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ABSTRACT

The rapid evolvement of super-resolution imaging techniques has revolutionized the
biological studies in recent years. Super-resolution imaging provides unprecedented resolutions
by breaking the diffraction limit of conventional fluorescent microscopies. The establishment
of this technique relies on superior fluorophores, especially for localization-based super-
resolution imaging which further requires sparse photoswitching behaviors of fluorophores in
terms of both space and time. As core fluorophores for localization super-resolution imaging,
rhodamines have been widely deployed for super-resolution imaging. However, these
fluorophores exhibit suboptimal properties for these advanced imaging techniques. Therefore,
it is necessity to update rhodamine fluorophores to facilitate high-quality super-resolution
imaging through rationalized strategy of molecular design.

Since the single-molecule characteristics predetermine the localization-based super-
resolution imaging capabilities of a fluorophore, the establishment of standardized algorithm
and the development of applicable software for analyzing single-molecule data emerge as a
critical problem. In this dissertation, a single-molecule algorithm has been established, which
is constituted by three components: 1) the identification of single-molecule signals, which
utilizes the super-resolution localization and molecular cluster methods for excluding spatially
overlapped signals; 2) the transition-state fitting of fluorescent trajectories, which adopts the
hidden Markov model to analyze bright and dark states; 3) the measurement of single-molecule
photophysical properties, which defines the physical meanings of single-molecule
characteristics. Following the established algorithm, a MATLAB based software with GUI
interface has been developed for automatically analyzing single-molecule characteristics. The
development of algorithm and software for single-molecule analysis would set a stage for
evaluating single-molecule photophysics in the future.

Ring-closed forms of rhodamine spiroamides are photoactivated to highly fluorescent
ring-opened forms, providing sparse dark to bright transforms in a controllable fashion, suitable
for photoactivated localization imaging. However, one of its key properties, the duration of on-
states, i.e. on time, has never been optimized previously. In this dissertation, a molecular design
strategy is developed to lengthen the on time of photoactivaed zwitterionic state through an
intramolecular acid microenvironment, and a new rhodamine spiroamide, Rh-Gly, is obtained
by introducing a carboxylic acid group in proximate to the lactam location. Photoactivation and
pKa studies substantiate the the stabilization effect of adjacent acid group. The established
single-molecule algorithm and software enable the measurement of single-molecule
photophysics of fluorophores developed through the acidic strategy. Single-molecule results

demonstrate that acid strategy lengthens the on time from ~30 ms to ~60 ms, and predict that
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these fluorophores permit high-quality super-resolution imaging. Furthermore, through Rh-Gly
and its probes derived following acid strategy, high-quality super-resolution imaging of
mitochondria in living cells is obtained at ~50 nm spatial resolution in 10 s, and super-resolution
imaging of nucleus H2B proteins in living cell and microtubule filaments in fixed cells are
realized. The development of this strategy would benifit the future development of high-
performance rhodamine spirolactams for photoactivation localization microscopies as well as
insipire the improvement of other fluorophores.

Conventional rhodamines, like tetramethylrhodamine (TMR), show suboptimal
fluorescence in ageous solution. The nonradiative process of these fluorophores probably
correlates to the formation of twisted intramolecular charge transform (TICT) state. In this
dissertation, a quaternary piperazine strategy is developed to suppass the TICT formation and
improve the brightness of rhodamine fluorophores. The quaternary piperazine substituted
rhodamine, MPR (® = 0.93; £ = 8.7 x 10* Lxmol'xcm™), exhibites over two-fold brightness
enhancement compared to its analog TMR (® = 0.47; £ = 7.8 x 10* Lxmol'xcm™) in ensemble
spectrum studies. Single-molecule photophysic properties of MPR and TMR are measured
through the priorly established single-molecule algorithm and software. The results
demonstrate that MPR shows increased single-molecule brigthness and holds an enhanced
capability of super-resolution imaging. Moreover, through biological functional derivatives of
MPR, these quaternary piperazine substituted rhodamines enable super-resolution imaging of
microtubules in fixed cells and plasma membrane or lysosomes in living cells.

Rhodamine fluorophores, developed from the two new molecular designs in this
dissertation, would serve as scaffolds for the development of super-resolution imaging probes,
promoting the future envolvement of super-resolution techniques.

Key Words: Super-resolution imaging; Single-molecule localization; Single-molecule

algorithm; Rhodamine; Rhodamine spirolactam.
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Figure 1.1 Diffraction limit restricts the resolvability of far-field optical microscopy. Scale
bar: 100 nm.
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Figure 1.2 Multidimensional super-resolution imaging. Images reproduced from references!'-
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Figure 1.3 Schematic illustration of the principle of single-molecule localization super-
resolution imaging.
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Figure 1.4 Photoswitching model of single molecule (a), single-molecule fluorescence
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Figure 1.5 The effect of single-molecule brightness towards the precision and accuracy of
localizations. Scale bar: 200 nm (b and e); 20 nm (c and f).
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Figure 1.7 Photobleaching rate correlates to the reconstruction quality of the super-resolution

imaging. Scale bar: 300 nm.
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AL 7 WU B FAR S SRR & VB G)F- 7K B g HOERLE B, X7 17K -F 1)
I3 HEFERT GBI PR IC I R AT R 3R T s B K o JRARE R 1 B G REBR i T AR )
SEALE B R BRLS BUG R0, A HERREE Im) B ARSS A 1) Gk} 431 1) AL A REAER B A
R FN IO A5 0 A5 B o DRI, o3& FH T A 2R 2 7 AR ) e b 20 2L & LR K PR
(R A 5 YA 1

Price B AT AL BHERERR G5 K B R OGME 5 5 R RE 55 5 Z HekR k. Xf
M EAT AR IC IR T, TR E R 2T AR e 00T S b RIS M S i
TR B - A0 L ) & B i Ay, TE AT ) G RM B 7] 3 AT T SR A SRR, 11 GYREHE AR
BT B ISR T 2 A R FEBE IR P o BB, BT R RO tIE RE R
X, XY FF A E,; MAEB D PIRE T, oy ReE GRS, XL
TS S SR AT R 45 B A R P B 0 OCHAE SRR AR 450 By TR 5 3
SHBEEZMIELT) o« B, B ER R B A IR s m R 2k, JF H
i 22 Gk RIS ZE iy BE B R IBUARO G YR IR 56 AF T, RSB dEARIC 454 B IR
B TET.

FRic AR R I OE T 38 A5 2 S RGO 25 A6 R R P U ) B vEE R P mT AR AN 2
HokfreE: DYRHE HARSWBIPRC % B 2)Fnic /G 4eriE B Hras i HiE s . 55k,
A AR 10 7 24500 FH VT P50 25 A 40755 52 2% FE PR IC 2 T o Bk AR e 1 45 A B 7R 22 B v I i
W, W A T AR G REAT R, IR L A B BRI I o R R AROE
BRI GERFHE . HIR, JeRlShric gtz R EE R 2 1 e AL i KRS I RE AL . i T
SERL S HEBUER P LA < 10 nm (2032, RGBS AR 10 45480 1R PR B9 1 20 & o7
ARG R e R E . BN, 7RG 5O G il A I TR PR IR,
RPERECRI LR R, 2GR 5 454 20-30 nm WS (A7 Bl 221X P i 22 A 4%
FEAET PR 2 BRI, 8 e AR 7 R A T R B RS
(~50 nm) EORCE I LS RSP 2K~ 30 nm.

Tk, FETEARML G R, Gtk ad B % e A6 8 3 F AR o 7 AR R R s . 7
T M SR 20 P P S TR ) BRI e, ek i AN B i e, DLos b 4 Y AR S
EORTH: AN & B2 5 DL R0 R B a5 Mt 7, W 75 B4R R A R 1 B E %
P, DA 75 06 40 I 1 30 25 A2 BRAR AL I RE Hhoch 28 28 2 5 Sk et iiiA% . (R, GeklAE
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WU, 752 B HAR IO RV AR, BRI GBI &, BAsck
R AR AR IC AR S R
1.2.5 HEFIE 7R ERIERN MR

BT I ERAILA ) 220 . 505 W) B 0T () 22 S PR e AR SR I 22 1), L)
7 H A BT S S BRI B BRI A RGN, T TEE A gk, Hol
o SRV & NI 1 i (s s AL L TN PSRy s WS (e 211 e S T e R
A DGO HBOE R B Gk, TR D 5 A1 e Sk B 50 ST 2 0 24 i 17 A 3L 7
AT, Xk, fE2 o PRSI t, SR AR INERFEIE I, #msAE R E 5
WA [P ALIARREI Gt a] DLSE A B3R e il 2 (il R« FELean, RILA B
H AR 25 R R BRI 3 B0E 3t 20 58 A B HE 73 S AR R BRI o B /N o3 Gt il
B, B TE SRR EARRK, SH 727 KPRy 8o, 891715
FETEEB SR (Motion blur) , THE UG E (P2,

12,6 R

S8 B 43 F UG 2GR C B BT AE T AR S K . bl T e AL ) 2
K, Gkl R ER LR TR S, RIS E R b 78 U FT RE 22 10 280A BR
1M H T ARG PR 2R, Jull R 8 TE I st T8 9, RN iR E Hirds
R 4B UL 35 LT PR B bRac . AT 30 H fioA b, HIEREE 58 40 2 FIR ZR I 4Rt
Rz, BRI T S A8 5 R I R N AR AT K -

AR, X T4 A8 o HE Ak, SRR AR A AT T B EE MR R AS I 5 ) DL S B
AR RR I GRS 8 BTN R, DRI, 3X e JULPE I 40 B R I R 2 A B - Ak,
TERAAG T UG 2 (- 5 AR A -+ B S PR, W HESh e A A8
I3 F A F ARSI A0 B BSAZ H BTRH
1.3 EMNEESYERIGHIR LR R TR

SE LB 73 W UR BOR BIE AR 5 5 Gk BRI R I A I 5 U AH oG . A B2 90
AN, EAGR B TP, Bl R O & K I 1 GRS 5 FE BB B IR
(221231, 7F 1995 F1 1997 £, Trautman A1 Macklin®*. Lu Fl Xiel?I7E =I5 F WL &2 31|28
Pkl 5 TR G R W Bl; 1997 4, Moerner 25 NP RIS N EH (GFP) 1E
B RGN 2 I AR A I S B I R AR B LB 7t iR 1 oty
B ERAS 777 UK AE B SERE A 6 i, H 2 R IR B U T BO IR Lo i 4 gk AT 4241
2002 &, Lippincott-Schwartz 2527k & 7 Al HIE ¢ 6B H: 2005 4, Zhuang &8
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M1 Saeur. Tinnefield FEPVEE — R SLIL 1 O GURL HL F AT 45 SIS A e e . IR BB TT 58 7%
JCHRH MR SEIN, A B AEEAL | @ AL RS 7 A R R Bl o BT DL R, 354 (2006
F), ZANFARHEIBA (Betzighl, Hess!'Ufl Zhuang!®) 2 HIASE FIFF & T #4502 S T
HRRAEL. TR T A REREGE SR, AT AR BBy PALM. FPALM A
STORM, HA1) PALM M1 FPALM IR 1 AIHGE K 7O E H (PA-FP) ARl
¥), 1 STORM KM T HHLN>T (Cy3 Fl Cys) Bixth R, BAREVIAR, (HixL);
VRS ) O YR SRS S L it AR, TR RN S B B4 5 %, @ Id PSF
ECEAAE RIS BN 73 FA5 T e AL, 2@ ISR A 7 B € A1 3845 =1 7 P R

&AL YR A ORI T D AR S MG A i B, AR 4 IS FH () 9 e ekl 4R
JaBR, XA Cy3 H1 Cy5 Boxt ek 20 —Fh PA-FP JUBUGZOGEH, AR 2 AR
FEMPI BT R Ak, BFFE A VI TR B A R A G R B DIRE RN 7 1 R OGG kL
£ 2007 4, Bossiv Hell ZEBVH]FH 2 FH O BR A IV i (1) G0 R e S 1 A A0 1R TR R
&5, B — U R 2 P Gk} R 21058 A 88 2 & b - 7E 2008 4F, Heilemann.
Sauer SEI2NE I UG I I B — CyS GeRbEATINGR, ZB—KIEH T dSTORM [
ARELZ: A4, Tinnefield FEBUIE N UG I 8GR E AR R B0, H—BHR T
FSAR TN Bkl g S % (1 5e ) o X B gl gk — BBl i 70 80 e A AL o g
RHEAT B LR 3 RS ) 229K, 7 2009 4F, Heilemann. Sauer ZEB2%F— R4 itk
(3T Z P ZOC B RO Gk AT T e A 8 7 B 2 [F4FE, Zhuang F50°)%%
XS Cy5 GUbH SRS S FEHALBLGAT T A, 38 130 JE VRS R0 Gkl SV N 5 ml 3k 75
FOE IR . £E 2010 4F, Sauer SFPUEE T A& R AMREEIA, G R H /N1 Gy
RESZIL T AR A% e AL B 0 HE A% . 75 2011 4, Zhuang 2555 5 i Ak /N 731298 e ekl
SERL T RGEVER)E AL B 3 H R RE 1T, TR HE RS 230 A 58 2 Uk 43 HE LR /)N
SrFROCGEL. B, X GRO R RGN EFZHR, e A AU U SR TR
WAF R — B

IR FAAN TE K T /N3 75 RRE R 43 AR 00 N 220, 8 AL Y 4
BB FURIIR S« Pl FH PR VG 4R 2« BRI 0 I T R ATS 7 B LA Gt el B v A% 7
RO Bk, BURIT R TAEE i — Dl Ny 18t /A B R GeklbidkAT 70 1
0L, TGk e r B 2 HR AR P BE » 2010 4, Hell P05 1F T B &R L %8
b (Caged) Z'FHIH, HA4& 5 A AU 3 AR T 7). 2012 4F, Zhuang S8P7M H AL
BT CARIC SR AT IR IR, ATITRE G, 17 He i) 2R Fe Ak 21 TR R~ R T 6, 327
T HE & . 2013 4F, Johnsson Z5B8E YOG IR K I EE D P (1 LB E IR
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TR T ZIED FRid BIgRN R A, SERRT BB FE % . 2014 4F, Urano 55
(400388 1o O e 2 2 ) B R AR IR BRI SR A% R T, W T AR T IO e A U AR &
I B O B P SRR B 15 5 1 A AR I PO Gkl o AR Tid i X 2
JeRHARiL, TEVSAM P SEIL T RS MBS A% . 2015 4, Lavis 4 FH &R
T R BURAE G 2 PHI 1 — R A, 1271 T 2 FHI YRR 52 . 2017 4F, Belov. Iries
Hell ZFU2E o0t — 5 1 I S5 MBI S5 A RIS T ARHR T BUAR R 1A 2 TN ok 114 7 o7 Bk
PR R 2018 4F, Winter. Smith ZWMWETF & T —Fi Al e #IE ) BODIPY, %
Dbz Gkl N 21 e 7 B AR 43 HE R o TSR, A HLF ekl TR AL TAESZ
BN V2V, BB YR T RN i — D B e A B 2 HE R A R RE A

e M BB ) Y YRl A 58 B R S A AR T AT A . SR, E AT YR FE AT AT AR
B YRR D PR AR SR B (B0, INRRERAE) FIRF 7T, GRS S
BLor G5 A0 X B T (9 I, AR IR TR e Y o A% B 0, MRS ORI FH
R EAREE S YR 28 7 B8 3 HE AR R I TF R B o R SORs 4% B GSRL 1) A 3R 1
S IR AT A 1) B L TR
1.3.1 BoFREMNREA

w121 WA, TS S YU T HERUE AL RS R HE R I . 5
TCRRLR S 6Tk 2, FE AL B (0 25 B HE R . TSGR By T 5 HR O E T
FERBIEA G Bk, 2RSSO TR T a it m oo E 7 ro%, g
HERaTFf, 1RFYRIE 5 PR G &

Ho g ARER A MIE Lavis SHIMAEME R T i B il gt — H & gtk
(15> T TSRS o ARGt s B PH IO B R S T B A B BRI AT 4 38 [
S, FEGCR KR AE AN AR 2, AR TR A DA 25 07K RS N EAT YR Kbz
WA . 2015 4F, Lavis I — RINE R Z o (= —tioi) U2 P
BEAT T R T, BARIERA T BRI P P (1.8, 1-2) RILHF T4 H
BEFHHA-1, TMR)IZ R T o5, J AR B FRENE S TSNS 1. @il
TERGRE 1-2 IRk & bR 8 AT A, ABATIEN T 38 i BUAR Sk ms v LUS. A F-i5 40
MR AFRICHE 2 HEAS, IF B AZ SRl 58 ARG IS e LA FAE S ek g5 . 7RIS
FROMPE AR, ARATEIER T X P30 T he B SRS 7R AN [F) A 2 Gyl b e F
2016 4, AT IR SR RE I S IE AL B AR AL Z FHI |, SR8 T A
TERFPER PA-JFsa0(1-3), 3E—3D 0 R T 2% VU JU A S0 75 175 40 M B AR 288 20 R 5
IR FH o 2017 4F, AbATIUSIGk i i P2 i B 30 T e AR B F 208, 3RA% T 2 M
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PR (1-4) . XESGURLAEE IR IE . WO MEBE 5 B I AR EE AR e ekt i
%, JFH AT RAE 55 AR LSO B T FEL

/|11| 0 /rl\i‘ / r7 CN fh H_C\ /N
0 L
2 c00” . Nz

K 1.8 B e RE PHH Gl (Jenelia Fluor)

Figure 1.8 Azetidine substituted rhodamines (Jenelia Fluor)

(H]

Liu. Xu ZEHOIGHIY g BRI 2GRk AT T 0SB0 G BERE 78 TAE . A TiE
T RPN PInE BRI ZE/E T i (B 1.9a, 1-5) 7EFE&SNAE T E- BRI (& 1.9b-c, up-
up) , | T AEROR S MR (- 1.9 50 FHHEAERES (TICT) &
ITE R, AEZEEEL R AE K & 17 G W 103 . X — gt ¥ e 3145
& (coumarin) 4B Wt W4 (phthalimide)  ANXFFRE FFT . Al 3 2K 9 — ngEmp
(nitrobenzoxadiazole, NBD) 4k} b o Avish i T-3X £ S Gl 1 BE 7RV 't R EAH KT AN
BATHE 8 7 BB 2 HE A BRI, AT5 75 I 21 N St — 28 i BeHE

o : up-up - 35 0.393eV
aO I'I\l o b s L | ¢ 'D'_ C,iy -Nbond  nitrogen atom d al '%* < o
g
o — TICT state LE state
= 251 &
e i e £ |
bt : ; i L2 | 3 hy®
top view ¥ tertiary amino substituent g§19 ¢ L:E(\
G G 1 i pr
.. S L.
N et — iy S
LA ? ; e e 0 i ey & .
15 side view -7‘.“-? H main fluorophore scaffold -80 -606 (—40 -20 0
=)

K 1.9 Bk = e R OEE b BT H] 7 N R RS, (b-d) 51
NG
Figure 1.9 Aziridinyl naphthalimide suppresses the formation of TICT state through an up-up
conformation. (b-d) reproduced from reference!*S].

B4, Foley ZEHHIE 7-F 4 02,2, 11 BRI FHAH (B 1.10, 1.9, 1-6) 8
BABET 1 MoeE 1%, FHEAWERBRE . PP 101 (-7 , |
AL B R SE BRI [ 5 A, B~ B T R, LIRTE SRS I8 A5k 7
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ol 2 (B LB Al e S TICT ASAHSRRYAREEATBRIE, SCBL T 2Ot R R e 777 %
IOPNUFE/=S

Rhodamine 101, 1-7
B 1.10 383 o7 BE A0 1 %7 P B ) AR5 S R
Figure 1.10 Inhibitation of non-radiative decay of rhodamine fluorophore through steric
effect.

Bribz Ak, BRI SN RSO, Wa] DR 2OG QR st B = g . ALK
#7R&Z P 6G (F 1.11, 1-8) LLAZ A 110 (1-9) : FHILT VYRS I, @T
P FEUREE I IRD, R AL T RE PRSP LRI SRR ST BRI AR 26, 3R 1
BT 1 RE T,

Belov. Eggeling. Hell 5189 3 I SRADLR A&, A4 5 A 9 FL 175 3 A8 (1) U 1
L =R BB RN PS50 b, 595 T 52 P 110 D06 SRR = O & 1
RNZFHHRITAEY (1-10) « X RFIGeRFEIN B G IRmRoatet, JFgur—>
BHRFIN T STED A HE AR B - 1% S8 Gl i) i 52 1 tH3E & T & S R HE 43 3 A
Belov. Bossi. Hell ZE*7E 2014 fEXFX AP YR AT T 2 BB, JFRII#AT 7 PALM
I3 AR o

H H ‘ R® R R R
~ N N~ HaN O o O NHz  o-N . o ‘ _N-p4
7 R! & R! R'=HorF
COOCH,CH3 Ccoo COO  RP=HorSOH
‘ ‘ R® = H or CHaCF5
R*=Hor CHs

Rhodamine 6G, 1-8 Rhodamine 110, 1-9 1-10

B 111 BRI f T e 08 0 2 T ekl

Figure 1.11 Rhodamine fluorophores with weakened electron-donating groups.

AL, BB S RN I ZH A 151, Joos Rhees Kim. Jung. Ahn ZP05F % T
N- (6-F£FE3h O SIEHUCIE, nf LRI $e i 1- (6- — I Hk25-2-%8) 4 (acedan)
TEIKH B2 6 7= 2 R0 JBE R Y Ol R 40 X AR h mT DA 2 37 FH 21 25 19t 3 Ji2 A1 NBD
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JuRbrb o SRR 58 N YU REA 25 14 B R JR V6 R EUBUR,  HZSRBE I Be b pr A =
BRI BT R, R AR RHE K h Ot 817 R 52 7 3] 0.4 Zta, DRI HAE € 67
B 3 A B AT R — P R R AR L

FIH G R U S S K A R R A 0] DASR iRy R R B o B B IR LAk D0 35
JURL R XU AL) B AR A sk R AT T ) 2033, @ i = AN 7S Je s 22 ] T
Cy3 RPN, R 7K BA B S 2RO 7= MBI G 77 ar i)
Cy3B 44kl (& 1.12a, 1-11) o SRMHF PG EBITRMEZIR S, T Cys Mdus E
#2017 45, 4 H Schnermann ZEBYFF R SEE . TEABATRIRE 70 FF R (O G4k} 1-12 G544 I
Bl 1.12b, {EKFEAL Cys SRR T =Moot ik iX AN geRl, A1
THIGBEAT T 40 B 28 3R AL = 4 g (B 1.120)

R
A A A

R'=R%?=H
R' =S50y, A2 = COOH
Cy3B,1-11 112

B 112 XU R E IR (o) SRR SR

Figure 1.12 Conformational restrained cyanine. (c) reproduced from referencel

54]

bR R, BFH A TR R A R TF R T — BB e okl R S, (T
% O GLT B0 T 40 M7 LR RARRRC IO, RO 3 PR 08 I 7 K i
I, VF % AT SN S SR A 7E AR AR SS A PRBEN SLAR IR 1, WA 0
TP TR AR ZT B et 5 RO A FE N0 TR R TH SE0E 10 5 F 8-S
132 SEkqR AR AR

s BB 3 R AR 0 9 90 76 B Y e ELAT R BRINKRRREE . SRR S0 D25
TER T AR SRS, (I Hob s K 2 R Rk B 2 X HL R SR (O 9
L LR BT AL B R, AR Rk T B R R A A R 5
PRI RAR. 9 T SRR AR IR, 7 8% 153 60 Sk UL 7 R L BT DK )
ok, B R E M. (1) R &I AE 1 BT
Bl () SPEGIOERR TL5 RR T HL R R
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AT G RHIE 780U N 3R TH IR BRRFE T A R 48R 2 BOAe R AU s AL n 1.1 7y
i, F% IR GLREEE N AL I 5 2] g B T 52 . Y 70 R R DO AL 7 IR, 56
R, AR IR BRI B GURL A BAR AT AL TR AS, DR BERR 2
DI ZR PO CHAT R, AR A Gk K 2 45 B I A5k B BR N SR IC A o SR T FE 8 3P
HTIGRH 7> T 9O E SAH I E &, RMEM T2 08T, B E 0t 75 e 1.
N, WFFCE TR R PG YR I MRAFAERS ] T O Ao B i gkt @ e Qurlot 1
7 s R (1R A

PR (B 1.13) $ AT ar R i 1D TGS ZOL gk 2)
W IE ST ASOC AL AERE . TR SOR IR 0 SRR R AT T 400 A F) o 3 Fe EAT 2R3A

1) Irreversible

kac .‘F(
Preactivation — | Bright state. —> (Bleached

2) Reversible

k
r k

Dark state <—=Bright state. —> (Bleached
k

d
B 113 Gebisd s =

Figure 1.13 Photoactivation pattern of fluorophores

(1) A EEE GG R

N T SR IE O YRHR D T UER TR, — Mg R BT E SRR R 0 O AT 28 AL
(caged) . @ITIEMN, PRI ICIRIE BUZHILEMT B AL T A KOG RS, AT SE I 5
BOE, BOALHIR ek R H 6T 2008 4E, Moerner 285501 K T —Fh BRI 5
W, XF 2-FIE LR -3-FAE-2,5- AR (DCDHF) &2 riod (B 1.14, 1-
13) . BRAEAEAFHIRETHESAR, EIRARKERREAE, DCPHF %2 1 ftH-
HHE-RHE (D-n-A) R TR R, IR 570 nm 4855 3 424 nm. 7£ 407 nm [
AT ILGEEE G, BRIERAENMEN R, LBRZH TS EEEENONEE, Nk E
BRI K AR SR 9% 9 R 5 . 2010 4, Moerner 2505004 8 &0 58 4k S o7 F 21 Hee ey 44
%% GH] (NBD. DCDHF £%) b, Bk 75 s 136 Rt
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NC NC NG NC
Caging group Y Z~CN hv Y Z~CN
. 407 nm
IN=N=N- % o —  HN 4 o
Azido-DCDHF, 1-13 DCDHF

K 1.14 BEEFEMH) DCDHF 448}
Figure 1.14 Azido-caged DCDHF fluorophore.

P B A% Gt 58 A SR T8 58 A G BRI S A 2 R SR U P i i B (&
1.15a,1-14) B8, ARJEZHUAREE AR IR, S BN E R, HAEROE G A 5k
PIEIF=%). 2010 4, Belov. Wurm. Hell Z&POJF &k T —MEEMM BT, X2 P
RFREEHATIEM (B 1.15b, 1-15) o IXRBSATA M AR BUAR/DN, A2t Gk i) i
BV K RO WO 5 7 AR B BRI AN 20 S A0 e A B T AN, AE
SRR BB N ). R e RO BURIE ] T 3kl 1-15 1
RGN FNE (B 1.15¢) « 7F 2014 4E, Belov. Hell Z5WVNAN EG (1) 2 71 B #8 _Eik
FERSTF AR T Al AGBOE ARES I TX0 20 B 28 1 e A YR 40 % AR

R A J NOz 1 Caging | Owﬁg
: ] group | i
RN 0.0 OYO o

o

R =OCH; or H
Convention caged rhodamine, 1-14

TMR-NN, 1-15

B 115 EREAD IR, (o) RIET 0P

Figure 1.15 diazo-caging strategy of rhodamine. (c) reproduced from referencel*®.

BEAh, WEFEE WIT R T AL G AT B R T SR 8L . 2011 4F, Lavis 5%
PV Jee 1 3 I 3 JE AT QR AH AL R AL AT AL 105 RN, B TR G & BORIS ICR . %
I 7 iR 8 B & BOESAR AL PN T A% DNA 1) PALM B8 73 #E K
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&, 2012 4, Johnsson S5OV FH BRI T8 AL S (B FLIZSRME 1 B 7T 2 ISR, R
B TP 110 53— o5 &g, JFiE X MaRET A TisE a AR, TR T
AT B R R PR IS RGBS 2 A ekl (Bl 1.16a, 1-16) o FLGEAL, 7T LA Gufs
REEAT PRI E (uncage) 2, $ETHELRHE PALM BUE IR 55— H
TN R Tk B AR IR SRS R I DR . @ iZ gk, B FE SEBL 1 X e
ML R RS SNAP H A ARAE AL 22 F HIARIC (Mito-SNAP) . 2016 4, Lavis 55
O2THE A% 258 1) S AL SRS B FH B R D PHI, TR T KR DGOSR 2 PH ] (& 1.16b,
1-17) o ffTEHIX AN Gkl 5 BRI (phalloidin) #EHz, SER T X4l &EH (F-
Actin) WA (B 1.160) .

a
Qs N\r/«\/O\

3
</N:E:;©\_,H\n/}0,\,\,m n/O\/\, o~
N |\|¢1\N»-|2 e Q 5

BG-cRhod, 1-16
b C
O NO2 D s SO
N S 0 g0 0.0 /Ji\/x * o
~o i 4 \/ . e 0

N ‘ Si ‘ N

(3

0]

H
H‘('\/OWN‘phalloidin

(@]

Super-resolution imaging‘of F-actin

@]

1-17

B 116 SR AERE FFIIGRL, (o) SRIET SR

Figure 1.16 Optimized caged rhodamines. (c) reproduced from referencel?l.

2018 4F, M X A EFOCHAEHE PG T — Mok R R L ARG, FFAK
HIFR T WFEREE (B 1.17a, ¢, 1-18 A1 1-19) o Xl 784 (1) SR 11 S8 AL 3 AR R AR /N,
HBOE JE R — SE A B A A i, o] DU Skt — 20 W 5% — S A0 00 4 g A= 2
PR o B PREE 1-18 1 1-19, WFFLE TE A T T Zkifk (& 1.17b) AN B4 1) 8 43
PEg (B 1.17d) .
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a no NO
~UN i o) . No_-
(L .

o]
NOD550, 1-18
C NO NO
H
I/\N/\/N O o] O NV\N I/\N(\v
0\) @ ___hv O\)
o] Prcntﬂeltion

O,

NOR535, 1-19

117 AR Z FFE,  (b,d) SR TSROSO

Figure 1.17 Nitroso-caged rhodamines. (b,d) reproduced from reference!®*64],

=7 ™ 488 nm =X\
N N5 NS Methanol N N_é,NL
i B
) o' o

1-20
| S | o]
N . N
o light, O. i
S 0]

) )
\/N 0/ S iaht, Oy \\/N O/ o

22
& 1.18 HE g ing
Figure 1.18 Other caging strategy

AR P, B 5T R AR 22 Oy HAt BB BHATT R A S, IF 22l
TG T 8 AL AR 4y e . 2018 45, Winter. Smith 25 M3V ik X G50 A it v
(BODIPY) BB AR I S Ak, SEB T —Fi 24 (1) 55 T~ BODIPY M4k B4k} (1A 1.18,

1-20) o XFP YLk 488 nm 1A WIEBI RIS, BUSHTER 3 FAFOLESR. fEMR
i, ARATTIE I Gk meso-fr BATAEERAZEE (Paclitaxel) 2544, SEEN 1 7875 40 A0 X6k
EHIHHERRAE . 2019 4E, Wensel. Xiao S5Ot — R FIPHE S 5L JRIT R T
BRI LS (118, 1-21 F11-22) o XEBGURLA] DUk 5 R ekl ficizin (s
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KK 2 FpuBeE, IF B — S Qupl BB AR YA I . fERF T, Al
BRI JEF 4L (Nilered, 1-22) BIP ARRBEAT T € A AU 0 PR sl il i
R 4- (CCHREEI 4K HBWE (121 FEARSIEDRTAERRCY), 158K
TR RRIAZ 4 B H2B B  HERUE

(2) AT IS BEEE gkl

FHEC T AN I 0E ) Gukl, s I QU RHE g il LA I Z e h B 8, T
A RIT @AY S HE R, TS 52 BB B OG0 o — M AT T S I AN e e 1) G e} B A
2 B PR A R i OOH67) G ] 1.19a Bz, % BH SR A Ik P i 1) PR S5 A AN B B P
B ERP I Z5 0, A EA AT WBIX RIS & 3T . AN EBIE fa, XSGkl kA
KIFBITFAHEAL, I TE A T0 RN T XA RS TR T 2 T X A 45 4 i
HoR T, FEMIE AT @ AR 5% [F B ST Ko X P AT e S P A A
AR HRHE, P LAS A T AL B 7 iR« 2007 4, Bossiv Hell 5P —f
X FRRA T PN T A B 3 FE AR, FFONIRTT R T8 MA P ARGk A I 4ek 1-23
(B 1.196) o @i 1.19¢ fizs, A PRI A QR R T30E i a # g, IFiE— 2 Af
FHRUF-B0E 6 56 i T 3R T 45 44 (1) = 4688 2 A8
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Figure 1.19 Photochromic rhodamine spiroamides. (c) reproduced from referencel*"!.

