGHG XQWLO S+ "&DKIHQRBUJID QL
GULHG RYHWROVEQWHPRYHG XQGHU YDFXXPZD®Q G WKRH FIRWP S W K (
OH2+ WR \LHOG D \HOORZ SRPRIDU

+ 105 0+] '06%& / VvV o+ vV o+ - ] + VvV o+
G +] + - G +] + - G +] + - GG +]

+ -W +] + - W +] + - WG +] + - G +]

+ -W +] +& 105 0O+] '06%& /

+506 (6, FDOB®DB+ LRU>0 +@ IRXQG



&RPSRXQ&RPSRXQG PJ —PRO HTXLY ZDV GLVVROYHG L(
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