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RZEDY) VBAL R EEIRIC R AT S,

ZOEITu—TORREICEIIET Ta—Fik, kg

MERROLL ST, EWBEHPDEORTRR 2 ) — = v 7 LHEEFFMEICB VT H key technology 2% 5 &
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1 & G

R oA F A A=V V7, AEMBOTD
ECTREDEEGFHD - EOREAKRL, LT
WAOhE, BCRH - ZESFERETTRILT 20ICRE
THb. TONLFAL A=V U7, MBERCEELD
LHMEA Y - FORRS, RBBENDOAL F Y - 5F%
BENICHTIZT, ZRICIVERY I F VR ERT S,
WhWSEET O — T LI A BEEEESTFOBRSLE
LB, —PlELT, AVYILAERHBELTELERESRE
{LEE5 Fura2 L W) ENET O -T2 BITH I LATE
%. Fura2 3EREBOFEICIED VT 1985 FEICHRE S
N7 O—TTH5Y. ZOERERTT—T AL
VY LMBERERCINV YT AERE, FREITRMTHo
TN T AL F Y OMBEHNEIREE AT L CTHALL,
A DEMINTLHEME ~E 87z, FRERFBIC,
THERCLEBE A EOMEE ) D8 L TEKS v
RHRE, SN EREOBBRRSEmREL, FhEEXR
WKE), HEVIETVFTAY P—T RV FESTHN
5, WHhWAIREROBIESHELZ T TIX A7 *EME
TERV, LWH T LRERSER. LiL, ARERS
FILEB77u -T2k “BRBRNROGTREE LIl
KBNTHRANDH Y, 44 v —MBALBELZ LOBEF,
LA ST REBIEBNRL LBt 7o — 7 LR ERT
WRVWOPBIRTH 5. AGREREICBWTEER R 2R
Yy YR HE, BERE, ARARSTICLET Tu—
FORRIICSFRRTHICERY RO TH L. *
CTEHBELIX, FUNIE AL VESTREHETFELT
EHL, BEFIFEHNT Tu—FilkonT, h X
vy Yy — LIENDEBNGTFRF 0B YL

DRRAS R LB A LRGBS 2 B 1538902 HUL
#HEBXEY 3-8-1

Y, MROEBEERPEBOEMBICEERERSFOX
Ko —T2EEL, FNOEESHMBRNOGFA A—
VUV TOENB Y NI b I EEELELTEL. BEIZ,
Bgs L7 v — 7B LT, BEOHEFETIZM
DR h o MBENS FREORZESREZHL LT
&7,

9 HEKREOWETO—T

RAT7FTINA 7Y b= 345 bR VB [phos
phatidylinositol 3,4,5-trisphosphate, PI(3,4,5)Psf 1%, i
RANY Z7FVEEICBYTkey E 225 KBETH 5
(Fig. 1a). MRBPNZAER L72 PI8,4,5)Ps X, & VN2 H
) VBRALEER R ST /) ¥ =) VB (guanosine triphos-
phate, GTP) ®& 5 VNV B EBMEL DY U RI R
BaEL, T 2ERET S 20X 5 cERIELZ
PI(3,4,5)Ps #i & & /87 B8, MBa¥ém, 7R b=V A%
EDBE MRS BT L LB, FDOYITFV
ﬁ%®&%ﬁ%(®ﬁ@ﬂ%5¢%.L#L;H@Amm
P—D2—oDEEMBEADEZIL, ED¥ 43I VT,
EOREREAINTVEONICOVWTEHLHTIELR V.
ZZTHEELR, AEZ-MREANTOPI(3,45)P; DEREZ
HO2ITRL, FILV@EETa— FEEETe— 7%
#L72 (Fig. 207.