HTA& G0 % FF B 0E P I S i 1D s 7 A0 P R 4 i = AR BOR B MR I R A, [
M IEANE FH T IE 40 20 P id% . 2014 4F, Moerner Z5085@ i i8R FTAE S5 /04K, T A
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TR PR N B AT AEY) (] 1.20a, 1-24) o 08 P G0 K IR R Iom K 3R 7
ER WX (>400nm) , BRHIRTE T RIVGRH A A @ gert, B
SR A R A0 MR ) = 4EZ5 A BEAT Tl AR EA (B 1.200) o BT HIIR YL
W ) 55— A 95 B2 A K, BUAR T AEYFR e B - vk, 2018 42, Belov
Bossi @I R AT R Gk 1-23, NHATA TKIEEIRRARE SR, 5 7 AA
BUF/KEVERI R 1-25 (& 1.200) o MBI ZGRHIbRC g, ANTRThiRe 1 e i
AP TE (B 1.20d) , HF BRI AL 1-23 () Halo Al A & B FCARAT AP0 56 i 1 V& 48
P P9 o X 5 A R e AR o [R)4F S Tetin SEUOM0E 2P WG A IBE ST i HEAT 1 /KIS 1B
WA, AT TN TI O IIE 2 pKa IXIEGEREAT LLE I AE th P BT 5C3
MBI T R B N ) s S22 G B INERIITEA I IR AT RS0, A
RIS 5 .

a
MGG
N
40 o= R
Q = = 28.0nm :J“
R = CHuCH,CO,NHS R e v g
1-24 Radial distance {um)
c

Figure 1.20 Optimized derivatives of rhodamine spiroamides. (b,c) reproduced from

references[0869],

5 KRB HERAG N T 1R ekl g — 05 % (diarylethene, [ 1.21, 1-
26) o FAE 2002 4, Irie SR ILIX R GBI AT AL 2R P03 B0 1 BRI AR
fE 2005 FF1 2007 4, AlATITAPIGR TR K 7T OSSR ARL, Al ER T 05wk
JEBHP OG- BOE R LR S IR HOGBOT SRR B2 md o SR, BT = 05 I s
BIEABRAIRGF )R, P, 7RGt , 54 Yult 7 S8 am JE I
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POLHR] (BREERA TGRSR &), B sERRERE (BEFE ORI
KA I =55 s G IF A IR . XA GERMA &R, i BAT 205 & 4, ARAMECRIE >
TERARNIKIENE, JF BRI & it 52 B ok T BRIk AR

Diarylehene,1-26

FF FF
F F F F
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R\E‘fn\fisiblea @ n
light
St fer 57 R
oo B0 o o B o0

1-27 o]
P CpL P
K121 o7 gert g fy K e EUT AL
Figure 1.21 Molecular structures of diarylethene fluorophores and schematic illustration of
their photoswitching mechanism.

R =H or OCH,

B 1.22 KIETE 59T A 1-28 () LEHE DB SR (b (b)) RIET
fR42]
Figure 1.22 Water-soluble diarylethene derivative 1-28 (a) and its super-resolution imaging
results (b). (b) reproduced from reference!*l.

2011 4, TIrie IR T BAE MBI 5kl (127) o X R eRbiE 5
TG IR PR R IR, I HLAE 07 IR ORI M B 6,6>fr BEAT T 05 A AR
XL YURLIE STV B m O E TR (0.61-0.88) o 2016 4F, Woll Z75if
I ER GURHE R BILTE 6,6" AL EAB T 283, 35— IR Ih R S — — 5 M Gkl 56 e 7
RGBSR . 2017 55, Belov. Iriew Hell Z5M2EE— 25 X 1k P i B — 55 I R0 7K v 1 DAL K
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AR TP IR i R E AT T 04k . Wi 1.22a Gkl 1-28 (K100 T A5 AT, Al 176 45 91
WK 6,6 - B AL K Ar 51N T i 7 FH AU, O Hogk— 2D geH gt 17 8 MR
B XFEPATGURHN B o R, O H R BRI KEE. ARIHIT R 59E 1-
28, AAITARE (B 1.22b) DU EI SIS B AT T DD S brac A E fr 2k 43
U o

[FI, W90 i AR G — 05 I G B TR A R, AR AR G S O — 05 I
R b RSO, I8 RO RS 050 I G TR RE B RS IR KBS, TRk
BRI RS FE . 2013 45, Huang. Zhu ZEUVDEPUZRIE 206 5 — o7 IdmiER:, 5
N FAZ S REAT T 2 L A G 22 2014 55, Zhu Z5U = A — 55 408 e i =
FEFEME i b, IS 2 A Z 5545 0 1 S 4 P R TR 2 (1) 520, Gl I 2 SRS T ) G
BEEA S e S0 LU RS, AR T A 8 7 H & S o« [R14F, Huang. Liv Zhu %%
T8I IR IGR 25 9 W i 5 — 05 I e KV YE = 7 TR G b, FEXHE B AR AT T 53 Ak
8. 2017 5, Zhu SFUVHICKE A Z 05 16 SAERR I OEH:, IFRGWEHTA T DhRetE R &
TR, RGBT AYRL SRR TR A R o R . BEARIRIE R AT G — 5 IR SR R
R ET B A 0 HE G B Re 70, (B2 BRI K ALk R R, A
PSS, HEENEZR, B, WHaE R e gubl st — P R, G
PRICRE /15 € S Bk o P R RE

HE T2 B E L EUR A Jubl L FH S (spiropyrane, 1.23, 1-29) FliZ
&I (spirooxane) o HLANIXLEYLRLA 5 58 i TR BUR, HEAR T 5&5 )5 ak
AR SR , Jyix se el i e a4, AT DLIRTS B s A 6 A 3 B8 1 6 Gk .
2010 4F, Sauer ZEMEE FFH (Atto590 Al AttoS94) HIZMEMIER: (1-30) , IFXTFER
E VDB R B R AT T T E A R B 2012 4F, Bossi Sortino. Raymo
FENERI A T — RV BB IRRER ILPE 5 Gk (1-31) , FE22 8 FH Ge ek idh AT
T EALNAG . 2016 5E, Raymo. Bossi ZEB2NZGeRTAE T ] WL FRIC I Th
REPERRIL, R S brac 77V B 40 M B 8 AT T AR e A 2 A

B4k, B 5T AR SRR R R T HAth 52 % B BRI HL & AR e Ot Gkt
40, Tang ST K0T F T i MO HE 70 AR VU 2R 2.0 (tetraphenylethylene) fiT2E
Yo

B IRTERE 73 UG U A DA RIE T — L8 n] WOR i3 i gukl, (HR AR %
JeRl I IERRIL T AEMhRIC 5 ot S 7 B D RE s hAh, 4R 2 B GURb KIS 55 ,
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TEIE RCR BRI Hm S . (B SRy TR S 9mE) AR, XSV KR
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Figure 1.23 Spiropyran and spirooxane fluorophores.

T R R0 AT 30 e GE TG 40 A A AT R 0 AR I R A, 2014 4,
Kamiya. Urano ZUOF & 7 H INERAERE D PR GVRL (& 1.24, 1-32) . F5L b, P
HIGURHR T R 2 Shas ik 78, T R LA P45 ) T AE QLA [F] 71 LR
A2, IR E DN IR B T R AE B TP AT, b TS E FHH, (R LA
F IR R 58 A G0N I SRS A R e, SCILGRL B INKR. ik, fE#HEITK
—Z5 pKa 9 5-6 H)Z FHHIGUR},  IXLLGURLAE tp i AR PR A KR 7 b TR AT AT LR S
PIFARE (IS MZDE 3 BENLI R 20554, 62 8 A B8 4 W AR R B it oK . AR
T 28 A7 YR 73 3 AR AS IEXT GRS S M R TR 2R, 18 TR Gkl Re e A e 7 LS It
R RGNS 5T it {E##— D X SR i T 2w 2450 5]
AR I Bkt 1-32 BRI ASR A, et NG SR i 15 5. A T IiE%
el bR IC AR AR BE T, BFFE 8 TR T 42kl 1-32 1) Halo 25 FRMATAEY), FH@ZE
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FHRINTE R T XHE A0 GCE 1 Bh A > AR - 2018 4, Kamiya. Urano IR/ H K
SHBAE W] WG X E R N R 2 PSR, I i x4 R A A s b AT 17 e A 2Rk
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Figure 1.24 Spontaneously blinking silicon-rhodamine. Reproduced from reference
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P NCHRHERERR 510 I Bh A 45 Gk AR 0T LUE e A Y UG A B 5 70 118 5 -
2006 4, Hochstrasser G 2 H T F H Bukl 5 SR S5 04 1 3h A8 P I 25 -5 RS2
SENT B T AR, AT 2 i 4 8 s R ARGKIE SR (Point accumulation of imaging
nanosacle-topography, PAINT) . HALEEANE] 1.25a Frax, GekRbat H brgs it 47 nl Wi ghas
WRic, fEH PR E AR TR AR UK R SRR B 5, TS Gekt i Bhas
RS, B 5IHR, SRR T oA BARGS I & B I A Qe I 25 rh &R m] LG
ZERHEATARG, UZEUEA G gt E v, MR R EBHEN R T1E S
J&, A LG I X EeF 5 (1) 5 A E A O 5 . W] 1.25b Fr7s A PAINT g IR £k )
KNG TPERE, ERR T IEBURIJEZ L (Nilered) HUBbx S5+ (1) FEHLEh A PR
.

T 55075 5 R T YR E HARSS ) B BESAR1e, BRI QYRR 45 44 b i T B i)
() 75 EE VT AT AR S BRI 8], 17 B 5015 5 AR B BE EH IV b Gk Rk BE 45 ) o DR N i%
TNEA T BRI AT R ISR e e g5 0 b, v AR RS R i el oy 1, DRI b a6 n]
ARAF ) E 7 5 AN S BR T GURAS B () I A O o ABAE IZ R T gepl I f i il il 42
[ KL B T H AR b, GYRHESS K By Bud RSB .y 75 S, R E A Y
FSUR HRTRS L
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Figure 1.25 Schematical illustration of PAINT mechanism. (b) reproduced from reference!®.

PAINT FEA ) I8 ] /A SEIL B2 ] 38 i S5 M Am e, SR A PR 1S3 S mes B i) 1 5
HIZEARMIKE . AT RS bR L I R2 1l 8 R UEFR e AR B A e Ve, B &%
WIFH T R Z IR (DNAD 55 21 I B AR FE X 2 ARBOHET (J&] 1.26a) o« ELF 2015
F, A H Kiuchi. Watanebe ZEB8UK & 18 /N7 4R EH PAINT BU%, ARATTRI A R A
(VA B A bR IR EE (LifeAct) FZEREIIA ML/ U [ e 4 i I WLsh & H kAT 1
e B FE G (B 1.26b) o FERAG A T B R BRI R, B BOR e PR E
A RG2S A, 980SRk B AR 0 BN FIREM T S T4 IR, 7EVh il
NGy IR Gkl DU BRI B B AL H, AR BRI R B X SR A R X 32 () 3h A5 5E
ANRERSAE B — 7 B BRI R TR 1155 M, RE T 456 2
BhEE A b, BRI/ I e 1 17 LRI A sy 5. 3T 1
JREL, Ve 5ERL T WIS [ 5 HEuG, RIS A 75 R G 52 PR B 500 (1 5 05
AT TE, FREEZRE AR A 2 9 IRIS. (HAE A HE AT 58 3 14 1) TR 3 5
2006 “EIRIE K PAINT g —5, Riktig 08 T PAINT Hiff. 2016 4, Betzig %)
ge i /Ny TRtk 5 B (lattice sheet illumination) FA, fE KM =425 A R )E F
SHEA R R L5 R 384T T PAINT 1f% . 2017 &, Schepartz. Toomre 503 — D54 T
Urano Z57E 2014 FEFFRITHINERIE ISR 1-32 FFERRE I IASUSE. K
1.26¢ Ftzn, A gk 0 B 45 g v Gk A0 v 1 DAL R OIS 25 DA B kel oy PRI S5 A 5
IR B e P, SEBL T KRR I SR I 4 45 44 (1 e AL R R RS . 2019 4,
Xu. Klymchenko 6P T o3t Jé B 200 20 MY PAINT #83 #E g, R T — R5IAT
A A FIEEK RERR 28 JE B LUATAEY) o AT A B R B 1) JE 25 41 ELA o 8 A s ] i b 1Y)
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a DNA PAINT b IRIS c HIDE probes
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Figure 1.26 Optimization and applications of PAINT strategy. Reproduced from
881,[90]

referencel®”

ZE EIR, W BT AR SRS A N PRRFEAS H 1 VR 2245 77, HOAH ORI SR A
FEXT QR AL EE T, JEEUR LGk S mse RS SO 4 A R T R, B
IR S SEUR G R TT A, KRR AT AR IS . FEARR, I8 B 4k 8Lk e
JCEEHRAL], A IX e YRl a5, TT R LI 7 BB Gk, TR A X S Gkl R £ 4R
Fe e ALY AR R N
133 ZOtiRiE MHRigE

PCGLRHRIAR E 1t 0] 5 A Rk 73 e U A BT B ORI 2R, FoA B s R e 1
Gukla] DU 8 A7 8 7 i S R TR 5 1, 9 Hox e Rl a0k B i, HoR ST
WNCT BHE L, NEGRRERERDETRIHE R AR TAE S 20 BAUSAE,
73 #E AR T SR KR )0 1 Gt 15 BOR SEBLE O A AT S IR PR I & - [RItL, 2
B AR YRk RS E PRIR Y T AR = K

FCHR AR E M2 B HOGE A AR IR, Rl iE AR R ER L =E A 5%
B AR Y AT et 2 S R RE . 2 S G R IO BEUR &SI, AT UIE IS
RIA N ZEES, RE =R BUGESN Aar Z KN ER, B2 539
Ba b (1) 8 RS B AT RE ) SEAL IR SR B AT IS, AT S B G GBI RO K

— PR O R TR AU I e G Rk g R s, BRI SR Y i 5
GBI, STt e geRt e tae . Wil 1.27a P, #AXKOEE (Fluorinated
fluorescein, 1-33) P2, s@EsUSE THIGIN, gkl 558 U5 HARTE EYI BT SON, 4
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ARG E M 1.3.1 TR TTIAE, = oD, R XA LU Sy it i1
Bgerl, BEAREERNRERE TR, FNHEAE EPRREME: 505 GRk
B A R HEAT AP AT ISR OGRS E M B I, PO S Gk

2 CHRHE L FE B (AR AT Be 40 2 B s OIS I o HERA P . filtn, % PHA
eI A I FRELFE 2 00 b SN o 3K s N 77 A (1 F ) A B A A o L B 45 44 i
IR N5, AEPRC YRGS B IR IR 2, 530 (g 1 6 147 20 HE R
PET B 7055 P R AL R (1) A2, 2019 4, Butkevich. Hell P34 T8
RAEBRERNZ FHUIGLRL, IR X e ekl 5 O 2 FHTHT 17 ORE A2 1 ELB 7T
SR BT (B 1.27b, 1-34) K&NIFE(1-35)% FHH L 7-BARNGR[2,2, 11K P18
(E1.10, 1-6) . ZFF 110 (E 1.11, (1-9) . =HLEFES Y (K 1.11, A-
100 RILHPOGE B RO HRHIE, 15 0 1B 2 Gkt Y o3 B P F A s e 4
FIHGEE B R A . B FLE WERIE 13T &K B2 PGk} 1-34 B4 g 77, it ix
SE YURL R IS A PRI R A (vimentin) #E47 T STED #4> ## 4% -

a Fluoro-substituation b Spectral-stable rhodamine

R*=CH3 R*=H

POt F 1-34 Ro=H 1-35
R*=Ph,R*=H R%= OH

R®=CHg, R*=F

R*= A*=CH;

1.27 S5k inciost Gt e As e v, BISRIR T S aRIsH 0]
Figure 1.27 Structural modifications enhanced photostability of fluorophores. Reproduced
from reference!®8-°0,

bR TR HO6 I S M B s A, K D AR E FIAE 7 N B3 S kb BE B I R
A LA e Rt AR 2 PEPOS] . R B R s T AR AR E % = A
K] (triplet state quencher, TSQ) 52N, 42 B8 HRR KM PTG X Le W K57 o Sy = Fob -
D Gl = E - EAERH AR = EAAR AR (B 1.28a) ¢ 2) B =EHARER
BLEIIA DU (COT, & 1.28b) ; 3) M if 3l TR K44 & C (asorbic
acid) « A2 (methylviologen)  XHHZEZ HIEE (NPA) | /KIEME4EA R E (Trolox)
(B 1.28¢) o W 1.28d ZEEIFr7s, B FE X L K5 75 DA — Ml 6 5 X 5
JeRH = E AR AR ER BB RO TR, GBI AORE k. BARIER I
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s AR E I RE S SE T GL LI 5 0 1 RO AR g PR BHPOMOTI I 48 R 3 M6 A5 E T A
HTAERET (> 1mmol L) HABERIENE, SXIGMMEAE M IGERE: »n—J7m,
X ELHSE IR N 73 AT AL 5], ARME AN [E] H B R B RR ic Gepk it n] FE R 7
WP R AORAUE G RL ) B0 T RO E . N T ik Bk A @, 2012 4F, Blanchard 88T
KT —FoE B3R Ge b te e B AR, 84 N I = AR KGR AR E Gk B A %
TR (B 1.28d A ED , ABATTHE R X Fh 50 I Rk ARy H2 & (Self-healing) B4k},
FRREZ ARG, AT K T B R R R TSQ KB AL Cys 4ukl 1-36, H A5
1.28¢ fivr. i —2 it LUEAS R = BB KGRIE SN TR, A1k COT
FEE ISR B oy e S A Bk, b NBEAS AT Re Ve fe I, PTabAT K ] () 5418
P (B 1.28¢ D o FAFERI—mRiE S, AAIPNEEEOE N bR AR Bk gkl
M =BT TR . ETIEEA COT 1 Cys ekl = 75 0y i 35 B s2 06 25
B AT COT RTBME N Cy5 GeRt =H AR E AR, MIMPRETHFE 7 3k =E
A, fFRuRbRIE R 2L, F20E CyS QukE K. 2013 4F, Cordes 510015}
Trolox %f Cy5 HIFEWLHIIEAT T WL, A 155 701 N BB B M4y T Al 3 B2 B it
TXTHEHETE, ABATTIACA Trolox Xt Cy5 M =B ARSI TIH], M Gukl
RS T RIGOERE M. AT ik HIEE eRt-a B B MAERE, 2016 4, Cordes 55
MONFR R 7 —FhIE R AR E AR (] 1.28fF, 1-37) 1E AF e 2 B2 6 B iE e A . 2017
4, Blanchard M2 — DAL T COT 5 Cys YLkl M EREK, 25 7 ABE 3
BHEA 8 SAFAE KNG BE K 50 T R OOGREEME . 2019 4F, Cordes &5k — 2%}
WAV BB RS2 P T THE . AT R TN E B E R E S
YER, I HAEE MG IR (=R AL 3%, TCEP) B4 T~, BiBE 4
BEEAG AT € A1 B 73 HERUR T 7T

FUE B T WA S T R R OB G R ARE 71,2015 4F, Cosa ZEM R B Ni*
AT DUER S G Rk B0 1 RO E 1, B JS 7E 2018 4F, Al TTHOH H NTA 25 Ni2+,
KT TN BBE R, 2T T Cys LR T RO .

g bR, Wi e SR Rk AR e AR TR 2 NS T, R T — 2y
T g, R4 K 2 H ST R A 8 A7 B 43 AR R R AT A it g . i 1.2.2
TIRTIR, 8B S UG SR BB RE S AR LA TG S R e 4, DRIz A 22
SR GURHEE AR GRS IRRE, JRHIES (SQRH =380 Ef
MR, HRAREECD SRS IR A kA RTINS A RS w K
ur, HEEREE =R BB RUERR, 53RTHEE MR = EaS M 4Bt SR A 5 .
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Figure 1.28 Self-healing fluorophores. (d, e) reproduced from referencel®®-1031,
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B RHE I A BE R, R SCOURTINROW ST E R 55—, X TIE4HIN K
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BIF 7 A AT 22 SRR G & T v 70 5 R s A I ARk Uy ik o
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AL R AR MIARIC TR R o BEAN, bt 7 ik A e 4 I ] 2 PR A A A5 2 4 DR
FasE, HTAMPUE B R RN, Hbmid b B A RIFRIRRENE, X B gt
BARZ BN G AR IC R T A0, BTy s Bk, AR REEN,
GURBERRIC T IR AL AU AR SR A N T8 75, /D ol (s A e e i s ZEAE e il
FEP SRR BB, TSN IE R A EE D). S3Ah—T7 i, ARG EARIC
RS EA R LA IE & T PR R, (HIX AR 10 5 7 A S B RS AR ROR
iR (5-10 nm) , H T ZHARIC AT SRR i 58 bz B BE B 45 A K4
10-15 nm [FEEES, ¥R 10 P R BRI 45 M IO RS iR ZE o XS8R 2 5 e A o
JRERIMERR TR Z SRR, R A B A B 0 P AR RS B S o B, X 3R 4T
TG RRIL, I AR R AT S BAR B S RST YK 20-30 nm

b

@ Structures of green PALM imaging

fluorescent proteins (GFP)

: 4 g

1.29 ZOFOCEALSN (a) RIOGEHEK PALM & (b) , EH M EESEERIET
SCHRUC, B A FR AR AF 2 Chimeral!™);  (b) BRIEF SCHREY

Figure 1.29 Structure of a green fluorescent protein (a) and PALM imaging from fluorescent

proteins (b). Crystal data of GFP was from reference!'’®! and reproduced with Chimeral'?”!,

(b) reproduced from reference?!!.
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TR HER G . W 1.29b fis, 2008 4, Betzig 5P — I H EcosFP sh#& B
EE T IE MR IRGIEE 5 (adhension complexes) . ZATN, HA ALK GEA
THEA+ b, PR 0 S0 - E 2R W T AR BB s 108, R e s K
[H09) 2% g o iy L O | A Y g o 2 M2MIBIRG 58 S iR . AR Ol H LA
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FE TE TG 4T 0 7 B8 7 W AR - I B FH

A5, ARG T A R I B LU e, B R A E
PGB G 77 . BRA NGkl Z G BEPERRICRE )T, FEA RS IR A N E 1)
SERLAE IR e — FhA TR I HE R A2 4 SO AR i 42 B Sy 2 e hrid PR b, S gerkig
PEFRICRr R, SRTAIAT TR, X ITVEIEANE TR 48 . N T & N+
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Figure 1.30 Schematic illustration of self-labeling protein tags and site specific incorporation
of non-natural amino acids techniques. Image was reproduced from reference!!2].
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Figure 1.31 Structures of ligands of self-labeling protein tags.
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Figure 1.32 Structures of synthetic fluorophore dyes deployed for self-labeling protein tags

and their super-resolution imaging results.
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Figure 1.33 Silicon-rhodamine derivatives for self-labeling protein tags and bioorthongonal

reaction. Images were reproduced from reference!*®).
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Figure 1.34 Bioorthongonal reactions in the technique of site-specific incorporation of non-

natural amino acids. (c,e) Imaging results were reproduced from referencel!26h130],
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Figure 1.35 Targeting ligands of subcellular structures.
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Figure 1.36 Small-molecule fluorescent markers for super-resolution imaging.
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Figure 2.1 Data sets in mathematical model for extraction of single-molecule signals.
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DIATE AT T DRI AR S T, 3w Bt — DR EHRAE 5 1
e b A AR 4 R SR 22 ok SR 1) 3RA5 5. 0 TR IL (S 5
Ipoc (%, ¥) = Ig1(x,y) — Ig2(x,¥) (2.4)
XA S A BR BT AN AR (o) 5 I BOE T W R RO B
TR G, TR A R ZE N g B RS T B R BRZ A S SR e . ANk, 218
(TSR] DA R IR it A B B AR S PR TS SR T
(4) /B AR
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AN A A DA Z ISR A B FRMIEE S, XMk ey 2 AT i R S
P EAOGIEE BRI TRy TE T 5 ORI B AR OCRHME R AR (FEEY) B
BRI SOGYED , BE R L RIZB DS NEA e (atrous wavelet transform or
“a trous wavelet transform) )55 T 0 67 BYE8 43 F AR IR0 B850 115 5 DLW 38 iz H
O

AV SR /N R BE R % (scale function) & B-Spline B, H—4i—2% (k=
D AN

o<st<1
otherwise

B,(t) = {é 2.5)

AN

k+1-t

Biee1(t) = =By (t) + By (t — 1) (2.6)

£ 11 B-Spline BRI 2 N TH XU E (two-scale relation) K R :
Bi(t) = Tk o271 (M)Br(2t — 1) 2.7)
T ik B-Spline PRECA BRI E R R (72 2.7) 5 BLACNBAR i RUE

bR EH S R R R T HE 2.8, A LASRAG /N AR 8 11 RO BRI {h (DY R B TEA IR SO,
KA HIUZIE A (cubic B-spline) EA/NEE M R R 4L, 10— 4EDU 2 B-Spline BRI

1R B NS I R AR DN (5, 2 2 5 4R 0,1,2,3,4) , i
R R ER AR = [, 5, 3 2 4.

16> 4 8 4’ 16

26 (5) = ZihpE - D (2.8)
T AR, XA RYAT DR
hh” (2.9)

MEDNRETLLNEIEE S (co(x,y) = 1(x, y) YEFRIZ BT E & JNR A i R

G410, ¥) = L X h(R)h(D e (x + 27k, y + 271) (2.10)
A XA RURE R SR Bt vl SRR B — J/INB AR e R 8

W1 (6) = G0 Y) — Gaa(6,Y) @.11)
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WHEA K G=D FEERALHTEE RGP aiR 8, XEaineE
SRR T b U0 B (R, DR AT DASK Gt = X B SAME B T 2 A R By
TAESHIBIE . AR FRBIT T, — B =9 (G=2) MEdEET o, B
NR—HUEFEIL T B0 5 SRR,

FERS T BRI 73 A0 B — e g 7 i, g 2 22 DA R /N o 1 e B
U B, BRI G P AEAS SR AR B0 145 5 IR 5. e (11X 31
&, TR ZE N5 VENS B0 AR S I RO 8 — PR EOR T vy, AR T3 AR R T ) R
DR SARSHARA s NSRS AN R AR I ) B0 T5 5 A B R A E R, B
Pl 5 (10 U RN, 2 S B S S B 5T (B, RIET BRI 1 AR Ry S 4
FHFRIREES) o HRD TR RG IR sy Gy F
—fRID , PR OIEAE R B 0 R R TE S I, X EUD.

242 EBBSTESHIHBR

HERA (1 50731 0 AT ZEOR B0 T 9O C U ARIR T 804731, 1 [ BR 2l e (1 .00 1
B2 HATINS BN ZIEHE, WILHZEAE T AT AT AR . T 1ok
FFARE AR I AL T2 25, R R IS HI R AR, A n] ge A b — 3 dekb o AL TS
DR b i £ B0 530 A L 24 B 38 X WA R AR B R I AT ot ) B 03 15 5 kAT e b X — 0
R ] DA A7 R > HE R 1) e 5k B e R A R R TP SR B T AT B0 e
RERE R, RIEMMREIITHIINE, MIXE R TE ST T8 . Sn g R
HIB AL BB AT PR R (AR SO R I RRECRE D A, K ad TR A 7 TR S 5
HEER

TR G R PSF, ] DUM ] — 48 i AT BEAT I A&, T IS e
W B 2 BT DLRAS B T A A s AR 2. 4 ek S R T

1 G2+ y-ye)?

207 (2.12)

G(x, y) - 2no?

T ANLIE AR, B & 07 R ot B0y 7 S B8 R 5 AR 3 TR A 12k

SRR ZE K . % MR BT SCRR 0 043, SR AR 2 2 — 4 s 7 e 2 PSF 13k
(Ve &2 EILE

iG(x,|0) = OyELE, + 6, (2.13)
_1 x=6,+1/2) 1 xX—0x—1/2

B =3 erf(—ﬁ - ) —Zerf( e ) (2.14)
_1 y—0y+1/2 1 y—0y—1/2

E, = > erf (—\/Eea ) . erf( 720, ) (2.15)
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HrbeZ TGS BN AIERE: on 2ESE (A PSF KR T80
O &1 SR SR E, O Oy & Y i&ﬁ‘]%bﬁéﬁ(Eﬂﬁﬁ‘?ﬁ@%ﬁﬁﬁ@éﬁ),
Os J& AR TR A )7 2 (RBEAS3F- PSF RSE) , IXEESH[RIRT 45 H T &1
(EREPSE EOESFNREYS

Zlimitlﬂzvﬁﬁfll?éﬂz P f /D AR IR A5 5 S AR B 4 e i e O AT L S
#r:

Find @ minimize (iG(x,y|0) — I(x,y))?

