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A novel mechanism-based fluorescent reporter was designed for
the detection of protein kinase A (PKA), which is known to medi-
ate a variety of cellular responses in most eukaryotic cells. The
probe consists of a specific binding peptide sequence, LRRRRFAFC,
conjugated with 2'-thioethyl-5-(or -6)-carboxyfluoresceinamide
(FAMS; 2) and 5-(or 6-)carboxytetramethylrhodamine (TAMRA) at
the cysteine and leucine residues, respectively. In the absence of
PKA, the two fluorophores associate by hydrophobic interactions,
forming an intramolecular ground-state dimer; this results in

Introduction

Protein kinase A (PKA), a cyclic adenosine monophosphate-de-
pendent enzyme, was the first protein kinase to be identified
and has been the subject of intensive investigation.” The acti-
vation of PKA is known to regulate various cellular functions,
such as metabolism, secretion, cell proliferation, differentiation,
and gene induction. Normally, PKA is an intracellular enzyme;
however, exogenous PKA (exo-PKA) has been reported in the
growth media of cultured prostate cancer cells.” The sera of
more than 90% of melanoma patients tested positive for
kinase activity.”) Means of measuring PKA quantity and activity
would be valuable for biomedical research and the potential
use of PKA as a clinical biomarker.

Radiometric methods™ with 3P are commonly used for pro-
tein kinase activity determination, and antibody-based ELISA
for protein kinase quantitation.”” There is widespread interest
in developing fluorescent reporters for protein kinases that
could provide a visual readout of both when and where intra-
cellular kinases are activated in response to a stimulus. Recent-
ly, various genetically encoded fluorescence protein reporters
were successfully designed to probe phosphorylation in living
cells.®'? Several fluorescent dye-labeled substrate peptides
have been developed to sense PKA activity based on phos-
phorylation-induced fluorescence changes.""'? However, fluo-
rescence changes induced by phosporylation are generally
modest. Phosphorylation-responsive fluorescent probes from
combinatorial strategies have been reported.*' This ap-
proach is promising for the detection of PKC activity in both
cell lysates and living cells. In the present study, we describe a
novel mechanism-based fluorescent probe for the detection of
kinases. The probe shows a significant increase in the fluores-
cence signal after binding to PKA. We further demonstrate the
crosslinking properties and the specificity of this design.
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fluorescein quenching (>93%). Upon PKA addition, the reporter
reacts with the sulfhydryl functionality at Cys199 through a disul-
fide-exchange mechanism. FAMS is subsequently released, result-
ing in significant fluorescence amplification. The remaining pep-
tide sequence, which acts as an inhibitor, is attached covalently
to the enzyme. Our results suggest that this type of sensors could
have far-reaching applications in the molecular sensing of en-
zymes.

Results and Discussion

Probe design and synthesis

The core peptide sequence, LRRRRFAFC, was previously shown
to bind to the groove of the enzyme’s active site.'® When con-
jugated to an electrophilic 3-nitropyridine-2-thiol (Npys) at the
C-terminal cysteine residue, an inhibitory effect (K,=25.4 um)
was achieved through covalent modification of the Cys199
sulfhydryl group on PKA."” In our design, the Npys moiety was
replaced with a synthetic sulfhydryl-reactive fluorescein deri-
vative (FAMS). 5-(or 6-)carboxytetramethylrhodamine (TAMRA)
was anchored at the N terminus to vyield intramolecular
ground-state dimers, resulting in fluorescence quenching
(Figure 1). Upon binding to PKA, the conjugated FAMS is in
close proximity to Cys199, which in turns facilitates the release
of the FAMS molecule through a disulfide exchange, and this
results in recovery of the quenched fluorescence.

The core peptide was synthesized by using Fmoc-chemistry.
After the peptide elongation, TAMRA activated by 2(1H-benzo-
triazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) and N-hydroxybenzotriazole (HOBt) was coupled to the
N terminus in the solid phase. Under trifluoroacetic acid (TFA)
cleavage conditions, the dye was stable and the reaction was
clean. The fluorescein derivative was synthesized by treatment
of the activated fluorescein succinimidyl ester 1 (FAM) with 2-
aminoethanthiol to form FAMS (2) with a sulfhydryl function-
ality (Scheme 1). Prior to purification, dithiothreitol (DTT) was
added to prevent disulfide-bond formation. The HPLC-purified
FAMS (2) was then attached to the TAMRA-labeled peptide 4
in ammonium bicarbonate solution. DMSO was added as a co-
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the TAMRA-labeled peptide 4,
respectively (Figure2c and d).
Similar observations were report-
ed when the same xanthene de-
rivatives were attached to a 13-
residue peptide of human cho-
rionic gonadotrophin.'® The in-
trinsic fluorescence of fluores-
cein and rhodamine in this con-
jugate was 64-fold and tenfold
lower than that of the monola-
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both dimer formation (static pro-

