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HEPES
I
microED
NBS
N.D.
NOE
pH

Pi

SAR
SD
TFA
THF
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Tris
uv

Vis

WT
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O
Aem
7\rabs

TF

adenosine diphosphate
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aqueous

adenosine triphosphate
boron-dipyrromethene
1,8-diazabicyclo[5.4.0]undec-7-ene
N-dodecyl-f-maltoside

dimethyl sulfoxide
3-ethylcarbodiimide hydrochloride
electroluminescence

equivalent
4-dimethylaminopyridine
dimethylformamide
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
intensity

micro electron diffraction
N-Bromosuccinimide

not determined

nuclear Overhauser effect
potential hydrogen

inorganic phosphate

structure activity relationship
standard definition

trifluoroacetic acid
tetrahydrofuran

thin-layer chromatography
tris(hydroxymethyl)aminomethane
ultraviolet

visible

wild type

yeast extract-peptone-dextrose
molar extinction coefficient
quantum yield

emission wavelength

absorption wavelength
fluorescence lifetime

excitation wavelength






p=1{1(}
e

FHoE P

Yivax

F—H BEREME SR

bt MIREEZEBL C8EIDFERELGD & Si, BRICEATCHFUIEL 28 U T AHD A
JEE BN L TET, kI Y, KR SITEE % i3 7 OITHEW 84 R 0O RIR AR )
IRKAER STV, 19 HRICAD E AL R 2 ZURICARARENHFE S L 1 Yk
SRR LTEL OERICFHIND L) I2ihhol, BT, AHERZ2 AV CaRSe
TAFy ZICHBEVOEFITEATLZENAREIZR>TWD, T9 LIEERINT 52 &
TEEZRTERITMNZ, XD L AT 5 2 L TazRT AR bIELA RIS
NTWVD, 20X, ARITKOOND EREEIIAENLEFHTHY . H<nbaRIC
B9~ D AFFE TIER DRI &V o T RIS TH T & T,

—J7, TR AR OFF O RIERA 2O CRE R, B 2iE M L, Bk
TNA R BRFEN T NA A o= RN A=V T TRE =Ly b=
J A INLIERTFESHICE D ETOLIEIZO 20BN SN TND, b0
FIIERDOYLERERL & 13 e 0 | THREMEAR ) & LTS T D, ek taRit,
Db, B\ ). &5 EOINBRIMIZIGE U CIEWGLEk, o, =3 X —&H, ERD
Wr. BESBHRETOFEBELZAINT 286FE ST LERIND 8 Lho> T, Kietke
FITEARB 23 EREITIN 2 T, ZORIRITRO N2 YRR L EETH D,

A, BEAICHEPED BN T HHEREMAR OO L SICHHE EL Frndbifond, f
B BEL B FIXBERIINISE L THENT D ERMON TN L0 Thd, ThRbbGMm
EFEMR T AA ENTAREFEE ICEBR 20T 5 2 & TRENIE ST S, BIfE, E

LS T2 A EL 132 < OZRAEIRROEIFH I TWS  (Figure 1-1) 5,

t-Bu

(0] Me
aclisscsslevee
e, v e

Me (0]
t-Bu t-Bu O O

Figure 1-1 Dyes utilized in organic electroluminescence.




Flo, WA A=V TICHO BN HEBREMEAFE LS ME SN TWD, HEA A=Y
VR MAEFERLWN L R BRI L, ERATOABEEYE OB A BIET LT
ODOFIETH D, ZOHME, EmPFEoBHORRICKE HEBKL TE 72, R, 2008 4
Shimomura, Chalfie, Tsien 7% [k .4 > 7327 & (Green Fluorescent Protein, GFP) D& 5,
EBIFE) O T LB EZE LI L, ZOHOEEEEZRL TS, £2, £
RN TOIRHZ &R L, TARAMEE TR X O & /)34 1 O BB S BUE & RS It
DHILTWD (Figure 1-2) 1%

Figure 1-2 Near infrared Il Dyes utilized in bioimaging.

—J7, I, BEL BLPABEOR T I T AR MERERAFE L L TERSATY
Do ¥V T UoaRIT BT VROMANI AR B URMBMER LI ZBREOX 7 B A
Rl L 2B Z o ARREIEICESG L TV D EIIEIC L o TREL 32T 2 LN
TE5%, T72bb, (1) 200BEEEELAT LIS LEAS L, (2) 2 ODERERE
Rref+dom—4I0, 2LT (3) BEFRELERZTREL 1OTOAT L0 F—,
D 3>Th% (Figure 1-3-a), TV 7 U AFEORKRIT, 1871 4T von Bayer (Z L > THIDH T
WEINTZT VAL EA AATETHEMD ¥, D%, 1887 4EIT Ceresole ITL > Tr—& I
BN EWE S, MIENED Do RIR, v —F I VBHIIENAE AL, I ha R
U TICHERET 2 2 & THIRaEMEN R EBL 895 Z & 2% invivo TOEBR~ U 2% W72 EB]R T
WiEEsnz, —J, n—& I T P Y %78 (P-gp, ABCB1) OEGEIE Y ThoHT-
OMIFAEFEBNH] S 4L, el LemEERBE LIC< W, 20X ) REtEofRIicmz, &
TARSEARE, @WVEDERFICE, @OHRENME, B K ORI TORINRE A Rw T L



STERBZAET D 2 N BEEFOYELE LTI T, WIRHEER £ OKFREZ B 5
72D DEOFERLAEYEH IR T DH e~ — =202 e & L OSH TR flibh TE 7,
{5 %21F. Nagano 5I% Tokyo green |ZH T 7 h—RA&FfEASHL-T 0 —FBp-HF 27 b F—
TOMRHBIZFIHTED Z L2 ELTWD 2 (Figure 1-3-b), £72. ~L A I K&2HFTHH
— I VUHERITEROEERGITEATE R L LTURES L, 7 —7 & LT

AT (Figure 1-3-¢),
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Figure 1-3 (a) General structure of xanthenes. (b),(c) Elected derivatives for bioimaging

C

2O LTSRN A, ~T e AV e BREEZ AT 25V 07 VERITBROBMICK Y
HHDOA A7 HHIETEDLZERMBNTNS (Figure 1-4) B, §72bbH, AL BREA
TOMETHEL TWVD L ZIF VT U EROn&E R WREDO S FRICFHEL TWD
7% W B I BB S v, B VBRI b/ sV, —T7, BRBRIRARIC A
PEALT 2 EaBHIIIERIEL L, M RERE S RIERMT 2L L bic, EAB0MRE L
THEFIE G RT 5, 2089 REEEbIE, WEOWIEDIZA, pH B X 5 224t
A L > Thal & Z &ND (Figure 1-4-ab), #HlziE, &t FuXxo 2T 7 141
AR BRI T TIIAEYR T 7 AR LTEEL, ®bE RSy, LaLl,
OB Z D AKBENPR T 0 hAvAbESnbdZ & TT7 7 FUVRBBE L, Atz 1 &
212725 (Figure 1-4-b) 22 F 7= 1997 4|2 Czamik IZL > T —4% I BIFEEKO A 1

EOMMD C*ORME > Tol &R IND Z EAHEIN TS (Figure 1-4-¢) ¥, T



Ve, ¥V o7 v BRIIGBA AL O ML —H—L LTHHARTHL ZERm10, b6
ICHEBSNDZ L EleoTz, FlxIE, Yoon bk, B KTV REEATH T & THlZBIRNIC
BT 7n—7%#HE5 L5 (Figure 1-4-d) 2, Z D X 9 2Rtk DAL 4 08 O HRN
LISMT b BRI 27 080 28 O 207 Uk 4 220N IGE T % 7 1 I R LR O &2 0R

FREEA S S (Figure 1-4-d-f) . BRIV 28087 1 — 7 0200/t o —

BT AL RS EEVEOEFE B L LTOMMALARETH D | IRIAVSE, ik TFIH S
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Figure 1-4 Chromism of xanthene derivatives. (a) Solvatochromism. (b) Halochromism. (c,d) Ionochromism. (e)

Thermochromism. (f) Photochromism.



TNETIEXY T B EOBEBRECHMAOTR 2 WA L4 OFEERP AR I T
% (Figure 1-5) 12, Z 9 L7MERAIC LY . ZORIERCEE E, St m FIEE,
KEEVEZR EOMMEZE o HDFREITHIEI CTE 2 Z L h | ARFERMED BT RSN T ORI,
W E R IACEM BTG LA A A= o 7T DN <D BTV D 202
ZNHOWEIX, EIZ3ODHEERLEDT Fu—FIInTE 5, Thbb (1) nlfg®k
OYEEE, (2) ZBRUEBKOTROBICEENI~T R TOET, (3) BEtGHEEOL
B, D35 ThHD, FrZ2oDIE, TROBRO~T vl F-LS 22 5 2 &g T RIMEIR
TOWRIN, H#ICHREZ R T X DI o700, IEFRITHIERED bl T&E 72, iz 13X, Nagano
SIEXH T VEROBEE r A FRICEE L=V U ba—4 > (Sirthodamine) 7% 660 nm @
WK R 2R T2 ENHE LTS (Figure 1-5, £ F) 23, fiic b ER 2R~
AJRA 34 RFBIRA B, U UJRA O, BER T R SICE S WM CHERR Y, T
A BICBWTHERROT 70 —F TOREEN G T ORERRESN TN D, ZhbD
PRI, MfEA~O X A — VPR NS WERIECIRO R D 2 ERAETH D 2 b,
SRR RRR e EEFRIZIE A b 72 ST & 1 294,

Ph
+ \/ + | +
Me,N (0] NMe, Me,N C NMe, Me,N Bi NMe,
O IO O
! Me ! Me ! Me

rhodamine 110 C-rhodamine Bi-rhodamine
Aabs = 548 nm, Lo, =572 nm Aabs = 552 nm, Aepy = 577 Nm Aabs = 635 NM, Lo, = 658 nm
DO =41% DOf = 64% D = 3.9%
\ / + W /) - + Q\/,O +
Me,N Si NMe, Me,N P NMe, Me,N S NMe,
o9 oS ee
] Me ] Me ! Me
Si-rhodamine phosphinate-rhodamine sulfone-rhodamine
Aabs = 646 NnM, Ao, = 660 NM Aabs = 666 nM, Ao, = 685 Nm Aabs = 701 nm, Ly = 733 NM
D =31% D = 38% DO =70%

Figure 1-5 Optical properties of heteroxanthene

VLRI ~7208 0 | BRI (058 2 BA R 1T BRAE = (236 1T 2 B3 0 5o & B 2B L
TW5, Frio, ABIETFORERIZ X o THHE & 72 o TR O BRI ~ OB RENE B HUEOR



fEMEL = FDBENIL, ZOZBICRBIT HEERT T u—FTh% (Figure 1-6), HEREM:E
FROISHIZILI DT Z LD, HT I RE A Ff OHRENE (LR OBHSE 1T, BBl oA
CHFGTLHEF TR, A2 OEEOEOW EICHEEFSG T EE2 b, TOEEMT
SBrbEEDLBDOEHFIND,

longer wavelength

L detection of specific protein
_. emission

\w’
X (o} Y
LD

:> O
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Chemical upgrading S
(0]

bioconjugate

NG
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detection of metal ion
Limited application

FRET active fluorophore

Figure 1-6 Schematic representation of the chemical upgrading of xanthene dyes.

% f AHTFE OB

FEF IR AN T, AR 2B Loy ket LA IC K » T2 fHO 2
ROMREMEX Y T B AR L. TN ENEBEEEYE, K OF TR S & LTO
PEREFTAG 21T > 72,

BOETEe—F I AW P Y V37 E CmABCBI1* OBRERI OB M 7o i
TEPERRBINIZEIC DWW T2 (Figure 1-7) 2, P #E & 273 7 B HISE M e oD A 44 48 15 o>
JRRD 1 2L SNTWD T UV AR—=F—=Ths B4, LhL., &OIEHA kLSO
IS TB LT, EAIOBBIZEML TV D, ZOXIREREZT, FTUAR
—Z—ONPEIZIRVIAENLRD D P SR WHFER OBAF 1%, FEAIPE AR o —
Bl 0TI EBE L, FRICEFT L, SEFEEE L GER L —& I VI
<D PHEX N EORREE L LTRSS TEHY . LU, Raub HIZ XY PHEHX
NIEOREFERE LTHHAIEETHL Z ENTRBINTND ¥, £, T U AR—F—
DONIE~DE Y IAHZHERT DFIEBMIYLINT VWD S, ZDO L) RFFHEFFo>r—4 3
VEREARD PRES N7 CmABCBI (254 2 B d K ONHETE 4. ATPase 16 ME 2 H
HEICFI L7z, ZORER, EHEIC Lz —¥ I 6G XV 6fFm\ BRI & 120 fF @V PE



TEMEZ RT3 E(R Rho-DMB OBRICE 572, X512, HAIMMERBRSC MY 7 7 7
FHFEBOFER, Rhg-DMB (X K 7 v AR —F —IZWVIAEND OO, HEH Zi7e W HEH
ThbHIENGhole, —MRICr—4 I VHIEPHEY VXV BEOREEE CThD Z LN ML
NTWDN, TORMIEZZEESED Z L THH SIS WiFERE AHT Z LN TE T,

OO o)
OMe
Me = e = 9
CO,Et ﬁ CO,R R= \ ~
O SAR study O MeQ™ ™~
Rhodamine 6G Rhy-DMB

= R—p
A

Inhibitor v~ Access and binding to the inner chamber

Figure 1-7 Outline of chapter 2.