(2.16)

i F Levenberg-Marquardt 532, it A #E 2.17 SR8 —1ER S HMMZ =5
FE &, YEETHERMIA AR EBE WA S B BRI Z /N T — AN 0E Bl /MERS, T

IWAREIE IS H e s

77 +AD8 =J"[I(x,y) — iG(x,y|0)]

9iG(x1, ¥110)  9i6(x1,¥110)
20, 20,
J= : :
96(Xm, Ym|0) . 9i6(Xm, Yin|0)
80, 06y

2.17)

(2.18)

AR P R ER A A R s B e R AR SO R 4 S B R

, (x=0x-1/2)2 (x=0x+1/2)2
2i6(x,y10) _ 6w E ( 262 —e 20% )
90y " V2mb,
. -0y-1/2°  _(-0y+1/2)°
2iG (X, yle) On E (e 2035 —e 20% )
00y,  2ml, X

2i6(x, y|6) _ eN

> (B'<Ey + E<E))

28,
P = e,
2i6(x, y|0) _ 1
20}
HP B 5 E)A:
(x=8x—1/2)* (x=Bx+1/2)%

E,=@x—0,—1/2)e 2% —(x—0,+1/2)e 20

(y—ey—1/z)2 _(y—ey+1/2)2

E,=(y—0,—-1/2)e 205 —(y-0,+1/2)e 2%
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BMUEAT IR HEEAL AT, AT A B 15 5 R AL R, FERLH L e
SN R TES BB ES. TR TR ESRYRFEE 2
({1,2,..,n},n < Fn) KB EPERZAN B0 T1ES S, S, ..., S, k,1€ZY) , I
Ha el g M 2 RS PR IIE 2 AN 0 155, BRI B 554
P DR SN 5o s = ) =8

A CH R dbScan HRIRF L, FETE Ar 1) Z 4EARAR IR AR B AT R AT,
HEHF1E (eps=0.4pixel, 64 nm) HEAREEEET, MEE—FKNHEDNE minPts &
24 ERESTE, A AR E M S HELEE 538 T8 =5 2K Gy, M
WeHEBR S SR i L. @ RS, LR RIRTE IR E T mom € Z7)
NrFEC e

h

_ { Cy Background

2.26
C ={C,Cy...,Cuh} Molecular cluster (2.26)

BT RT U EEE TN T1ES:
C; ={Sc,1,Sc,2-»Sc,j} CiECNjEL N j=2 (2.27)

REAE 5 AT AN F i & B E

AT RS TR ARIRGEE S, KR Eidin (<4.5pixel, K% 2-3 {5570 1K)
PUETE) BB TRARLESER . BMERRKDTE C={C1, C, ..., CY(k € L)
SR BRIE IR B0 115 5 34T JR SR 2 eI AE BAZ IR AN 5 AL B 4. & 2.2 ieos T3
PP T AR S R R e R . e AR B 1 R S — ORI 5 5, 1Mo 1]
P fg 7 1 B BB A RS (K AR B N S AR5 5 1, A B s 1 & R i
SENLAIEIE T A R o 55— iS5 B B RO L Son G #0715 SRR A T A
AR, DI ERAR S A B IR B I B 5 S . TR 5 e AL B R
Rt ERBL, IF HIAJE SN2 R BT R T A>T (8] s A
B, ARy E SRS EAE T I RSN BT A PR . 5
bk, EFEEIR T UNME SRR — IREERLE R, HE MR SR e E AL
23 () B I 18] AR AR S, A AR IR 0 A b v R U i S5 AL R B 79 5 M A
7, PIEA &SR — 70528, thgaERRAE Ja 220 2 oh.
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Fisrt frame Z-Projection of stacks Cluster analysis

B 2.2 B9 7 AR SR I R

Figure 2.2 Cluster analysis of single-molecule imaging results.

243 BOTESREGRRENHE
FEIRBUA D T VO E AT, FEACHD THESEREE S c OFMES (5=
{51,8, ..S3L ez EENAMMBRLTES P:

P, ={pi1pi2 . Din,} M EZY,P,ES; (2.28)

N, R EHR L 2 BR RS TS T B 3 AR R (7x7) JER N B SRR E S B R
WA AR :
b = median({lj(P')})
(P'={pn, P2, Pn}) €CNP cl,n€L* (2.29)

THEEER by e SONRMWIEER I R 55
SRJE . LL LS AR BRSSO RE, RN B 75 5 AL BB R
TR PO T R BEHAT IR A%, e T BRME R R R osiE A F R WU 115 5 (e &
A HIL.
I](Pl) > 1.5 X b] Pi € Sl‘,j = frame(Si) (230)

frame PRECAT LAZE 45 € FLOTTE S TR 5 . 8 bk, X TR
BOTES S WP T HEEDMBRESP; = (P, Py, ..., P} (P, €S)).

&, R 242 Weas v THE s HRER, BRE T F—72 73K, (m e Z*)
B n MRS TESIEERES {Pny, Pz Punhn €ZY Nn > 2) HIFEA kA
BRANBRES:

PCm = U?:l ﬁm,i
= {p1, P2 - Pk} kK ELT (2.31)
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T Pon 15— AMRE STEIZ S TR DI B4 15 5 oo H R 58 R B £y o o7 48«
I(p) = median({;(p)}) p; € Pc,, Nj = frame({Cr})  (2.32)

FEVF 1% T2 015 5 AL A i 5 o o 41«
be, = median({b,}),n = frame({C,,}) (2.33)

PAIJTAE 2.33 tFE ISR 1.5 SR NBIME, 571 2.32 tFE IR RO G RE
H A B BEAT LA
I(p;) >1.5%xb¢_,p; € P, (2.34)

ﬁﬁm%%%vﬁﬁ%%%ﬁ%ﬁ?@”ﬁ%%%%@@%%<%>m%ﬁ@%o
ST 2.4.2 T2 82K C R IR0 RE 2.31-2.34 BT, SR Mk
S THERFEE Z, IR MR I A it B rh 3 O 58 a3 . 7% 2.35 féom 1 447
T Con P CFNAE [ 1 B 5 1

fom = | Zprmat 1P, prinat PO s Zpfinat Ipn(Pi) (2.35)

2.5 BoTRICEEHTRNUE

TERAECE AR, RGP FHRrEAE RG& Z AR A BENLI 4. TR, &K
FYRLr TR EOET, TERRE TES, TR ASE 2GRl o 788 A & sl 45 bk
MHETAE R o BRI I 55045 5 I RF 2RI 53R4T (1) 9 't 0k B2 e S ik 17 B AN 2ROk
JeBl oy AR AT e SO C Y BRHE . SR, SOGGYRH OGRS I FE R B A
Ik s 71 BT R B A0 B B 8 LA TR T T AN R, LBy TE S RS
BAZSR: e ROt EREIT IE RGHRE, X H i a4 i) b B
AT R . PRI, AT SR NAR AW e BRI U VR T AN RES 7 4 S H N B Ry
TRE I R S AR T

FER IR RER T TR TR, W T B A R P By R m] AR A o] DL O
RO 73 M BEAE DOC I 5 1 70 1 R G iR e el el 2] BT DL ERPREE R, A
PR I RREE B /R ] KA (hidden markov model) X B 73—~ ¢ o i BNk it 474U
B TR T RO R AR BT AR

B e BUE A RO E A (WO NT = {1,2, ..., TY(n € Z,,) . #ZMEERE Y
IRATRAGERL, BN I 1 G I AT v ) B B RS B = e 21, AT RA I 5 8
2.36 ffiid:
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F(t)=f;,t€T (2.36)

M5 T ROGH e A M N TP EERES s, A F MRERSES =

{1,2,..., k}(k € Z*) o T BB PR [ 45 Tl AN 5] 5 ' St R RT3 12 D00 FH W 5% ok HIOR- ik, 7E
AR ST ALK 7 1 LS 22 SR FH v 20 23 A R B A A «

= Of}i,fEF,i ES (237)

MBS S /R PR, NI 2R AR RS AR A IR A 5 T — I 2 RS 224
RS, ZRRMALE . B, BANREARGSZ A LER IR (DL RREARS IR
MRS F—DHAHRAERE (A ={a;;},i,j € S) SRR, BRI i IREFEHT) jIRA T
RetEREa jo THTAE I HURMRAS 0 A IR AT DL R HiA o 4210 R, £E I %)
t IAET jRES AT BEVE DS -

aq,; = T;0f, ;

at,j = ZjES ai'jailt_lofbj ) l,] € S,t eET (238)
BB G 5O ARV BCRE BE W 7 A% 2.39 i &
P(S, F) = ZjES al-,jai,TofT,j ,LES (239)

12 I8 FIR AR, e SOOI TR RO 7 T B AR I R AR Ny TR R R
IR RAFT vp o 7 (1) B IR AS P A ek A o BRI R ERAS P41, 1 S B L SR AT KA
P S A P RO S R BT SR AR o AR S0 R A Baum-Welch 509%, @i fls F20 x
ARG, B ARG E A S S, AR S50l — 2, B2
AR R AATL O B A B AR AL, RIAT 58 o A S B AR AR R SR R 72 o AT 5
w75 2 2 A HiT -7 f5 (forward-backward) 832, Hoor m gt B THE T2 2.38 S8,
M ETHE, WHEE &RZ& (2] T BN 1 1A g v 2 SIS B

Bri=1
Bt,i = ZjES ai'jOft_'_l,j )Bt+1,j't ETNt+T (240)

I, T DAHERE HE T S B RIS R S, 76 ¢ BRI AR VRS (0

Ve = otibui_ (2.41)

’ YjesatjBt,j
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MAE ¢ I 2R ADIRES | BHONIRES j R

t,i,jBe+1,jOF 141, (2 42)

Qu:
] YiesYjes Qi jBt+1,jOF 4 1,)

25 Rl DG S B AR R S

ﬁ'i = yl,i!i ES (243)
~ _ Zz‘:l Et,i,j
a;; = STy (2.44)
o= Z’{:lft]/t,l’ (2 45)
t Z?=1yt,i '
~ _ Evei(feved?
G = \/—z?ﬂm (2.46)

P FH B S 80 AR, R 75 FE 2.38-2.39 SR H BT (AR AL DT FCAHBURE o 4 DT e AR ALLEE
AT CRIJE PR AHALE 2 Z2 /N T — MBS, SRR R e . B2 T
RS HARAL JE R DL R TR EE, R Viterbi SRR AT LArHE AT AR SRR
GG RE o T PRSI

SR IR I 73 M J7 V5 90 BRI E BB TR R & 2 /D IRES k. B,
TN (S BN (Bayesian information criterion, BIC) , XT3/MA R )&
B BPREANBOHAT LN, ik b0 i BEAOL G [ B S0 Ak 2 mh Rl ) RS 2 2

BIC = —21log(P(S,F)) + 2(numParam) (2.47)

FEHE Y, MEGE S RSB IR A2, ARG D —FoRES, B TRRE S
IR AR Hr, R 4 T 1 BIC {H, 51— IRBIRASFAE S EET E
B, WK BIC {E A HILBRAR, Wik FH A — 708 K F PR AN E DL RAH B R A 28 4
s RAE i 4458 iR BIC HIFAC, WIAE %A BIC 18, FEIGIREEL
&, TN —RMEREE. &, B EE, RS R OGEIE R 2 )t G
BE> T BRAS e e E «

S(t) =54, i €S, tET (2.48)

AT B RAR B 2 AN T R TE ) 5 e IR X B A T EE M R Ge SR 1T
"=, AT HSTIREMNE A=2 (S = {Son, Sdark}: W RAFZ on AIKEA dark) [K7%
N5 P B AT R TH A B T2 4 S T
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2.6 BoTHABEMRRNE

IR 1.2.1-1.2.3 TR, FOCHUR R TRV BVE B O R B e T HAEE
for R FE AR TP IR 77 & 2.3 JEoR T MR 9Ot B £ LR AU IR S e
By %) (State fit) FHillE B 7 ICPBPER 1 757% . REMEFRARE R 7RE Otk
R PYCRSEREIDETHO » T INERRAE CRBS SRR R | SRS RrEm (A
M A FFEEI ] ), By reieEtt (RISt TR BIANERKED

144 x10° 'r'.,. 'r.,n' Eg:gg?ggyent r
a Lpan Moo= 4 — State fit
1.2
m -
E | n
21.0
7}
€ 4, Total collected
208 photons
(&}
06

B 2.3 B e R ) s

Figure 2.3 Schematical illustration of measurement of single-molecule photophysical

properties.

261 BOFRERNE

A Fr BT DU AN = R i, H— R0 A TR 1R B e i %
O BT BB R BAME S e FUREE R  H RS IR T4, Rlg
PRSI o> 1 B B A AT SR BG4 T8 B T R GGR o FAE— ok
PEF T R RS . BA RS R AT 5 6 Yk o T IEM R sR &4 T o] LATE
SR R (] N 26 R 22 b T e B, o0 B R TR AN USRI U R
DL T AT R s (R 20 R o 1T 5 5 B C AS I FE e T4 RS T R Rk o 7 1)
BAME SR E B K AT REDOE T8 ik, BEREESENZ Gk 7 A&
TE R R S S PSS R T . SR, B UCRA R e T RO A R 5 YRl
DT HIET RIESR . R B YR FAU B A B m R e AR P, sk
T RGNS IS A%, B G B T B I i DL E K R R A B 3R 19 1% 55
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TSR TAE S, (HAEg oG as nT e 20 G 40 i ™ A BRIt A ZE G5
NGB T B RGO ) [R] 2 Ak B Ak (R B[R] 23 2R

X HE U I B0 ORI, S5 2.5 TAA RIS I EEAS BB AR 1 S A A,
A LERTSZ 7 T A0 T S R30I B i i USCER G THE £ () (8 € frame(Syy)), FHR
fi7 & photons/frame. XN ZH[F] I A FR N FILEEE S (photon countrate)  H.53F
T RYTIHEZ (photon emissive rate, 7EZBSIERMIIIRAG LT ) B B4 1 REMOL T2
(Photons per single-molecule per frame) . LA € L4 P BEMFTI (8] tpame ST » P LAR 2
R T YN PS D ML E Sy e

r(t) = % t; € frame(Syy) (2.49)

MR EASHDG TR AT RS Bnat 78R A (FER IR AR Mg
THRE IR
Photons per switching cycle = ). f(ion) , ion € frame(Successive bright states) (2.50)
2.62 BOTINKRFHERNE

an 1.2.2 FHTR, BRI ERRHIE AT DO I By 1 S A R R i FOR A . AR
1M, XSO A I AN RERS BELRCI &, 5 225 58 BN B 70 7S A5 I Th) IS 28 I 1) 0000 2
SRR IR — i ) R A R Bl ) A R T B X e

By T AN ] 8 SUN A TAE RS TR K, WS HE|ZERT
— U BB S B TR) o T 2SI TR) U 5 SO BN > TAERE S P LRI Kt gare, B
M SEAS B B A5 BN — NG A e B e A AN 8] o 24 1] B g B ) T M A e i
P2 2 BORTRE AT, 1E ¢ W 2RSS RIS P, , (0 B8 K AE NS R
AR Pyar () A

t

P, (t) = type Fon (2.51)

t

Pyark(t) = Edarke—t_fda“rk (2.52)

ISR 04 T B S A T 3

1
kon N E(Pon(t))
1

ton

= ky + ky (2.53)
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_ 1 1
r E(Pdark(t)) Edark

FAN A T INERR DB BT R, e SON R AR AR A A ) (el R
BN Ab TS M a) & L.

(2.54)

Duty cycle = ZSon fon (2.55)

Ttotal
2,63 BOoFRIBEMANE
BT OORRE VA R B B OB BT SR T8, ek G
RO G AR AR ] BLROGTR Bl R4 . B T BHE AR S g SO T
TGN I AT AT SRR G 74
Total cellected photons = .;_ crrame(s,y) f (ion) (2.56)

PR P U e, T SUNTE B9 FARASHLI b, 2SS 0 B 25 D s 25
A U

I A B R A AR A T S S S, SRTT VP A B2 R HH
T, WA AN, PRI 6 R e 3R . 7EAE S s e
(1]t I\ BB B8 38— b T 22 A M AR A [ B — e s B 5 1
SE4 1 170

FE— U P ARSI B S A I 1 1 ¢ 202 O

t
Pbleach(t) = Ebleache ‘bleach (2.57)

NPT T A R] AL A

1 _ 1
E(Pbleach (t)) Ebleach

Kpleach = (2.58)

264 BSFIESHETHIE
BRI ST BB TR R AL, 800 TS S S I E S 5L, A3 AR
PRI LL o 7EA TSSO, AR PR TS K ] Thompson A3 1.1, 27 ISR K5 T
2.4.2 THIEES P SLEE Lo
DRI 9 7E AL Bt T WS o P96 S R 20 A PO LR AIE - R1 1T 435 8 L U 2 SR B4
TESHIRRG RIS S SR, 7ERET B 155 5 5 HE i tisnes),

f(tiPmax)—b
SNR = m, ti € frame(Son) (259)
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2.6.5 BOFRMIBMRIG T FHFE

2.6.1-2.6.3 1€ AEARW SCH T I EME R S H0E X, SR _F iR Brf it &=
ACSEI T ISR G Ve BT . PRIk, R P 456 R 2 A R 52 B AN R 5. 03 115
5 E AR R, TS R A IS R AR (subset) B0 TE SHRHMEMI ST
Pro MG ERER) — RA R T PIE R ESE R, S pOC AR 71V B
Jiio

LA G A GE 5 TT, AT RN UL RSP EEE 5T, RIS WCER G 720 TN ER TR
JCEER A, JGEEEER, @GR A PUL R SRR, g8 O R RO
AR . BT EG R SN RSB ITTN B T, RZG T TR TR
(Molecule sampling)

FE> T RAETTIR, RT3 RUCRERIER, B E . BEASRE . SRS
B R, BUCGEAN T, MEET v, DGR R, FEX RN DOUHPL
KHEZFHERFIE (BB SRR » SR TR A B 2O PO kAT o 5
PAFGRL > T RO B 5 o

Bldn, 3RS TOGPILE BT A A WDE TR R B ME, BRIV %0 740
TR A RO ISR

F=ZemssemCem) ) it (Sen) (2.60)

Count REOTHA EEE T ICRFENE, 1ESLRIATE o3 T- 0L Pl = 745 I
IR EL
B S BT PR B 2 S IR IR T AR 2P 3ME, AT DASS e e g
BT A IR I 2R
F=ZemlO 0 Count(C,) 2.61)

FERXAGETH TN, T 7 se s h 1 S B R R, O B R R AT St
i HERAFERORIIRZE . 9 T RS PG AR DB BT, 2D XA
AN R X IHEAT B0 T oA M i, SRS Z A MBI ST R, At — D aix st
THERBEATGETH o i, AT LASRAS SE VR A 9O SRR D B R BRI o B Gkt 22 20 AR
25 R TR AT O AT, T DASRAS RS 5 Gl S e (¥ 803 T S BE VPR f -

f =279 i e (Imaging times) (2.62)

) )
nj
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Fy 7, O TR EeEL T B OIRAS B BT R O B BT, AN R SR G
XA, BEREGTHRE T A RS B M AR, B3 H a6 Gk G B
. XFhGiit 7 AR T ANE T A AMEZE R, R ITA B E 45 RAE NGt
R BZR U ITIERRZ NI RARAE (Maximized sampling) -

B, BT A RGN ) A WU T R B E, ] DS ROt ekt
RHER D U 2R

r ZcmeCZemescm'em f(tcm,em)

f'= Me, em = Count(Se, em) (2.63)

ZcmEC Nemem

ERPRRGE T TR AN ZAAE T SRR RANE], BT R AR SO R
IS2 R B 73T b B SO B B NI ST E XS B TR — 7 SRR G T R B
Xt GOt RIS BRUCIRS Fe A A o AR OR UL, AT — 5 20 RE A — 2O ek 11
oy FIRIZESE, e — RO N A BB R — 2 AR K BT AT 7310 52 A [ 1)
PR, I EASE N ERTTRHEAT SE T R . B 2.4 o J9 IR AN IR IR R A AR A0 A 7] e 25
J5R R RN GRL I B o B A SRS I TR I Gt 45 2R . W RReRAE 7 s 9 45 2R
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Figure 2.4 Impact of sampling approaches to single-molecule statistical results.
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Figure 2.5 Flow chart of the.single-molecule analysis software.
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Figure 2.6 Interface of single-molecule analysis software.
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PLFLH (PreFilter, Find Candidates) o C AP & TR G 4428, DL SAH R
PR ICHE AT LG B4 . D BREFE— R P B 5 T Ul E 4% . E
BT SN 2 Fe s F T, B AR — My TSR B s I R T L ORI S
AR . F AERE S E R OB R R THE R E R T B T B . G R
JeoR 7l gy 7RG ARSI o TR B B G i 25 R

Kl 2.7 BoR 7B o A A5 R BRI A 1) A B 4 SRR PAE — N ST
MIREZE N “SingleMoleculeResults” [N o &8RRGt D%, T &—
AN ) B9 O BRI 5T, A L B BB 5 60 B () 401 AR AR R IR O e (R B
MSCAE, i, “bleachtime.txt” 774l 7 57T B FH B 8]ty eqcn - TE IR T KA
AR SRAT I B0 D6 BEAE o 5000 W 48— 7E 5L ) “ moleculecharacteristics.csv” U1
25 . “GlusterGroupedResult.bmp” X2 B F R IE T4 RIIEME, “smdata.mat” 3
oA T R AL B R TR BT A s, AR — SR RO EE DL S JDIRES PO s .
R 40 5 ] LB BE#% Origin. Excel 520 Mk EiLEL, JFak4TiE—2B 1)
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File structure of output results:
I SingleMoleculeResults

— | bleachtime.txt Licach

— blinks.txt Myinks

— & ClusterGroupedResult.bmp Molecular cluster image

—  darktime.txt Loy

|— Dutycycles.txt Duty cycle

— DutycyclesTime.txt Lo

— EventsPhotonsperSwitchingCycles.txt Photons per switching cycle
— EventsUncertainties.txt Localization uncertainties
L @1 moleculecharacteristics.csv Molecular sampling statistics
— | ontime.txt bon

— | Parameter.txt Analysis configurations

— photonsoutput.txt Total collected photons

— | photostability.txt On-state durations of initial bright molecules.
— T smdata.mat Processing data.

— | SNR.txt Signal-to-noise ratio

— | Step_Fit_Intensity.txt Photons per single-molecue

per frame/photon count
B 2.7 B9 1 A B4 2

Figure 2.7 Output results of single-molecule analysis software.
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GUI Interface B Multi-fluorophores analysis & Comparisonal Series analysis
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Figure 2.8 Interface (a) of a statistical software for single-molecule and its typical analytical
results (b).
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X3 2P B R A B IV P 5 28 I T S ) B T SRS R HY BILAE 22 AT AR SR AT e o AR
i LRI, AT UK — R D PR N B A% ) 7 7 et Sems, FH ASGE 12580
GERHR A WIREE T, I uCRAZ S 1) 9 Y GURE F T FEPEARTC I3 40 e e 7
T AR -

3.2 EBKTFRRBAEL T BE SASEHKCR 2 FIRH SRS

3.1a i, % FF RS P I 0 frc 1) 5 E0 4 PRV PR 45 A E 6 B0 5 2 TV SO 348 1R 1 12 2
Truds, A BA N WG RIS (B IX P A RFELn, AR, B IR
P it 7507 SRR BIOCHR FPRAS . Rk, $-THZ P IS Py I 0 s 2 oo M 1 G Bl
T EUCEBES TR e . FsL b, B PSP I S Ykl LA 7R AL 22 A% I A0
W2, EZAUE N — AN SRR BRI B L AR T LR e T
Wi (E3.10) o T IRy, B E CETTR T RS 12 PR N B e
FEPREFISIISS] [, G SR RR A BR MR PR R B i FE 4 B 1 5 N T B P T Tz 1)
SER, AT DUE K0S Ja M 2 e S TR RS [A] o AE R TEVS AR AR T, AN 7T RE 224
HE R R GE PR AR 2 P W R P I ST e iy A o7 B8 FAARG pHL B 5T N EIR E &8 & 7

UNSRRE B K R B B0 P P B R N R Ji R B IR R Ak, IR RO S A A
e sE RS PRI I TR PR (- 3.1e) , RIMENE FEF RN E T
TIPSR ST, TR TE P I B T S5 AR e R e K S . [(Rlk, X R BT
WRIAATE I H Z R TR H Z R P FH (Rh-Gly) , WJREIA EKIIRE, B
1935 73 58 S B 24 6 B0 e 7 A
3.3 BRI ARAERNET RSN FERGE

FIT A A2 HR TRV B s 701350 B4R ) A i B ST, G AN AR i B UK 48 0ot T Ak 3 7L
P . AR EBE H [ AR A 200-300 H AR . A EZGRAR GRS (HPLC) 204
Venus C18 5 um ik (@ 4.6 mm, 150 mm) , FzEhAHE Elite P230 w5 5 1H i 5 4%,
AL A FERE A B 5 52 Rheodyne models 77251, F=4)i@ 1 Elite UV230-11 A6l #8460,
BB IR IN KA 254 nme FEAGAMILBA SO0 R, 38 120 ATifti# 4y 0.8 mL/min,
RN 9 AR (B35 0.6% 418D o Hil & m AR AH (43 (prep-HPLC) 43l
Fi Sinochrom ODS-BP 10 um i 4 (& 30 mm, 250 mm) , FishAHiE Elite P270 7 &
TER R, B BN ) 75 J& Rheodyne models 3325i. F=¥tHiE L Elite UV230-
I ARSI B RG,  ¥ 5E ARSI KN 254 nme 1l 4% 2 €35 43 BT (RO /& 40 mL/min, i3
FNKFIHEE (0.6%4TR)
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oL TR S
N-R4 N-R1
H

Short on-time of zwitterion External proton stablizing effect

Internal proton stablizes
the zwitterionic structure

Ca) L2 T Y 058 PA I I e

e L] (b)) —ANE B 1A e 1 2 T IR PN I e ) e S50 2 b f) «
(¢) ARSCIEH A Rh-Gly Y B il B n] BENLH], Rh-Gly fEIGHOE 26 A T e 2%
R ERZE (PITERE T2 R AT DGl Rl BRsh [ 2 HEBEE FPIRES (A

)

Rh-Gly Ry = -$3-0° fnl— -$-OH

B 3.1 FeUE Wi Ja 2P YR P B0 e s 1 S5 F O B EE

Figure 3.1 Mechanism of stabilizing the photoactivated zwitterionic form of
rhodaminespirolactam. (a) Photochromic mechanism of common rhodamine spirolactam, e.g.,
Rh-Pht and Rh-MGly. (b) Photochromic mechanism of a rhodamine spirolactam stabilized by

zinc ion.!'>¥ (¢) Proposed hypothesis on photochromic reaction of Rh-Gly with light-induced
activation (hv) of fluorescence (zwitterion) and thermal relaxation (A) to the deactivated state
(spirolactam).
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"H NMR F1 3C NMR i Bl & % £ /& Bruker Avance I1 400, Bruker Avance IIT 500
A Varian Mercury 400 #%WiAEHRIETEA . FEAHEL (3D BBALE Hzo BTSN E IS A2
HP 1100 LC-MSD, Thermo Scientific LTQ Orbitrap XL, Waters Synapt G2-Si HDMS and the
UPLC/Q-TOF Jii ##4% «

B e B 2 i ZE 8 (TLC) M. HATU /& O-(7-Z 44 2K FF = Me-1-3%)-
NONON NP FEE IR 7S SRR IR (46 5 s DMIF & NON-Z HIEE R IZ (46 S

33.1 BREARPBABITESSHKNS F6 RSk

Kl 3.2 JEoR T IEAR T R 7L AL G Y 0 R 26

LR B e R T T NIRRT SR R AL S H AR S P+ (Rh-Gly, (3-3)
RERRY P (Rh-Asp, (3-5) FIZ2ZHRED FFH (Rh-Ser, (3-7) AR EAT
R ah BB i A I 2P B, 8 = R AR SRR RN, BRAG T s RS 1 1) %
FHABEEATAEY 3-1, REEFERIFPRARZER (HEAKR. REAR. 248 1
REERAEBR S, SRR AL G H AR FHA FEE (Rh-MGly, 3-2) , REARY
FH = HEE (Rh-dMAsp, 3-4) FI2ZZRE FHIIHEE (Rh-MSer, 3-6) . /il id 7Kg
HEE R, 3RS T AL &4 Rh-Gly (3-3) , Rh-Asp (3-5) F1 Rh-Ser (3-7).

A B R T H R D P Rh-Gly #EH47 EVIbRid IREAL B 7. JuRt 3-11
R A1TAE Halo 8 AARRZERCAR 1 H 28 &' £+ B Rh-Gly-Halo, 7] LU b & ge 358 14 (1) % 41 i
W IE N Halo @& 2 A 347 F5ic . Rh-Gly-Halo 4 %75 B8 5B 4% B SCR K ik, &
B 4,5- IR 2 FHI] B, 3-8, AR JEEM G EEREAL 3-8 IR, S5 H AR LRG3k
f3Hh[AlfAR 3-9. JEit Sonogashira fHE N, ¥ Halo &5 HECARATA R Z FHIA |, KRG+
()44 3-10. f Je B L /K AR 2 Bg R4 55, 3R75 Halo Rl 2R A PR 4e8), Rh-Gly-Halo(3-11).

T Rh-Gly Aid B B A G IE A R+ B, n] DO BEE G4 L Rh-Gly 742
BAFRCEER MR RE: b 3-16 NEAEMRNCBENERERHERY
FHE Rh-Gly-NCS. B /a6 % 4,5-HEBURH P P B, 3-12. A)5, @GRS
ik, A RCERA HE R OBRR A 3-13. 485 @ K AR L BR (R IS A 1A 3-14,
PRI SRR B SRR AT AR B 3-15. S E b iElER 3-15 5HOGAURNL, Ko B ik
HNRFIRER, FAF R YL 34k Rh-Gly-NCS(3-16) .
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3.2 AE PTGV R £
Figure 3.2 Synthetic route of studied compunds in this chapter.
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3.3.2 Rh-Gly. Rh-Asp. Rh-Ser R EFREEXTLEIAI &R

O T . O » .
O N._COOCHg Q N._ COOH

(0] 6]
3-2, Rh-MGly 3-3, Rh-Gly

HZBRFEY 181 B (Rh-MGly, 3-2) PLEHEERY £+ (Rh-Gly, (3-3) HEAE
L TR TR AR IR A

REFAR _HIEEP F19 B (Rh-dMAsp, 3-4) ULLRXZBRE FHH (Rh-Asp,  (3-
5) A RRBGRAE AR M 56 56 Rk, H BARA BT 0L R 3o

KA HE % FIE B (Rh-dMAsp, 3-4) : ZFFHIERS (3-1) @it 5 S ER! o4
[E 1A . 4 3-1 (AN 1 g, 2.08 mmol ¥ FHEH B 3843 FLkk 50 mL LB W [FIRT,
BRAE R FEEEER h (618 mg, 3.13mmol) AMFAE 100 mL ZJES 10 mL = Z R
HEHIH . £ EREIERIERZETEE, R ABFIERERIMA R . B RMNIRA
WIRAEZ IR T 10he fERMGERIG, WERECTEER. e AR Z i ikl
A=, RBIAERH QR OBs 5 A B TR AR R (viv, 1:10) o &= Al
# (1.02g, 7% 81%) . HRMS (ESL TOF) m/z caled for C3aHaoN3O06 [M+H]": 586.2917;
found: 586.2917 (z = 1). '"H NMR (500 MHz, CDCls) & 7.89 (d, J = 6.4 Hz, 1H), 7.51 — 7.40
(m, 2H), 7.08 (d, J = 7.3 Hz, 1H), 6.61 (d, J= 8.9 Hz, 1H), 6.38 (d, J = 8.8 Hz, 3H), 6.27 (dd,
J=126.5,8.9 Hz, 2H), 4.34 (dd, J = 9.7, 3.8 Hz, 1H), 3.54 (s, 3H), 3.51 (s, 3H), 3.34 (dq, J =
14.0, 7.0 Hz, 8H), 3.23 (dd, J= 16.5, 9.8 Hz, 1H), 2.06 (dd, J = 16.6, 3.6 Hz, 1H), 1.16 (dt, J =
14.3, 7.0 Hz, 12H). *C NMR (126 MHz, CDCl3) § 171.27, 170.33, 167.32, 153.77, 153.74,
153.45, 149.00, 148.83, 132.77, 130.66, 130.63, 129.02, 128.09, 124.02, 122.90, 108.07,

107.49, 104.78, 103.95, 98.07, 97.62, 65.56, 52.26, 51.62, 50.52, 44.37, 44.34, 34.77, 12.63,
12.58.
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3-4, Rh-dMAsp

REZRE T (Rh-Asp, (3-5) : ¥ 3-4 (1g) AL 20 mL HFEEA 10 mL &5
AN (T0%KIEHD TR G . SRR RBRSPm# 2 iis B 4 TLC il BoR
RO AT R RSB EYIME RER, JE R 2 RS RIE SIS T K. MR
B IMNRERTR, KT H I B AR U AR R I T o SRAT BP0 A a4 (4
[E {4 (0.80g, F=# 84%) . HRMS (ESI) m/z calcd for C32H35sN306 [M-H]: 556.2453; found:
556.2455 (z=1). HPLC (W /7K =90/10, &%H 0.6%LI1E), tr = 5.13 min; WEHIFR > 93%
(254 nm).