LB T AN F—BE (fluorescence resonance ener-
gy transfer, FRET) % JE¥ & L C PI(3,4,5)P; & W #4L &l
WS 2702, ¥ 7raEtsy v 378 (CFP) LEfs
Ky vy E (YFP) # 70—T7OHIZEALTWS. b
%A CFP L YFP I AT ¥ 7 S FHE OB S /%
2 & (green fluorescent protein, GFP) D% RMAD#
Hs NI ETHY, FNENFRET D FF—, 7r&S
¥ —r LTHEET 2. PI(BA5)P, LIRS T 5
fr&LC, FVLZ2 A MY YHMIE FAA ~ (pleckstrin homol-
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ogy domain, PHD) % f\», CFP, PHD, YFP % Glu-Ala-
Ala-Ala-Arg DY R LEEFI D SR AME R T VT 7\
Yy 7 ATHEMEL, Tu—TEEETL. ZoSu—T7I2F
B OB RS % E35. Tu—THNOMIE%
ANy 7 A0 1T, AESRDNENTIVRTHS
FUY U EQMEATHIEICE 5T, PI(B4,5)P; FEFF
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ETKﬁmfu,czgﬁghmg)kbfim—fﬁ
HEMEHICEHETEL LI TR TS, —F,
PI(3,4,5)Ps B RICAERK L TFa— 7D PUD 24T %
&, =707 VF Y T4 —HFKRIBIHISL, S0
— 7D CFP, YFP DX Ry Bl X O FER O ZEA LI & - T,
FF—CThHCRPHPLT I ET I —CHEYPD

FRET 2883 %. L7255T, CFP & YFP DA%
EHETAIEI2LY, PI(3,45)P; DEEILHEMET T
MR T A2 TEL. ZOXHIICHRELE
PI(8,4,5)P;s DHIE7 T — 7% Fllip (7 v 7, fluorescent

indicator for lipid second messenger that can be tailor-

(@)

(b)

| made) ¥ &HF7=.
I Fllip DA ORI, MIBA QRIS 5 4V H % F
WCFlip* BEHEEICRES Y, 20+ VT A IED
| PI(3,45)P, DEIEXETE A LIHDH. T3, MK

(plasma membrane, pm) ~®JFIEILEF] (Gln-Gly-Cys-
Met-Gly-Leu-Pro-Cys-Val-Val-Met), & U/ L v
HIEOF Y HIBPNE (endomembranes, em) ~DFFEAL
E25] (GIn-Gly-Ser-Met-Gly-Leu-Pro-Cys-Val-Val-Met) % #Li%
L, UFHAEKRETPI345)P 2 THILT 570 -7 (£
OH NZN Fllippm, Fllipem) 2% L7 (Fig. 3a, b). Fllip-
pm & Fllipem Z AW T, MBEEZMBABEIZET S
PI(3,4,5)Ps DENE % W HALEHI L7z, Fllippm 2 BB S &
TR ARRIR 2N 72 & 25, FIEEHRD S FRET G
BHPBESh, MEEICBWTPI(3,45)P, BER L
Laaha (Fig. 8¢). WiC, MIFLPIBICIZ PI(3,4,5)P; °
AT 2 OPEPERSPITTL, Flipem ZHEH S &
7oMWL 22 RSB 221213 Fllipem OEEIZR S
NZdpoZzhd, %2 5#H0 6 EEZ FRET REVPBIE IR
7z (Fig. 8c). ToZ ki3, fEkRFEZSNTWIMBED

Fig. 1
gers
(a) Phosphatidylinositol 3,4,5-trisphosphate {PI(3,4,5)Ps}.
(b) Diacylglycerol (DAG)

Chemical structures of lipid second messen-

PHD

Rigid a-helix
(EAAAR)

PI3K

Principle of the fluorescent indicator for P1(3,4,5)Ps, named “Fllip"
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Fig. 3

Imaging PIP; dynamics at subcellular membranes
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(a) Fluorescence images of cells that express Fllip-pm at the plasma membrane ; (b) Fluorescence images of cells that
express Fllip-em at the endomembrane ; (c) Time courses of the CFP/YFP emission ratio of Fllip-em (closed circle) and

Fllip-pm (open circle) upon stimulation with PDGF.
shown with a broken line.

(@)

Stimulation

Endomembrane

Plasma membrane

[PI1(3,4,5)P,]

Time/s

The cells were stimulated with 50 ng mL~' PDGF at the time

(b)

Stimulation
1

[DAG]

Mitochondrial
outer membrane

Time/s

1
1
]
1
1
'
1
1
1
1
1
1
1
1
:
1
) Plasma membrane
:
]
i
1
1
! ;
'
1
1
1
]
1
!