B, ENE T, MmERE (CPL) 2R3 X% 7 v BROBBIZ OV TERD
(Figure 1-8), £7, F =W TEHNV BV DHAAENT- T VA LA O & A RRIC
WOAMHATERERICONWTRRTNWDS, Thbb, 72/ =Xy 7z )& i
RS 5 Z & CEAHRMFRFY T o GENBRATRETHD Z LITER L, ¥
AR~V B ) =L R T = ) DI T OGNV BT LA U EARRL
o JFONEENY BT NF LA ORI R TN LR, TR T TiIEa
CPL%Z ., MEEAWRIMN L EBITREBECPLA R L, T7hbb, SR Lok, 7
WA LA U OBIEISEMEE ~Y £ OCPLEEZ IFERF D Z L 3o Tz, £1o. 4H
B LT FIRRMEDOZEIZ LD | MRIET TRCPLOFFH AT L2 2 RWIEL
72

BUETIE, ZAF L A v OKBERT I/ EBICBBRINTZE~V BT I Y0

[I=ER
T DA E NFERFEDOTHHIZOWTIRRTWE, ZOREDFIET I /o7 DR



BN LAY B OCPLEMEZ PR EHEI D Z 3oz, 61T, THESRMET., SB4e%

W32 2 & CHRECPLEZ /R T Z EHBA L, JEIREIC X - Tt RBEIZ I W TR K RE

MOBABIRIE~NEHELRL L TWD T LR INT, Z0L & OREIREBIZR T % ZH)

%,

WPERIN G L E W TEZR LT,

M red fluorescence
[ chiroptical properties
4 halochromism

T, SR
+ [——]
9 @
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|
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Figure 1-8 Outline of the thesis in chapter 3 and 4.
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ZAMtPE (Multidrug resistance, MDR) (3, #k& 7Zef&E oV AT 4 R D EE S S0 3 5 %)
RMETTLBLTHY . BDARKICBTHRERPETHDH 12 ZILE TOMRIZLDY
D AKIILD MDR 2B\ T, ATP f5A &~ b F T AR —4— (ATP-binding cassette
transporter, ABC transporter) OIBFIFBNHEBERER O —D>THDLZ EBRHLNE /RS> TW
%35, B FTIE, ABC F IV AR—F —2——T 7 I Y =D &b 48 FREEAFAE L,
ZOHTHEIZ3F (ABCBI, ABCCl, ABCG2) ZAMDRIZEIH- L TWD EfE SN TWD
6, ¥EIZ, P HE/ZANXL<'E (P-gp. MDRI1, ABCBI1) %, MDR (ZBH59 5 Z & NN e
ENTZhTUAR—=L—ThHs ™, ABCBI 1%, Hix ptiE2 AT 2L EdEH L, 0
FICIXA TR AERBEDSCAREORB 72 TlERl, N7V Z 780 RF YL eV &
W TALFEIETHOWO N PIIR AR L G EN TS (Figure 2-1) 210 ZDOFER, LA
FlOMPLERI D BH S v, AR+ o< b 2 ENMEE o T D 1112

)LO 0 OH Hi
O‘O‘ N w

% OMeO OH O, Me HO™

Hie H

OHO >f R/\’L o] o)

< >_< OH
0
Me>_

NH,

(@]

paclitaxel doxorubicin etoposide

Figure 2-1 Elected reported ABCB1 substrates.

ABCBI [ZEHIZH720, MDR 27T 570D FMAIZRY — 57y MRl S, Zh
FTHZ% < O ABCBI HERIOBAE B ED b TE 7 (Figure 2-2), FEFE, ABCBI1 BHEH %
PO A & RIRFICART 3 5 8% 1L, MDR Z kL, i AFZ ML ST 2 LN T
L EEZ LI invitro X invivo TOER TIIALRFHRVPEGELN TS B, TV
LF v FIVDRLERTH DRI NI T RXR VL E Y A2 ETLBOFIN AF OHIIER %
FlEE T ENHMEIN TS, L LARBREL, ABCBl OEAIFHICET 2+
DIELHEIZ 06T, BRI TR TE DR RITIZ LA LB/ LTV RN 7 =

11



DX TP ERIBIRE N HHT LT D ERERO—D1X, ABCBI (2L 5 EHED A =X
LDOFEMBRMMATH D Z EnET b Dn, BAEMICIE, REMEEAMICIA, ABCBI 23
E ARV AR, kg, 2 U CHE L72E % OB OV TIE, R 72858
2\, ZHETIC, BEAEWENT 70 —FI12 L5 ABCBl Ol O 2 i b
. BEAYS LOEZAEMIZE O TEHAR G L IFERKRO ABCBl OGN EI S
TG 2% F7o, FIERONTWDH OO, B b ABCBI MBIEEZHY IAAZBEORERE
b7 TAFTEFBBBIEC Lo THLIZSNTWD TB5 LLRB6, ZhbDOEiE
DIEEREEEDO S D TH D DOMNIW SN E > TRV, Ziud, ATP MK R % Ko
HOLERMEANISN T U AR—Z —OFURE 6 S5 2 & CHRERZEEIMET Lk
BRO NIV AR—Z— L EDBEERE L THRESN TV EOTHDH, EHIZ, Zhb
DIFRTHWV BB IE ABCBl ZfHET 5 2 L I3#E ST 523, ABCBI IZ X 0 ik
SNDNEMA STV, 2O, HENTHEN LB XD & OWRRICHK LT DD

MHIVHBE L TV dvo 7=,

~N
@ MeO OMe
N
M
€0 NC OMe j\
N

MeO "“ OMe N CFs3 ©

©[ ]©/ 5 %070 “

S | SN

Verapamil Trifluoperazine Biricodar

~
Q HO 7 O AN
MeO

2% alativeu Ny

Zosuquidar Tariquidar sulfur-rhodamine derivative

Figure 2-2 Elected reported ABCB1 inhibitors.

ABCB1 OFEMEY A 7 /VIX Figure 2-3-a ISR T L 2 I —RAIIZEZ LN TWD, 372D
H, FT T U AR—F —INH &R (inward-facing) OSAEREEZ &0 | KENREETD
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e (cavity) ZMIIEAMENCEEH L TW5D, ZOMIEICEWT, EEIFZEEB KA AL ~D
EAZENM LU THIEICAD, Z0%, ATP BNX 7 VAT RIS RA AL TG TH L L b,
FEBNEAT HNIENEN S, AhE &8 (outward-facing) ~DOFEEEHNK Z 5 Z & TH
B Mast A~ Sk S AL 5, BRI TR, M &8s KUY A E B ORI BERICHE S
TEY, A= TENENOHEEPRESN TS DR TS, L7znosT, %
BRI IS O W TOMRLZED 572 DICIXE TN ORIEDHE 2 B AR ¢ L < 1EF—0
EREKZBWCHEHRT D2 ENEETH D, —F., LS TH D ARFEMEEYIRFr

DOINFES X, BEMALEES > (Cyanidioschyzon marolae) F3¥D ABCBI Td % CmABCBI
2. B h® ABCBI &[AHkOMESER L OUEERREZ R L, @V EEZ R~ 2 & 2 liE
L TW5% (Figure 2-3-b) 2, I B,  HI1XZFOWNMm & B L O a & B O IE 2 [F)— 47
FAT T X SR AT IS L 0 BEICIE LT B 92 LanL, BEE IRV AATIREE

(a) Mode of action of CmABCB1 (b) X-ray structure of CmABCB1

Inward-facing Outward-facing

Substrate ) outside

membrane

inside

Substrate Nucleotide binding domain
Inward-facing Qutward-facing

(c) This work or

\/N O ‘/'E\/
Me
] CO,Et

Rhodamine 6G (4)

x5 affinity
SAR study l %120 inhibitory activity

Development of
CmABCBt1 inhibitor

Inhibitor v~ Access and binding
to the inner chamber

Rhg-DMB (5)
Figure 2-3 (a) Mode of action of ABCBI1; (b) X-ray structure of CmABCBI; (c¢) Development of a CmABCB1

inhibitor.
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OHEEIXZ N E TIRE SN TRV, ABCBI N EE 2BV IAATEEA KO E 2 iRIH 5
ZEiE, FIUAR=Z—ORFENF RS HRT 59X THETH D,

ZOLIEREROL L BRI, MEEMTFENT 7 —FI2 K 5 CmABCB1 O FEE % A
71 = A L O % &FAIC, CmABCBI1 BHFHAIOHIEIZET Lz, HAMIZIL, CmABCBI1 &
BEOEAKREELZMITH7-0I2, FI U AR—F—NICIRVAENARRS S, HEHEn
RWIEE OB RS D Z 12 Lz (Figure 2-3-¢), & Z CTHEEIL, ZEAF1ET 5 ABCB1 O
WEEEOH NG, n—2 I 6G 4) ZHEEEMAEBMFAROMIA L L TER L, v—
%32 6G (4) 12t b ABCBI L1 CmABCBl OEEEE THHZ L THMHLNTEY 9,
ABCBI1 2 EIKOHERECHIE T U2 B EH O EEEZ P 2B b b TE 7,
Flo, MEESIE, FU T RT7 7 o OEOEEEFRIC L > T 4% CmABCB1 &2 FRAKDIZEIZ A
HTEBHEEL TS 2, EBIT, FH T o aFEL L U ERIBIFE O SEBRE 7245 &
LT, Raub & Detty HIZANLT 7 —& I VFEEK (Figure 2-2 /A F) B~ AKNE k
ABCBLIZK T 2 RN EATHH Z L2 WE LT D Y, LLEZE x| RIFFE T,
m—& I UFFERD CmABCB1 ZBHE T 2 lRetEIC DWW TR~ ZiRkAan—# I U
BRZAHRILFIITECL DGR L, 26 OFERIZL S CmABCBI (25T 16 2 7F
L7,

o H HEEAK

RO r — & I VHEROGHRIE Y #5BIL, Bxor—F I UFERE AR Lz
(Scheme 2-1), T72bb, 7I /) 7=/ =N 1 EHKTXNLEE (6) L& o-v 7
Y 175°C TN T 5 2 L THNVR VRN 21572, 0%, 57 VR U % FE
DT Na— )L EfEETHZ LT, AR 19O —& I UFER I 24 LT-, o4t
IO T G S LG TH TN, 7 rakLh b A Y ) — )V OIRATRIEE % BRI
ETHNEMHI m~ 7T 7 4 —IZ Ko THRATRETH o7z, ZoLx, FEAITHL U D
TMCEENDEEIE AR T2OIC, 7R~ NI T 7 4 —ORNZAZ ) —/WIZ K D B ERE

i1 o7,
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R2 / R2 R2
borc
o e S
COZ 002
I

Scheme 2-1 Synthesis of rhodamine derivatives.
Reagents and conditions: (a) o-dichlorobenzene, 175 °C; (b) alcohol (R*OH), EDC-HCI, DMAP, CH,Cl, rt; (c)
alkyl iodide (R*I), Cs2CO3, DMF, rt.

