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Abstract: Novel fluorescent molecular probes possessing both a hydroxystyryl and a cyanopyranyl moieties
were designed and synthesized to detect the proteins via noncovalent bonding. These fluorescent probes
indicated very weak fluorescence emission in the absence of protein. On the other hand, the fluorescence
spectra of these probes showed a large Stokes shift and dramatic increase of fluorescence intensity, and
red emission was observed after addition of BSA. These fluorescence spectral changes upon binding
proteins were caused by the ICT process. Fluorescence intensities of the probes were plotted as a function
of protein concentrations. A good linear relationship was observed up to 1000 ug/mL of protein, and the
detection limit was found to be 100 ng/mL at the given assay conditions. Similar results were observed for
the measurements of not only BSA but also other proteins (BGG, etc.). The responses of these probes to
various nonprotein substances (inorganic salts, chelating agents, etc.) were observed, the fluorescence
intensity did not change before and after the addition of foreign substances, and correct protein monitoring
was successful using these fluorescent probes. To demonstrate the application of these probes, proteins
after the separation using SDS-PAGE were stained in the medium containing 1, and the imaging of the
proteins in the gel was successful. The experimental results clearly showed that these probes are good
protein indicators for easy and highly sensitive detection.

Introduction green fluorescence at 495 nm was observed when excited at
395 nm after the reaction with the primary amine in the protein.
Protein biochemists are searching for various ways to detect Hydrophobic cyanine dyes indicate an increase in the emission
proteins with high sensitivity and good binding linearity to  intensities upon binding to proteirsodium dodecyl sulfate
facilitate both qualitative and quantitative analysis. For develop- (SDS) complexes. However, these reagents used for the
ing sensitive protein quantification in solution or in gel,there flyorescence spectrometry and for the other analytical methods
are several methods to detect proteins as follows: (i) absorptionpaye some disadvantages during the protein measurement that
spectrometry, (i) Biuret method, (iii) Lowry method, (V) include (i) long reaction time, (i) aggregation of dyes, (i) small
Bradford method, and (v) fluorescence spectrometry. Fluores- stokes shift, and (iv) nonlinear and sigmoidal calibration cdrve.
cence spectrometry is a conventional and highly sensitive SypPRO Ruby is the highly sensitive fluorescent dye targeting
analytical method, and fluorescent probes that indicate a spectrakqy proteins in SDS-polyacrylamide gels, whereas this dye is
response upon binding ions or neutral organic or inorganic not aple to be stained in the presence of SDS, and it takes a
molecules have enabled researchers to investigate the changqgng time to eliminate the SDS from the gels completely and
in the free guest ions or concentrations of molecules by meansig remove the excess dyes after staining.
of fluorescent microscopy, flow cytometry, and fluorescent  \yo considered several requirements when designing a

spectroscopy. Several fluorescent reagents targeting proteingy,qrescent probe for proteins (i) efficient excitation with most
have been developed for the detection of proteins in solution, |3ser-hased instrumentation, (i) reduced interference from

such as fluorescamine and cyanine dyeand in SDS- foreign substances, (iii) higher molar extinction coefficient and
polyacrylamide gels, such as SYPRO Rubfyluorescamine o .antum yield, which may guarantee the use of lower dye
does not produce a fluorescence emission, whereas a strongncentrations, (iv) noncovalent interaction, such as a hydro-

phobic interaction or an electrostatic interaction, and (v)

(1) Jones, L. J.; Haugland, R. P.; Singer, VBioTechnique2003 34, 850—

851, elimination of the need for washing to remove SDS and excess
(2) Bhown, A. S.; Cornelius, T. W.; Volanakis, J. E.; Bennett, J.ADal. dyes in the staining protocols.

Biochem.1983 131, 337—-340.

(3) Berggren, K.; Steinberg, T. H.; Lauber, W. M.; Carroll, J. A.; Lopez, M.
F.; Chernokalskaya, E.; Zieske, L.; Diwu, Z.; Haugland, R. P.; Patton, W.  (4) Pasternack, R. F.; Fleming, C.; Herring, S.; Collings, P. J.; DePaula, J.;
F. Anal. Biochem1999 276, 129-143. DeCastro, G.; Gibbs, E. Biophys. J.200Q 79, 550-560.
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OH weak emission, whereas the emission of 1IRBSA complex
indicated a large stokes shift and dramatic increase in the
fluorescence intensity centered at around 660 nm, the photograph
of which is shown in Figure 2d. The fluorescence quantum

o yields of 1 itself were less than 0.001; however, those of the
\ \ 1-BSA complex were 0.31. Similar results were obtained in the
A\ case of compound after the addition of BSA, and an emission
CN

maximum was observed at 540 nm after the addition of BSA.

