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Molecular beacons for detecting
DNA binding proteins
Tomasz Heyduk* and Ewa Heyduk

We report here a simple, rapid, homogeneous fluorescence assay, the molecular beacon assay, for the detection and quantification of sequence-specific DNA-binding proteins. The central feature of the assay is the protein-dependent association of two DNA fragments each containing about half of a DNA sequence defining a
protein-binding site. Protein-dependent association of DNA fragments can be detected by any proximitybased spectroscopic signal, such as fluorescence resonance energy transfer (FRET) between fluorochromes
introduced into these DNA molecules. The assay is fully homogeneous and requires no manipulations aside
from mixing of the sample and the test solution. It offers flexibility with respect to the mode of signal detection
and the fluorescence probe, and is compatible with multicolor simultaneous detection of several proteins. The
assay can be used in research and medical diagnosis and for high-throughput screening of drugs targeted to
DNA-binding proteins.

Many proteins with natural, sequence-specific DNA-binding
activity are involved in regulating cellular processes1. These
include transcription activators or repressors whose levels help
regulate gene expression and that may thus be central to the
development and diagnosis of disease. One such protein is p53,
which is involved in the development of more than 50% of cancers2. Because of their role in regulating cellular processes,
sequence-specific DNA-binding proteins are attractive targets for
drug development. For example, a possible approach to cancer
therapy could be to antagonize key transcriptional events that
underlie the development of cancer, whatever their biochemical
nature3. In many cases such “transcription therapy” would target
sequence-specific DNA-binding proteins. There is therefore a
need for robust high-throughput methodologies to detect
sequence-specific DNA-binding proteins and monitor their DNAbinding activities.
The most common methods to detect proteins with sequencespecific DNA-binding activity are gel-shift assays4 and DNA footprinting assays5. These are laborious, time-consuming procedures
that typically involve the use of radioisotopes and are not adaptable to
high-throughput formats. Fluorescence-based methodologies for
measuring the sequence-specific DNA-binding activity of proteins
have been developed to circumvent the deficiencies of these methods6. Fluorescence detection eliminates environmental concerns
related to the disposal of radioactive waste. It provides outstanding
sensitivity of detection7, sometimes to the level of single molecules8.
Selectivity of detection can be easily achieved through the selection of
excitation and emission wavelengths. In addition, fluorescence
provides an immediate and continuous signal, allowing real-time
monitoring of processes and real-time cellular imaging by
microscopy7. We report here on a new, general, inexpensive, and simple multicolor fluorescence methodology for detecting sequencespecific DNA-binding activity of proteins.

Results
Design of molecular beacons for detecting DNA-binding proteins.
Figure 1A illustrates the general design of the assay. Two DNA fragments, each containing roughly half of the DNA sequence corresponding to a binding site for the protein, are prepared and are
labeled with a fluorescence donor and an acceptor, respectively. The
two DNA fragments contain short complementary overhangs that
allow the two fragments to anneal. The length of the overhangs and
the concentrations of the DNA fragments are chosen such that the
efficiency of spontaneous annealing is very low. Thus, in the absence
of the protein, no energy transfer will occur between the donor and
acceptor probes. In the presence of the protein, its high affinity for
the complete sequence of the protein-binding site will drive the
annealing of the two DNA fragments, and a specific protein–DNA
complex will form. Annealing of the DNA fragments will bring the
donor and acceptor fluorochromes into close proximity, resulting in
a high FRET signal. Because equilibrium constant and free energy
are related by a logarithmic relationship, splitting the binding site
into two half sites results in a decrease in the protein binding constant of several orders of magnitude. Thus, under conditions where
efficient binding of the protein to its full site is expected, no binding
to the half site will occur. This large difference in the affinity of the
protein for the full site as compared to the half site is the driving
force for the annealing of the two DNA half sites in the presence of
the protein. Figure 1B illustrates several possible ways of creating
donor and acceptor labeled half-site duplexes. All the experiments
described here were carried out using scheme “a”, which is the most
straightforward. Scheme “b” avoids placing fluorescence probes
within the protein-binding site, which in some cases could interfere
with the formation of the protein–DNA complex. Scheme “c” may be
used in the case of a small binding site (<10 bp), although very short
DNA fragments usually bind protein with less affinity than longer
DNAs, which will result in a decreased sensitivity of the assay.
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fluorescence change upon addition of CAP in the
absence of cAMP (Fig. 2E). We also saw no fluorescence change when an unrelated DNA-binding
protein (trp repressor) was added at high concentration (400 nM) (Fig. 2F). Taken together, these
data provide experimental verification of the
design of the assay.