% =ffi  ATPase J&1EFTAM

AEITIE, B Lcr—¥ I U RORETE MBI /EIZ DWW T R%, ABC F 7 R
RN— 2 =%, S ~OEE PRIV T, ATP % ADP & U U ERICHKA RS 5 Z &2
HHAILTND B, ZOFMEITE b P-gp IZRHNTZH DO Tid/e <. CmABCBI (2 % BAfEIZELH
IND, FRCERTREIE, IEAPIZEA LKL CmABCBl WBHE RBLZELEZ A LTS
HThd, Thbb, ZOBWEZENS CmABCBI O JE B )23 5 72 AT % FIHEIC
TLOEUEQUERNTH Y | FEATHITETITELRIZ, SO CmABCBI Z MW T ORERERYFRFE:
ZREIZ AT LT D 1,

CmABCBI1 [T B IFFAERFITIRVVE R ATPase 1EPEA R L, ENFET 2568 1TE 0
ATPase {EMEZ "9 2 EXHME SN T % (Figure 2-4-a) 3', Z @D ATPase {EMEDTTHEIX, & K
P-gp IZHWMESNTWVWDHE G TH L 230, HHERED LA > T ATPase {HMEITIEINT 2
N, RIS E L7 TR E AN E < R B ICHON TR L, B 72~ LRI dif 24 <
(Figure 2-4-b), ZOHARIF, I VTV AA LT OXREWYNMEIET D Z L2 X0 gl
RETH 233, @IREIZET 5 ATPase i MEOIR T IXAEAF MRS, P T U AR—F—
SOBEFRO— ek & L RSBk ST g

EHITAK LIz v —4 2 UBERO CmABCBI (%3 28Uk & B2 M L2, o
NHDONT A—=51%, UTFTOX1TICESHTEHEINS,

(ksub—kpasad[s] ( _
Km+([s] Ki+ s]

v = [e] [kpasar + )] [4‘ 1]
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Z 2T, viE ATP IR FRAEE . [e]lld CmABCB1 O, [sUTIHEIEIE . Koosa | FEEIE
TFAERF D ATPase 1EMED IR EERL, koo 1 FFEEULAFNE ATPase {EMEDOREER, Kn(d 5 mM O
ATP {F/E F COEEE D I h =) AEH, KITEEEIC L METHTH D, KaHMEWD
BEI NI AR=F—DORBEIZAN LT, TOMELHREAFISEHILLTVWEEZZ LN
D, —H T K AMROWIEE I RE A DRI E L, PR REECTHD &l LN
T& %, LIENoT, RIFROBICHET 2 BT Kn & KOBHFMERNEETHL LB

Ay AT Ky KiORWFEEEROIREZ1TH 2L & LT

(a) Stimulation at low substrate concentration

I

ATPase activity

@

ADP+Pi

(b} Inhibition at high substrate concentration

ATPase activity

Logarithm concentration

Figure 2-4 (a) The behavior of CmABCBI at low substrate concentration showing substrate-stimulated ATPase

activity. (b) The behavior of CmABCBI at high substrate concentration showing substrate inhibition.

Table 2-1 (ZFIZF T 27 ik EOEHIECHEER D 572 2 558 R 0 BURME K OB S
PEOFRERZRT, T m—F I 6G @) [THREREOBFNE (Kn =29 uM) & BHEIENE
(Ki=640 uM) Z/R L., XI5 7 Fx 27 )0 7T IFEEEN A E L, 22T 20%
OWBEFHNI T F N AT AR Z NS Z L2 LT-, N-7 FLEEER 8 1 ZPHEEER M L=

DD (Ki=160 uM), BFPEDM FIZR 62D o7 (Kn=32uM), Er Y Y 2 EEZEAL

16



TeBER 91T, BFAME (Kn=1.1puM) EHEEME (Ki=110 M) OWG2RM EL7z, —H,
BN DUBRDHER LI S R — I UFEARTH D Q-u—& I FFEAR 10 1%, HAE
EHEFF LSO (Kn=1.7pM)., FEEEOR EAR ST (Ki=14uM), L)L, 6 BBR%
SHITEML7eZREr — & I VR R 111, PREOHEEE (K=43 uM) Zrdice
EEor,

XY T UL O RS (Q-r—& V) AR LI LICHESE ] AT VEML O
Wb A1T 9 2 & & L= (Table 2-2), CmABCBI1 OWED EERICALE T 2 KBRS AL,
BAKPERRE . FEBRMEOBENE AELTHNDZERMLENATWD ¥ 202 b,
EL T AT NVENICH BERZEAT H 2 & THAMER O EESZ R LS5 2 &N T
L EHERI LTz, EBRIZ, ABCB1 ~OBFMEN G HEROBEAIZ LV M LT 52 L AmEDRH

HEAFZE CTHRE SN TWA 337 Z22C, TR (12) ¢ 7F 08 (13) #EA

Table 2-1 Effect of the xanthene moiety on affinity and inhibitory activity toward CmABCBI.?
31 31 cr
2N O o} /NfRz
R® = R
O CO,R*

Compd Structure K (uM) Ki (uM) Compd Structure K (M) K; (uM)

Ccrr CcI-
s H+ C\ @
N (0] N
= =
4 Me Me 29+0.14 69040 9 Me Me 1.1£0.095 11020

O CO,Et O COyn-Bu

H H, C° H H, ©F
N N

N
7 Me = Me 46+0.18 560+ 180 10
i CO,n-Bu

ClI-

O N
n-Bu” O / “n-Bu
8 Me = Me 32+141 16095 11
g COyn-Bu

®Km and K; values were obtained from three independent repeats except 9. Data of 9 were obtained from four

1.7+£0.29 14£1.0

1.5+0.25 43+13

independent repeats.
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L7cE ZA, BRI EEEOR LRI, L, 1| REZWT =3 F VA%
BT HHFEE 14 I THEENMET L Kn=14uM), £ 2T, FER LOBEBILOWZE N
WINE G T X OV EERA L, Bitafk Lz, £9. A X LICEREEZEA LGS,
Bt G, R oT, BRERm EL, bbb, AFL (15, VAT
7/ (16), ARXx¥ (7)., bV TAFa AT (18), =hu (19) LEX i
BALBCE MR M U, —J5, IEREICE L X, EFRIIMEEEZ AT 255K
1I8B LV 19 ICBWTHREDIK ARSI (18: K=18 uM, 19: K= 12 uM),

oW T, EHEONE S B ORBEZ T 572012 (5,20-24) . (LEWDAFHEEZEE L

Table 2-2 Effects of the ester moiety on affinity and inhibitory activity toward CmABCB1.?

Compound R* Ki (LM) K; (uM) Compound R4 K (uM) K; (uM)
NO,
10 TS 1.7+03 14+ 1 19 \/\©/ 0.55 £ 0.03 122
CFs,
12 \\/\© 081+012 8907 20 \/\© 3.9:20 12£05
CF,
13 0.77+023  9.6+2.0 21 \(\Q 23+1.0 6.3+18
CF,
OMe
14 \/\/© 1.4+03 8.1+1.6 22 \/\© 0.50 + 0.10 8208
15 Y\©/ 0.56+0.10  8.4+1.3 23 \/\@ 0.73+0.16 91120
OMe
| OMe
16 \/\©/N\ 0.52 £ 0.09 103 24 \(\Q 0.31+0.11 31%5
OMe
OMe
OMe 5
17 058+0.10 82+17 0.55 £ 0.13 58+13
(Rhg-DMB)
MeO
CFs
18 \/\©/ 0.44 £ 0.11 18+ 4

2Km and K; values were obtained from three independent repeats.
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TARMFVEE M) A AFVRICER L, MY 7da XF)VEEZ AL MMLIZ 1 D,
FINTAZNLIT 2 DBA UTZiFEK 20 38 L0021 1%, BURMENBEEICIKT Lz, 2oL &,

FHER 20 07— 2%, AEHAVEEHGETIE K ES KLY KEL< D0 —H, R
HARRFER 2R Lic, Zhud, (KRR COIEBIZIIFRIZIU T ATPase 1EMEA AT 213
DORNCHEIZ L DBEENEC TV D AEEEZ RB L TS, — i, A hFx Tz o%ke
MEIZBEDL T, BAER M BT 2R A" Lz, T7b6, o- A F¥TH (22), p-A B
VHE Q23), mm-Y A RFTHE (24), 00-V A FF VI (5) ZFFOoFERIINTRLED
KnfiZ R LTz, FOHTH, 0,0-PA FF IR LEFEEKS (Rho-DMB) (ZEFI¢E, PLE
IEHEEBIENTERBY, BUbEmThorrn—X I 6G (4) LR L Knfl (0.55 uM) 725 6

%, KifE (5.8 uM) 28 120f5m 95 2 &35y hn-7- (Figure 2-5),

Rhodamine 6G (4)

Rhgy-DMB (5)

ATPase activity (umol/min/mg)

0+-£
A T T TTTTI] T T TTTTT T

00.01 0.1 1 10 100 1000
Logarithm concentration (uM)

Figure 2-5 Substrate-concentration dependence of CmABCB1 ATPase activity. The ATPase activity was measured
as a function of rhodamine 6G (4) or RhQ-DMB (5) concentration with 5 mM ATP at 37 °C in a buffer solution of
50 mM Tris—HCI (pH 7.5 at 37 °C), 150 mM NacCl, and 0.05% (w/v) B-DDM for 30 min. Data are means + SD (n
= 3). The solid line is a fit of the equation 1.

SEOURG  FEAIR R
AIEI O F2>5 ., Rho-DMB (5) 7% CmABCBI1 O ATPase iEMEIZ %92 WO BLEE M 207

TLEWRIBEENT, L. AEfTo 7 I B TO ATPase IEMEHIEIZIHE & CmABCB1

19



& O EAEF Z BRI L TV D IZmE 220, L7e23 - T, 5§ BEEICIHEFA L LT
HE L. CmABCBI1 O#HEREINH SV TWD N E D M, BIEHERT 2 NE N H - 7=,

% Z . Rho-DMB (5) OEABEFICBET 2R 2155 72010, AN MRERE & L Can
HAV TN D Saccharomyces cerevisiae AD1-8u % FV 7= SEHIMRE 7SR % 5566 L 7= (Figure 2-6)
S. cerevisiae AD1-8u X, MDRIZBH 595 3872 ABC 7V AR—F —Z RBPSETHKTH
D, ZHCHTED N TV AR—F —2RBSEHZ LT, TOMELZFETCES ¥ o—F
LSRR OB A TS 2 E M S ILTE Y . CmABCB1 JEREBIMETIE, RIBETH
=5 VEAMINICER L HIOME S D, ZAUSH L. CmABCB1 ZEHERTlE R
— X I VENMEH SIS D, L EBEOr—& I VHEICH L CHIRPMEE R T LA
bR TVD Y,

FEEICr—2 I 6G (4) & MV CTHEAIMMERE A Ffi L T2 & CmABCBI JBIK T
1% 30 uM E THEFLIGTE 2 Bl L 72 22> 72725 (Figure 2-6-a, WT). CmABCBI1 FEFEBIMKTIT 1
uM T b HFEANH S 4v7z (Figure 2-6-a, Mock), ZAuE, m—% I 6G (4) 7 CmABCBI
2R > THEMAICHEN SN D Z L 2R L TN D,

INHORRERE 2. Rho-DMB (5) % H\ 7= &AM BR 2 £ L7 (Figure 2-6-b),
t, L Rho-DMB (5) 7% CmABCBI OFLERIE L THRET 28546, F T Vv AR—Z—DFEIC
B & TR aE A Ml 2 Z E R TREN D, EERICRFILIZE Z A, CmABCBI F8 8Lk
HIERBED . K 1 pM UL EORE CREOHELE 2R3 2 &N anole, 2D Lnk,

Rho-DMB (5) (3 CmABCBI1 IZ & o THEH S AU W T EDVRIB S 41, Jeilk L72 &\ ATPase

1]
—
(=3
—

100

s < 100
= £
£
- ;
= 5 50
0+ - - Y .
0.01 0.1 1 10 100 0.01 0.1 1 10 100
Rhodamine 6G (4) (uM) Rhg-DMB (5) (M)

Figure 2-6 Drug susceptibility assay in S. cerevisiae AD1-8u” cells in YPD medium for 30 °C for 15-17 h. AD1-
8u cells expressing WT CmABCB1 (@) were grown in various concentrations of drugs. For each drug assayed,

mock-transfected AD1-8u™ cells ([J) were also grown. Data are means = SD (n = 3).
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PHEEEEBET MR E Lo T,

FAHE MU T T IHERIEER

AT DFEE7>5 . Rhg-DMB (5) 7% CmABCBI1 Z R BAICIET 5 = L 3R ESNT-, L
72U, ATPase iEMED TTHEITEE DA NIEIC A D vlRetE 2 R4 5 & DD, RFETOMEAEAEMIZ

K OMELMEE SEDL O TIERY, BIAIX, LAl LRSS O D 23l L 72 BRR~
7' F RERIOER D X 5120, Mlash KA A EFEERT 5 2 &1 K> T ATPase IGHEIZ
BhBEZHMRELEZOND, THCHEEL, EEFEEO/NEBIEZY VA I REEZET
% Q-u—# I UFHEIRN CmABCBl OWNIEIZIRV IAEND Z & 2 #HE LT % (Figure 2-7)
¥, ZOWETIL, CmABCBl ORIEICEREAINTZ AT A VREEL~ LA I FE DR
THRAMEGEZTRIED 2 L TEEEZNBETHIEL TWD, 20X 512, Rho-DMB &
L7oEEZ AT 5FERPAEICERVIAEND Z EDRHERINTVND, LLRBL, Z0
FHEEIT VA I RORICTVATA L HER-ER LKL 5 DAL EANT L20ERHD |
Rho-DMB (5) Z2SIEIZEL Y IAE N2 D> OFEBIZITIN DO FIENVE TH > T,

N O 0 N: N\_)J\O}\

O CO,R R= ‘\/\/?‘

Figure 2-7 (a) Structure of the rhodamine derivative with maleimide. (b) Schematic representation of the Rho-MI

trapping by cystein residue.