Fig. 4 Subcellular dynamics of lipid second messengers in living cell

(a) PI(3,4,5)P; ; (b) DAG

AT, HENECBCTCOIMBE O 2EBEED
PI(3,45)P; DELEDPEETWVWLILERL TS (Fig.
4a). B, ZOX) % Fllip %72 PI(3,4,5)P; D HL
b, MRAOKEDS TBREE HET 5 EEENDH 5N
BoFEWENFRLEEZMAEDELIEITLDY,
PI(3,4,5)P; R Z2HBIREZ I 5 XA h = X2 ZE) Y AL Z

LHTED. TOLHTLTEESE, TV FHA4 b=
AN XY MR & MBI 1B L 72 AR ASHE N A
BRI BT PI(3,4,5)P, DR ZFHRT 22 L B 5
IZLTwa,

Fllip CBWTHICERLZHFIV Z20H 5. —2 IR
EARFITHY, LROXICANVT X T EERN %
PI(3,4,5)P;s DEJREFI M Z W REIZ T % (Fig. 2). 99—
PERBREEHET S FA ALV (Fllip ®¥%4A PHD) T

5. TOFALVIE7U—TOREERIREEZ DS FAA
Y THh5 (Fig. 2). PI(38,4,5)P; LHAT5 PHD Db D
MO ERIBEDORE F AL VEHWAZ LICEY, HE
HECTO—TOBRMEEZEZ DI LN TEL. FHLIF
B, CO77a0—FRESTHTITINTY ta—)
(diacylglycerol, DAG) (Fig. 1b) % WAALEHAIT 5 %%
7u—7 (Daglas, ¥ 52) ZEFEL:Y.

DAG i3 PI(3,4,5)P; RIBRICER % 72 BV E ¥ R MR EY
HEIVEREL THROBICAR ST 2EARETHY, £/
% DAGHREY Y7 BOWEEEZ Iy ru—n L, HpEbs
TER A EOS R MaE L AT 5. LaL,
DAGWEDF NI AT DRI - w0 - FORBEAKLT
WEHDY, ZOREMBREIZOVWTIIRNTHS. BHS
2, DAGHEF AL VTHDIVATA VI F FAL >
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FRET

53m5' nm
E. Kinase
440 nm -
Substrate | >
Sequence | Phosphatase
Flexible Liker ---— ..
E,:
Phosphorylation _ 440 nm Substrate

Recognition Domain ™~

C

Sequence

Fig. 5 Principle of the present fluorescent indicator for protein phosphorylation

(cysteine rich domain, CRD) % fi\*"C Daglas # Bi5E L 7.
Daglas 213, MM (pm), MWK (em) ZMA T,
IPavy FYTHE (mi) ~ORBELES &2 Eh T
L, YA VA A TEETDAG 2 AHALRHIIS %5 7o —
7 (ZNZN Daglaspm, Daglas-em, Daglasmit) & L7z
Daglas % 563 & &7 M AR 2 M2 TEA VA %
T TO DAG DRERLZBH L7720, TOMRIZER
L7:DAG 2 HEHEWNFETHBEEL I LITLY, DAG
OMfEA TORZHEREZ THRALGHI L2, ZoRE, M
FABEIZ BT 5 DAGIEEIIED TR RZNTW R 00,
VAV FRIEIC LY, BRIl —BHE D DAG ERAFHE
ENBZLNGhoT (Fig 4b). —7F, MREAEICEW
T, DAGIRER Y 7Y FHELHI 2 6/ (RN TH
D, TORERV VY FHBICIVECERT S (Fig
4b). I ba Y FYTOIMETY, MRAERERZ, U7
¥ FRIBELET2* 5 DAG DMER L TV 575, T ORERY
HYRREIC L DIz A LB L eh o (Fig. 4b). &
|2, Daglas % fi\:72 DAG OFHALEHE & A FEZ
MHELESLILIZEY, A NF A TEICDAG ZEE
TAHRROEEIEN TN E Lo TVAHI LWL LR
o7z,
RI:CERREEZ RICHHT AV TAF7E) TR,
BIREL BELBHBEEICEZ 5L TE A ARREF2
— FRIBE 72— 71, 20 &9 %8 LW AREE ORI
ZWREICL, HLVEGRFORMICERT 2 LHFTS
5.