225 W% P H R (Rh-MSer, 3-6) : 4% HEAH [R] ST A 2P+ B (250 mg, 0.52 mmol)

AT PP 3-1. 4 3-1 BCR O IE A W, FINH 2 2R B EhFR 2h (81 mg, 0.52
mmol) VAMAE 2 mL = ZJEA 10 mL JEHITR- G K EU IR I WO I 2% ) £
GRS FERERE I R A el I R SR AT SR A i 43 B, VA AH Dy &R e A B (v,
100:1) o YR LEEZERH KR (113 mg, 7% 40%) . HRMS (ESI, TOF) m/z calcd for
C32H3sN30s [M+H]": 544.2806; found: 544.2816 (z = 1). '"H NMR (500 MHz, DMSO) § 7.79
(d,J = 6.2 Hz, 1H), 7.57 — 7.48 (m, 2H), 7.00 (d, /= 7.0 Hz, 1H), 6.34 (d, J = 4.8 Hz, 6H), 4.89
(s, 1H), 3.82 (dd, J = 6.9, 4.8 Hz, 1H), 3.78 — 3.67 (m, 1H), 3.32 (q, J = 6.7 Hz, 9H), 3.27 (s,
3H), 1.08 (t, /= 6.8 Hz, 12H). *C NMR (126 MHz, DMSO) & 169.00, 166.79, 153.25, 152.75,
152.73, 148.45, 148.41, 133.06, 130.00, 129.77, 128.89, 128.36, 123.75, 122.39, 108.02,
107.50, 104.11, 103.56, 97.01, 96.94, 65.13, 60.11, 56.86, 51.36, 43.65, 43.62, 12.39, 12.35.
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2% RP P B (Rh-Ser, (3-7) : # 3-6 (200mg, 0.37 mmol) 5S4 IbHN (148
mg, 3.7 mmol) VAT HEEFU/KFE GV (10 mL/10 mL) A, FEE TREIRZMG TR
B 7hoe It TLC Wl B SOW 28 i, 428 0k OB @ ik bR 25 B . SRA5 IR b
B A E AT S B, A A R EE (viv, 25:1) o SRV
ik — i ] SO v OB (T 24K, FBIAHA 83% (viv) FREEAN 17% (viv) 7K (&
T 0.6% L8 o BAWEEF=MNH 5y, WEFR I, SRAFAL =P ks R K (0.22 mg,
P23 0.1%) - HRMS (ESI) m/z calcd for C31H36N30s [M+H]": 530.2649; found: 530.2646 (z
=1). HPLC (WEZ/7K =83/17, & 0.6%4IK), tr=15.0 min; WEHA =90% (254nm) .

3.3.3 Rh-Gly-Halo & KT

Br B
3-8

@COGH N N-disopropylethylamine m:mmma
L aY
39

/5 - H R QB FH B(3-9): &SR Tk & ik 4°/5°-IRARE FH B(3-
8). ¥ 3-8 (FMKIR AW, 230mg, 0.44 mmol) , H&EK LBEEEFR L (61 mg, 0.44 mmol)
5 HATU (168 mg, 0.44 mmol) ¥#MAET MK 5 mL — & Wi 0.1 mL — 7 A& L%
REVEHRT . B MNIBEYE TR MR 12he. RNFERE, RNMBEYEE
IKBEES, ToKBREREN T8, L S R 28 TIE ] o ST i gt — 25 i@ i i e A E AT (i 4fifk,
WMBNFEIE LR CERAA EE (viv, 1:5) o BZSRAHI=W) (180 mg, F=% 67%) +& 4°/5°-
RIS ARIE S Y, HWM AR EEIo 1:1. HRMS (ESI, TOF) m/z caled for
C32H36N304NaBr [M+Na]*: 628.1787; found: 628.1794 (z = 1). (4'-FHJKTE 'TH NMR H4FIE
Ig FEyE*) 'TH NMR (500 MHz, CDCl3) § 8.06* (s, 0.5H), 7.79 (d, J= 8.1 Hz, 0.5H), 7.60 — 7.49
(m, 1H), 7.22 (s, 0.5H), 6.97* (d, J= 8.1 Hz, 0.5H), 6.53 (t, J = 9.0 Hz, 2H), 6.35 (s, 2H), 6.28
(t, J = 8.2 Hz, 2H), 3.89 (p, J = 6.9 Hz, 2H), 3.81 (s, 2H), 3.33 (p, J=11.2, 6.7 Hz, 8H), 1.16
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(q,J = 6.7 Hz, 12H), 1.08 (t, J = 7.1 Hz, 3H). '3C NMR (101 MHz, CDCl3) § 167.07, 167.04,
165.96, 165.32, 154.30, 152.36, 152.31, 151.23, 147.92, 147.89, 134.52, 131.54, 130.55,
128.36, 128.28, 128.25, 126.22, 126.14, 125.16, 124.56, 123.58, 121.07, 106.95, 106.93,
102.80, 102.73, 96.60, 64.07, 63.88, 59.91, 43.34, 40.71, 40.67, 13.10, 12.94, 11.58, 11.56.

R O e
Pd(PPhg)4 r O j

— 7\ N._ COOCH,CHz

? triehtylamine
Z =/ o
+

0\/\0/\\/0\/\/\/\0'

“\
3-10

Halo AT HRER ZBZ S8 B (3-10) : % 3-9 (RHIEESY, 150 mg,
028 mmol) 5P (=FF@) 4 (60mg, 52 umol) M Schlenk i, SRJ5WIH Al
BB S IR AR TSR B )5, S mL DMF 5 = ARG (v/v, 3:1),
HERES =K. &J5% Halo BAAR (120 uL) M SONIR SIS« SONAE TS PR 5 1
FE 4 h, PEHIRBGRER 80°C. R RITFERMIG, FRMNAKRRFERER, kR ER
Ao K= WS AR A R AT (i alifl, BN CIR S B FIATHEE (viv, 111D o 3R
FRE=) (100 mg, F7H 67%) N 4 /5 Wi, H Iy 1:1. HRMS (ESI) m/z caled
for CasHsoCIN3O7 [M+H]": 788.4036; found: 788.4039 (z = 1). (4'-FMJKSE 'H NMR FHHFE
U4 FEyE*) 'TH NMR (400 MHz, CDCl3) § 7.98* (s, 0.5H), 7.86 (d, J= 7.8 Hz, 0.5H), 7.53 — 7.45
(m, 1H), 7.15 (s, 0.5H), 7.03* (d, J = 7.9 Hz, 0.5H), 6.51 (dd, J = 8.9, 6.2 Hz, 2H), 6.34 (t, J =
2.3 Hz, 2H), 6.26 (dt, J= 8.3, 2.5 Hz, 2H), 4.44* (s, 1H), 4.33 (s, 1H), 3.88 (qd, J=7.2, 2.9 Hz,
2H), 3.81 (d, J = 2.8 Hz, 2H), 3.77 (dd, J = 6.1, 3.5 Hz, 1H), 3.72 (dd, J = 6.0, 3.5 Hz, 1H),
3.70 — 3.63 (m, 3H), 3.65 — 3.56 (m, 2H), 3.55 (dd, J = 5.8, 3.6 Hz, 1H), 3.50 (td, J=6.7, 4.7
Hz, 2H), 3.44 (dt,J=13.7, 6.7 Hz, 2H), 3.32 (q, J = 6.5 Hz, 8H), 1.75 (h, J= 6.6 Hz, 2H), 1.57
(dp,J=18.1, 6.7 Hz, 2H), 1.50 — 1.31 (m, 4H), 1.15 (td, J= 7.0, 2.6 Hz, 12H), 1.08 (td, J="7.1,
1.5 Hz, 3H). '3C NMR (126 MHz, CDCl3) § 167.16, 167.15, 166.15, 165.95, 152.63, 152.36,
152.35, 152.32, 147.88, 147.86, 134.90, 130.56, 129.79, 129.21, 128.33, 126.28, 125.83,
125.39, 122.90, 122.02, 121.71, 106.94, 106.92, 103.09, 96.62, 86.46, 84.95, 84.78, 84.58,
70.22,70.18, 69.67, 69.64, 69.49, 69.43, 69.10, 69.06, 68.21, 68.17, 64.11, 63.98, 59.88, 58.11,
57.96,44.03, 44.00, 43.34, 40.72, 40.68, 31.54, 31.52, 28.46, 28.43, 25.69, 25.66, 24.42, 24.40,
12.95, 11.59, 11.58.
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N o} N
NaOH

3-11, Rh-Gly-Hab

Halo FCAATAHERE FIH] (Rh-Gly-Halo, 3-11) : ¥ 3-10 (RHKIEESY, 50
mg, 63 pmol) EAAETE 4 mL FHIEEH, FEmH A I 5 mol/L S AANIKIEI . SN FE
PEE 30°C, PREFHE 2 he fERMNEE NG, EREREZRIER, KA M
RRERAE EAT i aif, AN Z &R EE (viv, 20:1) o &SRB (40
mg, FEF 83%) N4 /S FMMIEEY), HEEIRLN 111, IFFEEM TN E
5256 . HRMS (ESI) m/z caled for Ca3HssCIN3O7 [M+H]": 760.3723; found: 760.3726 (z = 1).
(4-SFHRAE TH NMR 45 AEIE )2 7E*) 'H NMR (500 MHz, DMSO) § 7.81 (d, J = 7.9 Hz,
1H), 7.57 (t, J=7.3 Hz, 1H), 7.04 (t, J= 3.9 Hz, 1H), 6.55 — 6.30 (m, 6H), 4.43* (s, 1H), 4.33
(s, 1H), 3.66 (dd, J=11.1, 6.5 Hz, 2H), 3.62 — 3.53 (m, 4H), 3.56 — 3.47 (m, 2H), 3.47 (q, J =
5.3 Hz, 2H), 3.43 — 3.38 (m, 2H), 3.40 — 3.35 (m, 2H), 3.35 — 3.29 (m, 8H), 1.67 (dp, J = 13.8,
6.9 Hz, 2H), 1.52 — 1.40 (m, 2H), 1.40 — 1.23 (m, 4H), 1.08 (td, /= 7.0, 2.4 Hz, 12H). >*C NMR
(126 MHz, DMSO) & 168.59, 165.87, 165.75, 153.62, 152.63, 152.60, 135.96, 131.55, 131.53,
130.23, 129.68, 128.94, 126.43, 126.18, 125.08, 124.17, 122.97, 122.11, 88.89, 87.14, 84.66,
70.13, 70.06, 69.76, 69.70, 69.58, 69.52, 69.44, 69.40, 68.67, 68.65, 64.31, 64.13, 58.04, 57.90,
45.29, 45.26, 41.15,31.97, 31.95, 29.01, 28.97, 26.06, 26.03, 24.88, 24.85, 12.24.

3.3.4 Rh-Gly-NCS HI& KT B

45D P B (3-12) : KA (NN-T“HE&HE) ZXHy (2g, 12.10mmol) , 4-
THZEZER (1.17 g, 6.05mmol) LA K 2 BEMEIR (JLi) IL[REMAE 15 mL DMF H1o [
£ 120°CHAT 8 ho TR RMMIIRE R EIR G, HHEAVKOKS, P2 A AT
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TE o IX U [ A I AR E AT g alith, A &R EE (viv, 20:1) o R
AR =i (1.3 g, 73 49%) N 4/5 RIRIREY), HHHIRZI7E 10:9. HRMS (ESI)
m/z calcd for C2sH30N30s [M+H]": 488.2180; found: 488.2197 (z = 1). (4'-FHJMAELE 'TH NMR
HF RIS 7 *) "TH NMR (500 MHz, DMSO) § 8.65* (s, 0.53H), 8.53* (d, J= 8.4 Hz, 0.53H),
8.47 (d, J= 8.3 Hz, 0.47H), 8.24 (d, J = 8.4 Hz, 0.47H), 8.04 (s, 0.47H), 7.55* (d, J = 8.4 Hz,
0.53H), 6.66 — 6.42 (m, 6H), 3.38 (q, J = 6.4 Hz, 8H), 1.10 (t, J = 6.8 Hz, 12H). *C NMR (126
MHz, DMSO) & 166.82, 166.60, 153.07, 152.89, 151.78, 149.85, 148.83, 133.05, 129.51,

129.43, 129.03, 127.03, 126.33, 125.20, 120.49, 119.72, 108.81, 104.76, 104.55, 96.79, 43.91,
12.31, 12.29.

HATU
Glycine ethyl
ester hydrochloride

N,N-diisopropylethylamine

/5 - FEH 2 IR H B2 A B(3-13): 4% 3-12 Cr AR TR 54, 200 mg, 0.41 mmol),
HEAR O REE (42mg, 0.41 mmol) 5 HATU (156 mg, 0.41 mmol) AT 1M
TR 4mL) F RN R (100 ul) REBAIT . RNIBAEYIEER TR
N 12he N SERUE, 8T EKBER NIR G, JoKBRERIN T . $RAT 0R™ S
FRERATE Z A i aifh, mzhiiA O CERAATHEE (viv, 1:5) o &SRR M (150
mg, ;PR 64%) & 45 FHEIBEEY), HHIRZN 1:1. HRMS (ESI) m/z caled for
CaHaN4Og [MHH]: 573.2708; found: 573.2708 (z = 1). (4= HItA7E 'H NMR tfU/iE 1% 2
75*%) 'TH NMR (500 MHz, CDCls) § 8.77* (s, 0.5H), 8.30 (d, J = 7.2 Hz, 1H), 8.08 (d, J = 8.2
Hz, 0.5H), 7.91 (s, 0.5H), 7.24* (d, J= 8.5 Hz, 0.5H), 6.51 (d, J = 8.8 Hz, 2H), 6.42 — 6.33 (m,
2H), 6.28 (d, J = 8.7 Hz, 2H), 3.92 (q, J = 6.8 Hz, 2H), 3.86 (s, 2H), 3.34 (q, J = 6.5, 5.8 Hz,
8H), 1.16 (t, J= 6.0 Hz, 12H), 1.10 (t, J= 7.0 Hz, 3H). '*C NMR (101 MHz, CDCI3) § 166.72,
166.65, 164.66, 164.59, 157.97, 153.84, 152.39, 152.29, 150.02, 148.15, 148.13, 147.22,
134.49, 130.78, 128.04, 127.95, 126.61, 124.07, 123.28, 122.69, 118.55, 118.01, 107.07,

107.03, 101.67, 101.52, 96.82, 96.73, 64.61, 64.48, 60.07, 43.37, 40.90, 40.84, 12.95, 11.56,
11.54.

- 74 -



RHEFL TR 220 S

4/5-THEEH A IRP FH (3-14) : G RITES AR (3-5 M& 7% —2. M 100
mg, 3-13 CRMMERIEEY), 0.17mmol) 3K1F 79mg, 14 (F=HK 83%) . FoihtlE 4°/5 5
RIS, B KL N 1:1. HRMS (ESI) m/z caled for C30H33N4O06 [M+H]": 545.2395;
found: 545.2391 (z = 1). (4-FHIRTE TH NMR HHEFEIEJE{E*) 'TH NMR (500 MHz, DMSO)
§ 8.46* (d, J= 1.9 Hz, 0.5H), 8.32 (dt, J = 8.4, 2.2 Hz, 1H), 8.06 (d, J = 8.3 Hz, 0.5H), 7.70 —
7.62 (m, 0.5H), 7.27* (d, J = 8.4 Hz, 0.5H), 6.52 (d, J = 8.8 Hz, 2H), 6.42 — 6.25 (m, 4H), 3.56
(d,J=3.9 Hz, 2H), 3.31 (q,J=7.0 Hz, 8H), 1.11 — 1.06 (m, 12H). *C NMR (126 MHz, DMSO)
8 164.72, 164.68, 158.88, 154.52, 152.70, 152.59, 150.57, 148.56, 148.54, 147.81, 135.14,

131.11, 128.93, 128.87, 127.88, 125.20, 124.24, 124.08, 118.28, 117.73, 107.84, 102.80, 97.08,
64.78, 45.16, 43.60, 12.39, 12.37.

45 FHERHRARE I (3-15) : 4 3-14 CRMIKIESY), 50mg, 0.092 mmol) [
3mL FEEERS PA/C (10%, 1 wt%) B2, HMAEERMZES . FE kR EH
TR, FBA3Mpa &R RAE 30 CHFESAF FIHEAT 8he fERMEAIE, R
gk 2 PAIC, FEPRERR £V, BII3R4G =4 3-15 (39 mg, 773 84%) . HRMS (ESI)
m/z caled for C30H3sN2O4 [M+H]": 515.2653; found: 515.2651 (z=1).

4'-3-15: "H NMR (400 MHz, DMSO) 6 6.89 (d, J= 2.1 Hz, 1H), 6.68 (dd, J=8.1, 2.1 Hz,
1H), 6.62 (d, J = 8.2 Hz, 1H), 6.46 (d, J = 8.6 Hz, 2H), 6.31 (d, J = 8.8 Hz, 4H), 5.42 (s, 2H),
3.47 (s, 2H), 3.38 — 3.13 (m, 8H), 1.08 (t, /= 6.9 Hz, 12H).

5'-3-15: '"H NMR (400 MHz, DMSO) & 7.40 (d, J = 8.2 Hz, 1H), 6.70 — 6.48 (m, 3H), 6.36
(d, J=11.9 Hz, 4H), 6.04 (d, J= 1.8 Hz, 1H), 3.52 (s, 2H), 3.32 (q, J = 7.0 Hz, 8H), 1.08 (t, J
= 6.9 Hz, 12H).
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3-16, Rh-Gly-NCS

FMERETERE M9 (Rh-Gly-NCS, 3-16) : i< (15uL, 0.20 mmol) ¥#
T FRE S, FHHA A 0°C. ¥4 3-15 (RHEIEEY, 20mg, 0.040mmol) & f#
T=2 8% 7 uL) 5TRAREESERT, AR LR ERt . MBMRE
PEZ R AT N RSN 12 he K d A RBSR-E Wb R R, sl el . D
BRI ORI =R, TR IR R AR, BN 3-16. BRI EEH TR,
FA R AT — 2 Witk . HRMS (ESI) m/z caled for C31H33N4O4S [M+H]*: 557.2217;
found: 557.2200 (z=1).

3.4 SLIGFEE

3.4.1 Rh-Gly 1 Rh-MGly RO3¢itEin &

ARG I 2 1 £ 2 Agilent 8453 AT WL e EETH, OEIGHE AN B
#% & Agilent Cary Eclipse ¢ Y671 Y66 TH. IR & 1145 48 /2 10 mm JEFE M) il A e bl
B, ROEMEFS 2 10 mm HEFER @A H .

[ 7 768 PR S 1% 0 7 92 2 B G A 200 uM IR IR IR T 1% (wt %) 3R 7B (PVA)D
IKVERT, RS 57 o5 B d BT RIAR T . a2 B BT 37°CHRMEIRAE T 12h, HIA) )
B BRAT M P 85 B AR T A i o A B O 6 T I B IR 4% 2 Olympus FV-1000 3t 5 £
WEE, WERBU K 488 nm, JEKIVEEZ 510-640nm (i %E: 10nm) , HK
Snmo R FRE A LE A R SR 56 26 T I E FLB0E AT S OB, aE bR AN KON
5s f¥1 375 nm B
342 FEMNEEWENERE

BT BSAG R 43 HE G K FH VA SR A 7] (ColdSpring Science Co., Ltd.) £ Olympus
IX71 R BMAE RS . RABAA 405 nm (Coherent OBIS 405, 100 mW) , 488
nm (Coherent Sapphire 488, 200 mW) , 532 nm (Coherent Sapphire 532, 200 mW) ,
588 nm (Coherent Sapphire 588, 100 mW) F1 640 nm (Coherent OBIS 640, 150 mW) &
HEIR . MBI AR IO B A Y PT AJEEES  (an acousto-optic tunable filter, AOTF)
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BHIhR, WdBA R ARME RS . BOGEE W EES T (FF01-390/482/532/640,
Semrock) i€, FEAETx100 ¥%5i (UAPON 100XOTIRF, #fEHFL1E NA: 1.49) {1y
B SIS M B B4 N O BB R 28 (motorized-TIRFM illuminator,
Olympus, IX2-RFAEVA2) #ffil. 375 nm B0t (KFH =, 50 mW, MLL-11-375L)
@S HIET] (mechanical shutter, Uniblitz) 5], FFESEN BMERTHT TESY
Ko BRI EE 58T 4 688 (Di01-R405/488/532/635, Semrock) HiHOG(E
S, Hik— D@ i EEsE (FF01-446/510/581/703, Semrock) j&7d, A& 155iE
it EMCCD #H#1 (iXon DU-897U) WidE. TERRMGH KER Z A B CRISP H sh#fE£5
R4 (ASD RZIE. BUG B2 50 B W BOREE (1.6/1.0 <) #54il, BIEIIEER
JOTXERT 1.6 F 1.0 518K &2 4873 7124 104 nm #1160 nm.
3.43 Rh-Gly BIHHELLE

PSR E T 2. 1 MKOH A1 MilliQ #8247k (Millipore) HH# A &, &<
T, BCE 2 uM Rh-Gly MEREPI/KEBR (FH 0.1% PVA) , LA 3000 rpm/min 35 5 i€
WE|FE Y (Fisherbrand, 12-545-102) 3K, € AE M 6] & o 0SRG2 TE 3.4.2 176
R BB R G e R WS N~ 3 s RREIT E] A Bk 4R AMEGE Y6 (375 nm, ~ 80 W/em?),
Bkt IR 2978 0.1 Hz, GO RS IIRT 532 nm 06 (~2kW/em?®) o g
R B O i R AR = B 3 % B 2 (Conventional mode or wide-field imaging
mode) , AL EMGIEESE A 50 Hz. G0 G EIE S Image] HAEISI
ThunderStorm VAT EALE 5 08T . A E AL EHE B S  BEeE F 14
344 REVERFHESFRIE

BRI E YR AT B AR (0.1% PVA JKIEBD Fke, (RIS & AERE v
TR R B MR By TR S O T R0 7 5 5 A #, AR5
S IAEEBI KT 670 nm, 23 KT A5 SHUESE 330 nm) o R EIRIFHE LA 3000
rpm/min R SERETCE G S GEE7ES 3.43 WiEMED R, RIZkE
SIS 70 SR B WIS BT B 03 0 B i

BT RUGAE 3.4.2 TRERM RS AT, BRI BRI FE ) AR 0. BR
BIHEEE~1 kW/em? 532 nm BOEAI~30 W/em? 375 nm BOGHR S B SHRE R, HNLG R
ST 160 nm,  SEMUEEATR )y 100 Hz, — KBRS T UK UEE 2000 MiZichs . xF &4
Feat, W 5 MR EHE, B E RN 40.96 x 40 pm?. 9 1 i — B R IESE
T AR, KRR O YR Z R e A —BUN T A4 5 MRS, IR AN E
ST F IR IR AR [ (1) AR S 58 L 531 A
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SRAFHI T AR B a2 2 B F R A 04T Ja A B o0 A, e Gt Huil R
F Bustamante 55U Wk IE ) HUA BT 2 150 E i ORBL SR BD
3.4.5 YHAIESS Rh-Gly REEYIEEITE MR B A

HeLa Chelacyton gartleri) ZHff1 MCF-7 Chuman breast cancer) 4l >Ry T+ & £}
PR, FRESCEIRI A MR AT R R . dHRREE SRR RN EE 10% a4
Mm% (FBS, Hyclone) ) DMEM (Dulbecco’s modified Eagle’s medium, Gibco) , 4
TEI M EE R4 (CO:2 incubator, Thermo Scientific) HI¥EHI R AR TR, KPR
R &R 5% C02/95% 75

TEARF LR AE NG SLIG T, HeLa B3 MCF-7 4 7 51 5% £2 21 31 75 JeC 41 o 55 7 L

(Cellvis, D29-20-1.5-N) }55% 1-2 K, Jetupi4i il & Fas ] 70-90%. HEH 10
uM Rh-Gly HI35FREEXSAMEAT I, GEOrfEA 5 min; EREASES, FRBIIA
Mitotracker Deep Red (BN 0.1 pMD , BB (A58 2 min. 7ESERHE)E, fiH
PBS Vel =k, BRI FRENHEE R DMEM (10% FBS) .

TEAR TP 7 P8 585 4, HeLa 843 MCF-7 4 M 1050 4% 7% 2 T vl i se 3 1
IR 12 K, (EGLORTAni & B H] 70-90%.

TES R 0 G S2ie . R AA 10 uM Rh-Gly I3 FREEXS 40 (HeLa 803
MCF-7) #7440, If BAGN Pk B AT @A B 7 R . Gt AR A FH A 5
FRHEREH 10%M64- 75 G 4. DMEM (Macgene)

TE 90 M0 k% 4158 A 8 o PE G SE 00, HeLa 40 B 32 850 A1) F I8 52 4k % 4% i 71

(Lipofectamine™ 3000) ¥ 4% H2B-Halo Jiifi. fEFYL 24 h J5, XLt 2@k A
bo dRBEFE 120, frdifilE NGRS, A 10 pM Rh-Gly-Halo 55 7 BE 34T 40 g e (1,
Pt K 2 he Jetagi )G, A PBS ¥EH =k, BRERI D RAMCHIBEE Ikl F5
BOFT ) DMEM 172 555597 30 min, FEE BIRELFRNIR, SATRERIBR 230F 55 1 4k
BUGHT, S 10%06 4 MG TG 4. DMEM #5574 .

TEA MR UZR S50, HeLa 20 42 HE SRR Fi A 1) 77 v OV AT [ 8 A HTAA AR 10 G
o TETACEE | [ g A R RS =5, T 1:100 #RE ) 5T o-tubulin —$T (Beyotime,
AF0001) £ 4°C FAicAiE 12he Fridsenim, 8/ PBST (PBS 517 0.1%HMiR-20) ¥t
A=K, BREFEBPUERERA. LSRR T (Bioss, bs-0295G; FERETARC
A Rh-Gly-NCS) 7 4°C Fhicdiffl 1.5 h, RArcH —PithidEid PBST ¥eik =k %
BUEA Bt PBS,  ARIAAFATESM R ARG 5275 o
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3.4.6 Rh-Gly 5 Mitochondrial deep red FUR & £ BREETR S pR 1%
LI AR P 4% /2 Olympus FV-1000 FE58A2 B 1% . f i 385 330-385nm
B BLRIRITGE AN Rh-Gly HIBGEE (2.4 mW, ¥4k 5s) o dEfpigd, Wit
(559nm, Rh-Gly; 635nm, Mitochondrial deepred) AR5 HE B #E b, J8F G 3 o e
L TR R N . A% 1S Sl i — m) 43 8% DM 405/488/559/635 4y bRk ot, ik
— il A 8 SDM 640 70 HR B KA KA 4 . AR IR 2O B S K
I I AR AT S GRS, B BRI Rh-Gly ROG1E S H52KA 575-620
nm; M KE K K Mitochondrial deep red %% Y618 5 (32 I K 655-755 nm. $RAFH3L
S8 AL SAG IR 7E 1) 38 7 S (it ) R B SR o AT
3.4.7 Rh-Gly MEEMINEEITE YR BIEE LB 5 WK &

BT AL 7 G RAE 3.4.2 TIRR I AN R 2O R EE By, MBI
AR EARE (inclined illumination) UOTM1621, ZE 348 73 3 AR AT, S0 O IR S 9
Nl — ik 5 2 IS A

TEVEAI R A% o, B FFEE) 375 nm Ot (=2 W/em?) 5 32 nm #0t (=2
kW/em?) HEUFIRTG Rh-Gly BOGBERRE SRS, 72 10 s NIk KZ~2000 i R .
WA AR R RSN 104 nm.

TETE AN 4n Mo % 20 5 1 H2B g b, Seilid 532 nm WOBE A0 C& 4TI
PEE 71 Rh-Gly. 8 5# BAGEHE Fd s R FE RS 375 nm B0 (<2 W/em?) FlI 532
nm B0 (~2kW/em®) BRGFTF58H, I0xER N 33 Hz, AL RKA ~5000 M. d3x
HAEHRENME R RSN 160 nm.

1E [ 2 4N AR . 532 nm 0t (<2 kW/em?) FRFEFFES RIS IR . 7
RGP AT B, 375 nm UG (<110 W/em?) S8 i A A i il ik Bom AL 5 5
IE B TE ST i . FERUEIIGE ], TH%E 375 nm 305 6 27218 0 g p X DL A
KALIIEE Rh-Gly, SR H 55 . LA 20ms HIBEE R ANEE KL~ 15000 i &15 .
0 P RME R RSN 160 nm.