Specificity and general applicability of the assay.
To explore more fully the specificity of detection
of the assay, we determined the signal from the CAP
beacon in the presence of competing unlabeled
DNA duplexes (Fig. 3). The unlabeled DNA duplex
containing the CAP binding site efficiently
reversed the fluorescence quenching produced by
Figure 1. Molecular beacons for sequence-specific DNA-binding proteins. (A) Overall design.
CAP (Fig. 3A, C), whereas a DNA duplex contain(B) Examples of several possible ways of splitting the protein binding site to generate the two
half-site duplexes necessary for the design illustrated in A. The small shaded square and circle
ing random sequence had no effect on the CAP bearepresent the fluorescence donor and acceptor, respectively.
con signal in the presence of CAP (Fig. 3B, C).
These results provide additional evidence for the
One useful feature of the molecular beacon assay is that recognispecificity of the CAP beacon and also show that such competition
tion of the target protein and optical reporting of that recognition
assays could be used for the rapid assessment of the relative binding
occur simultaneously, which is an obvious advantage for homogeaffinity of the protein to different variants of the DNA.
neous high-throughput assays. Simultaneous recognition and signalFluorescence quenching of the signal was directly proportional to
ing have been previously implemented in the detection of specific
the concentration of protein added (Fig. 4A). Under certain condiDNA sequences using “molecular beacons” that produce fluorescence
tions (for example, using stoichiometric binding conditions or
signal in the presence of complementary sequences9. We therefore
appropriate nonlinear standard curves), it should be possible to use
have used the term “molecular beacons” to refer to our assay.
this approach to quantify DNA-binding proteins. A similar depenExperimental verification of molecular beacon design. To verify
dence of the fluorescence signal on protein concentration was seen
the assay design (Fig. 1) experimentally, we prepared a molecular
with the CAP beacon when a different set of fluorescence labels was
beacon that detected CAP10, a bacterial transcription activator that
used (Fig. 4B). This experiment was done to illustrate the flexibility
binds DNA (Kd = ∼0.1 nM)11 in a sequence-specific manner. A
of the assay with respect to the mode of signal detection and the flu38-bp DNA sequence corresponding to a consensus CAP site11 was
orochromes used. The CAP beacon was composed of fluoresceinused as a basis for designing oligonucleotides to prepare the CAP
labeled (CAP2/CAP3) and 7-diethylaminocoumarin-3-carboxylic
donor- and acceptor-labeled half-site duplexes (Fig. 2A). The fluoacid–labeled (CAP1/CAP6) duplexes, so that both the donor
rescence donor (fluorescein) and acceptor (dabcyl) were introduced
(coumarin) and acceptor (fluorescein) were fluorescent. With
into the DNA fragments using commercially available dT–fluoresincreased CAP concentration, the intensity of the donor signal
cein and dT–dabcyl (Fig. 2B). Figure 2C shows that, as predicted, in
decreased and the intensity of the acceptor signal increased (Fig. 4B).
the absence of CAP, addition of the acceptor-labeled half-site
Thus, protein detection could be accomplished by measuring either
duplex (CAP1/CAP4) did not produce a marked change in the fluothe quenching of the donor signal or the enhancement of the acceprescence of the donor-labeled half-site duplex (CAP2/CAP3), inditor signal, or by assessing the ratio between the two signals (Fig. 4B,
cating that there was very little association between the CAP2/CAP3
inset). The ratiometric signal might be particularly useful, as it
and CAP1/CAP4 duplexes in the absence of the protein. Upon the
A
addition of CAP (Fig. 2D), a substantial quenching of fluorescence
occurred. This was consistent with the prediction that in the presence of CAP, the association between CAP1/CAP4 and CAP2/CAP3
duplexes would be facilitated and fluorescein present in the
B
CAP2/CAP3 duplex would be brought into close proximity with
dabcyl in the CAP1/CAP4 duplex, resulting in quenching of the fluorescence emission. To test the specificity of this quenching, we
repeated the experiment in the absence of cAMP, which is required
for sequence-specific binding of CAP (such that only nonspecific,
low-affinity DNA binding will occur in its absence)10,11. We saw no
D
C
Figure 2. Molecular beacon for the CAP protein. (A) Design of the
oligonucleotides to produce the two (donor- and acceptor-labeled) half-site
duplexes. The sequence corresponding to the consensus CAP binding
site is underlined. (B) Structure of dT–fluorescein (donor) and dT–dabcyl
(acceptor). (C) Emissions spectra of 50 nM CAP2/CAP3 (donor-labeled halfsite duplex) (curve 1) and 50 nM CAP2/CAP3 in the presence of 50 nM
CAP1/CAP4 (acceptor-labeled half-site duplex) (curve 2). (D) Emission
spectra of the mixture of CAP2/CAP3 and CAP1/CAP4 (each at 50 nM
concentration) in the absence (curve 1) and the presence (curve 2) of
110 nM CAP. (E) Spectra as in D except that cAMP was omitted from the
reaction mixture. (F) Spectra of the mixture of donor- and acceptor-labeled
duplexes (each at 50 nM concentration) in the absence (curve 1) and
presence (curve 2) of a high concentration (400 nM) of trp repressor, an
unrelated sequence-specific DNA-binding protein.