Z 2T, Al LI XY oWt Snie MY 7N T 7 CEEIERER AT D Fik
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ZEM L7z (Figure2-8) 204041, Z D J71ETlE, CmABCB1 OWNPE~OIE DIV IA T %8152
T LI AWY/ MW BEKZFNTWD, ZOERRKIT, 45OWNEHNI T FT7 7
FILh oo URERIICER L AE SN D RER AL OR BT H D 391 FREER O X F A
=UEEE RNV TN T s A ER LA BRIKRTH D (Figure 2-8-ab), Z D
AWY/M3IW EEEOANPEIAIEST D NY 7 N7 7 ViR L SV &35 2 & TR
HZDZEnD, MV T M7 7 VEERROENBELZ 0y b 52 LT, NE~OLE
DY AR Z R TE 5 (Figure 2-8-¢,d), — 7T, A L7 5 >OERITIHEEICKE 7
R RIFTST, FAR (WD) LIZERUMERNEELZFSOZ EAER I TS, £
7o, AWY/M39IW ZEMEIL, 2 OONTEME RN Y 7 b7 7 VB (W400, W513) ME(FL T
W, TNH 200 N N7 7 VEREOBR AR T D AWY EEKITEH AR D CmABCBI
(WT) &ML, m—# 3 6G (4) ICX2806DHEENEZ VI W &R I T

W5, ZORERIZ. W400 & WSI3IFTEE EFEERTDHZ ENDRNnZ L AR L TV 5,
FDH, AWY/M3IIW ZEEAARDO NI B NE Y A E NS, NED W391 fskosHs e

TS AL, WA00 & WSI13 [ZHSET 28 GITHERF S A 72D, dIEIEEE 30%FfEE T
T h—IZETDH, ZOZENG, AWY/M39IW 2 FAR D FVE (KRR 22 e oL, M

(b)Y4AWY/M391W (c) Without substrate (d) ) With substrate

-~ UV irradiation UV fluorescence UV irradiation
oy (hex =290 nm) (hem 340 Nnm) (hex =290 nm) No fluorescence

‘4§ \E.:
d . BN
P e e N
3@5 « ¢ e
e 6
Y 13N r

Figure 2-8 Tryptophan quenching analysis. (a) Overall structure of CmABCBI in the inward-facing state (PDBID:
3WME). The locations of the intrinsic tryptophan residues are shown as magenta spheres and methionine 391 is
shown as green spheres. (b) Overall structure of CmABCBI1 4WY/M391W mutant in the inward-facing state
(PDBID: 7VRS). The locations of the intrinsic tryptophan residues are shown as magenta spheres extrinsic residues
are shown as red spheres. (c) Phenomenone observed by irradiation of UV light (A =290 nm) if the substrate does
not enter the inner chamber of CmABCB1 4WY/M391W mutant. (d) Phenomenone observed by irradiation of UV
light (A =290 nm) if the substrate enters the inner chamber of CmABCB1 4WY/M391W mutant.
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WA T2 HE EAED W391 E DM AERIC LV Z o72 b D LT cE 5 2,

FEHIXZOERMEKEZ A, Rhg-DMB (5) LiIRE LD NY 7 b7 7 U EEOE &
E LTz, ZORER, AWY/M39IW ZEARD N U 7 7 7 81X Rhg-DMB (5) (2%} L TR
JERAFHINCTET 5 Z L34 > 7= (Figure 2-9-a), Figure 2-9-b 1%, 5 OIEFEIZIE U7z 340
nm (28T 5 MU T T 7 EEEROETHIERZ R L TV D, TOEIETHEERIT 30%7F
JECTTT F—IZEL, =X IV 6G =W LTy, BXOT T 7 2= LRk AKR=T A
&V o572 CmABCBLIZERV IAEND Z L BHER SN TV D EE L REDORER & 7o 72 %,

UL EDOFER S, Rho-DMB X CmABCB1 ONFEIZAY . NED W391 EFHAEA/ER LTV

DT DR R S Tz,
(a) (b}

1.2 - — OM 40 —
= 14 0.02 pM i
2 0.05 uM = |
£ 08 — 010 uM < % |
@ _ 020puM £
5 06 050 uM 2 20
(&) @
3 04 1.0 pM z .
o o 10 —
£ 02 a i

0 T 1 0 -({ T | T | L] | T | T | 1
320 370 420 0 02 04 06 08 1
Wavelength (nm) Rhy-DMB (5) (uM)

Figure 2-9 Fluorescence emission spectra for the purified CmABCB1 mutant (4WY/M391W) (13 ug/mL) in a
buffer solution of 20 mM Tris—HCI (pH 7.5 at 25 °C), 150 mM NacCl, and 0.05% (w/v) B-DDM contain-ing RhQ-
DMB (5) (0—1.0 uM). Fluorescence emission was recorded at 25 °C following excitation at 290 nm. (b) Quenching
of the extrinsic tryptophan fluorescence of P-gp by sequential addition of Rho-DMB (5). Rho-DMB (5) was added
at increasing concentrations to a 13 pg/mL solu-tion of purified mutant CmABCB1 (4WY/M391W) in buffer at

25 °C. Fluorescence emission at 340 nm was recorded at 25 °C following excitation at 290 nm.

Yiraxd

FONHED B

ABFFETIIFE 2 Dr—& I UFFEAREZ G L, CmABCBI & IR S E72FE0D ATPase IG %
HIET % Z & T CmABCBI (ZkF9 2 BURIME K& OBRETE I 2 5140 L 72, #EIE AR BAWFZE O fE
. 0,0-VA MFXFIRUUNEERT D Q-rm—4 I VFHEIK Rh-DMB (5) 23 b BB

MR LUOMHEEEZ 7T 28 (Kn=055uM, Ki=5.8 uM) 23RBS 72, CmABCBI1 % %881
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S T-EEREE & O 7 SEAERRER OFE . Rho-DMB (5) 13 CmABCB1 (X - TiEE AL
PEH SN Z ERRBE Tz, YT N7 7 UIERERTIL Rho-DMB (5) DIREEITKLT
L7 R R 77 aeOWER R 5, 55 CmABCBl ONIEIZED IAENTND Z &M
RSN, 2D OFERIZ. Rhg-DMB (5) 78 CmABCBl OWNIEICERDIAENDS DD,
PEHENZNE NI BELVRMZAE L TWAH I EE2RB LTS, BifE, WEAZIMVIAA
2B D CmABCB1 OA#iE % X Ml it MEERENT° 7 7 A A BB ERE 2 A T s A 76
FHEIC L VIR 5 2 & T, CmABCB1 DOkt IC B 5 HERI R 21528 AN RSN
TW5, MAFFEIZ L Y CmABCBI 72\ LI ABCB1 Ot 03 gl Siud 2 & T, ABCBI
12 X0 HEH S < WERAIDBARE S Structure-driven 72 ABCB1 DOBLEHIBIR A AIREIC /2 D &
WMo,

51 FH STk
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Figure 3-1 (a) Circularly polarized luminescence obtained from chiral substances. (b) Schematic of the sensing

method using the CPL probe to detect the target analyte.

CPLFHEZ R FIZINE TICEEHE SN TEY, 3D T 4 AT LA 307 — F il
REPEL 6, EBHEF T, SAFA A=V T 872 PR I8 CITERE AR ST D,
ARERN IR LAI TH 5 Z LI A, MEREIC L > THORERHOtE IR %
DR RELTE TE 5 2 M TH D, KW EA CPL Oy FIX. ~U BUER

26



EF 7 FNEREDOX TN ARG THD M0, Lol D OESE FICRIE— K
FNTIERLS . FLEREETOECERT D FIIMTH L, ZNOOREEZIRT 2720, Fkx
BRIV AEAR TN TE R, FlAE, HER W2OE At ERIIEDOEAN B4R
JLHEDOHY iAF MK WFERHE A UGETE Z R ST S (Figure 3-2-a), £ O
T%. CPL $tEZ "7 n R F L MOS0 1 L ARG S 57 7 —FI3RET
ETohD (Figure 3-2-b) 5, Z DL 5 AR 011X, WE OREAE RS Z &3]
S, EERICEWEEE IR R IR COEN AR T CPL O F38E < E SN TV D,
Bl % 1X, Ema bidfkfafast & L QA IS BODIPY &~ u b afilAabgbt s 2 L TF
4 CPL (hem = 594 nm, @r = 21%) &7 T Z & a#HE L TS 1S, KT 7'm—F TlIfic s 7
FJer VN Tx XY B RUXLIF— )L VAR UEKREBEANLES TR

BODIPYX o) Lo 207 ICHI AR 28 A L= CPL 3+ &G ST 5,

(a)
heterocycle "push-pull" metal complexation
hem =492 nm hem = 550 nm Aem = 500 nm hem = 715 nm
@ =0.39 D =66% O =0.41 D =15%
Igiuml = 9.0 x 1073 Iguml = 1.2 x 107# IGiuml = 5.2 x 1073 Iguml = 3.0 x 1074
(b)
/ @ BODIPY BODIPY
/\f::, \\ S
\\\
FF
C. Maeda, T. Ema et al. (2020) L. D. Bari, G. Pescitelli et al. (2016) J. Vacek et al. (2021)
h
phenoxazine benzimidazole OH CH
7 pyrene
Q¢ S o™ age,
X Y
! (o = X
N
00 9O &
O t-Bu t-Bu
D.Sakamuki, H. Fujiwara et al. (2021) H. Sasaki, T. Kawai, T. Hasobe et al. (2016) K.D. Berlin et al. (2021)

Figure 3-2 (a) Elected helicene derivatives showing improved optical properties. (b) Elected hybrid CPL

molecules fused with helicene or by introducing axial chirarity.
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Figure 3-3 Elected molecules showing chromisms.
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Figure 3-4 (a)—(d) Schematic representation of the change in CPL properties. /;—[r represents the difference
between intensities of left and right CPL. (e),(f) Selected CPL switches respond to addition of acid/base.
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Figure 3-5 Representive chiroptical properties of xanthene derivatives.
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Figure 3-6 The schematic illustrations for helicene-fused fluoresein in this study.
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(a) Influence of substituents on optical properties of rhodamines
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(c) comparision of optical properties in 100 mM HEPES buffer (pH 7.4)

rhodamine 6G Q-rhodamine rhodamine 101
hem = 544 nm hem = 558 nm kem = 588 nm
O = 48% ®F = 83% D = 30%

Figure 4-1 Influence of substituents on optical properties of rhodamines.
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Figure 4-2 Chromic properties of aminoxanthene derivatives.
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(a) Helicene-fused fluorescein (chapter 3)

v“orange-red fluorescence

v“base responsive CPL inversion
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(c) This work: helicene-fused aminoxanthene
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Figure 4-3 The schematic illustrations for helicene-fused aminoxanthene in this study.
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1. General experimental procedures

All solvents and materials were obtained from commercial suppliers and used without further purification unless otherwise
noted. Column chromatography was performed on Wakogel® 60N or on DPS DUALPORE™ SIL Flash. The silica gel was
pre-washed with MeOH prior to column chromatography using a mixture of CHCI3 and MeOH as eluent. Preparative thin-
layer chromatography (PTLC) was performed using plates prepared from Wakogel® B5-F or Merck Silica Gel 60 PFasa.
Reactions and chromatography fractions were analyzed employing pre-coated silica gel plate (Merck Silica Gel 60 F254) with
visualization by ultraviolet (UV) irradiation at 254 nm and/or indicated stains. Attenuated total reflectance Fourier transform
infrared (ATR-IR) spectra were recorded on a Shimadzu IRAffinity-1 with an ATR attachment (MIRacle 10), and the wave
numbers of maximum absorption peaks are reported in cm™!. Melting points (mp) were recorded on a Stanford Research System
OptiMelt capillary melting point apparatus and are uncorrected. The 'H and '3C NMR spectra were recorded on JEOL ECA-
500 ('H, 500 MHz; '3C, 125 MHz) or JEOL ECZ-600 ('H, 600 MHz; '*C, 150 MHz). Chemical shifts are presented in ppm
relative to tetramethylsilane ('H, 0.00) or solvents as follows: CDCIs (3C, 77.16); methanol-d4 (*C, 49.00); acetone-ds (1°C,
29.84). Abbreviations are as follows: s, singlet; d, doublet; dd, doublet of doublets; t, triplet; ddd, double double doublet; m,
multiplet; br, broad. High-resolution mass spectra were recorded on Shimadzu LCMS-IT-TOF (ESI) or a ThermoFisher Q-
Exactive Orbitrap spectrometer with an electrospray ionization (ESI) mass spectrometer using methanol as a mobile phase.
High performance liquid chromatography (HPLC) analyses were performed on a SHIMADZU analytical system equipped with
a LC-20AT pump and a SPD-M20A PDA detector using DAICEL CHIRALPAK OD-H column (250 x 4.6 mm). Analytical
RP-HPLC was carried out on a SHIMADZU analytical system equipped with a LC-20AT pump, an SPD-M20A PDA detector
and a CBM-20A communication bus using GL Sciences InertSustain AQ-C18 3 pm column (150 X 4.6 mm). The purity of the
representative compounds (1, 2, 7, and 9) was determined by LC-MS using a 1:1 mixed solution of (A) H20 + 0.1% H3POs
and (B) acetonitrile at a flow rate of 1 mL/min. The purity of the final compounds used in the chapter 2 was determined by
using the area percentage method on the UV trace recorded at a wavelength of 320 nm and found to be >95%. X-Ray single
crystal diffraction analyses were performed on a Rigaku XtaLAB P200 apparatus. Optical rotations were determined with a
JASCO P-2200KDT polarimeter and are the average of five measurements and reported as follows: [o.]T ““4 concentration (c =

g/ 100 mL, solvent). No unexpected or unusually high safety hazards were encountered.