3 FUNRZEY VBboELETO—T

F V7 BD) Y B, MRNY S FIVRED ON/
OFF A b2 ROIFBERAHIZALD—DOTH 5.
Fre MIZsoofEEO Y sy ) VIRLEEE (T
—¥) LW 140 BEOBY VELEEE (AT 7 ¥ —X)
FELTWA. ¥ 308 VBALICEELZ:F - —¥ -
RAT 77 —BIS R AL RIS 5 LR, 2°
ARZLDETHELORBORRIIO R TWD. EH
SIS TERT B ¥ Uy EY) VB LE WAL
SRl 57201, HILwBEFI - FREETT -7
(Phocus, 74 —hA) %BA%KL7 (Fig. 5. & vz
By VEBLEE (F7—8) ICKDBIRIC) YBILSh
LIEERSE, TOXRERFIO) VB RERL RS
LY VEBALEBRE AL V2 7 LF I TNRRTF R
H—TRATZEESY YN B2 iRET L, £OWuEIC CFP
L YFP 2T B, ZD X ) ICHET L7 Phocus DEER
RIS YEBLEZIT 5 L) VBRALEERR X A4 Vs E ALY
A LT FEEsEEET 2. Zhictks T CFP
L YFP AMHEEH L, FRET ICED L YFP OEEHPBE S
ha, By vEBAEEE (KX 7 75 —¥) 3w T
Phocus 23V Y EE{LE 5 &, Phocus XTI TTORE
IR D720, FRET I3 53 CFP 7 5 DB BE S
NBEICHDB, Lo T, CFP L YFP W FDHENE
WREMBET CHRRFICE= 352 LICLY, —D—D
DA DY) VEBALORER ) PHFVMDL I LR TES.
Phocus & 1% “fluorescent indicator for protrein phosphory-
lation that can be custom-made” D EHRTH L. 2 F D
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(a) Erkus-cyto Erkus-nuc
PC YFP PC YFP
(b)
Stimulation

Nucleus

Protein phosphorylation by ERK

Time/s

Fig. 6 Imaging protein phosphorylation by ERK

(a) Subcellular distribution of Erkus-cyto (left panel) and Erkus-nuc (right panel) in
MCEF-7 cell ; (b) Time course of the Erkus-nuc or Erkus-cyto response in MCF-7 cells upon

stimulation with 100 ng mL " EGF.

Phocus 3 FHOEEES], BV EBALEB AL V%
HECANEZZ2ZLHTE, RLLEVEF—Eigb
¥CTE—THWAIAEAL RTEL, ZOT7Tu—F
X, BELLT AV IO NS IZEVEESKh, BEF
TIREA ¥ F — ORI T O — THRRB IR TN D,
s> 7 VI F > — € (extracellular signal-regu-
lated kinase, ERK) ZHIBENOIFEED ¥ V37 B0k
Y, AvF o vBRERY VBRLL, MBLoRhEs L% L
DEGRELHBET 22X —¥Thsb. ZOERKICES
y s B YEALOBE Y AL 5 2008, #IR
¥ a— FEIHEDE Y U — 7 ERK-phocus, M5 L T Erkus (7
—HA) ZERBLAY. RERFIL LTIE, ERK OMK
FEEARDOT 3 7 HAECLS] (Lys-Arg-Glu-Leu-Val-Glu-Pro-Leu-
Thr-Pro-Ser-Ile-Glu-Ala-Pro-Asn-Gln-Ala-Leu-Leu-Arg) % F
WTW5s, Y UERERFER AL VL LT, UV VEBERLF
ZVEMIZEAT S5 F X 4~ (Forkhead-associated 2
domain, FHA2 domain) % '\ T Erkus # RIS hTn»
5. 7B, ERKIZDOWTIE, FIVE VL E0sERREIC
Lo THNIZBITT 2 2 LIS TWAS, BHICA
S 72 ERR IIFEANTY 28y vt e AR L, Ml
FHICLELRBETRAZHBT AL ZLOM TS, ¥

P ® ERK DIEMALIZOWT OBIERIZH L A Tld v, &
H 5% Erkus ICEICEANRET I/ BES L BHVRET 3
/ @Eﬂﬂ%%ﬂ%ﬂf@% L (#1FN Erkusnuc, Erkus-
cyto), TNHEAVTEN - AL TOERKICX 5 ¥ ¥ X
2B VBLOBEETHELEHIIL 7 (Fig. 6a). O
B ERK ZHIBE TRV E v 2 ES SRR BARFEIIC —
BRICHEEILEN S Z LG o7 —FHOBATI,
ERK ZA/MHAIEIC IS L CRRMICEEIL IS ha 2 &8
o2 % o7 (Fig. 6b).