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nuclear extract preparations. We measured the
amount of DNA in a nuclear extract preparation
and determined that this amount, and an amount
5 times larger, had no effect on the assay (Fig. 5B,
D, F, insets).
Two-color simultaneous detection of two target proteins. To illustrate the use of the molecular
beacon assay for multicolor detection, we carried
out an experiment to obtain simultaneous, independent two-color detection of two proteins in a
single assay mixture (Fig. 6). The assay mixture
included two half-site duplexes containing the
CAP binding site labeled with 7-diethyFigure 3. Specificity of the molecular beacon for CAP detection.(A) Emission spectra of the
laminocoumarin-3-carboxylic
acid and dabcyl,
mixture of donor- and acceptor-labeled half-site duplexes (each at 50 nM concentration) in the
presence of 50 nM CAP (curve 1) and after addition of increasing amounts of an unlabeled 30-bp and two half-site duplexes containing the trpR
DNA fragment containing a consensus CAP binding site to a final concentration of: 19.6 nM
binding site labeled with fluorescein and dabcyl.
(curve 2), 39.1 nM (curve 3), 58.7 nM (curve 4), 97.6 nM (curve 5), and 194.2 nM (curve 6).
Thus, the fluorescence intensity at 475 nm (with
(B) Emission spectra of the mixture of donor- and acceptor-labeled duplexes (each at 50 nM
excitation at 433 nm) provided a signal selective
concentration) in the presence of 50 nM CAP (curve 1) and after addition of increasing
for the CAP beacon and fluorescence intensity at
amounts of an unlabeled 30-bp nonspecific DNA fragment to a final concentration of: 19.6 nM
(curve 2), 39.1 nM (curve 3), 58.7 nM (curve 4), 97.6 nM (curve 5), and 194.2 nM (curve 6).
515 nm (with the excitation at 490 nm) provided
(C) Dependence of fluorescence quenching on the concentration of the competitor DNA added.
a signal selective for the trpR beacon. When CAP
was added to the reaction mixture, we saw selecshould minimize trivial artifacts such as nonspecific quenching in
tive quenching of only the signal of the CAP beacon but no change in
turbid or absorbing medium.
the signal of the trpR beacon (Fig. 6). When trpR protein was added
To illustrate the general applicability of the assay to any sequenceto the reaction mixture, we saw selective quenching of only the trpR
specific DNA binding protein, we prepared and tested molecular
beacon signal and no change in the signal of the CAP beacon (Fig. 6).
beacons to detect three additional proteins: two prokaryotic tranFinally, when both proteins were added, we saw quenching of both
scription factors (trpR and lacR)12,13 and a human protein (p53)2
signals (Fig. 6). As essentially any fluorochrome can be used in the
involved in the development of many cancers. The DNA binding
assay, it will be possible to design more complex multicolor assays to
affinities (Kd values) reported for these proteins are 7 nM (trpR)14,
detect multiple proteins simultaneously.