3.4.8 Rh-Gly FEAYITHEENTE YR E L BB 59 IR BIR AL T8

73 AR S 7 il il Imaged BPF8R) ThunderStorm 4058 A 856 AR
G EUGFEAT /N (el 3, REE: 2>, SERUFES IR 115 5 IEIE 24
XA A5 5 1) PSF, D4k ek B AR 70 T A E B, i B /)
TR BN S SR E AL o TR AR, 8 S s 2 R I E AL B
B0 A AR EE . BT SRAS I A Bl I — NS I A S R B el Y, R Ry
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ST, f#H Average shifted histograms /5% (KFPAiF%: 2) WA I E M k2
BRI b, T ERRAREUR, 8 5 A AR T R AR B TR 55y 10.4%,
MEZE RSN 10 nm; 16 T HAR B R, A B BIROR 20N 8%, BAME R RS A 20
nm. ENLEHE AL HE AR BB Thompson /72 1.1 58 X TR 2R RLAARFE 73 HF ik
B, Nyquist 73 HF5 2 N> 16 XIPFIE TH RIS, 1288 1s I R BT A7
E B AR I TR G N R AR (I 3RAT 73 HE 3 o AN [F] X003 2 1 G v J7 22 AR A (1) 2% iy J8
TNTE 2 I 2 HE R BE S TR A4 A B (& 3.10 1 52) FhR o AESZIH 3R 5243 4T (Fourier ring
correlation (FRC) analysis) A& 18 id SCHRU! MR AL Matlab 4GS 58 B o

3.5 ZER51018

3.5.1 Rh-Gly 1 Rh-MGly BYFEHGEM BN 2

a b 0.03 1 Cc
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< ,ﬂ << 1 x10° <
oz ML os] A \ 300 350 400
: \“7x “ | L % oy,
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0 t—v \ e 0 ;..,-——..3— o P —_ ol - ———,
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3.3 Rh-Gly 7E M EFAIE R H R BOGE . (a) Rh-Gly Al Re-MGly ZEH M (8F
30% I, WKEEN 20 uMD HEIIROEEE, BN 300-425 nm FEEHIBOROERE . (b)
Rh-Gly 1 Rh-MGly £ PBS ¥ FIRISCEHE RN 3 uMD , 3R R T 300-425 nm

(D PLK 500-600 nm (1D EEAIBUR I, (¢) Rh-Gly 7E[EIFH PVA A Y ik

FIMRISOERE , 4RSS T 300-425 nm ¥ B OGS
Figure 3.3 Absorption spectra of Rh-Gly in solution and solid film. (a) The absorption spectra
of Rh-Gly and Rh-MGly in glycerol solution (contained 30% methanol, dye concentration: 20
uM). Inset shows the magnified spectra from 300 to 425 nm. (b) The absorption spectra of
Rh-Gly and Rh-MGly in PBS solution (dye concentration: 3 uM). Inset shows the magnified
spectra from 300 to 425 nm (I) and 500 to 600 nm (II), respectively. (c) The absorption
spectrum of Rh-Gly in solid PV A film. Inset shows the magnified spectrum from 300 to 425
nm.
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3.3 J&7~ 7 Rh-Gly 1 Rh-MGly IR OGE . Rh-Gly 1 Rh-MGly KR YO 15
A AR 350 nm M, AT L PALM A% SZI6 18 57 S 4 a0 400,

Rh-Gly TEVBAER 35 7R T RIFBDCBUEFE (B 3.4) o R RIBEE X
FER G AR T B R SE . KB 1 Rh-Gly 2> FEH M (&
30%H ) AT IR AR ETHPIRES: S8, TELAMIRGE S, B E IR g4
e (B 3.4a #HED , [FBREREE BE R 585 nm 19 FHEHARAEZ R0 ek (&
3.4a) o 1RGN B P TRE N IV i 45 R FE DGO I A T R B B IR M K
5 . Rh-Gly FIYCEERTE B T 6.1 5158 61458, 1 Rh-MGly 7EMH R4 T
B B R OGR S 5R. Ak, PR UREREIAH PVA SR B BeE i
JEIL AL Z F . Wk 3.4b FizR, 7E 375 nm 85}, Rh-Gly 7E PVA JIE (1n=570
nm) bFREILH 7 GG, TR T, Rh-MGly B3GR E R A 3.5 5. Bk
4t R Rh-Gly B b Rh-MGly 5 47 [1) 6305 g

a b
150 — Rh-MGly Ac - - Rh-MGly 2000 — Rh-MGly Ac - - Rh-MGly
— Rh-Gly Ac - - Rh-Gly — Rh-Gly Ac - - Rh-Gly
. 1500 /_." -\\\
100 / \
2 { 2 i b
2 / 2 1000 /
g / g / X
- s01 | - o N
500 —
- ,/’/ H‘““‘«.‘_
g Las) et o e A —T=T==
0 I o
550 600 650 700 750 520 550 580 610 640

Wavelength (nm) Wavelength (nm)
3.4 HRRD P K BRI S HOE AT R Y6IE T 7E . (a) Rh-Gly Al Rh-
MGly (5x107 M) KIH (TGRS 30%HED WRAESRINDE (Ac AARBIE G, A=
365nm) FIfEHIRSHOGIERL. W D (@ P XEFBOOEEE;  Ch
i) 5x10* M Rh-Gly B H M (FFeiRE 30% HEE) A S A G AT R B s
(b) Rh-Gly 1 Rh-MGly 731 f) PVA &V IRAE 5 4G IR AT 5 1 A is 221k .
Figure 3.4 Spectral study of Rh-Gly and Rh-MGly before and after photoactivation. (a)
Emission spectral changes of Rh-Gly and Rh-MGly (51077 M) in glycerol (containing 30%
CH30H, mixed well) before and after UV irradiation (Ac stands for after activation, Auw= 365
nm). Inset: (left) magnified spectrum of the boxed region in (a) and (right) photographs of Rh-
Gly solutions (5%10™* M) in glycerol (containing 30% CH3OH, mixed well) before and after
UV irradiation. (b) Emission spectral changes of Rh-Gly and Rh-MGly in thin PVA film
before and after UV irradiation.
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N T I8AIE Rh-Gly I 2B, K Rh-Gly 080T FEAH PVA A 3T 768
ERRA T . ESCER T, Rh-Gly RV 532 nm BOE (~2kW/em?) UK, [A
I JE A )48 375 nm SR SMBUE G IR . Wi 3.5a R, SR —IRBERAMRIGE S, BT
T BSCER P 25 1 2 S AR ARG T 28] 0 S P 3R T 22 6.0 < 107 £E K770 1
AT, Rh-Gly TG IEAEE T 46 K, FFEHL 10 min. & 3.5b /R T EANEIR ZI¥4
TEHTE SRR B . FEBEOE AT &2 23R40 RO 15 T 2 T B T H i IF - (&
3.6a) o £ FATR, Rh-Gly Bl T B2 nfBOE FIRHIE, 1XF B 6326 Rh-Gly BI2RE &7
R 1 9 IO S AT U 6 AR UL

a 532 nm Laser [l 375 nm Laser

S NN
800

600

400 -

Events number

200

0 100 200 300 400 500 600
Time (s)

&l 3.5 Rh-Gly HGHEEE LR . (a) 2 BIEHFESIN 375 nm BOGHFFEERE B 532
nm FOLFKM T, Rh-Gly HH0EFARER AR 381 . $hEIZ7R T 0-100 s HITBCRHIZL
(b) XNT (a) KD By brikmt 2R e B 2Ot g Bl FRR: 5 pm.
Figure 3.5 Photoactivation experiment of Rh-Gly. (a) Time trace of numbers of activation
events of Rh-Gly upon periodically controlled 375 nm laser and continuous irradiation of 532
nm laser. Inset demonstrates the magnified plot from 0 to 100 s. (b) Time course fluorescence
images corresponding to the moments indicated by Roman numerals in (a). Scale bar: 5 pm.
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3.5.2 Rh-Gly 1 Rh-MGly &Y pKa il &

AL PTGk (1 AT 0 B R T DAE € A LR 2 AR SR R
D RAE T, HEMF T BT ST il R B n] ey R SR M R K R S T
OLTOLISHION, I 3.6a FEzs 1 2T WIUR N LM% 1) o7 1 SR IR T AP i R (14 45 4
A, ZARERA SIS RRHE, AT IR 7RI [ BB T IF A 11
WA IR, Z R BT ERIE, ARSI N T T Bk UL, A ] 52 el
W FAE TIPSR, MRARI > T T RS . BIL, W2 PR BT Z 1) pKa 45
HfE 6 LR, %ﬁf$ﬁHfT@%¥ﬁ¥%ﬁ%%ww,i%@%ﬁ?%%%?ﬁ%
TSRS, IR R 7 B SR ER B  H TR S5 S

rN [ (o] Nw
a5y
(0]
spirolactam zwitterion
b 300 2 oH c 1] o — Rh-MGly
~ 3.87 — Rh-Gly
/ \\ £ 08 N
a \
200 A 5
B L \ Rh-Gly
] & Sos \ | see007
s 3 \
= = 0.4 | BrMGly
\ £ 4.8020.06
o
Z 02
0 o
4 6 8 10
Wavelength (nm) pH

3.6 JiEF I Rh-Gly 5 Rh-MGly FHEIA ORIl (a) B PHEME N G P L (1)
BENLE P . (b)) Rh-Gly fEREE/K (viv=3:7) KR EE pH B A5 1S .
(¢) Rh-MGly 1 Rh-Gly 7E FEE//K (viv=3:7) IR R HBE pH 28k 5 55 B AL 45 1 AR
1.

Figure 3.6 Protonation-induced spirocyclization equilibrium of Rh-Gly and Rh-MGly. (a)
Spontaneous spirocyclization equilibrium of rhodamine spirolactam. (b) Emission spectral
changes of Rh-Gly vs pH in C2HsOH/H20 (v:v=3:7). (c) Integrated emission intensity vs pH
of both Rh-MGly and Rh-Gly in C2HsOH/H20 (v:v=3:7).

K 3.6b I~ T AE T E AR T, Rh-Gly HI78 6 R G 1EAR AL . 243645 pH M 10.45

BITFEARE] 3.87 I, JekRHEIL 1 R Z5ETHIFIC RS (186 f5) o £ PEMETH (K 3.6b
FARERIRTZD , FORMBR R ARSI FOIC RS, Son eIk T, AR Gerl o)
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TREF M IR . X — S AT L A 3.3b 1 Rh-Gly 7E PBS ¥ H W2 B 1 55 7]
DG XSRS o PRI A 2 P B R P IS5 TV e £ rh MR PR rp R B2 () BEATL T 2RO, Rh-Gly 1%
BRI ) pKa TRIE T 48K EB 73 9 G A 731 4b T Te 9 6 R S BEIRES , D iBs Y
7 UG T B0 15 5 S I AT REE

F—I71H, pKa FEAELAN I BB T 73 N TR P E 2 P B0 A I IV b ) 0 G 12 2 1
ZERIECM . Wik 3.6¢ FT7~, Rh-Gly [ pKa 2 5.86, KZJEE Rh-MGly =—4> pH #.47,
XA R UL Rh-Gly #4520 1 B RS Z IR MELE Rh-MGly 55, RN FhR 55
R ME 5 SKIUESE Rh-Gly ¥#e At s F el “ AraE” gt (B 310 1
€, 1M Rh-MGly WA FRMAREEH . X Fise fE e K& 1 15 ar, Fn sk
A ] 3.4 vh Rh-Gly B8R OGBS 20K
353 Rh-Gly B5F ZASEENEFNE 2 WA IR BE D IFMN

AL AE Sy FIKF EWFFE T Rh-Gly. Rh-Pht (£589 WL 3.1a) #1 Rh-MGly %
AT N ERTIH, FrfA JRRE I 2 80E PVA A, By 115
SRAEES, FEREFIET, AR RGRE IR D P BRI 7 1 S . X8
BT} WME P I 0 i R 6 B 4047 T LA Bustamante $8 H OBCEARRIDSOR SR, 7Y
YUFTVE LR Bo OB AT ARG, MHESHH B RA MERFSEUR SR T,
PGS SRS BE KAEE A BT EIRREA, S8 pE = n DLE ) Py A4~
By OO BRFE FE o A ER A5 3545, RIUAMRHES U AR (on) , &
WICR ISR Ctaan) > FOBHSOE J5 N BRIREL (nvtinks) FEEE IS 1] Cfbleach) o
X T2 P B R A I i ekt FLRE S B A A e A B AR SRR Y (ke e,
TR ERIEEINE (ake 1t + (1 — )k e *r2t) o EOR FAFEHO AR T M ] FAL
ZAH D, B P IIR N R AUk BRI R G R, AREHEREZS X
Lo YUkl ¥ ) [R] 0 A (R?<0.70, Rh-Gly A1 Rh-MGly; R>=0.81, Rh-Pht) . 1fi#&+
B SRR E A A 45 J T DAER 25 i B 0 A B (R2 > 0.90) , BRI T-FrE i %
FHEFHE P I MV frig A S B e A8 e B A T X SRR AL
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K 3.7 B2 PF BRI 0 frg B0 o 1 o S BRI S AT . ARG B SRR EL

BRI R PRI VLIC AT (fon) 2341 s XU E SRFEH R E R AT HIULIAC 1 RS A Cdanc)

A U A REFRIHLE T INBRIREL (nvlink, ©) 5 % BRBLEISRIG Bl 71 2S00 1)
EENT] (toleach) 73 ATVLACSEL ) L H W (G FERE: 2s)

Figure 3.7 Fittings and predictions for four single-molecule parameters in characterization
experiments of seven comparing rhodamine spirolactams. From left to right column: on time
(ton) distributions fit well to a single-exponential function; dark time (Zdark) distributions match
a double-exponential fitting; the numbers of blinks (nblink) are in good accordance with a
geometric distribution; the theoretically estimated bleach time (tbleach) distributions; the

dashed red line) from the model are in well aggreement with the experimental data (bin width:
2s).

WK 3.7 fis, BRRAY REFIULAD 7 SBe s (R2 > 0.90) o IXEEIRAG (1 5000 45
FIOVEFARR SR HH &35 00 A% e (AR Y 25 AR %0 P WA N It WP i IR G B AT . i 3.8
7, P B P 15k SV e PR 0 e R 0 5 9 % A S B A I (o T KD 18812 R
1A A H (k) KR T 8IS S AM GG SRAT R BT T E S 454 (AD , H
H AL — AT I 5 5 T AT AR 4 (k) DUDKE R T30 555 A0 B0 B
H RN I RS R TIPS T 450 (A2) o 4R, — BRI BES G
D), EWMIRE (AL A2 Bk X 7y 1, BROREATRER 1 AH R TF R M 5 - 25
FIFERS o RGN —/NBUR A IS B R], IR Se P 587 B LR ko F5 40 2 SR IS 25
B DL ko RFHEE o S T AR 1) b S0 FR AN [ (1 251 P R pAy I ST e 119 ' 00 4t 1
i, A RGBT B AT T 5 IR TSR, HAEREBEER 3.1 s BN
SER R — B R, R A B R DA KR bR i — 2H 4 TR 1 45 2R
NEUEREAT

RN TR A BEE R R 2, PRSI (B ) BT LA e A i ME 2 40 A (
3.7 M —FED KTFE 2.53 iH5HEHFE . Rh-Gly JEILEK A FrEEm} (At ,, = 68.5
ms, WEKTHIMEFELY) (Rh-MGly, 37.7 ms; Rh-Pht, 29.9 ms) . Rh-Gly ZEK
(A RIS [RESE 7 H A T B TSR E Y, 5 3.5.1 THEARLE /i g R
—8. RN AR (Rl R 2 A Cka + ko) HIRIECRTS, SEASFRE A1)
G0 AT DA — 25 I = 55 PE B R A I T g ) Dl A o R Ar Al @R . X Rh-Gly, ¥
WSS RARE T A D R EE R TR TR ERE, RIS RIRES
B R kg = 12.7 571, MIXTENE: Wi%F T Rh-MGly A1 Rh-Pht, ¥0E SHE A E T 15
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SEM T TR BAR I 707 B PVA 27 ERREER 70 TR 1%, BimHEs
BRI S R A R (Rh-MGly, ka=23.8s'; Rh-Pht, ka=29.9s") . Rh-Gly [{J
KN FE A F R TR MRS . 4L, Rh-Gly BIHEEEEAER (b =19
sV, CREHIEE 7 A T R RS E N . AT EATIE H I b (<45,
FEA IZRA) SR I B AR )RS BB S E R ke (125D, FIE AR B S8
I AR XS TR A AR AR R R K. B, TR TERRE T RE
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Figure 3.8 Proposed mechanism explains the blink behavior of rhodamine spirolactam.

BT CE T A B S A B A KA I T IR RN . W1k 3.1 s, Rh-Gly &
T R T2E O T RFEZE: 3.57x10* Y67 /s) , HEHAXT SR & 25 4
5% (Rh-Pht, 2.44x10* J6F/s; Rh-MGly, 2.85 x 10*photons/s) . Rh-Gly HJ .53
B 5 A I TR S B AR 50 B3 s i, P10 1T WSS IR T RIFS E (R . [l
By T FE R IG R A SR AN Al IE K, Rh-Gly B850 115 5t I o = 145 et

(5.48) o JiAh—T71H, SEA AR LI [ A8 5 (1) 061 A Sl 3 0 1 Gk e B iR
SEAS ISR R IOR HICE o X B TRUR CE BN K T Gk B G A I AR AR F Y
AIRETE, DR R I s A e e 8 (IR KEL, Rh-Pht, 9.3; Rh-MGly,
9.8) HEL, Rh-Gly Z7n /D i #kgy (7.7, £3.2) o REMW, ZERLR
B BUE VIR T SHGE S5 RAH ELAL, i 25 1 45 SR AE AR I s R I A AE 564 T 58
RO AR Rh-Gly I B BRI, & B GR e R 2 e mii), 5
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EHIZY) CRUEEE 7% Rh-Pht, 1.47 x 10*; Rh-MGly, 2.57 x 10*) #itt, Rh-Gly K
B TEE BE NIRRT (432x10%) o XFIE SRS AN TR 2B K 1 R R — 2, SRR
7 3.1 AP P TR P Bt S R B SR AE SR

Table 3.1 Single-molecule characterization experiment of seven rhodamine spirolactams.

_ . _ S Bt
e ton ka ko kit kia tdark td_ark x10* SNR B(x
ekt ms) (s -1 1) 1) () /ton 7‘(115%/5) ﬁ%)%)(

694 125 19 15 141 021 049 7.1 3.70 5.64 4.48
685 127 19 17 143 027 040 59 3.57 5.48 4.32
Rh-Gly 535 163 24 1.6 155 031 037 6.9 3.57 5.51 3.85
73.0 120 1.7 1.8 150 022 041 5.6 3.84 5.78 5.06
62.1 141 20 1.6 145 024 044 7.0 3.70 5.65 4.79

671 125 24 13 129 026 0.51 7.6 3.34 5.14 3.77
658 132 20 15 144 028 043 6.5 3.36 5.41 4.16
Rh-Asp 667 130 2.0 1.7 143 032 0.36 5.3 3.81 5.70 4.41
592 147 22 1.5 132 030 043 73 3.24 5.10 3.75
80.6 107 17 21 154 024 035 43 3.82 5.68 5.27

578 154 19 14 126 027 048 8.3 3.50 5.39 4.38
633 139 19 16 139 026 043 6.8 3.55 5.41 5.12
Rh-Ser 49.0 182 22 14 123 034 038 7.8 3.21 5.04 3.63
699 125 1.8 1.5 141 024 047 6.7 3.48 5.35 5.00
552 162 19 14 132 031 045 8.1 3.35 5.18 4.21

328 263 42 14 13.0 039 032 9.8 2.43 4.15 1.42
302 298 33 1.8 163 046 0.13 44 2.56 4.28 1.64
Rh-Pht = 299 299 36 17 156 047 0.12 4.1 2.44 4.30 1.47
295 300 39 16 161 048 0.11 3.8 2.57 4.30 1.55
331 274 28 1.6 151 045 0.17 5.0 2.49 4.17 1.74

380 243 20 14 124 039 0.30 7.9 2.74 4.47 2.53
455 197 23 14 132 037 034 7.4 2.78 4.48 2.57

D/ligiy 372 243 26 15 134 040 0.28 7.6 2.97 4.74 2.45
377 238 27 14 129 036 0.36 9.5 2.85 4.59 2.57

362 250 26 1.6 144 038 0.29 8.0 3.30 5.09 2.66

46.1 195 2.2 1.3 11.6 036 038 8.3 2.56 4.20 2.85

Rh- 413 21.7 25 1.6 141 037 0.29 7.1 2.82 4.51 2.57
dMAsp 379 245 19 15 132 041 0.26 7.0 2.84 4.57 2.88
400 230 20 14 124 037 034 8.6 2.80 4.57 2.82

345 263 2.7 1.6 139 043 0.21 6.2 2.62 4.37 2.11

364 245 3.0 14 126 039 030 8.3 2.59 4.35 1.84

Rh- 36.1 248 29 15 128 038 0.31 8.5 2.50 4.22 1.83
MSer 365 246 28 1.6 138 042 023 6.3 2.62 4.35 1.90
341 266 2.7 1.6 134 044 0.21 6.0 245 4.14 1.74

347 263 25 1.6 140 042 0.23 6.6 2.33 4.06 1.75
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T NEEN R RS E N .. HEERE, By 55— PRt
TEMHETE . FER T, Rh-Gly BIE AN 22.1 (£3.2) , HLERZEM
) (Rh-Pht, 26.1; Rh-Pht, 24.6) @A RHENKEM. 28 ERTIR, HTHA BT R
FR2EL, Rh-Gly 550 TR T NI T 567 5 70 7 WSS R AL, {731 Fh g
KL EA 8 ALY 5 FE R 1 77

K 3.2 BT UG A BV i 1 50 1 B R TR TAERIREL. T SR R A LA
Table 3.2 Comparison of photons per single molecule per frame, numbers of switching cycles
and localization uncertainties of investigated rhodamine spirolactams.

LS U N HRICER

g Sy R
Jukl A T % A tinks 7€ HLAE FE (nm)
Rh-Gly 357 7.7 22.1
Rh-Asp 334 6.2 22.6
Rh-Ser 355 8.3 22.0
Rh-Pht 244 9.3 26.1
Rh-MGly 285 9.8 24.6
Rh-dMAsp 282 9.7 26.2
Rh-MSer 262 9.8 26.2

N T B BB M B IE RN A I () I K 2 [ B OGRS 9 1E [RIAE I A 4
TG ELEE T DU AP PR R MR P R E 2R 014 Rh-Asp. Rh-Ser. Rh-dMAsp 1 Rh-MSer.
AR T ATHARIE I FP S, DUAD Gkl 3 AW 2 — 42 LA TR 25 (A1 1 25 P B 3 5k IV e
AP EL SRR . 15k 3.1 Fral, AHEECT W RS (Rh-dMASsp, &, = 41.3
ms; Rh-MSer, &o, =36.5 ms) , FPHEHE PN IBETIZ 1A RFLLN A2 2 18K (Rh-Asp,
fon = 67.1 ms; Rh-Ser, f,, = 63.3 ms) . XEEEIRULSE | 70 F W T X T 5
W PR P I 1) A 1 8 T S5 R RS EAE FH o 5 4h, Rh-Asp 1 Rh-Ser 5 Rh-Gly F5E A [H]
e, XU ISR SR K MR T A A MR & e A RREEIT (B . S4h— D71, sk
3.1 5, X LR R PN IRV G e R I 2 G BRI 12 (Rh-Asp, 3.34 % 10%
F/s; Rh-Ser, 3.55x10* Ja/s) , TARATIIERAL AP 5557 FE M AR 555 (Rh-
dMAsp, 2.82 x 10* JF/s; Rh-MSer, 2.62 x 10* Yo 1/s) o XS HdEitt— B iEse
T FNEBEMFRE RN . AN, X PhERE RN B 1 BRI 2 P B A I IV Jiig H:
BB, BAER SRR T 558 (Rh-Asp, 5.14; Rh-Ser, 5.41 vs
Rh-dMAsp, 4.51; Rh-MSer, 4.35) . 386 H AT WG T2 (Rh-Asp, 3.77 x 10*;
Rh-Ser, 5.12 x 10* vs Rh-dMAsp, 2.57 x 10*; Rh-MSer, 1.90 x 10*) Fl5g Ak 1) 5 74

(Rh-Asp, 22.6; Rh-Ser, 22.0 vs Rh-dMAsp, 26.2 ; Rh-MSer, 26.2) . £ ik, H
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TR AUTHRIA R FR FET Y M B 1A I I [ AR e S, R AP P BH R pA Tk TV fie & 5 o fe L
JER R A FR LT [B] LA R 38 3 K B0 Tk E 5 .

SUTHRIR 3R J [F] I 0 I S B IR RS R 72 A T 5 md . sk 3.1 g, B4R
FIT A S %0 PF B A5 P Tt 0 fie o AL R I AL R B 2R (ki = 1.3 -2.1 87" fll ke =11.6-16.1
s, AHRENRSERENHEHEREEN S (o BER W G 1 - o 2EF
ko B0 EED IR VBRI ) o B M5 PR T IV Jig Y /s B o A ) T4k e 46 (D %)
A2, K 3.8; Rh-Gly. Rh-Asp. Rh-Ser, 1-a>0.68) , MZMLIYHIAIELHI (L (Rh-
Pht. Rh-MGly. Rh-dMAsp. Rh-MSer: 1-a<0.64) . XFHIH5RMHR 7B LA
G501 05 RO T TR B G 5 A48, BRI RN T35 1 P R e 1 L e 8 i Tk T i
5K, RTINS AR T A fe e MRS Ak, filln PVA 77 EREREE. 7ERT
AYE, Rh-Pht s HBARHI B FACFE LR (1 -0 <0.61) , BRONARAR — HIIREL
i 72 (A5 BEL RIS A1) T 43 ) () o 7 i f i 72

PR AL 50 P BH R P TR V. fie 1) S A S22 B [ 50 A AR A s DA R 1 5 o AR i
EHRS T B R SCE I RTIR T, K YRR AR, AT BE 2 PR Gk~ T
BRE> TR L, BRSNS IE (kg + kp) /Ky = Eqari/Ton) o 1EAZWNFE 3.1 Fr4,
Rh-Gly. Rh-Asp Fll Rh-Ser [ NURFFIE 5 H e B P UTIE P) I W fc l my 46 iz, &
S B P 45 B SRR B R ) T MRS AR E ase [ Eon b T 4-9 Z 18] FRAE B PF HITHE N 5k V. iz
JEK LA K IR R e B 5 SRR, RO BT I B e s K
MEAS RIS A] (3 3.1, Equucdl) o BRI, 497 PO BRI S5 MR VAT BRI 36 26 s fé A 40
i, IF HAEK A RRER I (AR 3 S AN o T e LB, S m R e A 2 B, R T6i
T € R A U -

R ERTIR, BRE D P BRI e B A AR T (B TR B T, X SR B L
XF EE K ) e A R R 1) LA AR 5 B B0 T B TR e 1, HE &
FEAR TS B 0E i AL 7 HR AR TS T
3.5.4 Rh-Gly & HEMMERIF SR EMB D PG

7ENFH Rh-Gly TG giHaa 3 3G AT, SHZGRHEAR 40 R i A 3ET 1 i
F. LHIMDEBEIE G, 7E HeLa 1 MCF-7 4iifi4, Rh-Gly (56155 JEoR T Rkt 9
WAEMFEE. W& 3.9a f1 b WMESME TR, EHFFLES, Rh-Gly MREESS
Mitotracker Deep Red (P i fb & RiAbRiRY)) I T RIGFMEEYE. Kl 3.9a Fl1 b 58 SE
1) 22 3 At 5 LR R R ) [R]85 FEA 5 A ATRHIE, X UER] 7 PR Rl (5 5
FIF I . thah, 7ERTE S0 (Bt C Fik— 0 R Tk A 3t e Ao Hr SEB6 58 2 1AL T
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s . GetOAHRYER € B R A R B, M GLRL G B A BUE ) Pearson FHOK R 3L
(Pearson’s coefficients) : 0.86+0.07 (MCF-7 4iffd, n=52) A1 0.83+0.06 (HeLa 4f}d,
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3.9 Rh-Gly 7£ HeLa Ml MCF-7 408 R AL @A o br. FERFH D, AR
i BAMGHEGEE Rh-Gly FIFLREZOCHUEE, F O AL H; Mitotracker Deep Red
(Mitotracker) HIFLERETICRAAE], HEOAKE: MKIOCHBERSME: TEE

I B 2R E X I IS OE B G R 2L . AR 25 pm.
Figure 3.9 Two-color colocalization analysis of Rh-Gly in HeLa (panel a) and MCF-7 (panel
b) cell lines. In each panel, from left to right: confocal fluorescence image of Rh-Gly after UV
irradiation, colored in red; confocal fluorescence image of Mitotracker Deep Red

(Mitotracker), colored in blue; merged image of two fluorescent images; intensity profiles
from two fluorophores along the yellow line marked in the merged image. Scale bar: 25 um.

Rh-Gly 7EZ R0 b 1) SR T e 5 5 T B ME PN BRIV & &5 440 1) 1l (T S f P18,
K 3.6a) FSE. ERMERIEIL BT (pH=7.2) U8], Rh-Gly 7> T-#20 ii T1bAb T
A IE A P PE S FARAS s IX 040 IE H g 2 B e Ak PN I A B E Ap OV BT 51, A
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MR RN LRAR T . — B e NekifR, SbifR P i E IR TR BE1 56 e A1 T [0 36 £
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P 3.10 Rh-Gly YA [1)7E HeLa ?Hﬂﬂ’@ <éﬂ a) Fl MCF-7 408 (41 b) HILRRifAREX
HE AR . AR AT eh, Tt e 10 R RO R X S ) 98 7 2O AR B s T A
12211 2 AE AR R B 2% A R USIMIO2I AN ~2000 JELEMT (10 s SREERTH])D EUEE IR 1)
R R DX OGRS € AR, s kAnE 7 B s e A R XIS, T s i Sk 4R
N TAREALE B X3 B IR AT, ML B TR E T 2L
FEEER BT Bl: Nyquist 70 HF 3 I A EREZ > A R (L 2% JR S 1 AEDG IR0 &€ 1 2 &
Hi>16 M XK PR 2D o AR 2 pm.