Experiments on Chapter 2

1. Biological assays.

All biological assays, including the mutant construction, protein expression, purification, ATP measurement, drug-susceptibility
assay and fluorescence measurement were totally performed according to the previously published protocols reported by Kato
and coworkers.!?

Mutant construction

The CmABCB1 mutants were constructed using PCR site-directed mutagenesis. 4WY/M391W were constructed using the
QuikChange Multi system (Agilent, Santa Clara, CA) with the corresponding primers listed in Table S1 and pPICZA plasmid
harboring the CmABCBI1 gene with a C-terminal Hiss affinity tag.?

Table S1  Oligonucleotides used in this study.
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Mutation Primer Sequence (from 5' to 3")

W114Y CTTCGCGCTTGCCTATAGCTCGTCTGCAAC

W161Y GATCGAAGGCGAAACATATAAGTATTCCGTTGGATTCG
W363Y/W364Y CTATGCGCTTGCCCTGTATTATGGCGGGCAACTGATC
M391W CCATACTCGGCTTCTGGGAGTCGGTCAG

Protein Expression

The WT and mutant CmABCBI proteins were expressed in Pichia pastoris SMD1163 cells. Single colonies were seeded into
10 mL yeast extract-peptone-dextrose (YPD) medium (1% (w/v) yeast extract, 2% (w/v) peptone, 2% (w/v) D-glucose) and
incubated overnight at 30 °C with shaking at 220 rpm (BioShaker BR-23FP, TAITEC, Koshigaya, Japan). The precultured cells
were seeded into 200 mL YPD medium to an ODeoo of 0.5 and incubated at 30 °C until the ODsoo reached 4. The cells were
then diluted in YPMY medium (1% (w/v) yeast extract, 2% (w/v) peptone, 1.34% (w/v) YNB without amino acids, 0.5% (w/v)
sorbitol, 4 x 10% (w/v) biotin, and 0.5% (v/v) methanol) to an ODsoo of 0.1 and were grown at 25 °C with shaking at 220
rpm using an Innova 4330 incubator shaker (New Brunswick Scientific). Methanol (0.5% volume) was added 24 h after the
start of culture. Cells were harvested using centrifugation (3,000 x g for 15 min) after 42—45 h, and the cell pellets were stored
at —80 °C.

The stored cells were thawed and suspended in a disruption buffer containing 20 mM Tris—HCI (pH 7.5), 150 mM NaCl, and
1 tablet cOmplete, EDTA-free (Roche CUSTOMBIOTECH) per 500 mL of buffer. Cells were then disrupted using an
EmulsiFlex-C3 (Avestin, Ottawa, ON, Canada) at 170-200 MPa. The homogenate was centrifuged at 3,000 x g for 15 min to
remove undisrupted cells and the nuclear fraction, and the crude membranes obtained were collected using ultracentrifugation
at 100,000 x g for 45 min. The membranes were mechanically homogenized in binding buffer (20 mM Tris—HCI (pH 7.5), 300
mM NaCl, and 20 mM imidazole) and solubilized with 3% (w/v) polyoxyethylene (9) dodecyl ether (Ci2E9) (Wako) for 3 h.
The total protein concentration at solubilization was 10 mg/mL. After removal of the insoluble fraction by ultracentrifugation
at 100,000 x g for 80 min, immobilized metal ion affinity chromatography resin (Bio-Rad, Hercules, CA) pre-equilibrated with
wash buffer (binding buffer containing 0.05% (w/v) n-dodecyl-B-p-maltopyranoside (-DDM) (Anatrace, Maumee, OH)) was
incubated with the supernatant for 3 h. The resin was washed with wash buffer, and protein was eluted with elution buffer
(binding buffer containing 300 mM imidazole) to extract CmABCBI1. After removal of the N-terminal 92 residues using trypsin,
CmABCBI was isolated using SEC (Superdex200 column (GE Healthcare)) pre-equilibrated with SEC buffer (20 mM Tris—
HCI (pH 7.5), 150 mM NacCl, and 0.05% (w/v) p-DDM (Anatrace)). Because the N-terminal 92 residues have three intrinsic

Trp residues (Trp68, Trp69, and Trp72), purified CmABCB1 WT has six Trp residues per dimer.

ATPase measurements.

ATPase Measurements.

ATPase activity was measured in 50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 0.05% (w/v) B-DDM, and 10 mM MgCla, with 5
mM ATP and/or compounds, at 37 °C. The amount of inorganic phosphate released from ATP was measured using a colorimetric
method.? The initial hydrolysis rate was calculated by plotting the amount of inorganic phosphate as a function of reaction time.
Determination of Kinetic Parameters for the ATPase Reaction.

The kinetic parameters were determined using the following equations with a slight modification from the previous study (Eqs.
1)1245

(ksu -k asa )[ ] [ ]
v = [e][kpasar + 22 (1 - )] [Eds. 1]
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where v is the initial ATP hydrolysis rate, [e] is the CmABCBI1 concentration, [s] is the substrate concentration, Avasal is the
catalytic rate constant of basal ATPase activity in the absence of drug, ksuw is the catalytic rate constant of drug-dependent
ATPase activity, Km is the Michaelis constant for transport substrates with 5 mM ATP, Ki is the inhibition constant for substrate
inhibition by transport substrates. Fitting was carried out using GRAFIT (Erithacus Software).

Drug susceptibility assay in S. cerevisiae AD1-8u” cells.

S. cerevisiae AD1-8u” expressing WT or mock-transfected AD1-8u™ were precultured in YPD medium at 30 °C for 16 h,
inoculated in YPD medium to an ODeoo of 0.5, and then cultured at 30 °C to an ODsoo of 3—5. These cultures were then diluted
in YPD medium to an ODsoo of 0.2, and 25 pL of each cell suspension was inoculated into 75 pL YPD medium containing a
drug at the indicated concentration in a 96-well round-bottom microplate (STEM). After culture at 30 °C for 15-17 h, ODeoo
values of the cell suspensions were measured. For each mutant, the assay was performed using three clones, and the averages
and SDs of the measured values were calculated. The expression levels of mutant proteins were evaluated by Western blot
analysis to detect the FLAG tag fused to the C terminus of CmABCBI1. Total cellular protein (20 pg) from AD1-8u™ cells was
separated on an SDS polyacrylamide gel and electroblotted on to a nitro cellulose membrane. Proteins were detected by Western
blot analysis using mouse monoclonal anti-FLAG antibody (diluted 1:4,000) or mouse monoclonal anti-GAPDH antibody
(diluted 1:4,000). Expression levels of the mutants were approximately equal to that of WT.

Fluorescence measurement.

All fluorescence measurements were performed in a buffer containing 20 mM Tris—HCI (pH 7.5), 150 mM NacCl, and 0.05%
(w/v) N-dodecyl-B-maltoside (B-DDM, Anatrace) using a FluoroMax-4 (Horiba, Kyoto, Japan) at 25 °C. Trp fluorescence
emission was recorded between 320 and 470 nm (band-pass: 5 nm) after excitation at 290 nm (band-pass: 5 nm) using 0.1 uM
CmABCBI. Quenching experiments were performed by measuring Trp fluorescence in the presence of various concentrations

of the substrate in the presence of 0—1 uM CmABCBI.

2. Synthetic methods and characterization
Synthesis of aminophenol Ia—e
Synthesis of 3-butylamino-4-methylphenol (Ib)

1 (1.0 eq)

HzN/\©/OH K,COj (1.0 eq) \/\/H OH
DMF, 100 °C /\©/
12h
63% b

To a suspension of 3-amino-4-methylphenol (1.00 g, 8.12 mmol) in DMF (5.0 mL) were added K2COs (1.10 g, 7.96 mmol)
and 1-iodobutane (1.49 g, 0.93 mL, 8.10 mmol). After stirring for 12 h at 100 °C, the reaction was quenched by adding water
and the mixture was extracted with EtOAc (x3). The combined organic layers were washed with brine, dried (Na2SO4), and
concentrated in vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc = 10/1 to 5/1) to afford
Ib (0.921 g, 63%) as yellow oil, contaminated with a trace amount of impurity (assessed by '"H NMR). This material was
employed in the next experiment without further purification.

'TH NMR (CDCl3, 500 MHz) & 0.97 (t, 3H, J = 7.5 Hz), 1.41-1.48 (m, 2H), 1.62-1.67 (m, 2H), 2.05 (s, 3H), 3.11 (t, 2H, J =
6.9 Hz), 3.47 (brs, 1H, NH), 4.49 (brs, 1H, OH), 6.09 (dd, 1H, J=7.7, 2.3 Hz), 6.13 (d, 1H, J=2.9 Hz), 6.87 (d, 1H, J=7.5
Hz); ¥C NMR (CDCl3, 125 MHz) § 13.9, 16.6, 20.3, 31.4, 43.9, 98.6, 103.9, 114.3, 130.6, 147.2, 155.2; IR (ATR) 3360, 2959,
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1616, 1519, 1470, 1215 cm™'; HRMS (ESI) calced for CuH17NO ((M+H]") m/z 180.1383, found m/z 180.1388.

Synthesis of 4-methyl-3-(1-pyrrolidinyl)phenol (Ic)
NN (10 6g)
H,N OH K,CO5 (1.0 eq) C\\l oH
/\©/ DMF, 100 °C /\©/
12h
93%

To a suspension of 3-amino-4-methylphenol (2.00 g, 16.2 mol) and K2COs (2.20 g, 15.9 mmol) in DMF (10 mL) was added
1,4-diiodobutane (5.03 g, 2.13 mL, 16.2 mmol). After stirring for 12 h at 100 °C, the reaction was quenched by adding water
and the mixture was extracted with EtOAc (x3). The combined organic layers were washed with brine, dried (Na2SO4), and
concentrated in vacuo. The residue was purified by column chromatography (silica gel, hexane/EtOAc = 10/1 to 5/1) to afford
Ic (2.70 g, 93%) as brown oil.

'"H NMR (CDCl3, 500 MHz) § 1.91-1.93 (m, 4H), 2.25 (s, 3H), 3.17-3.20 (m, 4H), 4.53 (brs, 1H, OH) 6.28 (dd, 1H, J = 8.0,
2.9 Hz), 6.37 (d, 1H, J=2.3 Hz), 6.93 (d, 1H, J= 8.0 Hz); 3C NMR (CDCls, 125 MHz) § 20.1,24.9, 51.1, 103.5, 106.9, 120.4,
132.6, 150.5, 154.5; IR (ATR) 3348, 2967, 2249, 1605, 1504, 906 cm™!; HRMS (ESI) caled for CiiHisNO ([M+H]") m/z
178.1226, found m/z 178.1221.

Synthesis of 7-hydroxy-1,2,3,4-tetrahydroquinoline (Id)

L|AIH4 (1.6 eq)

OH
I;@/ THF reflux
3.0h

95% Id

ZT

In a flame-dried 3-necked flask with a reflux condenser were placed LiAIH4 (3.60 g, 95.0 mmol) and anhydrous THF (50 mL),
to which was dropwise added 7-hydroxy-3,4-dihydroquinolin-2(1H)-one (9.80 g, 60.0 mmol) in THF (200 mL) over 30 min,
which was refluxed for 3 h. After cooling to room temperature, the reaction was quenched by adding saturated aqueous NH4Cl,
and the mixture was filtrated through Celite® pad (washed with EtOAc). The filtrate was concentrated in vacuo and the mixture
was extracted with EtOAc (x3). The combined organic layers were washed with brine, dried (Na2SOs), and concentrated in
vacuo. The residue was purified by flash column chromatography (silica gel, hexane/EtOAc = 1/1) to afford Id (8.53 g, 95%)

as a yellow solid. Spectral data matched those reported in the literature.®

Synthesis of 8-hydroxyjulolidine (Ie)
Br” >""Cl (3.0 eq)
H,N OH Na,COs (3.5 eq) ! on
\©/ DMF, reflux °C
19h
34%

lle

To a suspension of 3-aminophenol (0.960 g, 8.80 mmol) and Na,CO;3 (3.26 g, 31.0 mmol) in DMF (10 mL) was added 1-
bromo-3-chloro-propane (4.16 g, 2.60 mL, 26.0 mmol), which was refluxed for 19 h. After cooling to room temperature, the
mixture was filtrated and extracted by CH2Clz (x3). The combined organic layers were washed with brine, dried (Na2SOs), and

concentrated in vacuo. The residue was purified by flash column chromatography (silica gel, hexane/EtOAc = 5/1) to afford Ie
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(0.559 g, 34%) as colorless solid. The spectral data matched those reported in the literature.”