LD ERRIZMZ T, ALY ¥y - ALt=rFF
—ED A DT —T (Aktus, 775 R)7, Fuy
YFF—ED Src DK T T —T (Srcus, F—H APV
BRIZEEOMBECHRRBINT WS, Aktus X TV VAR
RIPAVFYTELREF VIR TETO Akt DIERALE
2O THSPIZL, Srcus FHIBEBEICHERET 28T
A= I NVEEDO AL Y (lipid raft) 128} % Src DiF
HALBREBICOWTH LWHRZ5 2 72,

4 BRTZFLCESC-RILBROBHBRE I
u—7

—BfbEE® (nitric oxide, NO) %, 1987 fFICMENE
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O
Amplification 00 A
& Detection .g.‘.’. Do

Definitions

Fig. 7 Principle of an amplifier-coupled fluorescent NO indicator, named “NOA”

sGCo-CGY and sGCB-CGY are spontaneously associated to form a matured heterodimer, that is,

NOA-1.

NOA binds with NO and generates cGMP at the rate of 3000 ~ 6000 molecules/min.

Thus generated cGMP binds to the CGY domain in NOA make NOA emit a FRET signal.
Approximately 99.9% of cGMP molecules thus generated diffuse and bind to NO-free NOA. Asa

result, even a single NO molecule can trigger a large number of NOA to emit FRET signals.

Even

if sGCo-CGY and sGCB-CGY exist as monomers, the monomers also emit FRET signals upon bind-

ing with generated cGMP.

BROMEIERT T 5 = L S8E S TR, 20k
BEMWE L L TOREADPRLICAVWIEESR TS, FE
HI3AEXHMBENTERT S NO OERE Z W {LEHI3
ZEEREORIET - FRIEETT—7 (NOA, /7))
2% L7 (Fig. 7', NOA X NO L#& L TiHmALy
pEHE (TEHI 7o VBY 7 9—¥, sGC) RIEHLT
B ENTWAS. NOA i “fluorescent indicator for NO
with a signal amplifier” OFKRTH 5. sGC & o, B-H7
L=y MRLEAZERTHD, 15FONO ZETITT
DIV A Vv — A2V I T7T IV
35— VB, cGMP) ICHIE - BT IBETDH 5.
sGCOWH 7=y MZ, FEELHPHFE L/ FRET IIHED
¢ cGMP BH7u—7 (CGY) (Fig. 8)'"W &M L. =
NIZED, NOLORKEAIZL Y sGCEMHI SER L
cGMP % CGY M THA T FIF e LThiTt& s 2 L
Wb, ZDsGCE CGYDNA T v KF VX7 EHH
LWHEE7U— 7 NOA THS. EELDIE, KEICER

SN7z cGMP IX, NO L #E L 72 NOA @ CGY #iLiE b
HEHADZE, NO LHEAE L TRV NOA O CGY #IZH
MELUFRET ICEDK BRI 7 V2552 LTHS.
BRERIFIZESCHLVWEEODD, NOA MM TE
BT 59T EVREFERO NO ORFZ2 B % 4l
ILEHIT 2 BEREORE IO —T L 5. ol ABEM
L7z NOBEFBDIZEL S & NOA @ sGC ¥R DBEE
EENHEET DL LB, MBEBNOFAFIIATIF—¥
2D cGMP HABICHASRENS. Lizdso T,
NOA XIBEW#MEER L, MRATOEMR NOBEE
BHOWHLEEITE % (Fig. 9). BKJE, WHMOWMEIC
BOTHAOERHNE T —T 2135212 LD NOAK,
FERDFIRFETIEASL NI TEX o 72N TOATE
K7 NO BB O HALEH 2 EH L 7-.

d, BHELISTHEONO 7u—7 “NOA” OFEH
ZEALT, MBEHMONO 70 —7 (Piccell, ¥Z7 &)
ZHRL, AEMRESLAEMRE» SRS T ELE
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Fig. 8 Principle of a cGMP indicator, CGY

CGY contains major part of cGMP-dependent protein kinase (PKGIow;-4;) having two
cGMP-binding sites and thus binds with two molecules of cGMP. The CGY bound
with two cGMP molecules emits a fluorescence signal based on FRET from CFP to
YFP, which are respectively attached at N and C termini of PKGIo,; - 47 in CGY.