cess) and the excited-state
energy transfer to rhodamine
(dynamic process)."® However,

the significant decrease in fluo-
rescence emission of TAMRA
suggests that Forster fluores-
cence resonance energy transfer
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Figure 1. Proposed mechanism for the PKA probe. As a result of hydrophobic interactions in the unbound probe,
the two conjugated dyes form an intramolecular dimer that quenches the fluorescence. Upon binding to PKA, di-
sulfide exchange between the cysteine residue of the binding site and the FAMS linkage of the probe initiate the

Hs—. FAMS

free dye

release of the free dye, which results in increased fluorescence emission.

solvent to increase the solubility of the fluorophore. Under
slightly alkaline conditions (pH 9), the intramolecular hetero-
dimer 4R was formed through the disulfide reaction. By
adding a fourfold excess of FAMS to the reaction mixture, the
formation of side products was minimized and the yield could
be increased to 62%. The MALDI/TOF mass ion of 4R was
2069.75 Da ([M+H]*; Figure 2a), which is in good agreement
with the calculated value of 2069.46 Da.

Quenching mechanism

The probe showed two major absorption peaks at 496 and
561 nm (Figure 2b); this indicates the presence of FAMS and
TAMRA, respectively. The fluorescence intensities of 4R were
~70-fold and ~10-fold lower than those for free FAMS and
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mechanism in 4R.

Similar  fluorescence-quench-
ing effects between certain xan-
thene derivatives such as fluo-
rescein, TAMRA and rhodamine-
X have been documented in the
past to form intramolecular
hetero- or homodimers when a
pair of selected dyes was used
for peptide labeling."” The opti-
cal properties of these probes
do not follow the FRET model,
since the fluorescence emissions
from both the donor and ac-
ceptor fluorescence are
quenched.” In fact, the hydro-
phobic nature of these dyes
governs the formation of a
ground-state complex and the
intramolecular dipole-dipole interactions within these dye-
pairs have been interpreted in terms of exciton theory.?"??

From a mechanistic point of view, it is crucial to understand
the actual quenching mechanism. To confirm that fluorescence
emission of the PKA probe is an intramolecular process, 4R
was treated with DTT to reduce the disulfide bond of the pep-
tide. This process could be monitored by the increased fluores-
cence emission in both the fluorescein and rhodamine chan-
nels. After addition of DTT (1 mm), fluorescence at 535 nm in-
creased in 4R over time until a constant intensity was reached
after 120 min (Figure 3a). A tenfold lower concentration of DTT
(100 pm) decreased fluorescence recovery by half (Figure 3b).
The nonreducible probe 4-amide was also synthesized as a
control (Scheme 1). In this case, the cysteine residue at the C-
terminal position was replaced with a lysine residue, which
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Fluorescence recovery at a particular wavelength and
fluorochrome concentration was calculated by divid-
ing the fluorescence intensities of the DTT-cleaved
PKA probe with the intensities of the corresponding
concentrations of FAMS or the TAMRA-labeled pep-
tide 4 (Figure3d). A 72% recovery of fluorescein
emission at 120 min after DTT addition was observed.
In contrast, only 45% recovery was found for rhod-
amine. Thus, together with its superior level of

b) quenching and larger percent recovery of fluores-
(TAMRA)-LRRRRFAFK-CONH, ——— (TAMRA)-LRRRRFAFK(FAM)-CONH, ) . o
' cence signal, fluorescein emission was chosen to
3 4-amide monitor PKA binding.
¢
(TAMRA)-LRRRRFAFC-CONH, —— (TAMRA)-LXXXXFAFC(FAMS)-CONH,
4 X=Arg=4R PKA binding and specificity
Asp=4D
Gly=4G Adding PKA to 4R results in a time-dependent in-

Scheme 1. Synthesis of the PKA-binding and control probes. a) TEA, DTT, 3 h, RT, MeOH/
CH,Cl, (57%); b) 1, TEA, 3 h, RT, DMSO (73%); c) 2, NH,¥HCO,", 24 h, RT, (62%).