Synthesis of carboxylic acid Ila

H CI-

H
~_N o N~
_ NaOH (3.1 eq)

S

0 EtOH/water = 10/1

o reflux, 2.0 h
O 65%

4

To a solution of rhodamine 6G (1) (2.20 g, 4.50 mmol) in ethanol (64 mL) was added NaOH (0.41 g, 10.3 mmol) in water (6.0
mL), which was refluxed for 2.0 h. After cooling to room temperature, the mixture was neutralized by adding 2.0 M aqueous
HCl to afford red precipitate. The precipitate was collected by filtration and dried to afford 23a (1.31 g, 65%) as a pink solid.

The spectral data matched those reported in the literature.®

Synthesis of carboxylate IIb—e

Synthesis of carboxylate IIb

o
H o
~o~N OH + o —>
/\©/ o-dichlorobenzene
175°C,19h

25%

Ib 6 (1.0 eq) b

To a solution of Ib (500 mg, 2.8 mmol) in o-dichlorobenzene (2.0 mL) was added phthalic anhydride (207 mg, 1.40 mmol).
After stirring for 19 h at 175 °C, the reaction was cooled to room temperature. The residue was purified by flash column
chromatography (silica gel, CHCls/MeOH = 20/1 to 5/1) to afford IIb (158 mg, 25%) as a pink solid.

mp 232 °C (decomp.); "H NMR (methanol-ds, 500 MHz) & 1.01 (t, 6H, J = 7.4 Hz), 1.44-1.52 (m, 4H), 1.69-1.75 (m, 4H),
2.12 (s, 6H), 3.46 (t, 4H, J = 7.3 Hz), 6.85 (s, 2H), 7.04 (s, 2H), 7.20 (d, 1H, J= 7.2 Hz), 7.60 (dd, 1H, J = 7.2 Hz), 7.65 (dd,
1H, J=17.2 Hz), 8.08 (d5, 1H, J= 7.2 Hz); '*C NMR (methanol-ds, 150 MHz) § 14.0, 17.3,21.1, 31.5, 44.3,95.0, 115.5, 126.5,
130.96, 131.00, 131.2, 131.47, 131.53, 134.4, 158.1, 159.6, 163.6, 174.4, several peaks overlapped; IR (ATR) 3321, 2943,
2832, 1450, 1115, 1022 cm™'; HRMS (ESI) calcd for C30H3aN203 ([M+H]") m/z 471.2642, found m/z 471.2642.

Synthesis of carboxylate Ilc

o
G °
N OH o — +
o-dichlorobenzene
175°C, 19 h

58%

Ic 6
(2.0 eq) (1.0 eq)

To a solution of Ic (1.00 g, 5.65 mmol) in o-dichlorobenzene (4.0 mL) was added phthalic anhydride (460 mg, 3.11 mmol) at
room temperature. After stirring for 19 h at 175 °C, the reaction was cooled to room temperature. The mixture was purified by

flash column chromatography (silica gel, CHCl3/MeOH = 10/1 to 5/1) to afford Ilc (817 mg, 58%) as a purple solid.
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mp 250 °C (decomp.); '"H NMR (methanol-ds, 500 MHz) & 1.91-1.96 (m, 8H), 2.14 (s, 6H), 3.26-3.30 (m, 8H), 6.40 (s, 2H),
6.62 (s, 2H),7.17 (d, 1H, J=7.5 Hz), 7.60 (dd, 1H, J=7.5 Hz), 7.64 (dd, 1H, J = 7.5 Hz), 8.02 (d, 1H, J=7.5 Hz); 3C NMR
(methanol-ds, 150 MHz) § 20.6, 25.1, 51.0, 102.4, 109.4, 123.6, 124.7, 125.5, 128.0, 129.7, 131.0, 134.5, 151.4, 152.2, 153.3,
170.6, several peaks overlapped; IR (ATR) 3318, 3298, 2943, 2832, 1450, 1115, 1022 cm™!; HRMS (ES]I) calcd for C30H31N203
(IM+H]") m/z 467.2333, found m/z 467.2329.

Synthesis of carboxylate I1d

(o]
H (0]
N OH o
o-dichlorobenzene
175°C, 13 h

19%

Id 3
(2.0 eq) (1.0 eq)

To a suspension of Id (500 mg, 3.45 mmol) in o-dichlorobenzene (2.0 mL) was added phthalic anhydride (273 mg, 1.84 mmol).
After stirring for 13 h at 175 °C, the reaction was cooled to room temperature. The residue was purified by flash column
chromatography (silica gel, CHCIs/MeOH = 10/1 to 5/1) to afford IId (137 mg, 19%) as pink solid. The spectral data matched

those reported in the literature.’

Synthesis of carboxylate Ie

o-dichlorobenzene
175°C, 14 h
41%

le 3
(2.0 eq) (1.0 eq)

To a suspension of Ie (100 mg, 0.529 mmol) in o-dichlorobenzene (1.0 mL) was added phthalic anhydride (37.0 mg, 0.252
mmol). After stirring for 14 h at 175 °C, the reaction was cooled to room temperature. The residue was purified by flash column
chromatography (silica gel, CHCI3/MeOH = 7/1) to afford Ile (49.1 mg, 41%) as a purple solid.

mp 150 °C (decomp.); "H NMR (methanol-ds, 500 MHz) & 1.91-1.95 (m, 4H), 2.06-2.10 (m, 4H), 2.63-2.74 (m, 4H), 3.04—
3.07 (m, 4H), 3.46-3.48 (m, 4H), 3.51-3.53 (m, 4H), 6.80 (s, 2H), 7.18 (dd, 1H, J="7.5, 1.1 Hz), 7.57 (ddd, 1H, J=17.5, 7.5,
1.7 Hz), 7.61 (ddd, 1H, J=7.5, 7.5, 1.1 Hz), 8.04 (dd, 1H, J=7.5, 1.7 Hz); 3C NMR (CDCls, 125 MHz) & 20.80, 20.83, 21.7,
28.4,51.3,51.7,106.5, 114.8, 125.1, 128.5, 130.8, 130.9, 131.2, 131.4, 134.5, 152.8, 154.3, 161.2, several peaks overlapped;
IR (ATR) 3416, 2940, 1595, 1493, 1362, 1296, 1196, 1101 cm™'; HRMS (ESI) calcd for C32H31N203" ([M+H]") m/z 491.2329,
found m/z 491.2333.

Synthesis of ester 524

Synthesis of thodamine 19 butyl ester (7)
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N H cl 1-butanol (2.2 eq)
EDC-HCI (3.0 eq)

DMAP (20 mol%)

CH,Cly, 1t, 7.5 h
34%

lla

To a suspension of carboxylic acid ITa (210 mg, 0.505 mmol) in CH2Cl2 (6.0 mL) were added DMAP (12.2 mg, 0.0999 mmol),
1-butanol (0.10 mL), and EDC-HCI (300 mg, 1.50 mmol). After stirring for 7.5 h at room temperature, the reaction was
quenched by adding water and the mixture was extracted with CHCl3 (x3). The combined organic layers were washed with
10% aqueous HCI and brine, dried (Na2SO4), and concentrated in vacuo. The residue was purified by flash column

chromatography (silica gel, CHCl3/MeOH = 10/1 to 5/1) to afford ester 7 (80.1 mg, 34%) as a pink solid.

mp 136 °C (decomp.); '"H NMR (CDCl3, 500 MHz) § 0.78 (t, 3H, J= 7.5 Hz), 1.06-1.13 (m, 2H), 1.31-1.36 (m, 2H), 1.42 (t,
6H, J = 7.5 Hz), 2.30 (s, 6H), 3.52-3.63 (m, 4H), 3.99 (t, 2H, J= 6.3 Hz), 6.64 (s, 2H), 6.74 (s, 2H), 7.28 (d, 1H, J = 7.5 Hz),
7.41 (brs, 2H, NH), 7.75 (ddd, 1H, J=7.4,7.4, 1.2 Hz), 7.79 (ddd, 1H, J=7.4,7.4, 1.2 Hz), 8.30 (dd, 1H, J=7.4, 1.2 Hz); 13C
NMR (CDCls, 150 MHz) & 13.3, 13.6, 18.4, 18.8, 30.1, 38.4, 65.6,93.9, 113.7, 126.7, 128.8, 130.5, 130.6, 130.8, 131.8, 133.2,
134.5, 156.6, 157.1, 157.7, 166.0; IR (ATR) 3210, 2974, 2253, 1717, 1605, 1524, 1501, 1304, 907, 729 cm™'; HRMS (ESI)
calcd for C30H3sN203 ([M+H]") m/z 471.2648, found m/z 471.2652.

Synthesis of N-butyl-rhodamine butyl ester (8)

H
1-butanol (2.2 eq) N (o] N
EDCHCI(30eq) > 2haing
DMAP (20 mol%)
_ >
CH,Cl,, 1t, 7.5 h
26% 07"

To a suspension of carboxylate IIb (230 mg, 0.506 mmol) in CH2Cl2 (6.0 mL) were added DMAP (12.3 mg, 0.101 mmol), 1-
butanol (0.10 mL), and EDC-HCI (300 mg, 1.50 mmol). After stirring for 7.5 h at room temperature, the reaction was quenched
by adding water and the mixture was extracted with CHCI3 (x3). The combined organic layers were washed with aqueous 10%
HCI and brine, dried (Na2SOa), and concentrated in vacuo. The residue was purified by flash column chromatography (silica

gel, CHCl3/MeOH = 10/1 to 5/1) to afford ester 8 (72.2 mg, 26%) as a pink solid.

mp 224 °C (decomp.); '"H NMR (CDCls, 500 MHz) & 0.78 (t, 3H, J = 7.2 Hz), 0.99 (t, 6H, J = 7.5 Hz), 1.05-1.13 (m, 2H),
1.30-1.36 (m, 2H), 1.44-1.52 (m, 4H), 1.74-1.80 (m, 4H), 2.30 (s, 6H), 3.45-3.56 (m, 4H), 3.99 (t, 2H, J = 6.3 Hz), 6.62 (s,
2H), 6.72 (s, 2H), 7.29 (dd, 1H, J= 7.6, 1.2 Hz), 7.53 (brs, 2H, NH), 7.74 (ddd, 1H, J = 7.6, 7.6, 1.2 Hz), 7.79 (ddd, 1H, J =
7.6,7.6, 1.2 Hz), 831 (dd, 1H, J= 7.6, 1.2 Hz); 3C NMR (CDCls, 150 MHz) § 13.4, 13.6, 18.4, 18.8, 20.1, 30.1, 30.4, 43.6,
65.6,94.1, 113.8, 126.6, 128.9, 130.5, 130.6, 130.8, 131.8, 133.2, 134.5, 156.6, 157.0, 157.6, 166.0; IR (ATR) 3202, 2959,
2361, 1609, 1501, 1300, 1215, 1076, 748 cm™'; HRMS (ESI) calcd for C3aHasN20s (IM+H]") m/z 527.3268, found m/z
527.3272.

Synthesis of pyrrolidine-rhodamine butyl ester (9)
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EDC-HCI (4.1 eq)
DMAP (20 mol%)
Bl
CH,Cly, 1t, 7.5 h

24% TN

</\,\\1 o) N@ 1-butanol (2.2 eq) C\\l

llc 9

To a solution of carboxylate Ilc (120 mg, 0.266 mmol) in CH2Clz (3.0 mL) were added DMAP (6.0 mg, 0.0491 mmol), 1-
butanol (0.10 mL) and EDC-HCI (141 mg, 0.746 mmol). After stirring for 7.5 h at room temperature, the reaction was quenched
by adding water and the mixture was extracted with CHCl3 (x3). The combined organic layers were washed with aqueous 10%
HCI and brine, dried (Na2SOs4), and concentrated in vacuo. The residue was purified by flash column chromatography (silica

gel, CHCl3/MeOH = 10/1 to 5/1) to afford ester 9 (30.1 mg, 24%) as a purple solid.

mp 42.9 °C (decomp.); "H NMR (500 MHz, CDCl3) 5 0.80 (t, 3H, J= 7.2 Hz), 1.10-1.17 (m, 2H), 1.35-1.40 (m, 2H), 2.07—
2.16 (m, 8H), 2.46 (s, 6H), 3.75-3.85 (m, 8H), 4.00 (t, 3H, J = 6.6 Hz), 6.76 (s, 2H), 6.82 (s, 2H), 7.33 (d, 1H, J= 7.5 Hz), 7.77
(dd, 1H, J=7.5, 7.5 Hz), 7.85 (dd, 1H, J = 7.5, 7.5 Hz), 8.30 (d, 1H, J = 7.5 Hz); 3C NMR (150 MHz, CDCl3) § 13.4, 18.8,
23.0,25.6,30.2, 52.5, 65.6,99.6, 114.8, 126.6, 130.6, 130.7, 131.8, 132.4, 133.5, 133.9, 156.8, 157.5, 157.6, 165.9; IR (neat)
3020, 1597, 1215, 745 cm!'; HRMS (ESI) caled for C34HaoN203 ([M+H]Y) m/z 523.2961, found m/z 523.2956.

