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Complexity in signaling networks is often derived from co-opting particular sets of molecules for multiple opera-
tions. Understanding how cells achieve such sophisticated processing using a finite set of molecules within a confined
space — what we call the ‘‘signaling paradox’’— is critical to cell biology and bioengineering as well as the emerging field
of synthetic biology. We have recently developed a series of chemical-molecular tools that allow for inducible, quick-on-
set and specific perturbation of various signaling molecules. The present technique has been employed to unravel several
important, previously unresolved questions regarding the regulatory mechanisms of potassium ion channels, the mem-
brane targeting mechanisms of small GTPases and positive feedback machinery in neutrophil migration. Using this nov-
el technique in conjunction with conventional fluorescence imaging and biochemical analysis, we are currently further
dissecting intricate signaling networks in living cells. Ultimately, we will generate completely orthogonal machinery in
cells to achieve existing, as well as novel, cellular functions. Our synthetic, multidisciplinary approach will elucidate the
signaling paradox in cells created by nature.
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1. Cell polarization Formation
Fig. 1. Three Signature Steps in Cell Migration

Non-polarized cell migrates through three steps upon sensing environ-
mental cues; polarization, protrusion and retraction. Molecules involved in
each step are indicated in red.
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Fig. 2. Spatio-temporal Dissection of IPj;-induced Ca?*
Release
(a) Chemical structure of MGIP;. (b) Cover art from Chemistry & Bi-
ology. (c) Subcellular region of a PC12 cell (white circle) was illuminated by
laser light. Scale bar, 10 um. (d) Bradykinin-induced intracellular Ca?* was
monitored in both soma (thin lines) and varicosity (thick lines) of the same
cell in the presence or absence of laser illumination.
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Fig. 3. Basic Principle of Chemically Inducible Translocation Strategy (CRISP)

(a) Chemical dimerizer such as rapamycin or iRap (shown as a green ball) induces membrane translocation of FKBP fusion protein to form tripartite complex
with membrane-tethered FRB. (b) Chemical structure of iRap whose one side binds FRB, the other FKBP. (¢) Principle of Rac activation with translocatable Rac
activator. (d) Inducible Rac activation in fibroblast led to a remarkable lamellipodia formation.



650

Vol. 134 (2014)

73, MR T O RN T OMREEIIIEFEITE N Z &V
BINTWSE D ZOHEIZIE>ED &Enh>T
WRWD, DNOIUIKREL 2 DDFEENFE L T
W5 EEZ TS, 1 DIZFKBP & FRB O FE W HEL
MHETH2. F/\0—7 & Ok REEHITICE S
&, 5)80—/% & FKBP, 5/)50—/% & FRB RiC
BISKEEM D U 2 OFEE DBFED @V DD,
ZHUTHNATFKBP & FRB b EBE/KZEHEGLTH
0, WESESGEKREZRRL TWS., £, FKBP -
rapamycin - FRB # & {4 O fig it o 5 & #01%, 1072
STIF—F—ThBIENFEINTHBD, +7
L— NI E N, UL, fREEEEA 1072571
BETHZ ZL2ELINUT, RANSINO—T %
SERICBRET HRMICBWTEE L TIE 10 1R E
T9O% I NREET B &%, L, fifg
SREREDRLU ANBA TR Z2To/-&LTH,
EERIITZ S5m0, MRN TREEIGEND S
1 DMK, FNO0—7OMENOZ YT T2 A
MEWZ EIZhBEEZLND. 7UT T2 ADK
S, INRA T ONEREEDTTC, IREES
&N EEREIRE, MIANI DORR& 125 R
L, MEANSTENHT I ENEL N STkl
TV, XEMENZS Libehz ks g R
TEREOTVWRNWIED ~HTHDEFHELTY
5., INSOMBITKOBRELRESKEREL,
JANDOEFEITENWA T L — MNZHF T2 EE52 TN
5. EENOTRTOERIZERIIATYRITH 5.
£oT, X0AEMIEEZEZSHKT, £%E
BFikE L THy a0 s HET A A Th
5. FITOhbhEoXLY > EoO0—-7D2
DOBERLEREENMEM TSI LT, —EfH
L7- FKBP - 5)80—/ - FRB &k 2 fiRgke 3
2, EEhREREMmOGABEHIEL I EICkD
SFEEEA L ZLTATITHI IR 2
ZDOFEZEZHNWS Z & TR RHIERIEE & 72>
2T TR, ¥ NI BORAIEEMAEN S BE
i, 2L TCIhORUYUTANERLZ EBLETEDF
MOXDBBLIZHEHTHIEDTEL.
THReEIE L IRAEE

M E# S HIIEE D1 > v =)L > IEE IR
ICRERERICH D, FZTOMEERIMEEL
PECBNWTROEERERHO 1 DEHES. 1/
F=VU VIREIT S FHEAI SN TNDD, TNH5D