Figure 3.10 Super-resolution imaging of mitochondria-enriched regions in live HeLa (panel a)
and MCF-7 (panel b) cells stained with Rh-Gly. Inside each panel, the top left image is a
wide-field fluorescence image of the region of interest and the right image is a PALM image
of the same region reconstructed from ~2000 consecutive frames (10 s total duration) under
inclined illumination'®'162]; yellow arrows mark the regions with high localization density,
whereas green arrows indicate domains with low localization density; bottom row, from left
to right: histogram of single molecule brightness, histogram of localization precisions and

time trace analysis of Nyquist resolutions (orange color band shows the standard deviations of
the resolutions estimated from >16 domains during the PALM imaging). Scale bars: 2 pm.
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3.10 J&7~ | Rh-Gly BG4 i ge b iR E 70 HE g . 78 532 nm BOEA 375 nm
SLANIE SRR L IR ST, RO HITE SRR X IR R I T R AT TN BRERAE . JEHAEASE
B, X EE AR E IR A RS 7R Ak TR e ), AN TR A 1 B 8 R R AR B IE
JEFII2LE205], f5 AR AT RESAMHI AN ATP (A G FEN 70, B ARSI 5 A A% 7
BLEANEOE S, ABLE SIS R IO R RS (~2 W/em?) , F HLE 5 1) R AG B Ta]
HB A SR (W A AR A . SRR B 2R KA 5 35 0 S BIRT L, SO A U B T
LRRATE SN RFAE (B 3.10a 1 b) o A, PGS R EIR T 2R 15
PEo RN Z FHEME P I 0 i 1 R 5 5 P 3R 35 F0 Rh-Gly 75 TG e K FRES, 18
JRF I PR 1 X 4, RS e A A o g . R, R B R e A
FE S T 2R RIAR TG . 7ER 3.10a R b H, B8 (O FT S Ay 1) v 6 FE X I LA o 5
FURI LR ARLARIPIRAE Y, 10 S 7 Sk bR v IR 36 5 X Sk i e R AR TG PR AR . v T B —2P
7~ Rh-Gly FIZRAAEE 73 HF A% RE T, B —Fhabi RESMNEEAT T 7S UG 73 HF A%
HA R IE 51 (Bsg © X B REE o UG € 25 s RmT WAH I 520 2% B
&, Rh-Gly 7R T B AE B 53 G s 2 B2 b A% 77

PR 8 BT B Y TS 2 L AR I 1 I o 7 55 A B A ] B o 45 A ) 7 A7 5
£ (p) o BALKEERR T A2 AL MRS f AR IS, g 3.10 ORumiT 26 5k D i
B 52 s, Rh-Gly fEZRRLAR SUE K-35 5@ A0S BEDN 25 nm, 0T R HSF3) B0 5
FE9 400-800 Yo7/ (431D o S—TJ51H, AL EEPIE T E A AR B RAE (R R o
FRHE Nyquist-Shannon ArfER 7, o T BEAR S5 74 (1) B BB RAE (R A7 [ R 242007
TG HEER 0 — . R, 4B R85 T Nyquist bR 153 5 26 (Nyquist 73985
AT AR R OTHE 3.1 i

Ryyquist = 2/~/p (3.1)
T THE Y Nyquist 20 #2381 68 7 G BB A 22 [R) 0 2 . i 7 #2 3.1, BARD A
I ) () B SR, SRR A RS T UG AN R AR Nyquist 73 #8% (] 3.10 i 4
M EIFIPE 520 o B BUG BT T 3N, 3R HA R, HEAE 10s B Nyquist 43
HERIET 2 KL 50 nmo X TAE 10 s KA B SAG AT HIE L FRAH 273 #T (Fourier ring
correlation analysis, FRC analysis) (SN2 B o oAH 24 w5 ) 2 0] 4 %, Wil 3.11 B,
HeLa 4Hfiuf® (&l 3.10a) i) FRC 73##% 9 128 nm, 1l MCF-7 4Hig & (&l 3.10b)
f] FRC 23 ¥4 122 nm. ¢ EFTE, 383 Rh-Gly fI4e, F 10s N, XG4 gemi ik
IR G AT T AT 25 nm 2 4785 FE f1~50 nm Nyquist 2785
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Figure 3.11 Fourier ring correlation curve analysis!!%! of localizations in Figure 3.10a (a) and

Figure 3.10b (b). The blue line shows the decay of the correlation with spatial frequency. The

red line represents the cut-off threshold of 0.143, following the referencel!®,

IR 7 BAG AR AE 23 [N ) 7 AR B RY, 3l 5d Rh-Gly et 6ies & Ar
FRAB I BT P AR T R AT R IR . Ak 3.3 s, ARSI B R A B
Gy HE BB ) gy HE R 45 R B 10 s, W] LA 5 ORTON BB 0 AR A5 R A B R
BLHROIESLATLCHNOMIT, - B AR 2 i PRI Ak 70 9% AR T ASEEL 2 s A TRl p 3, (H
NG T R I N PR s A I B s O . R 3.3 PS5 08 5 AT 6 SR
W7 AR R BI04y 6 17 SRR 1RSSR RO, BOR 3R 4 5k
ZERG T 2 s RS TE 3R, (BRI S IR RGBS S 8] R, 1K AT g
& AT BRI [R) NSRS 0 22 (8] 3 iR 2 S8 R 1 —Fh— S B %
PHUT, XA S PR AR 2 AN WORE R AV ARV PE R — AR, RS THURUR
Mai K. 2y Rh-Gly Jeti i) e AT m 3ot e s AN ZAE M EA MG AR IR
INFH, - Fr Az Rl R % B 3 4 0 A R g

T 2 ML A 0 9% BAR (4 R ) 1) 23 B2 Rh-Gly 5288 R 25 R . 225
I AR AE K BL e Rh-Gly P 1 B 73S AR 8 ROBAE N 17Ot 7R SR, a8l 7 755
JE (R 3.2) o EEMIRTHE S 1 S CE AL R TR, (R I S A I T (S mT AR JE SRR
G X R ) 22 UOE AL, SRy K T AR e A K, 3 S0P 4 R A I ) P SRAS
sl HER o PRI, Rh-Gly F5E 2SI TR)SE A FE) P R AR5 PR3 A5 2 RE BN G 0 <€ ALk
BRI ZRLAR 1) RUFAR R o ZSRHE DREF E NLR L R SR TG0 € 7 AR [ 8] 7
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R DL 1T BEAh, SEA A A R SN R B O PR A ) TR R
MR TR REE

R 3.3 IR B ) E AL 3 AR LA
Table 3.3 Comparison of single-molecule localization super-resolution imaging of

mitochondria in living cells.

1T S 117 N PRI
7 S NN o o HEL A i .
. SHYH werk e g g (ORI
(s) (nm)!  (Hz) 158 57
e NF TR _ 532:2 )
1 VN7S'S S 10 50 200 32500002
(He et al. Anal. Chem. INGFFRR - 532:2
2 2018)! ) 0 AHE 1500 5860007
(Takakura et al. Nat. NG RR - .
3 Biotechnol, 2017)1% T 2 ARIE 400  642: 4.4 -
(Gu et al. Adv. Mater. /NG FRR .. KR 561010
! 2016)15) w2 AR S dosio :
(Carlini and Manley ACS INGF R )
5 Chem. Biol, 201339 s 6-17  20-50 500  561:1-5 +
6 (Shim et al. Proc. Natl. INFFhR ) 30 503;  561: 10 N
Acad. Sci. U. S. A. 2012)P! Ly 909  405:0.003
(Appelhans et al. Nano Lett. TOMM?20- . .
7 2012)174 HaloTag 6-16 KkiE 33 561:25 -

! J83d Nyquist-Shannon Frifk il & 1) 2% (8] 3 FE 4
2375, 405. 532, 561 A1 642 53 H%F N T 375 nm Bt 405 nm 0%, 532 nm O, 561 nm EO%
642 nm Bt

3.5.5 Rh-Gly #xiC HaloTag BIRZRAERE G EE B PERK &
it HaloTag FRE5 R (A H ARMSISZIL T HeLa I 40 M 40 Mo 2% 452 13 1068 70 W kA% b
CHIFRER 4 (HaloTag & 1) 75 ZA/E Rh-Gly 437 LATAE R A KA SRR A, NI AR T
AT Rh-Gly-Halo (& 3.12a) . &BREFEARL@EENE, o] DI FRid 275400 H2B-
Halo & A E (B 3.12b #HED « 535 6EGAEL, HEE H2B 8 5 JFE A E
(B 3.12b) I BERFAM DR, HEE SRS TR 1040 J61/ (51
WD (K 3.120) , EAKEE RN 21nm (K 3.12d) . A, FL K H2B & E 0 HE g
JeoRAEMT ] 53 (Ffs ©)  HOEADREFE K 0 T e BEG v SR AE T B 54 (s © s
o BT A% 5 983 7 6 G A LG R I 2 2 T A B ER T, X e o WG A e
RLREFE K By e i, IR B4t FIESE T Rh-Gly-Halo F 452845 2% H2B & () 5 4%
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¥J; 4i: HaloTag & A L4 i%EH: Rh-Gly-Halo AR, Rh-Gly-Halo Aic =i K¢ it 11 il

(1BN6) HPIEE R8T chimera BT, (b) AEMURHIE BIR T i 4i g

Rh-Gly-Halo #5ic i) H2B-Halo fili & 2 H HOGIHUE e AL 2 HE R . 1l ELER 1 Anidd

Rh-Gly-Halo fJ#H[F] H2B-Halo il 8 H M %37 R & K. (o) B TREETH.
(d) EMAEEEITE. FR: 3 pm.

Figure 3.12 Super-resolution imaging of histones in nucleus of live HeLa cell. (a) Left:
molecular structure of Rh-Gly-Halo; Right: model of HaloTag protein covalently bounded to
Rh-Gly-Halo. Image of Rh-Gly-Halo coupled haloalkane dehalogenase (1BN6)!'7! is
designed with chimera.l'”! (b) PALM image of H2B-Halo fusion proteins labeled with Rh-
Gly-Halo in live HeLa cell under inclined illumination. Inset shows the wide-field image of
the same H2B-Halo fusion proteins labeled with Rh-Gly-Halo. (c¢) Histogram of single
molecule brightness. (d) Histogram of localization uncertainties. Scale bars: 3 um.
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3.13 [ 7€ HeLa 40P iUE B > HE R . (a) Rh-Gly-NCS 73 1454, 7EMURHE
HIAR 2C 0 B ZE FO R IC U BB 7 A% (o) AR B S8 9O UE I (o) o
TR ) — PP A a-tubulin 11 ZHTMFRILH Rh-Gly-NCS. #53H# G2 X ~15000
WS IR RS AR, VR BERRZZ M (PBS) .« (D) ENKEETTE. (o) 1E
A (b) MITEIZE (o) B ZRARVE XI5 B @ Ze 7 b, A 5 v i e gt 5 A4
FHIBHE, FHAH TR FIETERN 62 nm G 1396 nm (TEIZREED .
FrR: 3 pm.

Figure 3.13 Super-resolution imaging of microtubules in fixed HeLa cell. (a) Molecular
structure of Rh-Gly-NCS. Super-resolution image (b) and corresponding wide-field image (c)
of microtubules immunolabeled with primary antibody against a-tubulin and secondary
antibody labeled with Rh-Gly-NCS under inclined illumination. Super-resolution image was

reconstructed from ~15000 frames. The imaging media is phosphate buffer saline (PBS). (d)

Histogram of the localization precisions. (¢) The intensity profiles of microtubule filament in
super-resolution image (b) and wide-field image (c) indicated with blue lines. A single
gaussian function was fitted to the data, estimating that the full width at half maximum

(FWHM) of microtubule filament was 62 nm in the super-resolution image and 396 nm in the

wide-field image. Scale bar: 3 um.

il PBS Ze B, ANISIMEATEAN AR A I« 5 B0 56 3 B 1 (18] 3.13¢) AHEL,

7 AL B R 5L H B AR T B RS0 i iR Rh-Gly-NCS [F#.731
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Figure 3.14 Histogram of single-molecule brightness of reconstrunction image in Figure 3.13.
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42 ZFRWIKES RS FIRITREE

GEBLT TICT /A AN Az ] 2 Ta) 67 BELRT R 00N o 92D 2 2k (1 4t F ke
A TICT RS A, $RITHEN TICT & MRE2, AMHH] TICT T2 Bk, B
A7 W FEL 7 75 3 RO (R Z R AR IR R A 2 4538 AR A B TICT 2B UK RIS . dn ]
4.1 P, IR )ZEER F G0 1 R U5 RO HLRRR AL 2 L A L T RE T
IHORE = FR BB 40 N F R A IR B S PR TICT 251w e
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\ Energetical suppression

Vi

—N7 of TICT state TN—
CLC
O [olele}

wisted intramolecular
charge transfer (TICT)
So So

B 4.1 ZRALIRGE 2 P ] 7 1 i SRS

Figure 4.1 Molecular design strategy of quaternary piperazine substituted rhodamines.

43 ZFTERUWIRES ARG GE

5 i M LA FE 77 X, OB AR TT S PRI RAE T AT S M, 3.3 . A E
AR T 3.3 R R BRI RS, O3 RS A: Agilent 1100 = 8GR A /1T &
40, Rl K15 € A 290 nm; R4t B: Elite /=5 3GHAH (15 3 B 240 (FC % P230 FE%E42) ,
f# ] Venus C18 5 um (Bif4E (@ 4.6 mm, 150 mm) , MK & E N 254 nm, HAIK
JIEN 0.8/1 mL/min; Elite #4200 mB0AH GBS 25 (BC& P270 AEZESRD , {EH]
Sinochrom ODS-BP 10 um 3% (® 30 mm, 250 mm) , KA 254 nm, AR
%4 30/40 mL/min.

BINAP J2& (£) -2,2°- X0 () -1,1- B N4E S . EDCI /2 1-3-Z H s 2 P 4)-
3-C R NG ERR B4R S
43.1 F5RWIKERS FHERRY & B ER 2k

Kl 4.2 F11E 4.3 JEoR T IEARTER LT A 50 T 106 s 45 .

Kl 4.2a JEoR T ZRE AR BUAR IR &' P B B AT A Wi s 42, SEd i it A0 FR) TR 3R
2y 5 40 2R — YRR I A HH S R R AL T S SR AHR AR I 2 PR ZRAUAY) (4-1) o 1% [A]
PRTT I Pd R AL BB BB R R R RTFIRIE D FF] (Lyso-R, 4-2) , FHlEId pgfQke ke i)
T R N RS Z AR (MPR, 4-3) DL AR S Mem-R(4-4).
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/

Br Br ginap
CHSSOSH Pd(OACJZ
+
CS,C04

M SOOLIIIRG 0O O
= NaOH =
A\ 00" T

\\~COOH

e e SN

Coo~ coo~

B 4.2 ZFHALIRIGE S P I 65 i 24

Figure 4.2 Synthetic route of quaternary piperazine-substituted rhodamine.
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H “ K005 _ “ CHa_ “

4-13, DM-Naph 412 N |
4-14, P—Naph 4-15, MP-Naph
[ N/ -
N NI
e o ~ () ()
/ HN  N— N
N, —NH =N, / N CHal
O == < 0 i N oo N
T4 CH.Clz N CHCl, g Gtk "o
EtsN EtsN g 4 EtsN .
NO, NO, N N
4-17, DM-NBD 4-16, PreNBD NO, NO2
4-18, P-NBD 4-19, MP-NBD

K 4.3 ZRAIRRAURE S = FU0S EL SR & it £k
Figure 4.3 Synthetic route of quaternary piperazine-substituted fluorophores and dimethyl

amino-substituted compared fluorophores.

Bl 4.2b R T ] APIbRIC 2R AR G AR P BRI & it 2 .l 7 o A 11 1)
FH R R W S 7y 5 (1] 8 26 400 S — Y R I 70 PP S IR TR M 1k 1 S N 3R 15 R AT AR IR R 2 T
SRR, IR S B B TR AR A 4-47 B BRI B — R MK (4-PR-COOH, 4-5)
flLFR e 0t R4 4-PR-COOH ZE4% 4K,  SRAF R EBRAL 2R ALIRIE 2 JLBH (4-6),  FEK A%
BREL RO TR A3 B AP T At DI AR B AT A = AL Ik = ' P8 (4-MPR-COOH, 4-
D .

Kl 4.2¢ J@oR T XA G B AR iE ThRE I DU H 62 P& O V. R
FEATAEM DY LT FHA 2 RE (TMR-COOH, 4-8) ik, 5 FHIEIREE#AT SO RIS IR
BEATAE A Y F 3L B P S A4 (4-P-TMR, 4-9 Al 4-10) . X} 4-P-TMR #4744k, 3k
19— W7 AR 2R AR IR 26 (A1 1 DU FREE 20 PHBF S 4, e fe ol i VA 240 3R 15 4 AL B s —
FHIR, Mem-TMR(4-11),

Kl 4.3 5 T 2B R R A I 280 0 il AR HEIE e (NBD) Gl Jx — R AR
I EE & T 72, INZEBE T HE Bk # NBD & b Ak 4-12 Al 4-16) %, 5 - HEK
A BRSO A ARSI 6 L) (DM-Naph, 4-13; DM-NBD, 4-17) , 5 HIE0R
5 7 A BUAR S B RS IR BE 25 W U i (P-Naph, 4-14) B{# k¥ NBD (P-NBD, 4-18) .
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e X E R IR BRI HE Y R A, RIS IRE 25tV % (MP-Naph, 4-15)
5Z&4PIkEE NBD (MP-NBD, 4-19) .

432 Lyso-R. MPR 1 MEM-R W& LB

%) LosUg )
0 7\ co0
[ :E:O o

o 4-2, Lyso-R

WRIEZ FFH] (Lyso-R, 4-2) : i)k (4-1 3B SCHR 74 s, K dhialfk (4-
1 (300 mg, 0.65mmol) , EHEREY (29 mg, 0.13mmol) , BINAP (125mg, 0.20 mmol)
AITRFREE (847 mg, 2.6 mmol) fMAF] 50 mL Schlenk JHY, H4 B HEI=K. F¥H
Z (20mL) A N-FIELIREE (0.5mL, 3.81 mmol) MAIKR, HIREWE . RNMIEESY
TEVE M SAREE F 110°CHEFER B 24 he 7E TLC HiE R NHUAZ S5, B NEFRE
T, IR RN KB =0 TOKRSETRANLE, HHRURRR 2. FlR
[ A 30 o e i A R AT 4 S g ik, SAAON R k. WEER = LG TR BRI
(VVIV=40:1: 1) , 3FEFLEF=Y) Lyso-R (136 mg, 42%) . HRMS (ESI, TOF) m/z caled
for C30H33N403 [M+H]": 497.2553; found: 497.2549 (z = 1). '"H NMR (400 MHz, CD30D) §
8.01 (d, J=7.3 Hz, 1H), 7.79 — 7.61 (m, 2H), 7.17 (d, J = 6.9 Hz, 1H), 6.76 (d, J= 1.6 Hz, 2H),
6.74 — 6.59 (m, 4H), 3.31 (s, 8H), 2.58 (s, 8H), 2.34 (s, 6H). '*C NMR (100 MHz, CD;0D) &
171.0, 153.8, 135.5, 130.6, 129.6, 126.0, 125.2, 113.0, 110.7, 102.6, 96.9, 55.2, 48.2, 45.9.

4-2, Lyso-R 4-3, MPR

FEALIRIE S 18 (MPR, 4-3) : ¥ Lyso-R (6.3mg, 0.013 mmol) ¥%f# T 2.5mL
N, N 4mL EOEH, SREEHEMABEE (37.5u0, 0.17mmol) . HELE R
TR EZERSXN 2d. fERMNEERIE, K SmL LB, At H A e E s
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R OWEE, B 0H Y 3000 rpm/min,  FELEET I 10 min. WA AR 458 5 A
CBE (viv=1:2) IREWETEGR =K, FFRZTERE MPR G EH AR, 6.1mg, 7~
# 61.6%) » HRMS (ESI) m/z caled for C32H3sN4O3 [M?*]: 263.1467; found: 263.1462 (z =
2). "H NMR (400 MHz, DMSO) & 8.00 (d, J = 7.6 Hz, 1H), 7.79 (t, J = 7.4 Hz, 1H), 7.72 (t, J
—7.5Hz, 1H), 7.19 (d, ] = 7.6 Hz, 1H), 6.87 (s, 2H), 6.80 (d, ] = 8.8 Hz, 2H), 6.62 (d, J = 8.8
Hz, 2H), 3.61 (s, 8H), 3.53 (s, 8H), 3.18 (s, 12H); 13C NMR (126 MHz, DMSO) & 168.69,
152.39, 151.78, 151.14, 151.11, 135.62, 130.16, 128.66, 126.09, 124.73, 123.77, 111.87,
109.40, 101.65, 82.70, 59.79, 50.28, 41.24.

= & _ UqgHaabBr T g
f GO0 — E .CO0

4-2, Lyso-R 4-4, Mem-R

ARG S B 40 B RS (Mem-R, 4-4) : ¥ Lyso-R (82.3mg, 0.17 mmol)
BT 9.7 mL 28, IIABRFRES (174 mg, 2.1 mmol) Al 1-{RAC 5kt (1.52 mL,
5.0 mmol) . JREWHFEEIR 36 he JHit TLC Ml BT 565, Bk
Ao R = Wbl LR AT R AT €43 20 59, Jiah A 8 & e RS IE el SR (viviviv,
30:1:5:1) o FRAG =W 3k — 20 R ) 28 2 o ROBOHE B3 (e © 4lidbs, sl v I
KA =5 ORI BT, B MR 2644 : 0-4 min, 90:10:0.1 (v/v/v) ; 4-c0omin, 94:6:0.1

WVIV) o IR IIRRAE RSP TESE, 15 Mem-R CRZLEBH K, 15mg, /7%
7.7%) o FRGHEAR T BT BN AE N 91.3%, SRAW & A BEEEWTE, 15508 H
7K (B 0.1% LR 0.1% = OO IREMAF, ELFEIM 9:1 £ 10:0 (v/v) , 1 mL/min,
R = 8.28 min. HRMS (ESI) m/z calcd for Ce2HosN4O3>" [M?]: 473.3814; found 473.3813 (z
=2). '"H NMR (400 MHz, DMSO) & 8.02 (d, J = 7.5 Hz, 1H), 7.85 — 7.70 (m, 2H), 7.21 (d, J =
7.6 Hz, 1H), 6.90 (d, J = 2.1 Hz, 2H), 6.83 (dd, J = 9.0, 2.2 Hz, 2H), 6.65 (d, J = 8.9 Hz, 2H),
3.76 (s, 8H), 3.56 (s, 8H), 3.48 — 3.40 (m, 4H), 3.13 (s, 6H), 1.72 (s, 4H), 1.24 (s, 52H), 0.87 —
0.82 (m, 6H). *C NMR (126 MHz, DMSO) & 168.65, 151.87, 151.22, 135.54, 130.12, 128.60,

126.15, 124.76, 123.82, 118.01, 115.64, 111.85, 109.49, 101.60, 62.74, 58.44, 45.72, 41.05,
31.25, 29.01, 28.98, 28.96, 28.90, 28.78, 28.66, 28.47, 25.76, 22.04, 20.89, 13.86.

433 4-MPR-COOH BY& T
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(J + WU TF ’ coo
(@] d 4/ *
COOH HOOC

4-5, 4-PR-COOH

RILATAIRIE D L] (4-5, 4-PR-COOH) : #[A] (N-HIFELIREE) A (500 mg,
2.60 mmol) 5 AIFRFEARR — FIRET (250 mg, 1.30 mmol) ¥ T FHELRRER H (2 mL)
RAREIIAE 150°CHiFER M. 12 he RN EREE, BRER, HRBIEEVEIN LB,
Hor B AR IR EYTE . 7= S R E AT s aith, WA & F b, HEERM
= OB G (20:1:0.1, viv/V) o FRAFHI 0 (400 mg, 723 56%) J& 4'/5'W B 7+
IR &Y, EEBIZ 3:1. B—FHfk 4-PR-COOH iEid #4820 RomiAe (i (4%
O 4ifk, s AHEEMNK (5A 0.1%=® LK) IR E . 4-PR-COOH: HRMS (ESI)
m/z caled for C31H33N4Os™ [M']: 541.2445; found 541.2428 (z = 1). '"H NMR (400 MHz,
DMSO) & 8.38 (s, 1H), 8.27 (d, J = 7.8 Hz, 1H), 7.30 (d, ] = 8.0 Hz, 1H), 6.73 (d, J = 12.3 Hz,
4H), 6.57 (d, J = 8.7 Hz, 2H), 3.23 (s, 8H), 2.47 (s, 8H), 2.24 (s, 6H). *C NMR (101 MHz,
DMSO0) & 168.67, 166.92, 155.80, 153.08, 152.38, 136.50, 128.97, 127.11, 125.67, 124.59,
112.11, 108.27, 101.38, 84.05, 54.64, 47.46, 45.98.

co0"~ KoCOs lolololy COOH
COOH COOCH3 COOH
4-5, 4-PR-COOH 46 4-7, 4-MPR-COOH

BRILNTHEZ LIRS 1R (4-7, 4-MPR-COOH) : ¥ 4-PR-COOH (100 mg, 0.18
mmol) FIGREZH (512mg, 3.70mmol) ¥ T 20 mL DMF H, [R5 H 3 i B e
(460 pL, 7.40 mmol) . RMNIREGWITEZERMBFE TN, FEAH TLC Ml B FEFE
YRMNERSG, ¥ 40 mL LB SR G, RN H ok ek . A=A 30
mL FEEFI 60 mL Tk TR -GG B =k, A3 4-6 T 4 mL FEGAW, N
5mol/L NaOH 7Kfi#. &M+ 30°CHiFE P 4 ho B2, B AR LR PR EH) H IE 7,
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I ) & R AGRA E (FAg © 4k, BN 35% (viv) HIEERT 65% (viv) 7K

(EH 0.1%=FLR) - FYINAE FE S 72 HMAE (Sangon, A501840) B A
BT difb TR 779 4-MPR-COOH N 4Lt K (20 mg, 7% 15%) . HRMS
(ESI) m/z caled for C33H3sN4Os2 [M2]: 285.1416; found 285.1411 (z=2). "H NMR (500 MHz,
DMSO) & 8.41 (s, 1H), 8.30 (d, J = 8.0 Hz, 1H), 7.23 (d, J = 8.0 Hz, 1H), 6.89 (s, 2H), 6.82 (d,
J=9.0 Hz, 2H), 6.69 (d, J = 8.8 Hz, 2H), 3.63 (s, 8H), 3.54 (s, 8H), 3.20 (s, 12H). '*C NMR
(126 MHz, DMSO) § 168.27, 166.42, 151.72, 151.18, 136.16, 128.81, 126.32, 125.26, 123.64,
118.56, 116.16, 111.87, 109.03, 101.62, 82.79, 59.79, 50.25, 41.21.

434 Mem-TMR BI& RS

| %, ~C00™ + LNJ NaHCO; coo” 6N 000"
& [ o) 5 3
o 4

OH SN e

UREEATAE DU LD PHR (4-9; 4-10, 4-P-TMR) : VYD PR EATAEY TMR-
COOH (4-8) M CHRBPIF) 77k & . K TMR-COOH (FHARIEAYI, 200 mg, 0.46
mmol) , FHRIREH (196 mg, 2.32mmol) , HOBt (76 mg, 0.56 mmol) F1 EDCI (107
mg, 0.56 mmol) AT THEH —&HF S (4 mL) H, FEIIA N-FHHEIREE (93 uL, 83
mmol) o R MNIREY) T iR KA THFER N 12he fF VARG, i FHEAAE Kb
BRI G, TKBREREN T, HEABR LA IRIF I = & A0 A E AT e Al
b, WEHH N ZE W e, PEM =28 (100/1/1, vVIV) o FAFRFE RN 4540 8 54
EIREWI(4-9 1 4-10). Bo—EH4E 4-P-TMR AJ 38 #45  m oA (it (&g C) 4l
th, WA ANK (0.1%=F L) FHEE (41:59, viv) KIVEAVET. HRMS (ESI) m/z
caled for C30H33N4O04" [M*]: 513.2496; found 513.2500 (z = 1). 'H NMR (400 MHz, DMSO)
5 11.70 (s, 1H), 8.26 (s, 1H), 7.92 (d, ] = 7.8 Hz, 1H), 7.57 (d, ] = 7.8 Hz, 1H), 7.18 — 7.05 (m,
4H), 6.99 — 6.95 (m, 2H), 4.60 (s, 1H), 3.43 (s, 20H), 2.80 (s, 3H). >*C NMR (126 MHz, DMSO)
8 167.70, 165.67, 156.83, 156.71, 136.70, 131.41, 130.83, 130.78, 130.52, 129.39, 114.54,
112.86, 96.20, 51.79, 41.97, 40.51.
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= Nal e
@COO + CreHosBr — = coo" coo
o=<"* o
N

& » " oo

e “CigHas

4,5-regioisomer mixtures 4-11, Mem-TMR

VU 3L PRI R A (4-11, Mem-TMR) : B E—3REH RHIEIESY) (4-9 FI
4-10, 30 mg, 0.06 mmol) , Nal (26 mg, 0.17 mmol) J&f#E T T M 4B (3.45 mL)
o M RMERSERERE, PRSP IR 7SEE (45 ul, 0.15 mmol) o #f M
RSN [, kRN 36 he i TLC #E RN A S S, WUERE1EH . 2 5
i FHREIR AT R AT (i 4lidb, JiahAlh & ke, HEEFUK CORR (60/1/3, viviv) BITREG
o SRR A Y@ I & Fm SR B (& C) 8, AN EE. KR =%
ZR (85:15:0.1, viviv) RGN 725 Mem-TMR A& IRZL A HPIRBUA (~5mg, 7=%
~9% ) HPLC (1 £ B) 48 4B KT 99%, 48 7E i a1 AH 4 H I K A =3 £ FR (83:17:0.1,
viviv) TIREHF, 0.8 mL/min, tR =10.9 min. HRMS (ESI) m/z calcd for CasHssN4O4*
[M*]: 737.5006; found 737.4999 (z = 1). "H NMR (400 MHz, DMSO) & 8.20 (s, 1H), 7.91 (d,
J=9.4Hz, 1H), 7.59 (d, ] = 7.8 Hz, 1H), 7.20 — 7.04 (m, 4H), 7.00 (d, J = 2.2 Hz, 2H), 3.88 (t,
J=6.1 Hz, 2H), 3.34 (s, 8H), 3.28 (s, 12H), 2.77 (s, 3H), 1.29 — 0.82 (m, 31H).

435 FRUREREKEEBITEEE —REEN LN E RS R

HE ZEME % (4-13, DM-Naph) : i)k 4-12 $ESCERISI 7756 . K
I‘Eﬂles 4-12 (200 mg, 0.55 mmol) VAfAET 6.5 mL [ Z —FEHEE, FFINAN 33%— A
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W (3.75g, 27.46mmol) . K SIRAME T 40°C FHFERM 1h, SAETHE S 90°C 4k
BEN. . 24 TLC Wil S B B2 p 5, D He B 250850, SRAFIRZL R i o A i 4
AT E M ik aitl, WA A =AMt Y DM-Naph Jy s (aflfA (88 mg, /=%
48.8%) . HRMS (ESI) m/z caled for Ci1sH21N204" [M+H]": 329.1496; found: 329.1489 (z =
1). '"H NMR (500 MHz, DMSO) & 8.50 — 8.45 (m, 1H), 8.43 (dd, ] = 7.3, 0.9 Hz, 1H), 8.30 (d,
J=8.3 Hz, 1H), 7.73 (dd, J = 8.4, 7.4 Hz, 1H), 7.18 (d, ] = 8.3 Hz, 1H), 4.59 — 4.52 (m, 1H),
421 (t,J = 6.6 Hz, 2H), 3.63 (t, ] = 6.6 Hz, 2H), 3.46 (d, ] = 2.7 Hz, 4H), 3.08 (s, 6H). °C
NMR (126 MHz, DMSO) & 163.61, 162.92, 156.54, 132.27, 131.53, 130.55, 129.58, 124.92,
124.12, 122.16, 113.10, 112.90, 72.06, 66.96, 60.15, 44.33, 38.47.

