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Protein�DNA interactions can be explored by various in vitro
and in vivo strategies, which present different advantages and

disadvantages. In vitro methods provide better quantitative char-
acterization but require isolation of active, soluble protein, which can
be challenging and impractical in high-throughput assays. Addition-
ally, protein function may depend strongly on assay conditions;
hence, a non-native in vitro environment can give rise to results
contradictory to those performed in an in vivo assay.1 Alternatively,
in vivo assays provide a native-like environment for studying the
protein�DNA interaction. For instance, yeast reporter assays2�5

are widely used and offer the capability to screen libraries but suffer
from elevated rates of false positives and false negatives.6�8

We have developed a bacterial system for facile detection of in vivo
protein�DNA recognition, with potential for searching protein
and/or DNA libraries. Our system contains two separate vectors
(Figure 1): a transcription-factor (TF) expression vector and a
bioprobe reporter vector that contains a potential TF target site
flanked by the genes encoding Cerulean (a cyan fluorescent protein,
CFP) and Venus (a yellow fluorescent protein, YFP).9,10 If the TF
recognizes the DNA target, transcription of the second FP gene, yfp,
is impeded by bound TF, yet the first FP gene, cfp, will always be
transcribed and expressed. Full-length transcription of the bioprobe
gene ensues when no protein�DNA recognition occurs. Addition-
ally, detection of signal from expressed CFP serves as an intrinsic
reference for cell viability and successful protein expression for every
sample.

For each analysis, wemeasure whole-cell fluorescence of E. coli
cells expressing both TF and bioprobe reporter proteins and
calculate a fluorescence resonance energy transfer (FRET) ratio
defined as the ratio of YFP maximum emission intensity at
528 nm over that of CFP at 475 nm. A decrease in this ratio,
when compared to the FRET ratio of a reference sample
expressing the same bioprobe but no TF, is taken as an assess-
ment of protein�DNA interaction in live cells. We therefore
coined the term “FRep” to describe our FRET reporter. In this
study, we used FRep to evaluate protein�DNA binding affinities
and tested FRep’s utility for in vivo identification of specific
protein�DNA interactions from a mock library.

’MATERIALS AND METHODS

Preparation and Expression of FRep Genes. The FRep
genes were constructed using the cassette method by joining the
CFP gene to six copies of the AP-1 binding site followed by the
YFP gene (see the Supporting Information for details). Con-
structs were designed with restriction endonuclease sites to
facilitate exchange of binding sites. FRep genes were expressed
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ABSTRACT:We describe a bacterial reporter system, FRep, for rapid
and facile detection of protein�DNA recognition. The bioprobe
reporter comprises genes of two fluorescent proteins (FPs) separated
by a potential DNA target. If a coexpressed transcription factor binds
the DNA target, transcription of the second FP is impeded, resulting in
loss of FRET partner. Using ratiometric FRET, we show that evalua-
tion of protein�DNA recognition can be reliably made on bZIP and
bHLHZ transcription factors and their DNA targets. FRep displays
similar thresholds of detection regarding protein�DNAbinding affinities, as compared to well-established electrophoretic and yeast
assays, although we observed variations in the intensity of fluorescence signals and detection thresholds that may depend on
differences between DNA-binding protein production levels and/or stability in the cell, or the expressed bioprobe linker between
the two FPs. FRep can potentially be applied to high-throughput searches of both protein and DNA libraries; in a mock library
screen, binding and nonbinding complexes can even be distinguished by visual inspection of colonies on plates. FRep presents
notable advantages over existing technologies when applied to assessing protein�DNA interactions in vivo, and this approach has
the potential for applications in assaying protein�protein interactions and screening molecules that influence specific macro-
molecular interactions.
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in E. coli BL21(DE3)pLysS cells (Stratagene) using standard
protocols (see the Supporting Information).
Fluorescence Measurement. Steady-state fluorescence mea-

surements were performed on a Perkin-Elmer LS 50B fluorimeter.