b} 0.3

o

< 0.1

=

[M+ H]" = 2069.75

Counts —»

crease in fluorescence intensity that reaches a pla-
teau after 3 h (Figure 4a). This phenomenon was sim-
ilar to our results obtained with
DTT activation (Figure 3a). Probe
4R was further tested with dif-
ferent concentrations of PKA.
When the PKA concentration
was increased, a corresponding
dose-dependent increase in fluo-
rescence signal was observed
(Figure 4b). To further demon-
strate the active-site disulfide
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cross-linking ability of 4R, a
kinase assay based on a com-
mercial ELISA kit was performed.
In this assay, the phosphotrans-
ferase activity of PKA is propor-
tional to the observed optical
density (OD) at 490 nm. 4R in
various concentrations was incu-
bated with PKA for 2 h. When
the OD,, was plotted (=
0.9894) against log[4R] a sig-
moid dose-response curve (Fig-
ure 4¢), with an ICy, value of

L
500 600

Ahm

[

4R Fluorescein

4R 4

10 um, was obtained under
these assay conditions. The plot
demonstrates that 4R inhibits

Figure 2. Characterization of the PKA probe. a) MALDI-TOF and b) UV absorbance (A) spectra of 4R. Comparison

of the fluorescence intensities (F.A.U.) of 4R (1 um) at different wavelengths (1) with c) fluorescein alone and

d) compound 4 in PBS buffer.

was then labeled with a fluorescein analogue (FAM) through a
nonreducible amide bond. As expected, the DTT treatment
had no effect on 4-amide, and fluorescence remained
quenched (Figure 3a). When comparing the difference in mag-
nitude of fluorescence activation, an approximate threefold
fluorescence increase was observed at the rhodamine wave-
length (590 nm) whereas an approximate 49-fold increase at
the fluorescein wavelength (535 nm) was observed. In both
cases, fluorescence activation was DTT-dependent (Figure 3¢).
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the enzyme activity through the
covalent disulfide linkage. Similar
to the fluorescence emission,
this inhibitory effect was shown
to be time-dependent (Figure 4d). After incubation for 3 h, the
decrease in enzyme activity leveled off.

The crystal structure of a binary complex of the PKA catalytic
subunit and a 20-residue inhibitor peptide has been resolved
by X-ray crystallography.”2"! There are two cysteine residues
at positions 199 and 343.%% Cys199 is located near the en-
zyme's active site and interacts with the P+ 1 hydrophobic site
of PKA substrates. Studies have shown that the modification of
Cys199 with sulfhydryl-modifying agents inhibits the enzyme
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a) b) To demonstrate the specificity
4000 4 of our design, two additional
T I controls, 4G and 4D, were syn-
3000 4 ——4R thesized by following the same
E —=—4-amide E developed procedure for 4R.
c .
5 e The former control has the argi-

@ 2000 4 ] . .
b w nine residues from 4R replaced
; ; with neutral glycine residues,
< 1000 4 = while the latter contains nega-
N u tively charged aspartic acid resi-
0 dues (Scheme 1). The signal in-
0 30 B0 90 120 crease in 4R upon PKA addition
Eiin —. was found to be more than
twice as high as with the two
60 - d) 100 - . :
c) control probes (Figure 5b). This
50 4 80 - indicates that the fluorescence
changes are relatively sequence-
40 ~ 60 4 selective. The fluorescence in-
- B creases with 4G and 4D were

™ b (=] -

L T 2 a0 most likely nonspecific, as no co-
5'_ 20 - : valent binding to PKA was found
v 10 20 4 in the gel imaging experiment
1 (Figure 5c¢). The finding is consis-
0 = ; = “ ] , . tent with a recent report that ar-
Fluorescein Rhodamine Fluorescein Rhodmine ginine residues at positions —5
Channel Channel Channel Channel to —2 are the preferred sub-

Figure 3. Chemical activation of the PKA probe. a) Fluorescence intensity (F.A.U.) versus time for reduction of 4R
(1 um) and 4-Amide (1 pm) with DTT (1 mm) in PBS buffer. b) Fluorescence intensity of 4R versus time for reduc-
tion with various concentrations of DTT; <: 1 mm, m: 100 um, A: 10 pMm, X: control. ¢) Comparison of the fold in-
creased in fluorescence (F,/F,—1) at fluorescein (535 nm) and rhodamine (590 nm) channels of 4R at 2 h after the
addition of different DTT concentrations in PBS buffer; white: control, pale gray: 10 um, dark gray: 100 um, black:
1 mm. d) Percent of fluorescence recovery (F,x 100%) of 4R at 2 h after the addition of DTT (1 mm) in PBS buffer
at room temperature. Note that fluorescence recovery was calculated by using the following formula ([Fluores-
cence Intensity,g at 535 or 590 /P lUOrEsceNce INteNSsityrorescein at 535 nmva at 590 nmi X 100 %).