Synthesis of X-rhodamine butyl ester (11)

1-iodobutane (1.2 eq)
Cs,CO;3 (1.2 eq)

DMF, rt, 4.0 h
22%

1

To a solution of carboxylate Ile (49.1 mg, 0.0997 mmol) in DMF (0.91 mL) were added 1-iodobutane (18.4 mg, 11 mL, 0.120
mmol) and Cs2CO3 (39.1 mg, 0.120 mmol). After stirring for 4.0 h at room temperature, the reaction was quenched by adding
water and the mixture was extracted by CHCI3 (x3). The combined organic layers were washed with brine, dried (Na2SOs), and
concentrated in vacuo. The residue was purified by flash column chromatography (silica gel, CHCI3/MeOH = 20/1 to 10/1) to
afford ester 11 (15.1 mg, 22%) as purple amorphous solid.

mp 44.0 °C (decomp.); TH NMR (CDCl3;, 600 MHz) & 0.82 (t, 3H, J = 7.6 Hz), 1.12-1.19 (m, 2H), 1.38-1.43 (m, 2H), 1.94—
2.03 (m, 4H), 2.07-2.19 (m, 4H), 2.63-2.72 (m, 4H), 3.00-3.10 (m, 4H), 3.49-3.68 (m, 8H), 4.03 (t, 2H, J= 6.9 Hz), 6.54 (s,
2H), 7.28 (d, 1H, J=7.6 Hz), 7.73 (dd, 1H, J=7.6, 7.6 Hz), 7.80 (dd, 1H, J=7.6, 7.6 Hz), 8.28 (d, 1H, J= 7.6 Hz); 3C NMR
(CDCls, 150 MHz) 6 13.5, 18.9, 19.5, 19.7, 20.4, 27.5, 30.3, 50.5, 50.9, 65.5, 105.7, 113.3, 124.1, 126.3, 130.4, 130.7, 131.0,
131.5,133.5, 134.8, 151.7, 152.7, 156.4, 165.1; IR (neat) 3209, 2931, 2198, 1716, 1651, 1608, 1500, 1408, 1288, 1223, 1173,

1076, 729 cm™!; HRMS (ESI) calcd for C3sH3oN203 ([M+H]") m/z 547.2955, found m/z 547.2952.

General procedure for the syntheses of esters 2, 7, 9-21.
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alcohol (6.9 eq)
EDC-HCI (6.5 eq)
DMAP (20 mol%)

R

CH,Cly, 1t, 18 h

To the suspension of carboxylate IId in CH2Cl2 were added DMAP (20 mol%), EDC-HCI (6.5 eq) and the corresponding
alcohol (6.9 eq). After stirring for 18 h, the reaction was stopped by adding water and the mixture was extracted with CHCl3
(x3). The combined organic layers were washed with aqueous 10% HCI and brine, dried (Na2SO4), and concentrated in vacuo.
The residue was purified by flash column chromatography (silica gel, CHCls/MeOH = 10/1 to 5/1) to afford the title compound

as a red amorphous solid.

Rho-DMB (5) Yield 70%; mp 208-211 °C; '"H NMR (500 MHz, CDCl3) & 1.83-1.92 (m, 4H, H2), 2.56-2.60 (m, 4H, H3),
3.56 (m, 10H, H1,23), 5.00 (s, 2H, H18), 6.46 (s, 2H, H7), 6.50 (d, 2H, J = 8.3 Hz, H21), 6.95 (s, 2H, H6), 7.13-7.15 (m, 1H,
H12), 7.38 (t, 1H, J= 8.3 Hz, H22), 7.66-7.68 (m, 2H, H13,14), 8.33-8.35 (m, 1H, H15), 9.13 (brs, 2H, NH); 3C NMR (150
MHz, CDCls) § 20.3 (C2), 26.9 (C3), 41.5 (C3), 55.6 (C23), 56.9 (C18), 98.1 (C6), 104.0 (C21), 109.6 (C19), 113.7 (C9),
123.0 (C4), 128.7 (C7), 129.9 (C12), 130.3 (C13), 131.1 (C10 or C11), 131.5 (C22), 132.0 (C15), 132.6 (C16), 134.7 (C14),
155.5 (C5 or C8 or C10 or C11), 155.8 (C5 or C8 or C10 or C11), 156.2 (C5 or C8 or C10 or C11), 159.3 (C20), 166.6 (C18);
IR (ATR) 3210, 1713, 1609, 1504, 1412, 1304, 1177, 1123, 729; HRMS (ESI) calcd for C3sH33N20s* ([M+H]*) m/z 561.2384,
found m/z 561.2408.

10

Rho-butyl ester (10) Yield 48%; mp 114 °C (decomp.); 'H NMR (CDCl3, 500 MHz) & 0.75 (t, 3H, J = 7.5 Hz), 0.97-1.02 (m,
2H), 1.18-1.24 (m, 2H), 1.83-1.91 (m, 4H), 2.61-2.64 (m, 4H), 3.51-3.57 (m, 4H), 3.94 (t, 2H, J = 6.6 Hz), 6.55 (s, 2H), 7.15
(s, 2H), 7.26 (dd, 1H, J=17.6, 0.85 Hz), 7.69 (ddd, 1H, J=7.6, 7.6, 0.85) 7.73 (ddd, 1H, J=17.6, 7.6, 0.85 Hz), 8.26 (dd, 1H, J
=17.6,0.85 Hz), 9.16 (brs, 2H, NH); 3C NMR (CDCls, 150 MHz) § 13.4, 18.7,20.2, 26.9, 30.0, 41.5, 65.6, 98.4, 113.5, 123.6,
128.5, 130.1, 130.9, 131.2, 131.7, 132.9, 134.7, 155.6, 155.9, 156.6, 166.5; IR (ATR) 3017, 2974, 2232, 1215, 1049, 745 cm™

I, HRMS (ES]I) calcd for C30H31N203 ([M+H]") m/z 467.2329, found m/z 467.2338.
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Rho-benzyl ester (12) Yield 95%; mp 131 °C (decomp.); 'H NMR (CDCl3, 500 MHz) & 1.83-1.88 (m, 4H), 2.55-2.57 (m,
4H), 3.57-3.65 (m, 4H), 4.90 (s, 2H), 6.47 (s, 2H), 6.87 (d, 2H, J= 6.9 Hz), 7.07 (s, 2H), 7.20-7.26 (m, 3H), 7.34 (dd, 1H, J=
6.9, 6.9 Hz), 7.66-7.73 (m, 2H), 8.28 (dd, 1H, J= 7.5, 1.7 Hz), 9.36 (brs, 2H, NH); 3C NMR (CDCls, 150 MHz) § 20.2, 26.9,
41.5,67.7,98.5,113.5,123.5, 128.4, 128.8, 129.2, 129.3, 130.1, 130.8, 130.9, 131.8, 133.0, 134.5, 134.8, 155.2, 155.8, 156.4,
166.2; IR (neat) 3209, 2931, 2198, 1716, 1651, 1608, 1500, 1408, 1288, 1223, 1173, 1076, 729 cm™'; HRMS (ESI) calcd for
C33H20N20;3 ([M+HTY) m/z 501.2173, found m/z 501.2178.

SRAe®
13

Rho-naphthyl ester (13) Yield 61%; mp 141 °C (decomp.); '"H NMR (500 MHz, CDCl3) & 1.70-1.79 (m, 4H), 2.39-2.53 (m,
4H), 3.40-3.55 (m,4H), 5.06 (s, 2H), 6.42 (s, 2H), 6.90-6.92 (m, 3H), 7.16-7.18 (m, 1H), 7.41 (s, 1H), 7.56—7.61 (m, 2H),
7.67-7.77 (m, 4H), 7.97 (m, 1H), 8.28-8.30 (m, 1H), 9.07 (brs, 2H, NH); *C NMR (150 MHz, CDCl3) § 20.0, 26.8,41.4, 67.8,
98.3, 113.4, 123.4, 126.3, 127.0, 127.3, 128.2, 128.40, 128.44, 128.8, 129.3, 130.0, 130.8, 130.9, 131.7, 131.8, 132.9, 133 .4,
133.7, 134.7, 154.9, 155.6, 156.2, 166.3; IR (neat) 3208, 2930, 1717, 1607, 1503, 1410, 1302, 1225, 1145, 991, 729 cm!;
HRMS (ESI) calcd for C37H31N203 ([M+H]Y) m/z 551.2329, found m/z 551.2332.

14

Rho-phenethyl ester (14) Yield 70%; mp 137 °C (decomp.); "H NMR (500 MHz, CDCl3) & 1.83-1.93 (m, 4H), 2.57-2.62 (m,
6H), 3.50-3.60 (m, 4H), 4.19 (t, 2H, J = 7.0 Hz), 6.53 (s, 2H), 7.00 (dd, 1H, J = 7.7, 1.5 Hz), 7.12 (s, 2H), 7.18-7.25 (n, 4),
7.67 (ddd, 1H, J=7.7,7.7, 1.5 Hz), 7.73 (ddd, 1H, J=7.7, 7.7, 1.5 Hz), 8.21(dd, 1H, J= 7.7, 1.5 Hz), 9.03 (brs, 2H, NH); *C
NMR (150 MHz, CDCl3) & 20.2, 27.0, 34.2, 41.5, 65.8, 98.4, 113.4, 123.6, 127.0, 128.4, 128.9, 129.0, 130.1, 130.9, 131.0,
131.6, 133.0, 135.0, 137.6, 155.5, 155.8, 156.6, 166.2; IR (ATR) 2924, 1717, 1647, 1612, 1539, 1288, 1076, 910, 737 cm™;
HRMS (ES]) calcd for C34H31N203 ([M+H]") m/z 515.2329, found m/z 515.2334.
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Rho-methylbenzy! ester (15) Yield 75%; mp 126 °C (decomp.); 'H NMR (500 MHz, CDCl3) § 1.83-1.92 (m, 4H), 2.34 (s,
3H), 2.57-2.59 (m, 4H), 3.53-3.58 (m,4H), 4.86 (s, 2H), 6.47 (s, 2H), 6.66 (d, 1H, J= 7.5 Hz), 6.72 (s, 1H), 7.08 (s, 2H), 7.13
(t, 1H, J = 7.7 Hz), 7.18-7.22 (m, 2H), 7.67-7.73 (m, 2H), 8.27-8,29 (m, 1H), 9.27 (brs, 2H, NH); 3C NMR (150 MHz,
CDCl3) §20.2, 21.3,26.9, 41.5, 67.8, 98.3, 113.4, 123.4, 125.9, 128.3, 129.1, 129.7, 130.0, 130.2, 130.8, 130.9, 131.7, 133.0,
134.3, 134.8, 1389, 155.2, 155.7, 156.3, 166.2; IR (ATR) 3206, 1717, 1651, 1612, 1504, 1412, 1304, 1223, 1173, 991, 910,
733 em'!; HRMS (ESI) caled for C3H3N20s* ([M+H]*) m/z 515.2329, found m/z 515.2333.

\
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Rhq-dimethylaminobenzyl ester (16) Yield 26%; mp 149 °C (decomp.); 'H NMR (500 MHz, CDCl3) & 1.84-1.91 (m, 4H),
2.56-2.59 (m, 4H), 2.97 (s, 6H), 3.52-3.58 (m, 4H), 4.86 (s,2H), 6.18 (d, 1H, J = 7.5 Hz), 6.21-6.23 (m, 1H), 6.47 (s, 2H),
6.72 (dd, 1H, J=8.3, 2.6 Hz), 7.02 (s, 2H), 7.10 (dd, 1H, J= 7.8, 7.8 Hz), 7.20 (dd, 1H, J= 7.8, 1.8 Hz), 7.66—7.72 (m, 2H),
8.28 (dd, 1H, J =7.8, 1.8 Hz), 9.16 (brs, 2H, NH); '3C NMR (150 MHz, CDCl3) § 20.2, 26.9, 40.4, 41.5, 68.5, 98.4, 112.6,
113.1,113.4, 116.6, 128.3, 129.9, 130.0, 130.7, 131.0, 131.7, 132.8, 134.9, 135.0, 151.1, 155.2, 155.7, 156.3, 166.2; IR (ATR)
2986, 1612, 1504, 1412, 1303, 1227, 1173 cm™'; HRMS (ESI) caled for C3sH3aN3Os* ([M+H]") m/z 544.2595, found m/z
544.2612.