175
8-Br-cGMP

— 1nM 5nM  5nM 5nM 10 nM 100 nM NOC-7
E ’ 5 i i 3 ‘ : / (2mM)
= |
L '
) :
fo) |
w
p .
= b :
2 | :
7] | :
& i |
E ¥ ‘ ; :
i : a%%ﬂﬁﬂ@k

150 L : : : : :

0 500 1000 1500 2000 2500 3000 3500
Time/s

Fig. 9 Time course of the CFP/YFP emission ratio of NOA expressed in liv-
ing cells upon stimulation with various concentrations of a NO donor, NOC-7

FED NO ByRE DB e BB HRALEHI 2 EH L 72 (KR
Fi3 20 pM). ZOF LW HilaREE 7 2 — 7 Piccell %
WTC, v M7 =2 2B L 2R RS R
12100 pM 2D NO ZFEIMICHHE L Twab 2 & % v
2L

5% & W

EBIEETMBATOY 7 VREICBWTEE LK
xRl EAGFOBRE WHELETH T 2 8zFa—F
BENRTu—T2RELTCE. ZOHFLVELETT—T
X, BFEOWMAFETRESZLOTELRWHIRNOST
DOREEFBREFHT 2 LYy —ve LTHRST
FIHShWRDTWE., T8 [RAZVWLDERZB L)
CTa] MREELLY. ZDLX) HL, gL
FEHREFDBHADZ L, EMBEHWEOTEA 2 ) —=
¥ T RBIFHEEFITB VT D key technology 127 5 & HiFF

INTWAE, /2, KRTELIENA F A A= 0 TEM
X, MDA ST, MERPETIT 74 v v ahEDEH
REFVHP~OEHSFIIE > T 0D, Y A% EH
WA T D5 FBEDOMHREHINC DT B A5
VEREINTEBY, SBORBEVLZERFHFEIATY
5. FEEZELO¥ETU—TIwTRY, BWOEESF %
EVBRIRETEERL, F0o0TRERITIERVTEEY 7
FNUBERST S L ITFFAL Y ERTWS, HIZ, AR
DRFIERE R XL RELCEN 20 EE X720, BIC
B EREERID E EH T BRI M ARALIEY LT
AT -7 % BHBTEICHRE - £S5, CLTHREL
le7u—ThkFo TEGEHLIPILTE., 20X, &
FEEHEIIHEIF L EAGHFEL ORREBOEL S 2 E
BLRAESLHAMELTWA.
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Methods to Visualize Molecular Processes in Living Cells Based on
Genetically Encoded Fluorescent Indicators

Moritoshi SATO'

! Graduate School of Arts and Sciences, The University of Tokyo, 3-8-1, Komaba, Meguro-ku, Tokyo 153-8902
(Received 29 November 2007, Accepted 31 January 2008)

We have been developing fluorescent indicators for a variety of molecular processes in living
cells, including small molecules, known as second messengers, and protein phosphorylation
reactions. This is because fluorescence imaging could be the most powerful technique available
for observing the spatial and temporal dynamics of molecular processes in living cells, if fluores-
cent indicators for the relevant molecular processes become available. We have visualized the
spatial and temporal dynamics of these molecular events in single living cells using our fluores-
cent indicators.  The present fluorescent indicators are becoming an indispensable tool for
understanding the complex mechanism of cellular signaling and for screening pharmaceuticals
that inhibit or promote molecular processes in a cell.

Keywords : fluorescence imaging ; cellular signaling ; second messengers ; lipids ; protein phos-

€y g p p
phorylation ; fluorescent indicators ; fluorescence resonance energy transfer ; fluo-
rescent proteins.
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