activity.””? On the other hand, Cys343 lies outside the con-
served catalytic core and has no effect on the kinase activity
even after modification. Presumably, after the probe 4R reacts
with the enzyme, the remaining peptide sequence is attached
covalently to the substrate-binding site (Figure 1). The TAMRA
fluorescence can be used as an optical tracer to monitor this
binding event. To demonstrate this, probe 4R was incubated
with the enzyme for 2 h, followed by separation on a nonre-
ducing SDS-PAGE gel. A fluorescent band about 40 kDa was
seen in the gel (Figure 5a, lane 2); this indicates that the pep-
tide was covalently attached to PKA. The band was excised
from the gel and confirmed as the corresponding catalytic sub-
unit of PKA by proteomic mass spectrometry ([M+H]"=
40.594 kDa, protein coverage=48.1% amino acid count). As
expected, no fluorescence signal was found in a sample con-
taining DTT (Figure 5a, lane 3); this supports the conclusion
that the peptide was conjugated with PKA through a disulfide
linkage. The PKA binding was specific; a supplementary addi-
tion of the PKA-inhibitor fragment (5-24), TTYADFIASGRTGRR-
NAIHD-NH,,”® which competes with 4R for the same binding
site, resulted in no detectable fluorescent band (Figure 5a,
lane 4).
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strates for PKA.* Furthermore,
4-amide showed no increase in
fluorescence, supporting again
the evidence that disulfide ex-
change between 4R and PKA is
the predominant mechanism for
the release of FAMS.

We next evaluated the poten-
tial applications of 4R in biologi-
cal samples. PKA catalytic subunits were added to fetal bovine
sera (FBS) to simulate different kinase levels in cancer patients.
Low fluorescence backgrounds were observed in samples
containing FBS and with buffer only. The fluorescence signal
increased proportionally to PKA concentration. As low as nm
ranges of PKA can be detected in these conditioned sera
(Figure 6). About 15, 170, and 830% changes in fluorescence
intensity were obtained with 2, 20, and 200 nm of PKA, respec-
tively. This suggests that other serum proteins have little or no
effect on the fluorescence intensity, and, potentially, different
levels of PKA in sera could be determined by using this assay
method.

Conclusion

In conclusion, we have synthesized a peptide-based active-site
binding probe to detect protein kinase A. In vitro studies have
shown that binding of the probe to PKA causes a fluorescence
response in a time- and dose-dependent manner. We have fur-
ther demonstrated that the probe is selective for PKA by vari-
ous assays. The probe detects the amount of PKA rather than

ChemBioChem 2005, 6, 13611367
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(4 mL) were added to the resin.
The reaction was initiated by the
addition of DIPEA (1 mL) and was
allowed to gently shake overnight
at room temperature. Cleavage of
the peptides from the resin and
side-chain deprotection employed
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(Ranin, Worburn, MA) to 95% ho-
mogeneity. MALDI-TOF mass spec-
trometry (Tufts Protein Chemistry
Facility, Boston, MA) confirmed the
expected mass ions for all synthet-
ic peptides.

Synthesis of 2'-thioethyl-5-(or 6-)-
carboxyfluoresceinamide (FAMS,
2): 5-(or 6-)-carboxyfluorescein suc-
cinimidyl ester (100 mg,
0.21 mmol) dissolved in a mixture
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Figure 4. Activation of the probe with PKA. a) Fluorescence (F.A.U.) emission (at 535 nm) of 4R (250 nm) versus
time (o), with the addition of PKA (160 UmL™") in PBS buffer at 25°C (o). b) Fluorescence intensity (at 535 nm)
versus time in the presence of different amounts of PKA (UmL™) at 2 h after incubation. c) Inhibition of PKA ac-
tivity by 4R, as indicated by the kinase assay. Different concentrations of inhibitor [nm] were incubated with PKA
(500 UmL™) for 2 h at room temperature prior to the assay. d) The inhibitory effect of 4R (250 nm) to PKA

(160 UmL™) is time dependent.

the enzyme activity. The developed reporter could therefore
be useful to detect the presence of PKA in biological samples.