M
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Rho-m-methoxybenzyl ester (17) Yield 73%; mp 133 °C (decomp.); 'H NMR (500 MHz, CDCl3) 6 1.84-1.91 (m, 4H), 2.57—
2.60 (m, 4H), 3.53-3.57 (m, 4H), 3.85 (s, 3H), 4.86 (s, 3H), 6.41-6.43 (m, 2H), 6.47 (s, 2H), 6.93 (dd, 1H, J=7.2, 1.7 Hz),
7.04 (s, 2H), 7.17-7.22 (m, 2H), 7.67-7.73 (m, 2H), 8.29 (dd, 1H, J = 7.2, 1.7 Hz), 9.20 (brs, 2H, NH); 3C NMR (150 MHz,
CDCl) 8 20.5,27.2, 41.7, 55.6, 67.6, 98.2, 113.1, 113.6, 114.9, 120.6, 123.2, 128.0, 129.7, 130.1, 130.4, 130.5, 131.4, 132.7,
134.5, 135.3, 154.6, 155.3, 155.8, 159.7, 165.6; IR (ATR) 3206, 1721, 1609, 1504, 1412, 1304, 1173, 910, 732 cm"'; HRMS

(ESI) caled for C34H31N204" ((M+H]") m/z 531.2278, found m/z 531.2279.
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Rhqo-m-trifluoromethylbenzyl ester (18) Yield 80%; mp 139 °C (decomp.); "H NMR (500 MHz, CDCl3) & 1.82-1.91 (m, 4H),
2.56-2.58 (m, 4H), 3.52-3.57 (m, 4H), 4.95 (s, 2H), 6.48 (s, 2H), 6.99 (d, 1H, J= 7.5 Hz), 7.09 (s, 2H), 7.25 (dd, 1H, J=17.5,
1.0 Hz), 7.29-7.31 (m, 1H), 7.45 (dd, 1H, J = 7.5, 7.5 Hz), 7.61 (d, 1H, J = 7.5 Hz), 7.70 (ddd, 1H, J= 7.5, 7.5, 1.0 Hz), 7.74
(ddd, 1H,J=17.5,7.5, 1.0 Hz), 8.27 (dd, 1H, J = 7.5, 1.0 Hz), 9.14 (brs, 2H, NH); *C NMR (150 MHz, CDCl;) § 20.1, 26.9,
41.4,66.6,98.3,113.3, 123.6, 124.2 (q, Jcr = 273.1 Hz), 125.6 (q, Jcr = 2.9 Hz), 126.1 (q, Jcr =2.9 Hz), 128.2, 130.15, 130.18,
130.9, 131.1 (q, Jcr = 33.2 Hz), 131.8, 132.2, 133.2, 134.9, 135.6, 155.0, 155.8, 156.3, 166.0; IR (ATR) 3213, 2935, 1720,
1612, 1504, 1412, 1303, 1173, 910, 733 cm™!; HRMS (ESI) calcd for C34HasF3sN203" ([M+H]Y) m/z 569.2047, found m/z
569.2060.

19

Rho-nitrobenzyl ester (19) Yield 61%; mp 127 °C (decomp.); '"H NMR (600 MHz, CDCl3) § 1.81-1.91 (m, 4H), 2.58-2.59
(m, 4H), 3.53-3.57 (m, 4H), 4.97 (s, 2H), 6.48 (s, 2H), 7.06 (s, 2H), 7.15 (d, 1H, J = 7.5 Hz), 7.25 (d, 1H, J = 7.6 Hz), 7.55
(dd, 1H, J=8.3, 8.3 Hz), 7.71-7.77 (m, 2H), 7.80-7.83 (m, 1H), 8.22 (d, 1H, J=8.2 Hz), 8.30 (d, 1H, J= 7.6 Hz), 9.25 (brs,
2H, NH); 3C NMR (150 MHz, CDCl3) & 20.1, 26.9, 41.5, 66.1, 98.3, 113.3, 123.6, 123.7, 124.3, 130.2, 130.3, 130.8, 130.9,
131.9, 133.4, 134.7, 134.8, 136.3, 148.6, 154.8, 155.8, 156.1, 166.0; IR (ATR) 3217, 2924, 1721, 1609, 1501, 1408, 1303,
1173, 729 ecm!'; HRMS (ESI) caled for C33HasN3Os™ ((M+H]Y) m/z 546.2023, found m/z 546.2026.

o CF,
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Rhg-o-trifluoromethylbenzyl ester (20) Yield 57%; mp 126 °C (decomp.); '"H NMR (500 MHz, CDCls) 6 1.83-1.93 (m, 4H),
2.57-2.61 (m, 4H), 3.53-3.58 (m, 4H), 5.05 (s, 2H), 6.46 (s, 2H), 6.84 (d, 1H, J = 7.5 Hz) 6.97 (s, 2H), 7.19 (dd, 1H, J = 8.0,
1.5 Hz), 7.54 (ddd, 1H, J = 8.0, 8.0, 1.5 Hz), 7.60-7.65 (m, 2H), 7.69-7.74 (m, 2H), 8.34 (dd, 1H, J= 8.0, 1.5 Hz), 9.14 (brs,
2H, NH); 3C NMR (150 MHz, CDCl3) & 20.1, 26.9, 41.5, 64.1, 98.2, 113.3, 123.5, 124.2 (q, Jcr = 274.5 Hz), 126.7 (q, Jcr =
4.3 Hz), 128.4, 128.8 (q, Jor = 30.3 Hz), 130.1, 130.2, 130.7, 131.5, 132.0, 132.1, 133.1, 133.2, 134.9, 155.1, 155.7, 156.0,

165.7; IR (ATR) 3201, 2924, 1717, 1609, 1504, 1304, 1173, 729 cm™'; HRMS (ESI) caled for C3aHasF3N2Os* ([M+H]) m/z
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569.2047, found m/z 569.2048.
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Rho-m,m -bistrifluoromethylbenzyl ester (21) Yield 73%; mp 210 °C (decomp.); "TH NMR (600 MHz, CDCl3) & 1.82-1.92 (m,
4H), 2.59-2.61 (m, 4H), 3.50-3.60 (m, 4H), 5.07 (s, 2H), 6.51 (s, 2H), 7.12 (s, 2H), 7.31 (dd, 1H, J=8.0, 1.5 Hz), 7.56 (s, 2H),
7.72 (ddd, 1H, J= 8.0, 8.0, 1.5 Hz), 7.78 (ddd, 1H, J= 8.0, 8.0, 1.5 Hz), 7.85 (s, 1H), 8.27 (dd, 1H, J= 8.0, 1.5 Hz), 8.30 (dd,
J=17.5,1.5 Hz), 9.26 (brs, 2H, NH); 13C NMR (150 MHz, CDCl3) § 20.0, 26.9, 41.4, 65.4,98.2, 113.2, 123.0, 123.4 (q, Jcr =
273.1 Hz), 123.7, 128.1, 128.6, 129.8, 130.3, 131.1, 131.6, 132.4 (q, Jcr = 34.7 Hz), 133.6, 135.4, 137.8, 154.9, 155.9, 156.4,
165.5; IR (ATR) 2940, 1728, 1612, 1504, 1304, 1281, 1134, 733 cm™!; HRMS (ESI) calcd for C3sH27FsN203" ([M+H]") m/z
637.1920, found m/z 637.1924.

o} OMe
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Rho-o-methoxybenzyl ester (22) Yield 70%; mp 112 °C (decomp.); '"H NMR (500 MHz, CDCl3) § 1.81-1.90 (m, 4H), 2.54—
2.57 (m, 4H), 3.52-3.56 (m, 4H), 3.64 (s, 3H), 4.95 (s, 2H), 6.45 (s, 2H), 6.78—6.84 (m, 3H), 7.05 (s, 2H), 7.17-7.19 (m, 1H),
7.33-7.37 (m, 1H), 7.66-7.70 (m, 2H), 8.28-8.30 (m, 1H), 9.22 (brs, 2H, NH); '*C NMR (150 MHz, CDCl3) § 20.5,27.2,41.7,
55.5,62.8,98.1, 111.2, 113.2, 120.3, 122.2, 123.0, 128.2, 129.7, 130.4, 130.5, 130.7, 130.8, 131.5, 132.5, 134.3, 154.8, 155.2,
155.8, 157.6, 166.0; IR (ATR) 3213, 2936, 1717, 1609, 1505, 1410, 1302, 1225, 1175, 991, 729 cm™!; HRMS (ESI) calcd for
C34H31N204" ([M+H]") m/z 531.2278, found m/z 531.2283.
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Rhq-p-methoxybenzyl ester (23) Yield 75%; mp 131 °C (decomp.); '"H NMR (500 MHz, CDCl3) § 1.81-1.91 (m, 4H), 2.52—
2.58 (m, 4H), 3.51-3.58 (m, 4H), 3.90 (s, 3H), 4.86 (s, 2H), 6.46 (s, 2H), 6.74 (d, 2H, J = 8.6 Hz), 6.83 (d, 2H, J = 8.6 Hz),
7.09 (s, 2H), 7.20 (dd, 1H, J = 7.2 Hz, 1.8 Hz), 7.66-7.72 (m, 2H), 8.26 (dd, 1H, J = 7.4 Hz, 1.8 Hz), 9.06 (brs, 2H, NH); 13C
NMR (150 MHz, CDCls) & 20.4, 27.2, 41.7, 55.8, 67.4, 98.2, 113.2, 114.1, 123.2, 126.4, 128.1, 129.7, 130.4, 130.5, 130.6,
131.3, 132.6, 134.4, 155.8, 155.3, 155.9, 159.9, 165.7; IR (ATR) 3201, 2931, 1651, 1612, 1504, 1411, 1315, 1258, 1223, 1177,
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1069, 910, 841, 737 cm™'; HRMS (ESI) caled for C34H31N204" ([M+H]") m/z 531.2278, found m/z 531.2278.

Rhq-m,m’-dimethoxybenzyl ester (24) Yield 64%; mp 136 °C (decomp.); '"H NMR (600 MHz, CDCls) & 1.82-1.94 (m, 4H),
2.55-2.63 (m, 4H), 3.52-3.57 (m, 4H), 3.85 (s, 6H), 4.82 (s, 2H), 6.02 (d, 2H, J=2.0 Hz), 6.47 (s, 2H), 6.49-6.50 (m, 1H),
7.03 (s, 2H), 7.22 (dd, 1H, J= 8.0, 1.7 Hz), 7.68-7.73 (m, 2H), 8.29 (dd, 1H, J = 8.0 Hz, 1.7Hz), 9.24 (brs, 2H, NH); 3C NMR
(150 MHz, CDCl3) 8 20.1, 26.9, 41.5, 55.6, 67.7, 98.4, 100.0, 107.1, 113.4, 123.5, 128.3, 130.0, 130.8, 131.7, 133.0, 134.9,
136.2, 155.0, 155.7, 156.3, 161.6, 166.1; IR (ATR) 3208, 2932, 1717, 1609, 1505, 1302, 1225, 1175, 1069, 837, 729 cm!;

oM
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HRMS (ESI) calcd for C3sH33N20s* ([M+H]*) m/z 561.2384, found m/z 561.2391.

3. HPLC chromatogram of representative compounds

HPLC chromatogram of 4
mV

15 -

10
5
0 x e

0 5 10 15 20 25
min

Peak Retention time (min) Area (MAU*s) % Area
1 4.69 2640 0.307
2 6.18 11490 1.34
3 6.76 5498 0.640
4 10.4 5033 0.586
5 11.0 2278 0.265
6 12.5 827374 96.3
7 22.0 4710 0.548

total 859024 100
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HPLC chromatogram of §

mV
30
20
10
0 z A >
0 5 10 15 20 25
min
Peak Retention time (min) Area (mAU*s) % Area
1 3.96 22764 0.786
2 4.21 11654 0.403
3 4.85 4404 0.152
4 5.35 63817 2.20
5 5.90 10776 0.372
6 6.41 7628 0.263
7 8.31 5841 0.202
8 10.3 2765781 95.5
9 18.5 2566 0.089
total 2895231 100
HPLC chromatogram of 10
mV
20 T
15
10
5
0 N> e & =
0 5 10 15 20 25
min
Peak Retention time (min) Area (MAU*s) % Area
1 4.19 6123 0.374
2 5.41 3074 0.188
3 5.89 10199 0.623
4 6.75 1091 0.067
5 8.35 960 0.059
6 12.5 1603537 97.8
7 17.9 7293 0.446
8 20.6 4432 0.271
total 1636710 100
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HPLC chromatogram of 12

mV
20 T
15
10
5
0 N. = w o~ ©
0 5 10 15 20 25
min
Peak Retention time (min) Area (mAU*s) % Area
1 3.93 13460 0.672
2 4.17 4083 0.204
3 5.05 4297 0.215
4 5.61 19048 0.951
5 6.22 2707 0.135
6 6.66 2823 0.141
7 11.6 1952674 97.5
8 17.2 3499 0.175
total 859024 100

4. ATPase assay results

The graph of the ATPase assay of the given substrate is depicted at the top. Data were obtained from three independent repeats
with 16 different substrate concentration except 4, 8, 9. Data of 4 was obtained from three independent repeats with 11 different
substrate concentration, 8 was obtained from three independent repeats with 10 different substrate concentration and 9 was

obtained from four independent repeats with 10 different substrate concentration.
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