0.02 nM (lacR)15, and 2 nM (p53)16. For all three proteins, we saw
Discussion
protein concentration–dependent quenching of the fluorescence sigComparison with existing methodologies. Current methods to
nals (Fig. 5). The effects were specific, as no fluorescence change was
detect DNA-binding proteins in solution using fluorescence6 rely
seen for each protein when it was tested with the beacons for unrelaton one of the following phenomena: (i) a change in fluorescence
ed protein (Fig. 5A, C, E, insets).
intensity of a fluorochrome present in either the protein or the
Use of the assay with cell extracts. Cell or nuclear extracts contain
DNA, resulting from the perturbation of the environment of the
many DNA-binding proteins that could interfere with the molecular
probe upon the formation of the protein–DNA complex; (ii) a
beacon assay. To illustrate the applicability of the assay to cell
change in the fluorescence polarization of the fluorochrome preextracts, we repeated the experiments shown in Figure 5 in the pressent either in the protein or in DNA, resulting from the greater
ence of 50 µg of HeLa nuclear extract. Addition of the nuclear extract
molecular size of the protein–DNA complex in comparison to
to trpR and lacR beacons did not substantially change the fluorescence intensity, consistent with the absence of
these proteins in HeLa extract. By contrast,
B
A
addition of the extract to p53 beacon produced
∼20% quenching, consistent with the p53 DNAbinding activity found in HeLa by gel-shift
assay17. Quenching of the p53 beacon by the
nuclear extract was completely reversed by an
excess of unlabeled specific competitor and was
not affected by an excess of nonspecific competitor (data not shown), confirming that the
signal was due to p53 DNA-binding activity in
the extract. The response of the beacons to the
addition of the corresponding proteins in the
presence and absence of the extract was identical in the case of trpR and slightly different in
the cases of lacR and p53 (Fig. 5B, D, F). This
indicated that beacons could be used to detect
proteins in crude extracts, although small varia- Figure 4. CAP concentration dependence of fluorescence signal of CAP beacons. (A) CAP
tions in the beacon response, resulting from the beacon containing fluorescein-labeled (CAP2/CAP3) and dabcyl-labeled (CAP1/CAP4) duplexes.
high concentration of proteins in the extract, Inset: CAP concentration dependence of fluorescence quenching. (B) CAP beacon containing
fluorescein-labeled (CAP2/CAP3) and 7-diethylaminocoumarin-3-carboxylic acid–labeled
may occur.
(CAP1/CAP6) duplexes. Inset: CAP concentration dependence of the ratio of intensity at 515 nm
Another possible source of interference in the and intensity at 475 nm. The spectra shown were obtained using 50 nM half-site duplexes and the
assay is genomic DNA contaminating the following CAP concentrations (nM): 0, 5, 10, 15, 20, 30, 40, 50, 75, 100, 125, 150, and 200.
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Figure 5. General applicability of the assay. Results for molecular beacons
detecting trp repressor (TrpR) (panels A and B), lac repressor (lacR) (panels
C and D), and p53 protein (panels E and F) are shown.
(A) Fluorescence spectra of 250 nM TRP2/TRP3 and 300 nM in the absence
of trpR (curve1) and in the presence of 0–900 nM trpR (curves 2–7).
(B) Fluorescence quenching of trpR beacon as a function of trpR
concentration in the absence (solid circles) and presence (open circles) of
50 µg of HeLa nuclear extract. (C) Fluorescence spectra of 50 nM
LAC2/LAC3 and 50 nM LAC1/LAC4 in the absence of lacR (curve 1) and in
the presence of 0–200 nM lacR (curves 2–7). (D) Fluorescence quenching
of lacR beacon as a function of lacR concentration in the absence (solid
circles) and presence (open circles) of 50 µg of HeLa nuclear extract.
(E) Fluorescence spectra of 50 nM P2/P3 and 60 nM P1/P4 in the absence
of p53 (curve 1) and in the presence of 0–160 nM p53 (curves 2–6).
(F) Fluorescence quenching of p53 beacon as a function of p53
concentration in the absence (solid circles) and presence (open circles) of
50 µg of HeLa nuclear extract. Insets to panels A, C, and E: Control for the
specificity of the beacons. Fluorescence spectra of unrelated beacons were
measured in the presence and absence of the corresponding protein. Insets
to panels B, D, and F: Effect of 0.2 µg (1×) and 1.0 µg (5×) of human
genomic DNA. Signal at the protein concentration corresponding to ∼50%
signal change was measured after addition of DNA and the results were
expressed as the percentage of the signal observed in the absence of DNA.

and their susceptibility to artifacts caused by light scattering. In
comparison to fluorescence polarization, the methodology
described here does not depend on the size of either the DNA or
the protein. In fact, it should also be applicable to the measurement
of sequence-specific DNA binding of small molecules (for example, drugs targeted to specific DNA sequences). With molecular
beacons, the dynamic range of the signal change is large and artifacts due to light scattering are insignificant.