Experimental Section

Materials: All solvents were purchased from Fisher Scientific (Fair
Lawn, NJ). All chemicals for peptide synthesis were supplied by No-
vabiochem (San Diego, CA). TAMRA and FAM were purchased from
Molecular Probes (Eugene, OR). Anisole, DTT, ethandithiol, PKA cat-
alytic subunit (from porcine heart, 37 unitsug™'), PKA inhibitor
fragment (5-24 amide) and all other chemical reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO).

Synthesis of TAMRA-labeled peptides: Peptide synthesis was per-
formed on an automated peptide synthesizer (ABI 433A, Applied
Biosystems, Foster City, CA) employing the traditional N, -Fmoc
methodology using Rink amide resin (162 mg, 0.1 mmol). The side-
chain protection groups for arginine and cystein were 2,2,4,6,7-
pentamethyldihydrobenzofuran-5-sulfonyl (Pbf) and trityl (Trt), re-
spectively. All amino acids (10 equiv) were attached to the resin by
stepwise elongation with HOBt (10 equiv), HBTU (10 equiv), and
N,N-diisopropylethylethylamine (DIPEA, 20 equiv) as coupling re-
agents in the presence of N-methylpyrrolidone (NMP; 15 mL). The
N.,-Fmoc protecting groups were removed by 20% (v/v) of piperi-
dine in NMP (15 mL). After peptide synthesis, TAMRA (100 mg,
0.23 mmol), HBTU (87 mg, 0.23mmol) and HOBt (31 mg,

ChemBioChem 2005, 6, 1361-1367 www.chembiochem.org
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120 180 240 300 360
t/min —»

of methanol (50 mL) and DCM
(50 mL) was allowed to react
with 2-aminoethanthiol (32.3 mg,
0.42 mmol) in the presence of tri-
ethylamine (TEA, 100 pL). The reac-
tion mixture was stirred for 3 h at
room temperature, when analytical
HPLC indicated that the reaction
was completed. DTT (64.7 mg,
0.42 mmol) was added to reduce
any dimerized product. All solvents
were then removed in vacuo, and the residue was purified by re-
versed-phase HPLC. The product fraction was freeze-dried to give
FAMS (2) as a yellow powder (50 mg, 57%). MALDI-TOF MS m/z:
calcd for C,3H,sNO,S: 436.45 ([M+H]™); found: 436.50.

Synthesis of 4R, 4G, and 4D: FAMS (2; 5mg, 12.5 umol) and
TAMRA-labeled peptide 4 ((TAMRA)-LRRRRFAFC-NH,; 5 mg,
3.1 umol) dissolved in a mixture of ammonium bicarbonate (3 mL,
10 mm) and DMSO (1 mL) was stirred for 24 h at room tempera-
ture. The reaction progress was monitored frequently by analytical
HPLC. Upon completion, acetic acid (2 mL) was added to the
reaction mixture and the product was purified by reversedphase
HPLC. The collected fractions were freeze-dried to give a
purple product (4 mg, 62%). MALDI-TOF MS m/z: calcd for
Ci05H120N50165,: 2069.46 ([M+H]); found: 2069.75.

Other probes were synthesized by using the same protocol. 4G
((TAMRA)-LGGGGFAFC(FAMS)-NH,): MALDI-TOF MS m/z: calcd for
CgrHosN;13046S,: 1674.61 (IM+H]*); found 1674.78. 4D ((TAMRA)-

LDDDDFAFC(FAMS)-NH,):  MALDI-TOF  MS  m/z: caled for
CorH101N13056S,: 1905.06 ([M+H]*); found 1908.89.
Synthesis of 4-Amide: TAMRA-labeled peptide 3 ((TAMRA)-

LRRRRFAFK-NH,; 5 mg, 4.1 umol) and FAM (1.9 mg, 4.0 umol) were
dissolved in DMSO (2 mL). The reaction was initiated by addition of
TEA (200 pL), and the mixture was stirred for 3 h at room tempera-
ture. Acetic acid (2 mL) was added to neutralize the reaction mix-
ture prior to HPLC purification. The collected fractions were freeze-
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Figure 5. PKA-binding studies. a) Fluorescence image of an SDS-PAGE gel
indicating the covalent binding of 4R (1 um) to the PKA catalytic subunit
(0.5UpuL "). Lane 1: PKA only; lane 2: probe +PKA; lane 3: probe 4 PKA +
DTT; lane 4: probe + PKA 4+ PKA-inhibitor fragment (5-24); lane 5: probe
only. b) Comparison of fluorescence-intensity changes (AF) with different
probe derivatives (4-Amide, 4G, 4D, and 4R) at 2 h after PKA addition.
) Fluorescence image of a SDS-PAGE gel to confirm the specific binding
to PKA.
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Figure 6. Probe activation in conditioned fetal bovine serum. 4R was incu-
bated with PKA-containing serum at 37°C for 3 h, then the fluorescence
intensity (F.A.U.) was measured at 535 nm.