OH
OH

J i

OL N
Oy N._O N N
= O
OO -
——
N
4-12 4-14, P-NapH

WREZZEE W IZ (4-14, P-Naph) : fEFEHESARRE T, KHhlafk 4-12 (500 mg, 1.37
mmol) T TR (296 mg, 2.14mmol) FL[F A Z] schlenk M, N TE
[¥) DMF 1R e AR ARG, TEME PSR RN N-FEEIRE (1.58 mL,
13.73 mmol) .« WM IREWIINIE 60°C, #HiiFE&MN 1h, BHEBEINNE 80°C, Mk
N1 he M ZEHEEDGR GV, WEAVAE, Mgk, JoKmn
PREETHR, PR 2050 A Al AR AT E A i 2idk, SR HRRIE R & W
e, “EHEAHE (30:1, v/v) IBEHR. 7ok P-Naph Az fllfk (156 mg, 723
29.6%) . HRMS (ESI) m/z caled for C21H26N304" [M+H]": 384.1918; found: 384.1913 (z =
1). '"H NMR (500 MHz, DMSO) & 8.45 (dd, J= 7.2, 0.8 Hz, 1H), 8.43 — 8.39 (m, 1H), 8.37 (d,
J=8.1Hz, 1H), 7.79 (dd, J= 8.3, 7.4 Hz, 1H), 7.31 (d, J= 8.2 Hz, 1H), 4.55 (s, 1H), 4.22 (t, J
= 6.6 Hz, 2H), 3.64 (t, J= 6.6 Hz, 2H), 3.46 (d, J = 2.4 Hz, 4H), 3.23 (s, 4H), 2.64 (s, 4H), 2.31
(s, 3H). 3C NMR (126 MHz, DMSO) § 163.54, 162.99, 155.66, 132.20, 130.64, 130.52, 129.10,
125.95, 125.23, 122.44, 115.33, 115.01, 72.06, 66.93, 60.14, 54.58, 52.46, 45.68, 38.55.
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PN DME P

® ()
N N -
| /N
4-14, P-Naph 4-15, MP-Naph

T IRBEZE R % (4-15, MP-Naph) : § P-Naph (30 mg, 0.078 mmol) & f# T
1.45mL DMF 1, AL £E (98 uL, 1.78 mmol) . K NIEEYIIMAZ 30°C, ik
N 6he NSRRI, B OUSCER AR B B AT A, B0 d Dy 6000 prm/min, 5 [H]
95 mine A & HGEHEEAT HUTE =k, MBI AR (FA 10%K) HE &, 7~
{t MP-Naph A& (G EK (11.8 mg, 77% 28.7%) . HRMS (ESI) m/z caled for C22H2sN304
[M]*: 398.2074; found: 398.2075 (z = 1). '"H NMR (500 MHz, DMSO) & 8.51 (d, J = 8.1 Hz,
2H), 8.48 — 8.44 (m, 1H), 7.86 (t, J=7.8 Hz, 1H), 7.50 (d, J = 8.0 Hz, 1H), 4.56 (s, 1H), 4.22
(t,J= 6.4 Hz, 2H), 3.78 (s, 4H), 3.65 — 3.57 (m, 6H), 3.46 (s, 4H), 3.34 (s, 6H); '*C NMR (126
MHz, DMSO) & 163.48, 162.97, 153.69, 131.92, 130.85, 130.38, 128.95. 126.51, 125.37,
122.57, 116.83, 116.35, 72.06, 66.91, 60.79, 60.14, 46.04, 38.66.

436 ZTERWIRMREVREERFZIEWEHE - RASFESLEYINEREE

Cl b S
¥
=N —NH _N
o ——— 0
N CH2Cla "‘N'
NO2 EtzN NO»
4-16 4-17, DM-NBD

—HZ NBD (4-17, DM-NBD) : ¥ pijdnitHa{4 4-16 (200 mg, 1.00 mmol) %
fiR T 9.6 mL —EH e, KIKIMAZ=2Z/% (208 L, 1.50 mmol) F1 33% — F & /K&
(205mg, 1.5mmol) . KMIBEW T ZEimMHHE XN 1.5 he 7E R8T, A IEChE,
B USCEEMT I UTIE, B0 EE Y 4000 rpm/min, B50EHAIA 5 mine AL G E I AR
FEEMT g aif, WMl —& T b, AREBFIIETRE IG5, 7= 5o
& (110 mg, 7=%* 52.7%) - HRMS (ESI) m/z caled for CsHoN4O3" [M+H]": 209.0669; found:
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209.0666 (z = 1). 'H NMR (500 MHz, DMSO) 5 8.46 (d, J = 9.2 Hz, 1H), 6.36 (d, J= 9.2 Hz,
1H), 3.60 (s, 6H). '3C NMR (126 MHz, DMSO) § 146.58, 144.83, 144.75, 136.14, 119.69,
102.14, 54.87.

|
N
cl ()
_N, HN ~ N— N
- N _N,
N CH,Cl .0
NO2 EtgN N
NOs
4-16 4-18, P-NBD

kB NBD (4-18, P-NBD) : ¥ 1[f]fk 4-16 (500 mg, 2.51 mmol) ¥AfET 24 mL
TR, KK =28 (522 ul,  3.76 mmol) Al N-FH MR (420 uL, 3.76 mmol) .
RNREVT iR N 1.5 he FERMNERUE, MAIECKE, S 0UEENT HIiTE,
B0 EEN 4000 rppm/min, BSOS TEA 20 mine FH = SIS EERAE E T ik 2t Bk
MN_EHEMHEE (30:1, v/v) REBR. BESBEIERETEREREZM, MmN
R EEAR (190 mg, 5% 28.8%) . HRMS (ESI) m/z caled for Ci1iH14NsO3" [M+H]":
264.1091; found: 264.1085 (z = 1). "H NMR (500 MHz, DMSO) & 8.45 (d, J = 9.1 Hz, 1H),
6.66 (d, J=9.2 Hz, 1H), 4.12 (s, 4H), 2.58 — 2.54 (m, 4H), 2.25 (s, 3H). *C NMR (126 MHz,
DMSO) & 145.28, 144.79, 144.73, 136.22, 121.09, 103.55, 54.15, 49.20, 45.20.

N/ -
@)
E J .
CH3! _N,
< 7
CHQC}Q N
Eta N02
4-18, P-NBD 4-19, MP-NBD

ZALIRIE NBD (4-19, MP-NBD) : ¥ P-NBD (50mg, 0.19 mmol) ¥ f#T 1.18
mL DMF o, JOABLREE (236 uL, 3.80mmol) . EIREY)T 30°CHEPE M 2 he f
RNEERE, A LEE, 3000 rpm/min B OUCEENT HHEUTHE . K= 5 A LB —ik, —
P RTRIR =K, BHAE T, %7 5 MP-NBD NG E & (58 mg, 72F 75.4%) .

HRMS (ESI) m/z caled for Ci2Hi6NsOs™ [M]*: 278.1248; found: 278.1240 (z = 1). '"H NMR
(500 MHz, DMSO) & 8.61 (d, J = 8.9 Hz, 1H), 6.83 (d, J= 9.0 Hz, 1H), 4.51 — 4.41 (m, 4H),
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3.76 — 3.68 (m, 4H), 3.29 (s, 6H). 13C NMR (126 MHz, DMSO) & 144.76, 144.61, 144.52,
136.14, 123.27, 105.10, 59.69, 50.92, 43.14.

44 SLIGFHE

441 FEREWIRERERRZE ZBSFEUIEHRR

JUBLE H FSEECH A 1 mM 1) DMSO ¥, TG I AR i 38 5 A8 TIIAL (4 7 77
WRRE EIR BT . X T AR ZHOR B RPDGIEETT, FEa iRy 0.5 uM, 3/ IR
WS 51 2 R ) B AR PR AR 52 o B A I E A0 E 1 em SGAE A B (8 L rh SE R
AT WO TE AN SIS BN AR 5 3.4.1 TR A EAE [R] CRE #f BE M+ 1 nm) .
7675 A B EE B # 2 DeltaFlex N (8] 70 #5270 T 1H U R 4 (time correlated single photon
count system, TCSPC system) , $¢HCA Ik NanoLED-455 St .

MPR F1 MP-NBD fE#E4fi7K (MilliQ water) LA A HP-Naph 7F pH = 4.0 /KA A ) 5%
R T RIS WA R 4N PO E T %X (Hamamatsu C11347) o« HARGURHP DG
=R NES R AMMME, S ER OB RO E T R0 =k e &
REH )2 P BERTETE 2, 0.49) 1891, 3 el SCHRUOMHE (3] AR 2 6 &1 = 2t B 7 FE
I

A I 2
cbszcbstxA—“xI—Sx:—; 4.1)
S st st

Qs Fl Qs 73 AIAFESR SRR 7775 Ax M A ATEBUR B S EE Skt
RS o Ts T T 9 i 2 2 HUAE BRI IR O TE AR 0 THIAR o ns A nsc R 1
Z A6

e sz, PBS AMERZEMTR (10mM, pH7.4) , ACH#4iK (pH=7) . i#
i R TR AN A AN K VR T AR DGR VR ) pH B 4.0 B 12.0.

R S BRAT 1 2R 38 T 1 ) AR

ky =2 (4.2)

T

kye == —k, (4.3)

Hrb, e RABHR N POEE R, © ZRARKTOLE T/F,; o 2YRIRItE T
PR e AR GURH ARAR S ERIE T
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442 & EHBERER

BT 5B AR 58 3.4.2 T RER 4 SR B RO B e . SLER
FAG J 35 AT 4 B4 N Olympus FV1000 3E 5842 B ts (3.4.6 TR B 5
# Olympus FVI000MPE L RERGE (TAETHLFED o 444 FVI000MPE &
s, TAERIY4E N UPLASAPO 60x itk .

443 MPR F1 TMR BOHIRFRIC 7535

4-MPR-COOH il i B 22 [k Bibrid BlHifAE H 40+ b 1) 8 N-FR R DRI B e v
WFRIE; 2) EEPAREAN o-Z3E. N A B AR FR I SL IR TR .

# 4-MPR-COOH ] DMSO % (2.5uL, 20mg/mL) 5 NHS (1.2e.q.) K 7K
HoEp (12eq) IBE, MAEDCI (1.2e.q.) - BEHRNMEEYEOEE THRIK

(ZWY-100H, ZHICHENG) #% <M 1h. [FR, % 0.1 mg i EJRPTLHPifk (Solarbio
or Bioss) VAT 40 uL PBS 1, A 5 uL 0.9 M BREREVN/KIEI, KIL pH IR £
8.0-8.5. XMW E MR HI AN YR R BL L, TR 75 B 7% 1 G k) S LR AR AR . 7
Badi & R BLTE R G, F MBS S 00 LA v MR R s SO B B s P . R A bRl
WELEAR R REIR BT, SIERM 1 he AR08 FIAsidiEE 1.5M SRR KIER (pH
=8.0, 10 uL) JFK, FERMNAEZFIR FHEAT 0.5h. 24 NFRICHIGeRlE T34 Sephadex
G25 Mg LN B A aifh, Atk 1T 2 RE 2RI E P 4Rk B AR AR L.

BAGTF3 AT ST RER 43 BRSBTS F S [RI AR A E A R P A4 BSMA0L B 2 S
56 5 EARC LB BAR I YU, WD S TS5 HBM AR 80 PR S50 7 i br
R, TR R A R e B

LEBASY R szit (& 4104 4.11 A1 4.12 J23 4.5) {1 MPR-1gG R4k E A
ek 0.33, B 4.17 RS S bric B T ZAm 10 L BupRs Jol 2 Bir i 43 i AR 52
I (E4.14. 4.15 M1 4.16) A1) MPR-1gG MI4YkLE FH EE A 2.1.

XT LG VY PR B AR IC 0 BRI A TR Ak SRR AR DY AL P N--FR
BEFAME s (s42973, yuanye) , $ZHEARHEIARIC T iEARIL . TEH T oA seiah (B
410 4.11 M1 4.12 )55 4.5) A TMR-1gG IR E AN 031, &l 4.17 HIE %
EEbC A T aZbRC BB BRI R PSR S (] 4.14. 4.15 F1 4.16)
8 FH (1) MPR-1gG 4kl E A N 3.0

4.4.4 MPR-IgG # TMR-IgG HY 8 4> FSEI8

PRI 2RI BiAR 4378 PBS HHAGRE, FRUEE B TseiEs (%08 3.4.3 545y
BER) I (Fisherbrand, 12-545-102) . R HIPTE D> 7B =X PBS 3%
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VR BB Ry TSS9 N 0.03-0.11 pm™?, #8457 AR FES 2 MK EE.
B F RG] T AR PR R (A BERRERZEM (PBS, pH=7.4) , R
S HE BB IEERF]; (B) RIA R, TN 220 (50mM =38 IR B¢ (tris) ,
pH8.0; 10 mM NaCl) &7 200 mM i3 28 (MEA) o BT RUEKH 3.4.2 iR
4N OB B PO R MEE . B T USRS 100 Hz, FEREMSE iR 2,
FEANFESLAERERD 532 nm BOBIBEIZE (100, 200, 500, 1000 A1 2000 W/em?) FEifg =
e

PAFHI T G EAE RS 2 IR IVARAT 5 AL B i it daiiRes 2 &
(1) 3R A 7 2 B
4.4.5 HeLa #pRIEFE K LAMP1-mGFP Buudt

HeLa 4 il #% M8 3.4.5 35 #3& 1 77 ¥4 5 3% - LAMP1-mGFP Jii $i i Esteban
Dell'Angelica !5k (Addgene plasmid 34831) . ¥R e A s2ie+ (B 4.23) , Hela
AN $ e bR i 77 1508 1T Lipofectamine 2000 (Invitrogen) fi B4 B i 4% 4 LAMP1-mGFP
4.4.6 AEBEEEMSTRMAMRLRERGHRETSE

HeLa 28 0 7 5 5 4% 21 BRI 40 Al 35 95 1L ( Cellvis, D29-20-1.5-N) 5398 1-2 K, 4ufh
ATARBE IRIE A FE IS B 70-90% . B A/ & 0.2 uM Lyso-R. 5 pM Mem-R(0.5% DMSO)
8(# 10 uM Mem-TMR (0.5% DMSO) 3577 5%t HeLa 4054 4 5 mino X2 15
B, ZRIAPRCGENET PBS SR =R E. BUERAKEFRENSH 10%/6245 1
J% ') DMEM.
447 ZTERCIRMER AR R EITLEARR B D R G R G 5L

FEAR Y 3 RAG 52560, HeLa 5% MCF-7 400 556 5 4% 2 Flis i 10 36 3R E3s 9% 1-
2 R, FERLOETAN R B E] 70-90%.

(1) T SOt

HeLa 2 i 42 HE SCHR S Hh (0 723047 [ 5 I By bm i OOMI92) o BRI

BEE: BEAEMHAEH 4 mM EGTA () BRB 2/ (0.25% Triton X-100, 80 mM
PIPES, pH = 6.8, | mM MgClz and 1 mM EGTA) kb# HeLa 40l 10 s, ZEATERMRLIIEN
MASE 1o FRbP e )E, M INN S 0.5%0) % % BRB 2 7E = iR T [ 2 40
10 min. [ o F2 7= 25 17 5l 265 5 8 B L B 1 0.1% &kl (PBS) K,
AEFERS R 7 mine {ESEAT S bnic i, FoIAX 0 e E i — Ik PBS Peiskbr2:.
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G gets: 5 —PU (rabbit polyclonal antibody against a-tubulin, Beyotime, AF001)
£ 30% NGS F1LL 1:100 (v/iv) ARFRHHBE S X HeLa 405 24T FRC, 7€ 4°C T hrid
12 ho KAL) —PiE AEL =X PBST (FF 0.1% Tween-20 [] PBS ZZ ) Veiklx
Zo KA 443 TR PR RL TR E N =P, X —HUEARRIL, FRIdIKEE~20
mg/L, 7E 4°C FFrid 2 ho ARbricHZPuilit =k PBST Pkl . UGN & 200
mM FidE 2L TN 2249 (50 mM Tris, pH 8.0, 10 mM NaCD) .

(2) 5 20 Pt 240 Pt R s g A o i

SEMRE. FRAZRTIE ] A4 20 pM Mem-R [(935353: (44 5% DMSO) %t HeLa 41l
etty 5 min. AFRIC_E R GebRE T =k PBS BRisR 2 o USR58 1 40 i B 97 5,
I HAREARF AR, i, ASAEZE RPMI 1640 (10%FBS) .

WEEA: G RTERSH 0.5 uM Lyso-R K773 (54 0.05% DMSO) Xt HeLa 4
Fdett 5 min. Jetaset)n, HEEEB @AM E SRR AT RIS EE, ANFANR I AT
FRAG AN o

L ZH A R LSRR . X T8 4.20 B9sE5e, ERTEA S 1 pM Mem-R (0.5%
DMSO) (¥ 1 uM Mem-TMR (0.5% DMSO) ({85753 %+ HeLa ZH M0 44 5 min. 74
tBSEReE, B2 RYekhE PBS SRk = IRBR 5. ERARHT, 4RI 5B o i e B
1A 10% FBS @A 7258, AR AR 0 o

X 4.25 (L ESEES, GRS 0.5 uM Lyso-RH (0.05% DMSO) . 0.5
uM LysoTracker Red (0.05% DMSO) (1357744 HeLa 0444 5 min. BURES,
BN S K RPMI 1640 (10%FBS) 55953, RISIAEM BRI .

448 BEBAELEN SRR LR ER ARG

TF 20 Bt 8 e A% sz 56 v, 20 mE ) 515 nm A1 559 nm O E A Mem-R A1 Mem-TMR.
FE VA4 3L 2 7 A% S2 06, {3 488 nm A1 559 nm OGS K mGFP M Lyso-RH, Wi
WOGTE P IR TAE, B P e Gl il #1 B o0 3 Ay R Tt 7R3 e fr 5K
b, USROS S B SDM 560 — [ (/B d 23 BN IE KA B K I e 5 S .
oI A5 SR A 5 P i I F R A AT S e S, 1528 mGFP #00 K E FlA
500-530 nm, Mem-R S KIEEIN 530-590 nm, Lyso-RH #2 K IE N 570-600
nm, Mem-TMR HWGR KIEHN 565-640 nm. HE A7 S256 FIAH </ Hrid it Olympus &
TUBE S 7 2 (4t R B 5 Ao

4.49 FRCIREREAL R E SRR IR0 7 ek &
(1) e H &
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TERAZ AT, TE551 532 nm WL ZAF (<1 W/em?) TH8E R 5% g K.
I R AE T 2 kW/em? 532 nm HOGIRET, 06 B g iRk B R 0T I62 i 26
REZHIH i FRABIERS G, T 50 Hz IR MRS T INRE S, st
15000 M (P 4.14) 5L 20000 Wi (B 4.15. 4.16 A1 4.17) $dfs . W LLscss (B 4.16) 1,
FERP GBI URAE TS AN R 4R B REAT el - 1) 0 22 S 1 2 G xof B s SR i)+
.

(20 75 4 L 4 e J T A AR

YHMRE: TR ROTRRIIREIECNT, LSS 532 nm B0t (<1 Wiem?) BURWESE SR
TR WG, KOG BUR IR 2~2 kW/em2, LA 50 Hz SRR ~
15000 Mg P (& £ -

B EHRIEIBT, BAES 532 nm B0 (<1 Wiem?) R IREE S TO6
B BT FARTE~2 kW/em?, FFEERINRIN (<10 s) KHSr 580 A i i 8 15
&JF, LA 100 Hz SIS 10000 i BB AEE . K AT 1000 Wik R A (& 4.24b)
HIARBEARSEH(E R

20 28 AR EE LSRRG 7E 532 nm UG (~2kW/em?) BRI %R, BL 100 Hz
AERIEE 10000 Mt UGS HE . X T4 E A s as, ot TAE T W AT IR, Xt
TIEBEAR LR SE S, WOL TAE T HRHR I . X T Mem-R 5 Mem-TMR J Lyso-R 5
LysoTracker Red LSRR, M GURHER 10 H IR EAR
4410 ZFEALIRRRZRL R E XL FRIRAIER 53 MRk 1R RO SR 7 i

i HE UGB AT iE L Tmage] 4S8 ThunderStorm 410184 B 98 5 11
Matlab fCAS5E % (3% H8 ThunderStorm MJ7VEFF KD o X BUZ EUG AT = i g8 218
BE /N T (el 3, RUE: 20, SERUE a8 5 5 I EiE . B4
NI T 1) PSF, LA 4Emi s Bt AR e AU E e i, dlad feh 3k AL
H i/ Z IR B STE e fg RAUSR T VAU G TRAT € S 38 « T ICE iAg, e A gl v
HELLE G WP E G Bt — P &I . A g, A5 0 e A E s — A
e FEYES (2-5 ®A/50 nm) T YENSY, BREE S T A dE A e
HFEFEIETS Thompson 772 1.1 8. & A HHE Hbe ANE £ I A B ik 98, K98 il R

(> 1.3xmedian(sigma)) LA it /N (<0.7xmedian(sigma)) HIEHEHEER o A5 S2H38AH 540
M1 (Fourier ring correlation (FRC) analysis) &1 i SCHRI 24t 1) Matlab 155 5€ B K

N i 424k U RE T RGBS TARE R, UG E S BEE R R 10 A

MEs 10 s I [A] ) E A 80 » Seit R4l e 8 A4 PSS — A8 M G E R Dy 2kt
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H—1k. K 424k BIR TIRIGEHR AL, R THSPERGEET SRS TES
s el 72

Kl 4.15. 4.17 £ 4.20 o€ 0% 2 B 0 A P2 B 96 S ) Matlab #fF. &2
Hh P AN B 1) A B A2 L 100 nm RSF IR Geit e A 7 it JakAR . X RANE
IR R, AR F I A R e SRR X el B 4 M 5 DX 3. C A SKF B2 ) 5
W NG 2 ) SEALB M . R 4.17a F1 4.21 (FE B EIR T BERGRSRIE T n
> 5 AR EE ) S5 R 8 B R I GE v oA

TEFE 4.25 A1 4.16 HHGE I 50 152 FE R ALRE FE Gt B0 RIE T n > 5 8 45 R,
DALY AN R 20 B B) 22 S s SR 4. Bl [ 4.25 MR 8 45 b, Lyso-RH —Ei:
R LysoTracker Red B Z L1 N T AT, FEANREITE SR —ERTT
SRR E 4.25 MZEE, B Lyso-RH HISPYJHI T2 5N 650 AT LysoTracker
Red MIME N 449 T 1ENXTIR, B 4.24h FECHE 2 A X N BT G 25 R4 i3k
5.

Iy FIBER /i@ U-Tracker! AR SE M. 5T AN FIEER B B FREERS N 3 A
BFE R, WMT 480 nm. J5SEE LB DL B 45 43 BT & 7E B %R S Matlab # A b
SER . N T IUFEY BURE, XA FRE G 10 Ml i) 5 43 B vF SRR AN B 2 1)
¥)776i#% (square displacement) , % H8 5 7p 718 B3 S0 A& Gipn RIS S g YA~
FF 1) 1) o PR AT 2R LS (MSD (0<AT<80ms)) » N T Mifb & Mg B, Frsint
6] 79 10-20 W ) B3 5~ 328 e o AE 1] 4.19f

45 HR51HE

4.5.1 DREREVACERIEY pKa E

Kl 4.4 &R T X ZREAGIRIG D P P ARt e 4 R . BOA S P id
HUAR IR G 52 A2 FR IV, DR B AT 5 1A I AR IR AN B 4 [X 43 L90H 9T 7 3 e 1 7%
HSOR BT — AN 12 . AR N AT AL R 2 5 0 A R, XAl 1%
15/ Hill J5 FE 58 A& 10891 1 yso-R il 4-PR-COOH J& 7R 1 AHIE B R AL ATt 7,
EAITI pKiz 4358 6.56 A1 6.59. [EIRF, Lyso-R £l 4-PR-COOH [1 7] W, YW Ysr I 75 37 o2
AL TR, RS T REALIIRE A TR 2 N R

Kl 4.5 7R 7% P-Naph #1 P-NBD )i T4bid 2 pKa ()5 . P-Naph A1 P-NBD ]
pKa 7359 7.77 A1 6.70, PAFHGURHE BT 5 2 R I H R 4 () 5% 6 I it

A [PINR IR AR YL kLR AT LLTE pH = 4.0 7K LT 52 & AL, B8 5T R
R PR YRl (Lyso-RH. 4-HPR-COOH. HP-Naph £1 HP-NBD)
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K 4.4 UREEZ FFB] (Lyso-RH, Zfll, a-d; 4-PR-COOH, #1ll|, e-h) 7E PBS )i+

PLIE AR pKap M. SRR RE A 0.5 pM.

(aflle) JEor T T AR 45

AR B BE pH AL 5058 B R a1 o i s e (b A ) PAK (e A
g) o WtZbrs 1 Hill TREX OGRS 5 & 45 R
FIR O .

Figure 4.4 Protonation pKi»2 measurements for piperazine rhodamines, Lyso-RH (left panel,
a-d) and 4-PR-COOH (right panel, e-h) in PBS. Spectra were recorded at at a concentration of
0.5 uM. Schematic illustrations of protonation processes are presented in (a) and (e). The

(d f1h) RE7R T BE pH 224k

normalized fluorescence (b and f) and the corresponding fluorescent spectra (c and g) as a
function of pH. The blue line shows the fit acquired from the Hill equation!!*®}!*], The
absorption spectra (d and h) as a function of pH.

- 118 -



RHEFL TR 220 S

a l l 1.0 -&._.‘— 150
N ‘Nl—j %‘0.3 R
[ j I: ] '\ pK, = 100
N N £06 \7.77+£0.10 &
+ 2 \ c
+H N . =
0 =00 s
H E 8 50
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0”"N"To 0" "N"0 =
R' R 0.0 A5
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4.5 HP-Naph (a) fl HP-NBD (b) 7E PBS "5 T4k pKa Wl & . 34 B A2 o
TR S AR R BB ) B R 1 RS pH A4 H— AL R
W2 7N T 6 AH G55 2 F Henderson-Hasselbalch TRl A IR . HMEER T
b8 pH 2L G
Figure 4.5 Protonation pKa measurements for (a) HP-Naph and (b) HP-NBD in PBS. Left
column shows the schematic illustration of the protonation process of HP-Naph and HP-NBD.
Middle column plots the normalized fluorescence as a function of the pH of the solvent. The

blue line shows the fit acquired from Henderson-Hasselbalch equation. Right column shows
the corresponding fluorescent spectra upon a series of pH.

452 FEAIKBEBRAENS ZHRAEMIRENE R EE LR

SBTS935 AR 8t 2 0o 2 B AL i g B 1 20 P B e — R 2 P
WIREAT TR THE . MRIETHES R, FERARGIE R B S B TR (vertical
ionization energey) , Pl H AL 8 0@ T B2 LIRSS H 28 AL R HUAR
PRl AL g — R BURGRL E M DLt N TICT RFES . B THAE S5 R B R TR e ALk B
Rl AT e BA s s .

SRR TR S R PUH 2 JIB T 7T 4 IR R R FH 2 A IR R S 1 G Rk AR K
(58 BE b Z A L BE S = e 3R 4.1 FIH T EARZ il 9 B 2R A IR e 5
s BRAAR YLk} K G EE A A 4 — S B SRR 7K AR 8 4 )it
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® 41 FHEACIRGEBACGLRHE K 6T 1 ot
Table 4.1 Spectroscopic properties of quaternary piperazine substituted fluorophores in

aqueous solution.

oo TN }\.Ab ;\Em S(X 104
s AR
Cle NR; R (nm) (nm) o M lem™)
ReRIN 0 NRiRe N TMR 548 571 047 7.8
O / / \d
e -E-N\_/ Z MPR 524 552 0.93 8.7
O Lyso-RH® 526 557  0.92 8.7
NRiRe N, DM-Naph 441 554 0009 0.8
I e
4N N{ MP-Naph 388 528 071 0.96
(@) N O b
N HP-Naph® 387 531  0.65 1.0
/ 0.010
N DMNBD 499 558 o 36
S\ 0.087
-3-N _
g | NT MP-NBD 469 539 (0.35) 2.1
HP-NBDb 472 543 0.086 2.1

a 51 E CHR[41]; b 7E pH =4 KKl &E; ¢ £ DMSO Hijll& .

* 42 HEFHMWIRED TR Mem-TMR FOEYI PP .
Table 4.2 Photophysical properties of other quaternary piperazine rhodamines and Mem-TMR

in water

Dye Aab(tm)  Agm(nm) @ g(x 10*Mlem™)
Lyso-R® 546 571 0.032 7.5
4-MPR-COOH® 526 555 0.96 7.8
4-HPR-COOH® 529 556 ~1 8.0
4-PR-COOH? 548 574 0.028 7.2
Mem-R (552247)cl (55552)0' ((ggg)d (81.'69)d
Mem-TMR® 560 585 0.21 2.0

a 7E pH = 12.0 /K¥H I &

b 7EE4K (MilliQ water, pH=7) RN & ;

c 7E pH=4.0 /K¥H & ;

d 7EFE 5 NI EEE 2 G B SR IE R (5 10% =M L) rllEsR.
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EULS P R B G Blh, AHEETAE G DU R 2 FHE TMR (0=0.47;6=7.8
x 10* Mlem™) , MPR @Il T RERFFRNE T (O =0.93) FIHE &M E/REE
FH (6=87x10*M'em™) ; JFIZFEEAN Lyso-RH I T AL ERA (@
=0.92,£=8.7x 10*Mem™) . F—J7H, SEIRTFE BN IR DRI 551
At TAE JJREST, AHELT TMR, MPR A Lyso-RH & B H R ISR A 5 Y61 A5 7% .

Rl A R g B R 25 10 0 e LA B — W s AT U BB A )5 . ik 4.1 Pl
— I BURZE P % DM-Naph 7E7K H )2 6IRES (0=0.009;£=0.98 x 104 M'em™)
S, AR BRI ZE I R s T >70 (98 62 # F+ (MP-Naph, ®=0.71;
£=0.96 x 104 M'lcm'; HP-Naph, ® =0.65, &= 1.0 x 104 M'cm!) . MP-Naph Fll HP-
Naph 6 v A7 7%t b — s BRI 18K~ 30 nm. IEK B 50 0 7 2 7] RS
VS TR A ZE AR IR BUAR S 1R AR Al e s

ZEREAGIRIGE S BT NBD b b 230 HABAR SR . Bilan, LR
BEEL NBD (MP-NBD, ®=0.087;&=2.1x 10*M'em™) Al T Z44bIRIE AL NBD

(HP-NBD, ®=0.086;e=2.1x10*M'cm™) HEIHAHX T —H % NBD (DM-NBD,
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4.6 7~ T IXEEGURHIRSCRI 98 61, DARTEM R T, 2B AIRIGE S R B
PR GeRl 5 3 R IR 5 6 e i EL s B o 2 ALk BR A QSR S5 35 4R T T I e
RICHI I . P-NBD 7 DMSO 1 H T-3%A b g #2, B L&A %00
59,

T 425 T HEAEAR T I GYRHE K T I a ) B4 5T . 4-MPR-COOH #1 4-HPR-
COOH 7E/KH B E 2 e Fres (0.96 fl~1) , X ebsh B 5§y Rod 2410
I 15 SIS 2 3 B 45 SR — 3% . 4-PR-COOH Al Lyso-R 7E/KH (5 Y 817 R, w]
RESE T EAIERUK G et it N AR ST TICT 2. B T ZE ARG A F TR
JIHIE5, 4-MPR-COOH Al 4-HPR-COOH #HLtF TMR Eox AR L i R . 7 4h
— 7T, TR RIS 2 R ER, Mem-R, TE/KERA IR ET =% (O
=0.64) &, T HAEKFPIEREEREEDN (6=1.9x10*M'em™) o XA[REZEHT
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Figure 4.6 UV-vis absorption and fluorescence spectra of fluorophores implemented

quaternary piperazine strategy. Spectra were measured in water (pH = 7) at a concentration of

10 uM. Blue curves depict the absorption spectra, red solid curves depict the fluorescent

spectra. The last plots on each row show the fluorescent comparison between quaternary

piperazine fluorophores and its dimethylamino analog. The spectra of Lyso-RH, HP-Naph

and HP-NBD were measured in pH = 4.0 water.
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Figure 4.7 Absorption and fluorescent spectra of studied rhodamines in water and buffer

Wavelength (nm)

Normalized Intensity

EHET, BEERT

(PBS). For all plots, the dashed lines show spectra measured in PBS and the solid lines show

those spectra measured in water; the green curves plot absorption spectra and the red curves

plot fluorescence spectra. Since the fluorescence of Lyso-R and 4-PR-COOH were too weak,

their fluorescent spectra were not included in this study.