Detection of the formation protein–DNA complexes by resonance
energy transfer (FRET29) between DNA labeled with one fluorochrome and the protein labeled with another fluorochrome is based
on the difference in physical proximity between the two fluorochromes in the protein–DNA complex and in the free protein and
free DNA28. The limitation of this approach is that, in addition to
DNA, the protein also needs to be modified with the fluorescence
probe, which is not always easy. If the protein is large, the required
proximity between donor and acceptor in the protein–DNA complex
may not be achieved and there may be no measurable FRET signal. In
addition, in most cases efficient formation of a protein–DNA complex
requires an excess of one labeled component over the other, which
could produce difficulties in detecting the signal. In contrast, our
methodology requires labeling of only the DNA, does not impose any

F

DNA or protein alone; and (iii) resonance energy transfer between
one fluorochrome present in DNA and another fluorochrome present in a protein, resulting from the proximity between DNA and
the protein in the protein–DNA complex.
In the first group of the methods, a change in fluorescence signal
results from a change in the microenvironment of the fluorescence
probe upon the formation of a protein–DNA complex18,19.
Generation of the change in fluorescence therefore depends on the
chance that formation of a protein–DNA complex
alters the environment of the fluorescence probe sufficiently to produce a measurable fluorescence
A
B
C
change. Formation of a protein–DNA complex
results in a change in fluorescence in some cases and
not in others6,19–27; thus, this approach is not fully
generalizable. In contrast, the molecular beacons
described here are based on well-understood physical principles. Signal changes in response to protein
binding are large and can be rationally designed by
manipulating the color of emission, mode of signal
change, and other properties. The molecular beacon
method should therefore be applicable to most
sequence-specific DNA-binding proteins.
Fluorescence polarization has been used exten- Figure 6. Demonstration of two-color simultaneous detection of two proteins. (A) Emission
spectra with excitation at 433 nm (absorption wavelength of 7-diethylaminocoumarin-3sively to detect the formation of protein–DNA carboxylic acid). (B) Emission spectra with excitation at 490 nm (absorption wavelength of
6,28
complexes . The advantage of fluorescence polar- fluorescein). (C) Degree of quenching observed at 475 nm with excitation at 433 nm (black
ization is that the DNA needs to be labeled with bars) and at 515 nm with excitation at 490 nm (gray bars). Emission spectra of the mixture of
only one fluorescence probe. The limitations of this 100 nM CAP5/CAP3 (7-diethylaminocoumarin-3-carboxylic acid–labeled CAP half-site
duplex), 120 nM CAP1/CAP4 (dabcyl-labeled CAP half-site duplex), 100 nM TRP2/TRP3
approach are the small dynamic range of fluores- (fluorescein-labeled TrpR half-site duplex), and 120 nM TRP1/TRP4 (dabcyl-labeled TrpR
cence polarization changes, the fact that they are half-site duplex) were recorded. Curves 1, no CAP, no TrpR; curves 2, 125 nM CAP, no TrpR;
applicable only to relatively short DNA molecules, curves 3, no CAP, 400 nM TrpR; curves 4, 125 nM CAP, 400 nM TrpR.
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limit on the size of the proteins, and uses donor- and acceptor-labeled
DNA half sites at 1:1 stoichiometry.
Practical considerations in using the molecular beacon assay.
Although we used FRET as the detection signal, other proximitybased luminescence signals could be used7,30–37. To take advantage
of the high throughput potential of the assay, a fluorescence plate
reader could be used. The sensitivity of the assay will depend
largely on the affinity of the protein for its DNA binding site. The
affinity of sequence-specific DNA-binding proteins for their natural DNA binding sites is typically in a range from low picomolar
to high nanomolar concentrations. Thus, without optimization,
nanomolar concentrations of proteins (for example, femtomoles
of protein in 5-µl wells of 1,536-well plates) should be detectable.
All the proteins we report upon here were readily detectable at
nanomolar concentrations. This sensitivity should be sufficient
for detecting recombinant proteins as well as many DNA binding
proteins in cellular extracts38,39. Among the proteins we assessed,
cellular concentrations have been estimated for CAP (∼3,000 molecules/cell; ∼6 µM)40, lacR (∼10 molecules/cell; ∼20 nM)40, and
trpR (∼120–375 molecules/cell; ∼270–850 nM)41 but not for p53.
For some low-abundance proteins, it will probably be necessary to
further optimize the assay to maximize its sensitivity. The lowest
possible concentration of a DNA-binding protein (one copy per
nucleus) is ∼20 pM, suggesting that, for low-abundance proteins,
low picomolar sensitivities are desirable. There are several
approaches to optimizing the assay (beginning with the determination of optimal solution conditions, including pH and salt concentration). A complete study of the physical factors important
for beacon behavior and assay sensitivity will be published elsewhere (E. Heyduk, E. Knoll & T. Heyduk, unpublished data).