Whole-cell fluorescence of each sample in LB medium was directly
measured. Each samplewas excited at 440 nmand emission scanned
in the range of 460�560 nm. Spectral corrections were made
according to Gordon et al.13

Figure 1. The FRep system for detection of protein�DNA interactions in vivo. (A) FRep comprises an E. coli host cell that contains the expression
vectors for a transcription factor (TF) and bioprobe reporter (R). The bioprobe expression vector contains the genes for two fluorescent proteins (CFP
and YFP) flanking a potential DNA target sequence that maintains the reading frame, as indicated by the curved arrow. (B) TF recognizes the DNA
target and impedes transcription of YFP gene. (C) Full transcription of the bioprobe gene results when no protein�DNA recognition occurs. Note that
the term “TF” used here is only the DNA-binding domain of a native TF, because it lacks the activation domain. The CFP and YFP structures are from
refs 11 and 12.

Table 1. Summary of FRET Ratio Changes for Various Protein�DNA Complexes

change in FRET ratios (%)c

DNA targeta DNA sequenceb binding protein Kd (nM) 6�d 1�d

AP-1 TGACTCA wt bZIP 9e,f, 13g,h �52 ( 3i �23 ( 2

C/EBP TTGCGCAA wt bZIP 120g,h �48 ( 3 �26 ( 6

Arnt E-box TCACGTGA wt bZIP 570g,j �12 ( 5 �5 ( 4

Max E-box CCACGTGG wt bZIP 840g,j �22 ( 10 �3 ( 22

HRE GCACGTAG wt bZIP 1400g,j +3 ( 5

AP-1 TGACTCA C/EBP bZIP nonbindingk 0 ( 1

NS ATGCAGGAAGGAA

TTCCTGAAGGTTCG

wt bZIP nonbindingh 0 ( 7

C/EBP TTGCGCAA C/EBP bZIP 3g,l �54 ( 9

Max E-box CCACGTGG MaxbHLHZ 14e,m �30 ( 5

Max E-box CCACGTGG MaxFos 536e,n �41 ( 6

Max E-box CCACGTGG MMbHLH/ERY 861e,o �37 ( 6

Max E-box CCACGTGG Max1bHLH-C/EBP r nonbindingo,p,q �32 ( 16

Max E-box CCACGTGG MaxΔAS nonbindingo,p �6 ( 11

Max E-box CCACGTGG MaxbHLH nonbindingm,q �2 ( 17
a Indicates the DNA target inserted between the genes of CFP and YFP in the FRep bioprobe construct. bThe nucleotide sequence for a single copy of
each DNA target. c Percent changes in FRET ratios are mean( s.d. fromg3 independent samples. d Indicates the number of copies of each DNA target
site in the FRep bioprobe construct. eDissociation constants of protein:DNA complexes obtained by fluorescence anisotropy with a single copy of each
DNA target site. f Previously published in ref 15. gDissociation constants of protein�DNA complexes obtained by quantitative EMSAwith a single copy
of each DNA target site. h Previously published in ref 16, assayed by EMSA. i Similar drop in FRET ratios was observed with 3�AP1/NS bioprobe.
j Previously published in ref 23. k Previously published in ref 18, assayed by DNase I footprinting. l Previously published in ref 19. m Previously published
in ref 24. nUnpublished results (A. T. De Jong and J. A. Shin). oPreviously published in ref 25. pAssayed by fluorescence anisotropy. qAssayed by yeast
one-hybrid assay (Y1H). r See the Supporting Information for more discussion of binding activity.
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SDS-PAGE Analysis of Bioprobe Proteins. BL21(DE3)pLysS
cell cultures were grown overnight with IPTG induction. Each
20 mL cell culture was harvested, and proteins were extracted
without heating and resolved by 12% SDS-PAGE, followed by
visualization under illumination by Lightools fluoroimaging system
(440/20 nm excitation filter and 475 nm viewing filter for CFP
emission, 488/10 nm excitation filter and 530 nm viewing filter for
YFP emission) and staining by Coomassie brilliant blue solution
containing 50% methanol.
Calculation of in Vivo Concentration Ratios of CFP to CFP-