4.7 IR T ZEALIREE S FHH (MPR, Lyso-RH, 4-MPR-COOH, 4-HPR-COOH)
Il (TMR, Lyso-R, 4-PR-COOH) TE/KFHAITEZE P26 (PBS) il & Y6111
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B, IXEEGURLAE IR 6 FRDEIEES R JLPFRE 80 , 245 REPIXETL
E A T ANLE Gl b K e M B E S AR LA
453 ZERWIRER RIS IEF =B IR

N T IRFUFHALIRIEE SRS SR TT 52 E AL, U 7 ZFE LR 2 13 8] Lyso-RH BLK
TMR £ — R 557 LL R QG H HIDGTE R T 3% 4.3 M 1 7RI LeyE 51 th Gk
WS o LA X ey VR T (RbE S B2 1A/ 32 AR RE T ARG E) o ARBRT-IF (kR
SIS AEIX BT T, RO D P GORHE X S 557 T AN AL T I 1 B R R T 5
F AT IR A S OO0,

# 4.3 Lyso-RH Fl TMR 7EAN R 751 H (1 6 1 o
Table 4.3 Spectroscopic properties of Lyso-RH, TMR in different solvents.

knr c

S e Aab  AEm T ) n

s By 3| 2 b b b d

Zeh bl (m) (o) ) (s) (; Sl_lo) A« B LA z
Water 520 556 ~1 348 ~0  0.64 1.17 0.14 1.09 0.80 94.6

MeOH® 530 556 092 3.52 23 0.62 093 0.66 058 054 83.6
EtOH® 533 558 0.76 3.33 7.2 0.58 0.83 0.75 051 1.07 79.6
n-PrOH® 536 560 0.67 3.37 9.8 0.55 0.78 090 052 195 783
n-BuOH® 538 561 0.64 3.37 11 0.53 0.79 0.84 047 254 777
Glycerol® 541 565 0.61 3.28 12 0.53 093 0.67 1.04 934 827
Acetonitrile® 534 559 097 3.44 0.9 0.61 0.19 040 075 037 713

Lyso-
RH

Water 548 571 047 2.25 25 0.64 1.17 0.14 1.09 0.80 94.6

MeOH 540 565 0.57 2.65 16 0.62 093 0.66 058 054 83.6

EtOH 537 563 0.63 3.04 12 0.58 0.83 0.75 051 1.07 79.6

TMR n-PrOH 537 563 0.66 3.25 10 0.55 0.78 090 052 195 783
n-BuOH 537 563 0.65 3.30 11 053 0.79 0.84 047 254 777

Glycerol 554 577 0.64 3.24 11 0.53 093 0.67 1.04 934 827
Acetonitrile” 551 573  0.52 2.56 19 0.61 0.19 040 075 037 713

@ Onsager H PO Af=2(e-1)/(2e+1) - 2(n?-1)/(2n%+1);

® N2 SCHRIPOERAF IR ¥ 77 Kamlet-Taft 24203112031,

¢ )\ CRC F-MH3R15 #5120,

4 M SCHRIR A H 4 207,

T M Lyso-RH s&ili ik 4} Lyso-R 7EIX LA A 0.1% =3 LR (TFA) T3k
ESHEFMAN 0.1 % TFA, HTRE P Ab T B A AT LRS00 79 1 25 /B 1 T K

FIHATALE, V2 SRIHTFRUESE 0T AFERGBIAEAE TICT ATERK AT RE, X
AT KL S ) FE 2E kT 461208112091 5 R (1821-18SL2100 28 5 222112131 TICT A
TE RS W R BE S ARPEAR DG, U4 1 2> T A e, e ] 1A
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TR Eh H 22 FIREN R . 5 FiR TICT FINLEI T —2, TMR 7 FR SR DL RGP
T R IR 3 PR ) AR S BRI T R L 3 5 1) S iR T BRI K [ e A i o 51 2,
TMR 7E/K i B AREE S BRI T K miA 0.25 ns™!,  TAE R PEIR TS 0 1E T BEAKG P H A
H, B IR ST IR R BRKE] 0.1 ns'e FEARPERRR (B REEESE D A7 FRR )
JEFE S RIT R AT A T IR e e e 22 . S —8Use, I R SCERBVEANI AL T T
AR THPAR A X B FH] B A B W SAIAE A [R5 711) H i) 5 gL 21T L100
EAE R K2, TMR ER S H M &7 = 24008 0.64, FEAI S BRI R, TICT
AITE ROV M BEAG 1, DR S B F T RRAE R K 98 i R v v 7 B f
F—J71, Lyso-RH fE/KHAIE LG B EG BRI E /7%, XU R
ARG SEMS 8 0 1 7> T LR S TE R U E A R 4ok 2 5000 e AR R S BRI i A2

Kl 4.8 777> 1A T s ik ) S T
Figure 4.8 Hydrogen-bonding interactions between the protonated amine and solvent

molecules.

Lyso-RH ZEAS [F]V5 7] v R I H AN [F] ) 517 % . Lyso-RH HHESR S BRIT 1 2 il 5 1
AR A3 55 A0 TR RE B 38 D02 1S 5 o 3 A i AN PR SR AR S RO I R AT e AR X e R
T A SRR ) (B KL HI 55 2= Sh B AR L i RN A Ok . WKl 4.8
N, ZEEEACIRR 1 5T P RS IR A TR 7T B . anak 4.3 BT, RIEAE 55 B0
AEA R S AR RE /7, [RIB B TA 5 SRR L A S E T, 18 IR MR 2= AL RS
FER TR, XFESET P B FAMM R IIE, B TS FHERE,
5 Ja Z N Lyso-RH MK (kr=~0ns Fl1 @ =~1) FIETEE (kw=0.11ns" Fl ®=0.64)
[ 184 5 S SR RO T 2R A PRI O & 17 8 FE AL & 1Y Lyso-RH 7E/K 1 2t &
FreREm m T3R8 4.1 PR IME (0.92) , FUNETE T 0.1% =5 L RIS HE 1 IR JE
EETEE (B pH=4.0 ) FIBRFIRE. ETREMEEER, BT HHREER
HLRRE ) (B=0.67) , Lyso-RH fEIZIEfIH R I H IS L&+ /% (0.64)
WE AR T ZE (0.12nsD)
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% 4.4 Lyso-RH 1 TMR £ 7K R H- 7R G ¥ 77 H 59 6 18 4 ot
Table 4.4 Spectroscopic properties of Lyso-RH, TMR in water glycerol mixture.

ekt Glycerol, %? (ﬁgﬁ ) ()r:]i;l“) () (CT}))
0 529 556 ~1 0.80°
50 534 560 0.86 5.0°
80 538 563 0.77 45.0°
Lyso-RH 92 539 564 0.67 211¢
96 540 564 0.64 413¢
98 540 564 0.63 602°
100 541 565 0.61 934>
0 548 571 0.47 0.80°
50 550 573 0.51 5.0°
80 552 576 0.54 45.0°
TMR 92 552 576 0.53 211¢
96 552 575 0.56 413¢
98 552 575 0.57 602°
100 552 575 0.64 934°
a FiE 724G

b SKIETF CRC FiH200;
¢ IR AL T E TH R SRR R,

il 55 S B0 AHAIE B T 3 43 P4 L ot R R 2 e A R VR 1 SR P A2 5T 2 P B
Bl RS EER K. £ 4.4 5 Lyso-RH Al TMR 7E A [F1Kk B2 i 7K R0 H- IR & VA 57
HOGIEPE BT 45 R . B Hh EE B 5T, TR RORE R IZETE I, Lyso-RH )%
BRI AR, T TMR (5865 777 R S O .

TR AL E RN R BIE E H SCRE Bl IR A0 AT 45 SR o AEAICRE FE BT 1370 b, S T R AR 1
3G, TMR FEILH FRE IR R S e e (40 Re, 5 U o T 55 A% Yo bR ST AR DT
B (B 4.9, K . Lyso-RH 7E mil 3 71 o e I H RS R & S e i 542 (& 4.9,
gLt , XMARAL AT DA IR )35 5 AN S S E B SE LI ERE o v R VA R i
B RE MR T Lyso-RH ()75 & A M 1 RE /7, 145 GURHE I L83 70 Hh i IR Yo A
RECIELHR . 2 Rl BE B H Mg, Pt gerk sy e i R SRR S B E 5 . X
el B 5 14 mT i B IR H i ) s () AT Kosower’s TR (2D, RIREMISE REZ T %
FHH B B 7 At AR IERISH216],

BT FIREO Y EE R I E LS R, TICT &MEEEfEg —HE P 3 (TMR)
(RS KL ZRIAL IR IR USRS A 7 TICT 25T RCCA S e mT Be R R SR 5 BR
TR (i, SEEERD .
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Figure 4.9 Solvatochromic effect for Lyso-RH and TMR. The wave numbers of (a) absorption

maximums and (b) emission maximums as a function of solvent polarity (Af). The asterisk

labeled the values measured in glycerol.

454 MPR 1 TMR B85 FN £

%] 4.10 MPR-IgG 1 TMR-IgG KI5 TR eiE 5
Figure 4.10 Single-molecule fluorescent signals of MPR-IgG and TMR-IgG. Scale bar: 10
wm.

FEREM LS R (452 7)) 8o T FREALIRGE S FHATE K B BERTRE, T
AR KT Bk — 0 R 2R A IR G B2 P B ) FE AT I 2o Jde A (R A7 B AR 8 2 s
MPR Fl TMR 43574 255 FHifk B H L (MPR-IgG Fl TMR-1gG) , #RJ5 K B4
s 5 PO R B 5 B8 AR T, R sl T CATE K VB A 52 HH T 78 P R 8 e [ 1 5 431 6
FEVERT . Wik 4.10 fizn, MPR-IgG Fl TMR-I1gG F 5.5 F15 SR oA, 8 T ANH 4
TESZMMES.
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R 4.5 HIH T FEA R 98 BE OGRS 24 T Il & ) MPR-1gG Il TMR-1gG F 5.5 114
R, WP T RS A R (A) PBS:  (B) BURIMIRZZMK (& 200 mM
B O TN G200 o BRI B R E AN R 608 N XS Eb 25 SRAR A, R i it
BRINZE HIE 1000 W/em? W& IEHE (BRAEASNEED

(1) MPR 1 TMR 5 7F 467Gt 3l ot

ZEALIRBE AR A FH MPR I T HE TMR B UF (¥ TR FEuit s 3R, 72T
AR A4, MPR —FU@ B EE TMR S AR (B4 T B L 13 P w48 ol T4k
fEME LR E OIS B (B 411 A 4.12) o Xt B el i & ) 45 R UL L & T2t 5
T —25

i, MPR B35 fE (RS RMDE141: 518, PBS; 1087, MR /& TMR
T g (227, PBS; 470, BUARBD IWifE. By 1L BRI sk IE T MPR £E7K
LR T 1 FRAE TR (R4.D . SRS TREMEMER -5, MPR AT
TMR fEH.55 F5 S EME . QEH T80 7B P i FIE e ks GELL T35
TR REED HIREIRT.

ARG THT DL N ek e e e 1, RT3 IF BT 75T A AT ORI
HRMET R MFM . Hik, ELRZHFMT, MPRAX T TMR #if L ESEF (1)
BIETEULA T MPR AHEL T TMR BAG 547l e R 1

AAN—T5H, F PBS %14 F, MPR HILLT TMR BILH 1.7-4.6 IR AN T
ERTE, SZERALIRGE S P K &1 R IR T 85 R R — 2. fERUg I, 72
Y K ZHUBIAZAET O 100 2 1500 W/em?) , PR YUBHT) k806 T B4t 45 R b
T (2.24 x 10* -MPR- vs 2.34 x 10* -TMR-) . 1X7E 2000W/cm? {8 B 2 il 15 2644~ » MPR
B A TAUH I T 3218, HALHI IR TE T T -5 P A Gk 1 I SRR 45 6 1 18

i LR, ANERTE PBS SUE AT, MPR SREDL T HE TMR 4T 551
T GBI R .

- 128 -



# 4.5 MPR-IgG #ll TMR-IgG K557 i
Table 4.5 Single-molecule characteristics of MPR-IgG and TMR-IgG

o SR (BRAY L e BRI S
g ORI gy BIIOET e pmimzem)  HWE T (xR OO g
(W/cm?) - (X 10% I (s)
) 10%)
1002 39+3 1.334+0.46 2.5840.12 17364031 0.144+0.038 0.51+0.20 7.694+0.31 1.40+0.50 29
200 7443 1.95+0.64 3.45+0.10 15.7440.18 0.109+£0.020 0.75+0.23 6.91+1.54 1.03+0.17 44
500 231422 2.90£046 5834029 12114067 0.055£0.010 1.294+0.12 384+041 069023 59 o
1000 518463  4.06£026  8.51£0.32 10.0840.19 0.034+0.012 2.04£0.62 2.90£0.44 0.42+0.02 56
1500  689+108  4.3140.75  9.85+0.95  8.94+1.22  0.029+0.007 2.02+0.30 3.30+0.36 0.32+0.05 62
MPR 2000  963+111  3.47+1.33 11.11+0.83  9.08+0.63  0.020£0.002  2.23+0.84 1.96+0.28 0.32+0.04 63
-1gG - 1o02 105412 6244040 3.81+0.21  14.414025 0.201+0.017  0.85+0.22 21.23+1.40 0.51+0.03 167
200 213410  10.24+1.70  5.52+0.13  12.06+0.24  0.167+0.021  1.00+0.16 18.52+1.71 0.43£0.06 182 200
500 49820  17.94£1.68 8294026  10.29+0.31  0.116+0.009 ~ 2.14£0.49 1901098 033£0.04 190 - =/
1000 1087+104 18.86+0.71 12.17+0.83  8.60+0.53  0.061£0.002  224+0.46 14.57£1.29 021£0.04 191 o\
1500  1407+161 16.05£1.43 13.81+0.87  8.34+0.28  0.044+0.004  2.80+0.68 12.48+2.58 0.18+0.03 171
2000  1194+45 17.85+1.70 12.71+0.08  8.64+0.39  0.059+0.008  1.55+0.08 20.84+4.27 0.14+0.01 165
1002 3148 No.Det3  2.34+0.18  18.45+0.31 No. Det. 0.24+0.04  8.54+3.48 0.78+0.35 5
2002 54+10 0.45+0.17  3.01+0.25  16.70+0.65  0.058+0.025  0.16£0.07 7.01£1.38 0.54+0.26 16
500 147+14 126£040  4.49£0.18  14.45£0.53  0.059£0.002 073048  2.50:084 086x021 35 o
1000 227419 1.18+0.20  5.72+0.14  12.75£0.20  0.033+0.009  0.60+0.18 2.91+0.27 0.42+0.11 55
1500 402432 2424093  7.48+0.22  10.96+0.35  0.031£0.009  0.98+0.25 2.40+0.18 0.44+0.14 59
ewz 2000 449+19 2.19+1.08  7.76+0.18  11.05+0.25  0.023+0.007  0.92+0.10  2.3240.60  0.34+0.03 63
IgG 100 63+15 1.2340.26  3.00£0.41  15.99+0.63  0.111+0.028  0.26+0.06 14.10+3.32 0.46+0.12 65
2002 123+11 3.0120.52  3.89+0.27  14.49+0.22  0.142+0.010  0.800.12 12.46=1.29 0.91x0.09 94 .0
500 307+14 6.98+2.73  6.19+024  1231£0.38  0.133+0.015  2.16£0.52  6.49£0.76 1.33x0.62 135
1000 470+46 6.67£0.95  7.59+0.40  11.43+0.25  0.091£0.009  2.34+0.38 5513044 0.85+0.07 139 \EA
1500 526+188  7.33+1.57  7.99+£1.60  10.94+0.89  0.079+0.030  2.38+0.29  5.84+1.61 0.66+0.25 191
2000 8294135  7.08+0.98  9.89+0.90  9.92+0.63  0.049+0.005  2.88+0.28 4.18+0.08 0.54+0.06 129
VSRR 2H AR S5 R W I By T 0O R U R 2 TR RSG5 4 T IR TE 5155, G T AR I3 s sE; 3 RegH .
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Figure 4.11 Single-molecule characteristics of MPR-IgG and TMR-IgG in PBS under a set of

irradiation powers. (a) The single-molecule brightness, (b) the total collected photons before

(b) FEJGIER F RTICER IR EO6 T4

photobleached, (c) the signal-to-noise ratio and (d) the localization uncertainty as a function

of laser power. The total collected photons of TMR-IgG at 100 W/cm? was omitted because

of the variance resulted from weak signals of TMR under that condition.
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Figure 4.12 Single-molecule characteristics of MPR-IgG and TMR-IgG in PBS under a set of
irradiation powers. (a) The single-molecule brightness, (b) the total collected photons before
photobleached, (c) the signal-to-noise ratio and (d) the localization uncertainty as a function
of laser power.
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Figure 4.13 Simulation on the reconstruction from MPR and TMR at various labeling density.
Poisson process is assumed for the on-off transfers and bleaching events!!***!%2 The obtained
single-molecule statistics at 2 kW/cm? in imaging enhancing buffer (Table S4) were utilized
for generating the blinking behaviours for both fluorophores. The simulated single-molecule
signals were assumed to emit ~1000 photons on each frame. The collected photons of a
single-molecule signal were randomly distributed according to a simulated point spread

function (Gibson and Lanni model, z = 0)!>!7] under experimental microscopy configuration.
Scale bar: 500 nm.
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Figure 4.14 Super-resolution imaging of microtubules in a fixed HeLa cell. Conventional (a)
and reconstruction image (b) of microtubules immunostained with primary antibody against
a-tubulin and secondary antibody conjugated to MPR. (c) Schematic illustration of
preparative method of MPR-IgG. Histogram of single-molecule brightness (d) and
localization uncertainties (e) in (b). (f) Fourier ring correlation analysis of localizations in (b).
Magnified views (g and j) or (h and k) of regions indicated by blue boxes in image (a) or (b).
Intensity distributions (i and 1) across the blue lines in magnified views (g, h and j, k). Scale
bars: 4 um (a and b); 300 nm (h); 200 nm (k).
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Figure 4.15 Comparison on the super-resolution imaging results between MPR and TMR. The
imaging was performed on immunostained microtubules with primary antibodies against a-
tubulin and secondary antibodies labeled with fluorophores (MPR-IgG or TMR-IgG). The left
panel presents typical results from MPR-IgG and the right panel shows typical results from
TMR-IgG. For each panel: the first column shows the conventional images on the same
region acquired before super-resolution imaging; the second column shows the corresponding
super-resolution imaging results; the third column shows the corresponding localization
density maps analyzed from the reconstructed images. Bottom row shows regions highlighted
by white boxes. Scale bars: 4 um (first three rows); 500 nm (bottom row).
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Figure 4.16 Quantitative comparison on the super-resolution imaging capability between
MPR and TMR through immunostained microtubules in fixed HeLa cells. The box plots of
(a) localization densities and (b) localization uncertainties for MPR and TMR on
reconstructed microtubules. (Statistical data analysed from n > 5 imaging results for each
fluorophore).
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Figure 4.17 Comparion on the super-resolution imaging of microtubules with single-labeled
secondary antibodies of MPR and TMR. Microtubules were immunostained with primary
antibody against a-tubulin and single-labeled secondary antibodies (dye-to-protein ratio: 0.33
-MPR- and 0.31 -TMR-). The first column shows the conventional images on the same region
acquired before super-resolution imaging; the second column shows the corresponding super-
resolution imaging results; the third column shows the corresponding localization density
maps analyzed from the reconstructed images. Scale bars: 2 um.

F—I7 T, MBS Gk T2 G 45 R LU T 7R, MPR TE UGSk R BB 5%
£ (980) fAXB& = - TMR (9200 , BIRFEH T/ #rd, TMR EILH EE1 55T MPR
MRS F0 R (R 4.5) o TMR BAEXS 3 58 1 5 4375 B 1 e -5 ] e 40 M A IR Al 355
B LKA B T S R B 0%, IXAE IR S mT e k] TMR ()34 S 90T A i 12

- 138 -



RHEFL TR 220 S

FRHERS TR . AR GO R0 H AR AL L RE, P 1S3 e Ak P i (&
4.16b) » MPR AHLLF TMR BSGICE Z (@A kE . (MPR: 16.8 nm; TMR: 15.8 nm) HJ fig
SRR T H SRR TS S, KA MPR 168 20 9 A5 A ol B PP R 25 o 2 s i)
BT1ET,

JAENE, Y MPR S B RUR FE I 25 5 T 0 e AL FE R A8 i B, MPR
HAH TMR S 4 (1) 58 o7 B 73 B 5 e

MPR F1 TMR I8 7 A% e ) A0 e bric % B e it AT 1t b, dxat
WY PRI BT 4.15 WS, X000 A X bl A3 et A FH 3230 B bR A 1)
— P CREE—p [FI S T ROR T8, W 4.5.4 79 BRRAYEHERGE AR id
W, WIE 4.17 Fiw, BRI R R OE UG R T B ES 2R, X5
AATITEAR RIFR1E 2644 T 3R A ALLPR 1E 2 B I U — 3. ARVT, AT ke 43 EE A R B 25
RAESEE RN T ERKER . MPR [WEBL S RIRRE T &L 1S 220K 4500 1
TMR UG X B gty . X2 R H mbrid % g R (B 4.15) DL 73 dr
ZER (E4.13) —8. EEMEEESITER, MPR ERE S50 LHIF32 e A% A 659
EAL/um?, W% T TMR IEEE (368 EhAr/um?) o PRIYLEHR Rl SEI6 4644 T N 24 3R 45 AR b
FIBRIC R L, X o7 2 FE IR 22 e 2 BERIE T MPR Al TMR 7E UG INFR G THRHE
2R (£4.5 , EWRTCHNR.

HEh, I ERRGET, TMR ESERRE R G UGB 2 58 SO 73 7 AR
I “HIR” BIARIC G S (I SCERPIRh AR IURS S30, (RIS =FIEE DUAT)
IXEE “HaR 7 W oo e AL R 22 [E I BT IC S5 M R N EERFAE . DAL, DR T R AR
BOng P, AR T B AN A HE OB LR T AR S AN BB AR R S AR AR R

&2, MPR TEAEIFRICES BE T 3R1F 1 i ot 2 A8 45 R Ui B MPR B L TMR 5 5%
¥ 57 B8 7 W AR e
4.5.6 Mem-R HYEAANLHBERR R 77 #E A G R E S5 Mem-TMR BIRR IG5 RXTEL

NT D AR B PR RS A bR iE AR RS T, R T — XU Pk
FIHR%ET, Mem-R (0=0.64, & 4.19a) , REFHEARICHMIELS . RN A 7 6C 25
TR e & P B IR o Fe A8 e 0, et T — R T R BB I 4E B IR AR ST, Mem-
TMR, 5 Mem-R #4785 #F R 45 Rt AT xs th.

8 A A M S 32 LR R oy, He o T B SRR AL, — i KA YR e 4544,
T MR KR . 1T IERET Mem-R 5 Mem-TRM H.H &5 55 A AH L1
P SEPERE i, ZEEAL IR e 2 A SR KV PR, 1T IE 7S e B R SR A AR VA 1 . 74N iR
Jetait, KRB IRBNRE o> T o0 A0 T AU MOME, 17T 7KV P 2 e Ak A A e G 52 B

- 139 -



T READE D HEUR T P PH AR BT

FERGAL, BRI AL, SEELRT AR AL REPERRIC . AT 4.18 P, JEERAERRRIESKE
T PIRPERET A PR AR L B PERR I RE ST o

Mem-R Mem-TMR

4.18 1EV5 HeLa 4P Mem-R 5 Mem-TMR 3L EER e kii% . (a flc) Mem-R

AT Mem-TMR K2 55 . (b A d) MHFEGRK A S GESSME. Mem-R 1

Mem-TMR )k A5 SR E N T A Bos Mgn i 2, 53IR540 Mo ) 4 i s 25 4 72
FNUNLGE

Figure 4.18 Confocal fluorescent imaging of Mem-R and Mem-TMR in live HeLa cells. (a
and c¢) Fluorescent signals from Mem-R and Mem-TMR. (b and d) Merged image from
fluorescent and bright-field image of the same cells. The fluorescent signals of Mem-R and
Mem-TMR precisely locate the edge of the cell on the bright field, matching the morphology

of plasma membrane which surrounds the cell. Scale bars: 20 um.
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Figure 4.19 Super-resolution imaing of plasma membrane with Mem-R. (a) Molecular
structure of Mem-R. (b) Super-resolution and (c) conventional image of the plasma
membrane of a live HeLa cell stained with Mem-R. Histogram of single-molecule brightness
(d) and localization uncertainties (e) in (b). (f) High-density molecular tracking of Mem-R in
the marked region in (b). Trajectories were colored according to their diffusion coefficients.

Scale bars: 4 um (b and ¢); 2 um ().
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Figure 4.20 Comparison on the super-resolution imaging of membrane in living cells stained
with Mem-TMR and Mem-R. Upper panel shows the resconstructions from localizations of
Mem-TMR. The bottom pannal shows the reconstructions from localizations of Mem-R. The

white box highlighted insets present the conventional images of the same region, attained
before super-resolution imaging. Scale bars: 4 um.
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Figure 4.21 Comparison on the localization densities of the reconsctruced images from Mem-
TMR and Mem-R. n > 10 imaging results were included for each fluorophores.
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Figure 4.22 Schematical illustration of the mechanism of the acidic organelle selectivity of
Lyso-R.
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Figure 4.23 Colocalization analysis of lysosomal associated-membrane protein 1 (Lamp-1)

with Lyso-R. The fluorescence from Lyso-R is showed in images (a) and (d). The
fluorescence from mGFP fused with Lamp-1 was showed in images (b) and (e). The merged
images were shown in images (c) and (f), respectively. Scale bar: 10 um (a, b and ¢); 5 pm (d,
e and f).
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Figure 4.24 Super-resolution imaging of lysosomes in a live cell with Lyso-RH. (a)
Protonation of Lyso-R generates Lyso-RH in situ in acidic lysosomes. (b) Super-resolution
and (c) conventional images of lysosomes in a live HeLa cell stained with Lyso-RH. (d) Time
colored super-resolution images of lysosomes. The white box highlights the imaging region of
(b). Magnified views of typical lysosomes are presented on the right. Images (e) and (f) were
magnified views of the highlighted regions in (b) and (c). (g) Intensity distributions across the
blue lines in (e) and (f). Histogram of single-molecule brightness (h) and localization
uncertainties (i) in (b). (j) FRC analysis!'® of (b). (k) The survival fraction of molecules
during imaging of (d). Scale bars: 1 um (b, c¢); 4 um (d); 200 nm (d 1-5); 300 nm (e,f).
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Figure 4.25 The comparison of single-molecule brightness between Lyso-RH and Lyso-
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Tracker Red (commercial lysosomal tracker) during super-resolution imaging of lysosomes in
live HeLa cells. Statistic data were collected from » = 10 imaging results for each
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Table 4.6 Comparison of localization-based super-resolution imaging of lysosomes in live

cells.
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Appendix Figure 13 '"H NMR spectrum of Rh-Gly-Halo(3-11).
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Appendix Figure 16 3C NMR spectrum of 3-12.
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Appendix Figure 17 "H NMR spectrum of 3-13.
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Appendix Figure 32 '"H NMR spectrum of 4-MPR-COOH(4-7).
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Appendix Figure 33 '3C NMR spectrum of 4-MPR-COOH(4-7).
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Appendix Figure 36 '"H NMR spectrum of Mem-TMR (4-11).
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Appendix Figure 38 'H NMR spectrum of DM-Naph(4-13).
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Appendix Figure 46 '"H NMR spectrum of P-NBD(4-18)
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Bl 50 Rh-Gly 5 Mitotracker Deep Red 7E HeLa (a) A MCF-7 (b) 4 R efr
e BEE DR TAEILE LR T 9 DAE X Sk FEREAE T, A EAE
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HERETOHG R, HEOEG: WKIOCEERERKEME, N SmE bR gy

TEX IR IS 2O B B B A 2. FR R 25 pme
Appendix Figure 50 Colocalization studies between Rh-Gly and Mitotracker Deep Red in
HeLa (panel a) and MCF-7 cells (panel b). Each panel presents nine different regions of the
colocalization experiment. In each panel, from top row to bottom row: confocal fluorescence
images of Rh-Gly, colored in red; confocal fluorescence images of Mitotracker Deep red,
colored in blue; merged images of two dyes; corresponding bright field images; line intensity

distributions along yellow lines in the merged images. Scale bar: 25 um.
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Appendix Figure 51 Super-resolution imaging of live cell mitochondria in HeLa (top panel)

MCF-7

PALM

and MCF-7 (bottom panel) cell lines. In each panel, the top row exhibits the wide-field
images of regions rich of mitoncondria and the bottom row shows the corresponding

reconstructed images in 10 s under inclined illumination. Scale bars: 2 um.
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Appendix Figure 52 Quantitative analysis of super-resolution imagings in HeLa (top panel)
and MCF-7 (bottom panel) cell lines in Appendix Figure 51. In each panel, from top row to
bottom row: histogram of photon numbers per single molecule per frame; histogram of
localization uncertainties; Nyquist resolution estimations for the corresponding PALM

imaging in Appendix Figure 51.
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Bt el 53 FE TR AR 20T XS i HeLa 41040 k% (920 81 Bk 7> W RifR - HaloTag Rl &
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AsEa—H AR E 5000 WEIGEEE ARG . R R T A FRRARC R &
A 99O . FRR: 3 pm.

Appendix Figure 53 Super-resolution imaging of H2B-Halo fusion proteins in necleus of live
HeLa cells under inclined illumination. The H2B-Halo fusion proteins are convalently
coupled to Rh-Gly-Halo in live cells, with different levels of overexpression due to transisent
transfection. The super-resolutin images are reconstructed from 5000 frames. Inset presents
the wide-field image from the same labeled proteins. Scale bar: 3 um.
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Appendix Figure 54 Quantitative analysis of the reconstructions of super-resolution images in
Appendix Figure 53. Top panel, histogram of single-molecule brightness; bottom panel,
histogram of localization uncertainties. From left to right, corresponding quantitative plots for
Appendix Figure 53.
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Appendix Figure 55 Super-resolution imaging of microtubules in HeLa cells immunstained

with primary antibody against a-tubulin and secondary antibodies conjugated with Rh-Gly-

NCS. Left column: PALM imaging of microtubules in fixed HeLa cells under inclined

illumination, reconstructed from 11000 or 17000 frames. The imaging was performed in PBS

solution. Right column: corresponding wide-field images of microtubules. Scale bars: 3 um.
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Appendix Figure 56 Quantitative analysis of reconstructions in Appendix Figure 55. Left

column: histogram of single-molecule brightness. Right column: histogram of localization

uncertainties. Top row correlates to the reconstructed image on top row in Appendix Figure

55. Bottom row correlates to the reconstructed image on bottom row in Appendix Figure 55.
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