Conclusions. We believe that the use of molecular beacons for
DNA-binding proteins will find wide application in research, medical diagnosis, and drug discovery. The technique should be especially useful for high-throughput determination of the
DNA-binding activity of proteins. One application could be in
screening for drugs targeted to a DNA-binding protein. With the
use of multicolor detection, the effects of candidate drugs on several DNA-binding activities could be assessed simultaneously. The
assay should also have applications in medical diagnosis, as a means
to determine the presence or the activity of a DNA-binding protein
(such as p53) that is linked to a particular disease. In research, the
assay could serve as a convenient, rapid, nonradioactive substitute
for the gel-shift assays4 widely used to study the DNA-binding activities of cellular extracts and purified and recombinant proteins.
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Experimental Protocol
Oligonucleotides. Human genomic DNA was purchased from Promega
(Madison, WI). Oligonucleotides were prepared using standard phosphoramidate chemistry and were purified as described previously42. The following
oligonucleotides were made for the CAP beacon (F, dT–fluorescein; D, dT–dabcyl; X, Amino-Modifier C2–dT (Glen Research, Sterling, VA)): 5′-AACGCAATAAATGTGA-3′
(CAP1),
5′-AGFAGATCACATTTTAGGCACC-3′
(CAP2), 5′-GGTGCCTAAAATGTGA-3′ (CAP3), 5′-TCDACTTCACATTTATTGCGTT-3′ (CAP4), 5′-AGXAGATCACATTTTAGGCACC-3′ (CAP5),
and 5′-TCXACTTCACATTTATTGCGTT-3′ (CAP6). Amino-Modifier C2–dT
in CAP5 and in CAP6 were modified with 7-diethylaminocoumarin-3-carboxylic acid by reacting them with the N-succinimidyl ester of the dye
(Molecular Probes, Eugene, OR), and labeled products were purified as
described previously42. The following oligonucleotides were made for the trpR
beacon: 5′-GAGATCTATCGAACTA-3′ (TRP1), 5′-GFAAACTAGTACGAAACTAGAG-3′ (TRP2), and 5′-CTCTAGTTTCGTACTA-3′ (TRP3), 5′-GDTTACTAGTTCGATAGATCTC-3′ (TRP4). The following oligonucleotides were made
for the lacR beacon: 5′-GGTGTGTGGAATTGTGA-3′ (LAC1), 5′-GCGFATAACAATTTCACACAGG-3′ (LAC2), 5′-CTTGTGTGAAATTGTT-3′ (LAC3), and
5′-ADACGCTCACAATTCCACACACC-3′ (LAC4). The following oligonucleotides were made for the p53 beacon: 5′-GCATCGGTCACAGACA-3′ (P1),
5′-TGCCFAGACATGCCTTGCAGTCTCGA-3′ (P2), 5′-TCGAGACTGCAAGGCA-3′ (P3),and 5′-TGTCDAGGCATGTCTGTGACCGATGC-3′ (P4). To
obtain DNA duplexes, oligonucleotides were mixed at 10 µM concentration in
100 µl of 50 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA; heated for
1 min at 95°C; and cooled to 25°C over 1 hr.
Proteins. CAP was purified as described previously43. Purified lacR was from
M. Brenowitz and purified recombinant full-length human p53 (ref. 16) from
N.M. Nichols and K.S. Matthews. Purified trpR was purchased from Panvera
(Madison, WI) and HeLa nuclear extract from Promega (Madison, WI).
Fluorescence spectroscopy. All fluorescence measurements were carried out
at 25°C in 200-µl quartz cuvettes using an Aminco-Bowman (Spectronic
Instruments, Rochester, NY) Series 2 spectrofluorometer. For single-color
detection experiments, spectra were obtained in 50 mM Tris (pH 8.0),
100 mM NaCl, 1 mM EDTA containing (when present) 200 µM cAMP. For
two-color detection experiment (Fig. 6), spectra were obtained in 10 mM
potassium phosphate (pH 7.6), 50 mM NaCl, 0.1 mM EDTA, 4 mM tryptophan, 200 µM cAMP, 10% glycerol, 0.01% sodium azide, and 1.0 mg/ml
BSA. For all samples involving addition of the protein to the beacon solution, fluorescence spectra were acquired after at least 15 min of incubation.
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