Linker-YFP Construct. FRET ratios provide good estimates of
the % composition of two-state systems when the molar ratio of the
FRET pair is 1:1. However, in our case, the molar ratio of CFP to
YFP is unknown, as the solution is a mixture of CFP and CFP-
linker-YFP; consequently, the experimental spectrum is the super-
position of these two species. The in vivo concentration ratio
between CFP and CFP-linker-YFP (i.e., [CFP]/[CFP-linker-
YFP]) is determined by the respective fluorescence intensity ratios
at the CFP emission peak (475 nm), which contains contributions
from CFP and the recovered contribution of CFP in full-length
CFP-linker-YFP (see the Supporting Information for details).
Screening of DNA Binders. A 1:1 mixture of cells expressing

either the wt bZIP or C/EBP bZIP protein was prepared by
mixing equal amounts of BL21(DE3)pLysS cells containing the
CFP-6�AP1-YFP bioprobe and either the wt bZIP expression
vector or the C/EBP bZIP expression vector. Visual inspection of
fluorescence from plated cell colonies was performed under YFP
excitation at 488 nm and 530 nm emission filter. Genes contained
in the selected colonies can be identified by endonuclease
digestion (see the Supporting Information).

’RESULTS

Detecting Protein�DNA Recognition in Vivo. In order to test
FRep’s capability to detect protein�DNA recognition in vivo, we
first applied it to the well-studied interaction between the GCN4
bZIP and its cognate binding site AP-1 (50-TGACTCA). The
dimeric bZIP (basic region/leucine zipper) comprisesmonomers of
approximately 60 residues; each monomer uses a basic region for
DNA-binding function and a leucine zipper for dimerization via
coiled-coil structure.14We used our previously constructedwt bZIP,
a derivative of GCN4 bZIP; wt bZIP comprises the basic region of
GCN4 (residues 226�254) and leucine zipper from C/EBP
(residues 312�338) and binds to the AP-1 target with high

specificity and affinity (Table 1).15,16 The wt bZIP maintains an
α-helical structure and DNA-binding function comparable to native
GCN4 bZIP.17

The FRep reporter vector was created by insertion of six
tandem repeats of the AP-1 site between the genes of CFP and
YFP; this vector was transformed into an E. coli strain containing
a separate TF-expressing vector in which the gene for wt bZIP
was inserted. A reference system was similarly created, except
that the TF-expressing vector remained the original pET28a(+)
vector, which expresses a control 58-residue protein. Therefore,
both cell systems expressed the CFP-6�AP1-YFP bioprobe
reporter, but only one also expressed wt bZIP. Hence, any
change in the observed FRET ratios between the two samples
would be due to wt bZIP activity in the cells.
From overnight cultures, wemeasured whole-cell fluorescence

of each sample and calculated a FRET ratio after applying the
necessary spectral corrections (see the Supporting Information).
We then calculated the change in FRET ratios between the sample
in question vs the reference system: for the wt bZIP�AP-1 pair,
the change in FRET ratios was�52( 3% (Figure 2A and Table 1).
This significant change in FRET ratios demonstrated that FRep
is capable of producing reliable signals.
Specificity of thewt bZIP�AP-1 Interaction.We performed

two control experiments to confirm that both the wt bZIP
transcription factor and AP-1 DNA target are responsible for
the 52% drop in FRET ratios. First, we replaced wt bZIP with C/
EBP bZIP protein, which does not bind to the AP-1 sequence18