Ne These spectral changes were caused by a complex formation,

1 2 in which 1 is strongly bound at the hydrophobic positions of

Figure 1. Chemical structures of fluorescent protein indicatdr$2- 2- the BSA supported by the hydrophobic interaction. This
[2-(4-hydroxynaphthalen-1-yl)-vinyl]-6-methylpyran-4-ylidepe interaction undergoes the ICT process, the quantum yields of

malononitrile) and2 (2-{2-[2-(hydroxyl-phenyl)vinyl]-6-methylpyran-4-

ylidend malononitrile). which linearly respond to the amount of BSA in solution.

The emission intensities at 650 nm fbiwere plotted as a

Intramolecular charge transfer (ICT) molecules are sensitive function of the BSA concentration, and a typical calibration
to changes in the external environment, and their quantum yieldsgraph of the response to BSA under the optimum experimental
generally increase as the environment becomes hydrophobicconditions was obtained as shown in Figure 2c. This plot shows
which produces the dramatic fluorescence spectral chdfges. @ good linear relationship between the emission intensities and
4-(Dicyanomethylene)-2-methyl-@-methylaminostyryl)-4H- ~ the BSA concentratiorr (> 0.996) up to 100@g/mL of BSA.
pyran (DCM), which is a laser dye, produces ultrafast process The detection limit was 100 ng/mL of BSA ppm (signal-to-
of ICT, and the excited-state dipole moment (26.3 D) of DCM hoise ratio was 3.0).
is higher than that in the ground state (5.6'DY To take ad- The conventional total protein detections exhibit various
vantage of this phenomenon, our group designed and synthesizediesponses for different proteins. These differences are related
novel fluorescent probes, which undergo an ICT process andto the amino acid sequence, pl, protein structure and the presence
whose quantum yields linearly respond to the amount of proteins Of certain side chains that can dramatically alter the protein’s
in solution by interacting with the proteins in this study. Figure response. Most of the protein detection methods use BSA or
1 shows the chemical structures of the fluorescent probes, whosddG as the standard samples to create a calibration graph, and
molecular structures were confirmed by their spectroscopic data.then the concentration of the protein in the sample is determined.
Additionally, an aromatic hydrocarbon possessing a hydroxyl Table 1 indicates the protein-to-protein variation usihgn
group was incorporated into the probes via double bonds to fluorescence response, which was obtained by the following
enhance the hydrophobic interaction with proteins, to make them equation: ratio= (slope of various proteins)/(slope of BSA).
water soluble, and to produce a conjugatedlectron system. The response for BSA was normalized to 1.0@ndicated the

same response to different proteins. The protein-to-protein
Methods variations ofl were compared with the commercially available

To study the in vitro photophysical properties of protein Protein-detecting reagents (CBB and WST-1)CBB and
indicators, 1 and 2, the excitation and emission spectral WST-1 were affected by the different proteins and, in particular,
measurements were obtained in a buffer solution of pH 7.0 at WST-1 was significantly affected by the proteins. On the other
25 °C. Figure 2a indicates the typical excitation and emission hand, compound was not affected by the different proteins
spectra ofl in the presence of 1000g/mL of bovine serum  and |nd|cate_d the same response against the various proteins.
albumin (BSA). Thel-BSA complex showed an excitation On the basis of this result, we determined that this indicator
maximum at 582 nm which was monitored at 650 nm. However, has the same response even if the structure of the protein is
the actual excitation wavelength was set for 550 nm, becausedifférent, and it is possible to monitor the correct protein
fluorescence spectrometer using for this study scans the emissioffoncentration using only one calibration _graph_ _
wavelength up to 750 nm, which restricted the monitoring for ~ The responses df to various nonprotein substances (inor-
wide range of emission wavelength. The compo@BSA ganic salts, detergents, chelating reagents, thiol compounds,
complex indicated an excitation maximum at 480 nm monitored reductants, etc.) were tested to investigate the interference of
at 540 nm. As a result, these wavelengths in the excitation these nonprotein substances with the correct protein estimation.
spectra were used as the excitation wavelength for the optimumAll the tests were carried out at a concentration of 1690nL

experimental conditions. of BSA mixed with 1.0uM of 1in the presence of an excess
_ _ amount of foreign substances. The detailed foreign substances
Results and Discussion and the maximum concentrations which give the perturbation

of fluorescence intensity less than 10% can be obtained from
the Supporting Information. From the result, the responsk of
to BSA was not affected by the excess amount of nonprotein

Figure 2b shows the fluorescence spectral changédefore
and after the addition of BSA. Compoudditself had a very

(5) Sire, O.; Alpert, B.; Royer, C. ABiophys. J.1996 70, 2903-2914. n . In rticular. it is known that m ioni n

