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Fig.1 Schematic representation of fluorescent reporter

protein ( AKAR) for detection of PKA activity.

Fluorescent  reporter protein  consists of cyan

fluorescent protein (CFP) , a consensus substrate for

PKA, a phosphoamino acid binding domain
(14-3-3) , yellow fluorescent protein (YFP) . When
PKA phosphorylates the substrate peptide, 14-3-3

will form an intramolecular

complex with, the
phosphorylated substrate peptide. This conformational
change alters the distance between CFP and YFP and
generates a FRET change. Dephosphorylation of the
peptide by a phosphatase will reverse the FRET

change
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Fig.2 FRET
transfected with pAKAR to FsK. The YFP is

response of lung cancer cell

imaged on the far left; Pseudocolor images
depict the FRET response of reporter to FsK
(0.1 mmol/L) stimulation. Fluorescent intensity
changes of YFP of single cell was recorded
with Nikon digital camera before and after
forskolin stimulation. Fluorescent intensity of

YFP gradually increased after stimulation and

reached the maximum at 8.5 min
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Fig.3 FRET response of lung cancer
with pAKAR to EGF (20 and 40 pgL). (A) The YFP
Pseudocolor images depict

(20 pg/L)

is imaged on the far left;
the FRET response of reporter to EGF
stimulation.  Fluorescent intensity changes of YFP of
single cell was recorded with Nikon digital camera
before and after EGF stimulation.  Fluorescent intensity
of YFP gradually increased after stimulation and reached

the maximum at 16 min; (B) The YFP is imaged on

the far left;  Pseudocolor images depict the FRET

response  of reporter to EGF (40 pg/L) stimulation.
Fluorescent intensity changes of YFP of single cell was
recorded with Nikon digital camera before and after
EGF stimulation.  Fluorescent intensity of YFP rapidly
increased after stimulation and reached the maximum at

2.5 min
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Fig.4 Quantitative analysis of YFP fluorescence

intensity of individual cell. YFP fluorescence

intensity of an individual cell was analyzed at

different timepoints. The fluorescent intensity of

YFP gradually increased after stimulation with

EGF and reached the maximum at 16 min



112 SR/ Y/ B 20044F
A5 BT AT SR . ARSEIGRH T —  SE k!

FloBr AT PKA BgvEHEMR S 221 (AKARD, 1X
FREE ARG FRET JR# e ih, 751 FRET 4%
LR BT PKA B vEARA, fRu TRl &k
TCA A5 SRS PRA B P (1) 1) i, IS e AT
AT AL 58 B AS DU T B P ek ik 2 1

PN s I Bt B S Sl N W AL ip e DS ER D
W7 BGF 512 PKA B HEI I = ARG o, i
FH—Firmr LLYE N FL 30 40 i N R 18 AKAR TR
By NI an e, JFoik oy AR e RIA S A
MNEI AR 2O BB IE, Je B
T AHALAC S AN ] I B4 A -7 Forskolin PL M EGF 5|
1) PKA Bgyi 4k . 45 3 7R Forskolin Xf PKA
BT AE FH AR G, 8.5 min ik B KAl . R
Al F EGF IS0 40 A 45 R A B 4 EGF
WPEH 20 pg/L Ik T LABGE PKA, £ 16 min
MNIL R B B EGF ISR, Ik E
40 wg/L IR DL BB PKA, 76 I )3
K J& 2.5 min 50T DUE PKA Fig i PR 5
XF YFP 5¢ 't i MEAT B I TR AR AL 16 e s B, 1l
LS A3t A b Sz et EGF 5 2 54N 40 i) PKA. B
PR KNS TS R

ARSI B 5 KR U E TN T 9 IR A
% (FRET) DARZOGEMEH A, WXy
AT DA B B M T 3% PKA S PEAR AL A I 2545 L,
AHASAIT 9 4 T T A ST, 4 T S I A 37 4 i A4 3
A EGF 51 PKA B 128 4k 1 i = 2 A i 72
TXLEHI 57 4 S AT ] 4% 48 (A 5T B P el
F, ATERAS TG

[1] Griffioen G, Thevelein JM. Molecular mechanisms controlling

the localization of protein kinase A. Curr Genet, 200241:
199~207

[2] Hafner S, Adler HS, Mischak H, Janosch P, Heidecker G,
Wolfman A, Pippig S, Lohse M, Ueffing M, Kolch W.
Mechanism of inhibition of Raf-1 by protein kinase A. Mol
cell boil, 1994,14:6696~6707

[3] Dhillon AS, Pollock C, Steen H, Shaw PE, Mischak H,
Kolch W. Cyclic AMP-dependent kinase regulates Raf-1
kinase mainly by phosphorylation of serine 259. Mol Cell
Biol, 2002,22(10):3237~3246

[4] Fishman D, Galitzki L, Priel E, Segal S. Epidermal growth

factor regulates protein kinase A activity in murine

fibrosarcoma  cells: differences between metastatic and

nonmetastatic tumor cell variants. Cancer Res,

1997,57 (23):
5410~5415
[5]

Pursiheimo JP, Kieksi A, Jalkanen M, Salmivirta M. Protein

kinase A balances the growth factor-induced Ras/ERK

signaling. FEBS Leu, 2002,521(1~3):157~164
[6] Pollok BA, Heim R. Using GFP in FRET-based applications.
Trends Cell Biol, 1999,9(2):57~60
[7] Lakowicz JR. Principles of fluorescence spectroscopy. New
York: Plenum Press, 1983. 305~337
[8] Zhang J, Ma Y, Taylor SS, Tsien RY. Genetically encoded
reporters of protein kinase A activity reveal impact of
substrate tethering.  Proc

Natl Acad Sci,  2001,98 (26):

14997~15002



2 W FIH FRET $ARAE R4 P W %2 EGF X PKA 15 H I = i f% 113

SPATIO-TEMPORAL IMAGING OF EGF-INDUCED ACTIVATION
OF PROTEIN KINASE A BY FRET IN LIVING CELLS

WANG lJin-jun,  CHEN Xiao-chuan,  XING Da
(Institute of Laser Life Science, South China Normal University, Guangzhou 510631, China)

Abstract: The cAMP-dependent protein kinase-A (PKA) is an intracellular enzyme with serine-
threonine kinase activity that plays a key role in cell growth and differentiation. Epidermal growth factor
(EGF), a well-characterized polypeptide cell growth factor, has been demonstrated to induce PKA
activation through the ligation of EGFR. To investigate the spatial and temporal dynamics of PKA
activation by EGF, we visualized the PKA activation in living cells using a fluorescent indicator (AKAR)
composed of two green fluorescent protein (GFP) variants, cyan fluorescent protein (CFP) and yellow
fluorescent protein (YFP), joined by a phosphoamino acid binding domain (14-3-3) and a consensus
substrate for protein kinase-A (PKA). Phosphorylation of the consensus substrate by PKA activation
resulted in the transfer of energy from excited CFP to YFP within the AKAR molecule. A human lung
cancer cell line (ASTC-a-1) that stably expressed the AKAR indicator protein was established and
characterized. After treatment with EGF, the activation dynamics of PKA was visualized in living cells by
fluorescence microscopic imaging system. Time-lapse imaging analysis reveals the spatio-temporal
distribution of EGF-activated PKA in specific sites within the living cells. These data provide direct and
in vivo evidence for PKA activation by EGF and add a new dimension for PKA signaling pathway.

Key Words: Fluorescence resonance energy transfer (FRET); Protein kinase-A (PKA);
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