(LRI R LB > TWT, BT O E
BEMIEZTTHS. IS SHDIFEITBA NI
HEEERYOBERIZH D, TNENORIEZEHES
BEICE D THEABINTVS, ZOEDREEKD
BLTREEHNTINSOBERZALIES
&, MilaZzEER T H2EICIIHNOIRE 2T T < th
DEEHDOIFEICOHEEZRITL TND Z N
HO, T5ULEREOFHFINHELTEST O
DRENEE 2 BEE T 2 MR DIFFRIC B W TRE &
EoTWiz, bNbNORFT % CRISP 7O —7
DEHNIY >NV BEDOHE5T, BT TIEI—FR
SN D IERIEER T, BN E DRk
ERFFICHBET S EBAETHD. INET
CRISP 7O —7 & L CHIIERE LY > IFE % & Rk
X RT 2L D7 0— 7 OBFEICHKIIL TH
D, TN5ZHWSZETPIP;, PIGSP, 2 ED
IEE D&% in situ TREIEICHET S Z ENnFes
Bol. FFITPI4,5)P T2 7O0—-T7TIE, 3
IR NS R 25D 2 EMTEZOTURTH
N9 5. —WITIE, PIGSP, DEZECT D
213, ZNEERT S50 PIS FF—YaiEgE
REIFLRPVHVSNEN, bhibhidInz
CRISP 7 O—T7ANELIGHTZI&ET, FEDOY A
U TRARICIEEE ED P14,5) P, O& 2 HlH#T
5 ST LY 72 CRISP 7 O—7 7, #ifd
NOEREDGANCBE e/ MEE ZInH LT, #ike
75 P1(4,5) P, #ilfl i & LU T PI(4,5) P, liberation %
L UJz (Fig. 4). ¥+ —EIic&L%5 PI4,5 P, in
situ B TIE, PL(4,5) P, ARRICHEWEEITH 3
PI4P WHE S NIRBENME T I 2 DITH L, PI(4,
5) P, liberation i Tl%, PI1(4,5)P, 2 A7 § 5
CRIPS 7 O—7 %I hO2 RUTY EANEKWNTS
ZLET, BHITPIG,S5P, 2 T FIRERNCM
# (liberation) TX=, PI4P O RICHBEZEL 5 2
T PI@4,SP, > FIVEEE(TES., ZD2D0
a=—r s BEEEHY, MlEEKETHELZTIF
DEERRICHT 2EEBEBRELZEZA, 2D0
PI1(4,5) P, BER2, [FEED P14,5)P, &4 H
KT, TUFOEEITHT 5 RBRITHEANAY
T2 5 E WD IERITHRIEVER 2572 1Y Bk
L7525 PIAP QD% LED in situ H % TIEMIEL 7
DFRERTHHT7VF > aAy EERHLE
DIZx L, PI4AP 22 & % 5 X 72\ liberation %



No. 5

651

TIEHIAE L B EE Df FR DRSS 2 562 S B O]
bHGEHR Lz (Fig. 4). B2 M BEEIC
L0, PI4,5P, #EICL D 25 HliEE# O P
7R RBIR I, WEWEDPEMAICHIE S N2 HEE %
A9 % Rac-RhoA &, HlifuN D% R DB 59
BT EMNRBEINZ. INBiTLD, PIU,5P,IC
L5707 F UEKEBROERRIZ, NI TRY
B EToRENZEAEFHEINTI AN
PI4P BIZX > THLZRILLED LW O H L WEST
IWDMEE I Nz, ZOXDBEROY VIFEDT T
FNPHEERLDDY U Ty hERET HET
VI, PL(4,5)P, &S 1 FEEO > FVEHRISED
HE ) 1 & U TSR T b RE 2 F2 81 U 15 2 AN
L L THRODDEEZATNS,

FRRRE( L DB L D FHFERERA & BREEAM
(+T

CRISP O i fa E(LHEHAENDIRH E L TET
PI3 +F —tEOEM(LZK A, PI3 FF—EIdH
faE ez & IO EEZ L Tns, &
Z T CRISP ZWT PI3 FF—tYOEEFHEEL=
v b &I I BRI IR T 2 00 0 — T &R
L, IFpEkoEF7)V & LTI % HL-60 iz
WAL, FLTINO—TZ2MADE, FNET
BERUhoMlEN2IcBEEZ 2L UilEEZRD
D ENBIRINZ. BEREMITICES L, ZO—H
DiEfElE HL-60 Mz B EME TR L 72 & &
&, BEAE#BEGRN ST, DFED, PBFS—F
T 5D & EEMMEME EMN TRZAE TS
EIHAaEE OB TAHIUTIFTFRETH O, 2R
s P33 F—tE2D7k< GHY NI DRIEIT
BRI MRS ORI IE 2 NI 2T 2 2 &iICD
HEML TWB ETFHIEIND. £ ZOEKRERE
IEDHIET, RPTA4TT74—RKNwI7ITLk3
PI3 +F —VFOBECY THS PIP; 22U 7 IV Y
ATLCERBILT DI ENAREE >, ZHITXKD
HI O SEEIR DI EICTBVWTRY T 1 7 74— BN
W 7K D PIP; WEFRICEAEIND Z ENHEIZRS
Nz, FAROEBZHENFERFTITO>IET, Z
SUEPIPs FEENTY VFDELEEPI3FF—F
DIEHAL E N D 2 DDOLEMENI> THID TR S Z
EERLIE DEORYT AT 74 —RNwIZ
T—=U7>a¥y 5 —hKrTW5 &I AD AND
F—bhEBKRL T ¥