dried to give a purple foam (5mg, 73%). MALDI-TOF MS m/z:
calcd for CgyHg3N;50,6S,: 2019.03 (IM4-H]*); found 2021.48.

Fluorescence measurements: Fluorescence-intensity measure-
ments were recorded on a computer-controlled fluorescence plate
reader (GENios Pro, TECAN, Durham, NC, USA). Probe activation

1366

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org

C.-H. Tung et al.

was assayed in a 96-well clear-bottom plate (Costar, Corning, NY)
at 25°C. All probe concentrations were determined according to
the extinction coefficient of the conjugated fluorescein (g,55=75%
103m~" em™) in Tris-HCl buffer (50 mm, pH 9). Solutions of various
probes (1 um or 250 nm) in PBS buffer (200 uL) were prepared and
transferred to the wells. Appropriate amounts of DTT (mm) or PKA
catalytic subunits (UmL™") were added to the samples and the
plate was allowed to shake for 10 s prior to the measurements.
The samples were excited at 485 nm (FAMS) and 540 nm (TAMRA),
and the emission was monitored at 535 and 590 nm, respectively.
The fluorescent signals were recorded every 15 min for 3 h.

Inhibition assay: Inhibition of 4R was determined by using a com-
mercial available nonradioactive assay kit (Calbiochem, San Diego,
CA). Prior to the experiments, conditions such as incubation times
(min), PKA concentrations (UmL™") and sample volume (uL) were
optimized. For the inhibition assays, different concentrations of 4R
were incubated with PKA (500 UmL™") for 2 h at room tempera-
ture. Sample mixtures (10 uL) were then transferred to a precoated
well in Tris-HCI buffer (25 mm, 120 pL, pH 7.0) containing MgCl,
(3 mm), EDTA (500 um) and ethylene glycol-bis(3-aminoethyl ether)-
tetraacetate (EGTA; 1 mm) and were allowed to incubate for
10 min at room temperature. Primary and secondary antibodies
were subsequently added according to the manufacture’s instruc-
tions. The obtained ICs, values were based on the specific condi-
tions of this assay. Reduced amounts of PKA (160 UmL™") and 4R
(250 nm) were used in the time-dependent inhibition assays to
compare with the same concentrations used in the fluorescence
measurements.

Measuring PKA in serum. To simulate PKA-containing sera of
cancer patients, different concentrations of PKA catalytic subunits
were spiked with fetal bovine serum (100 pL) to have a final con-
centration of 2, 20, and 200 nm (200 pL), respectively. All samples
were then centrifuged through a 50 kDa-cutoff filter (Microcon YM-
50). An aliquot of filtrate (100 pL) was added to a solution of 4R
(7 um, 100 pLb) in Tris-HCI buffer (25 mm, pH 7.0) containing MgCl,
(3 mm), EDTA (500 pm) and EGTA (1 mm). The solution mixtures
were allowed to incubate for 3 h at 37°C. The relative fluorescence
intensities were then measured at 535 nm as described above.

Electrophoresis: Samples were analyzed by SDS-PAGE on 4-15%
Tris-HCI precast gradient gels (Bio-Rad, Hercules, CA). Precision Plus
Protein Standards (Bio-Rad) were used as marker. Electrophoresis
was carried out at 100 V in Tris-HCI buffer (25 mm, pH 8.3) contain-
ing glycine (250 mm) and SDS (0.1 %, w/v). The reflectance-imaging
system contains an excitation photon source that emits a broad-
band white light from a 150 W halogen bulb. Band-pass filters
(Omega Optical, Brattleboro, VT, USA) were employed to adjust the
corresponding excitation (520-550 nm) and emission (560-600 nm)
wave bands. A 12-bit monochrome CCD camera (Kodak, Rochester,
NY) equipped with a 12.5-75 mm zoom lens was used to detect
the fluorescence images. The exposure time was 1 min per image
for four images. Images were analyzed by using computer software
(Kodak Digital Science 1D software, Rochester, NY).
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