(6) Mazumdar, M.; Parrack, P. K.; Bhattacharyya,Buir. J. Biochem1992 SUb.Sta. ces pa t.CU ar, it S 0 that OSt. onic a. d
204, 127-132. nonionic detergents interfere with the correct protein detection

(7) Van der Meulen, P.; Zhang, H.; Jonkman, A. M.; Glasbeek JMPhys. due to the reduction of the d;motein complex and to the

Chem 1996 100, 53675373, o .
(8) Zhang, H.; Jonkman, A. M.; van der Meulen, P.; GlasbeekChem. Phys. precipitation of the assay reagent. The responsg afainst
Lett 1994 224, 551-556. i 0
(9) Gustavsson. T Baldacchino, G.: Mialocq, J.-C.; Pommer@f8m. Phys. BSA was affected by the detergents at the concentration of 1.0%
Lett 1995 236, 587—594.
(10) Meyer, M.; Mialocq, J. COpt. Commun1987, 64, 264—268. (11) Dojindo Laboratories. General Catalogues’ 2d, 2004.

17800 J. AM. CHEM. SOC. = VOL. 127, NO. 50, 2005



Design and Synthesis of Protein-Binding Fluorophores ARTICLES

800 800

(a) (b)

a0

-
=
=

400

Intensity

Intensity
=
-

LUy 200

450 0 550 600 650 o 750 560 610 660 710
Wavelength /nm Wavelength / nm

(c)

Intensity
=
]

¥=06732x
R =0.9%6

(] 200 400 [101] 800 1008 1200
[BSA] / ugml,
Figure 2. Excitation spectrum (solid line) and fluorescence spectrum (dashed line) of compautite presence of 10Q0y/mL of BSA (a), fluorescence
spectra of compound before and after the addition of BSA from 0 to 100¢/mL (b), plot of the fluorescence intensity at 660 nm as a function of BSA

concentration (c), and photographs of compound 1 solutions in the absence and the presence of BSA (d). HEPES, 20.0 mM (pH 7.2). Excitation at 550 nm
for the fluorescence measurements.

Table 1. Protein-to-Protein Variation of 1

protein protein vs BSA
BSA 1.00
BGG 0.86
transferrin 0.92
rabbit IgG 0.90
chymotrypsinogen A 1.02
bovine 1IgG 0.88
sheep 1gG 0.96
human IgG 1.02

for SDS, 0.8% for CHAPS, 0.5% for Tween 20, 1.0% for Triton
X-100, respectively. However, these high concentrations of
detergents are usually not used for the measurements of proteins
and the precipitation df did not happen unde_r t_hes:e conditions. jqure 3. Staining of BSA and IgG wittt. dye by SDS-PAGE, applied to
To take advantage of these phenomena, this indicator producecgach gel patch: (1) BSA 24g, (2) BSA 0.2ug, (3) IgG 5.0xg, and (4)
the same response before and after the additions of thesdgG 0.5ug before and after washing.

substances, thus making it possible to monitor the correct protein

concentration without any interference from a foreign sub

stance. Conclusions

To demonstrate the application of these new protein fluores-

cent probes, proteins after electrophoresis using 1-D SDS-PAGE The present study demonstrates novel protein-binding fluo-
minigels were stained by and were scanned using the image rophores which interact noncovalently with proteins and provide
analysis systems. Figure 3 shows the gel images of BSA anda dramatic increase in the fluorescence intensity response to
sheep IgG samples aftérstaining. The association dfwith proteins. The photophysical properties indicated high extinction
these proteins and a visual examination of the staining responsecoefficients, high quantum yields, and large stokes shifts. These
were successful. Commercially available fluorescent dyes suchprobes responded to various proteins, and the detection of the
as SYPRO Ruby need a long time for staining (overnight)  proteins was not interfered with by the presence of foreign
and for washing the gels to remove SDS and excess dyesg pstances (nonprotein compounds). In addition, the successful
completely (60 min).. On the other.hand,the staininglprocedure demonstration of fluorescent staining on 1-D SDS-PAGE
of compoundL required only 30 min and fluorescent image of minigels was performed using the fluorescent prab@here-

proteins was observed despite the removing of SDS and exces%re, these new fluorescent molecular probes will be used to

dyes in the gel, which makes it possible to produce an easy. . .
handling and to rapidly obtain the results. investigate proteins. We now expect to carry out the very short

time and very easy gel electrophoresis using these probes.

(12) Haugland, R. Fdandbook of Fluorescent Probes and Research Chemicals Moreover, m{e arg Currently deSIan_g other protein indicators
9th ed.; Molecular Probes, Inc.: Leiden, 2002. based on this unique molecular design

Before Washing After Washing
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