enWT~a 7o RraervA >, TIEL, W
NIZBNTINO—T DIEREORE LR Z AL L
. MilEEREBENICEAUAD, KERKRIZEER
Rac & > /X7 AN CLBL 2 BT 5 K 5 ITiE Mk
£35ZET, MRS NO—7 DEWHAEET
5Z &% 2L CRISP & WD R Fik
EHWT, S80—7 & WD IR LFEMEIC
M9 SMNEMEZBFHREL -, WO TEBLWHT
HDH. FEZOEKRIZIT HeLafiflaE o HEDH
EEMEMENEETERWMEZFHNYTWS, DF
0, DINOIUIATE 7SI S/ NR O B 2 S48
MHBINA DI ET, HILWHREZ N 592 Z &ITHL
WL THO, FMITix, 25 Ls/NEoEH)IC
KD MIfERED N TR > ha—)L 3 AT ANE
FHMPERESBNNHAINS ZE2HHFL TW
5., XAV ORBRDOKREZBE#RD 1D1F, EEOD
RE R ORE AR 2 LB ATEICA (L TES 2 LT
bH5. WEONEHREREZTICREARZELS
B0, BEARZAEZTEEREEZZLIERZD
THIENAEETH S, £IT, 707 DRE
LARPREZODDEEIED I ET, MdOM
PEALHEAE 23E M Rac 7> F DR E ISR E L ELITX
FLENTNWDONZEFHNTz. BARIITIIHE Ok
{ED& A1 227 % 2EBETTT, fFIflommit k&
B oM LICh N DR E L T2 T N0 —7 D5
R CEEHEMBEEHWTHE L. §5&, #il
DRPEACIZIETE P Rac 73 7 DIREABCAY, #BRANT
TG M Rac 70 F OIREN LA TH 5 T ENEIE
N7z (Fig. 5. bunbuIf ottt n s 7
FUEBIHRD 0T OMmE L E KL, %O
PEAGH R & 4 S O 2 2 6O 7= R RE L X)L T DA
HETHZEEZ TS,

SHRDER

WA A= 2T DIEEE B RATEN, MG
WMIRERNOMMEN—ERE > TS, TORRE
LT, W&, RIEHEIC X 5 Bl — KRR
ST FINKKE T TR, 7o —RN\v Y, rnO
A2 N=2, BEEHEE W 7z, S RIERE
Mk ez ENHe N LR o7 LiLan
5, ZOXDBEMIRRERGETE28HY—)LO
BFRIIEICR MRy 7 &> TE=. SEEML
7z smCALI %> CRISP 72 & O EAlfid, k& 722418 fH
B (AL, BRERVETNSOEAGHER SRS



652

Vol. 134 (2014)

PI(4)P —> PI(4,5)P2 Bound Free
_ ! Plasma Pl(4,5)P2 PI(4,5)P2 {
| i {{ membrane z
[T FrB i y
‘ QO’ Cytosol F, Qg’
FKBP PH(PLCS)

Fig. 4. Schematic Illustration of Two Techniques to Rapidly
Manipulate PI(4,5) P, Using CRISP

(Top panels) PI(4,5)P, synthesis: Upon addition of rapamycin, cyto-
solic FKBP-PI (4) P5K is recruited to the plasma membrane, resulting in
phosphorylation at the D5 position of PI(4)P to produce PI1(4,5)P,.
P1(4,5) P, liberation: Prior to rapamycin addition, FKBP-PH (PLCJ) is
preferentially at the plasma membrane through interaction with PI(4,5)P,.
Upon rapamycin addition, FKBP-PH (PLCJ) gets sequestered from the PM
to mitochondria, leading to an increased concentration of free PI1(4,5)P,.
(Bottom panels) Time-series confocal fluorescence images of YFP-FKBP-
PI1(4) P5K before and after induction of actin comets (left) or membrane
ruffles (right) as a result of PI(4,5)P, synthesis or P1(4,5)P, liberation,
respectively. Scale bars, 20 um.
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Fig. 5. Molecular Mechanism of Chemotaxis

Using CRISP molecular probes combined with a microfluidics device,
we have shown that Rac activity gradient determines molecular polarity in-
side unpolarized cells, while active Rac concentration regulates ensuing mor-
phological polarity.
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