and would be expected to give no change in FRET ratios; the wt
bZIP and C/EBP bZIP proteins share the same C/EBP leucine
zipper but possess different basic regions, which determine DNA
sequence specificity (see the Materials and Methods). Thus, the
C/EBP bZIP is an ideal control to assess whether DNA-binding
activity by the TF is necessary for signal detection. Indeed,
coexpression of C/EBP bZIP and CFP-6�AP1-YFP bioprobe
reporter resulted in 0% change in FRET ratios (Figure 2B and
Table 1). Second, we designed the CFP-2�NS-YFP bioprobe, in
which two tandem copies of a nonspecific (NS) DNA sequence
replaced the six tandem AP-1 repeats; we previously showed that
NS is not targeted by wt bZIP.16 Similarly, we observed no drop
in FRET ratios (Figure 2C and Table 1).
These two controls indicated that a specific combination of

protein and DNA target was necessary to achieve the change in
FRET signal. Furthermore, we tested the C/EBP bZIP protein with
its cognate C/EBP DNA target sequence (CFP-6�C/EBP-YFP).

Figure 2. Specificity of FRep. Representative emission spectra (spectrally corrected, see the Materials and Methods) were obtained by measuring
whole-cell fluorescence of E. coli cells expressing either both TF and bioprobe reporter proteins (blue solid line) or bioprobe protein only (red dotted
line) for the following protein�DNA complexes: (A) wt bZIP and 6� AP-1; (B) C/EBP bZIP and 6� AP-1; (C) wt bZIP and nonspecific DNA. Note
that the two red dotted traces in panels A and B are identical and collected from the same reference sample of 6� AP-1 bioprobe reporter with no TF
expressed.
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This protein�DNA complex also has a low nanomolar Kd value
(∼3 nM19) and showed a 54( 9% drop in FRET ratios, similar to
the wt bZIP�AP-1 complex (Table 1). Thus, FRep consistently
detected another strong protein�DNA interaction.

Protein�DNA Recognition Blocks Transcription of the YFP
Gene. How does a protein�DNA interaction lead to changes in
FRET spectra? Our hypothesis was that a protein, even a small bZIP
domain, bound to a specific DNA target is sufficient to block the
E. coliRNA polymerase machinery from completing transcription of
the full-length bioprobe reporter gene. Specifically, transcription of
the downstream YFP gene would be impeded, resulting in a mixture
of full-length (CFP-linker-YFP) and truncated (CFPonly) bioprobe
proteins (Figure 1). Complete blockage of transcription will not
occur, as TFs are not covalently bound at the DNA target. Because
there are numerous studies demonstrating varying ability of
RNA polymerases to transcribe through a protein�DNA complex,
with only a few studies discussing possible reasons for this ability
(reviewed in refs 20�22), we attempted to isolate expressed protein
fragments corresponding to the truncated and full-length bioprobe
reporter proteins that could give rise to the ratiometric FRET data
and provide an orthogonal means for validation of the FRep design.
To test our hypothesis, we performed SDS-PAGE analysis,

given FPs retain fluorescence after SDS-PAGE (samples cannot
be heated). We expected only full-length bioprobe protein
containing both CFP and YFP if no wt bZIP�AP-1 interaction
occurred: that is, no expression of wt bZIP. In the presence of wt
bZIP, there should also exist a second, smaller protein fragment
comprising only CFP.
We clearly visualized the two expected protein fragments in the

sample where wt bZIP and CFP-6�AP1-YFP bioprobe proteins
were expressed (Figure 3).We first illuminated the gel under 440 nm
light, which directly excites any fragment containing CFP; thus, we
visualized all bioprobe protein fragments, and the bioprobe-only
control shows the full-length protein (Figure 3, arrow I). Using a
475 nm viewing filter to capture CFP emission, only for cells
producing wt bZIP and CFP-6�AP1-YFP bioprobe proteins did
we observe the second, smaller fragment (Figure 3A, arrow II).
When this same gel was then visualized for YFP emission through a
530 nm filter, this smaller fragment was no longer visible after the
excitation light was switched to 488 nm (Figure 3B). Therefore, the
lower molecular weight fragment contained only CFP, and this
protein’s migration corresponded with that of the slightly longer
CFP-only control in the neighboring lane. The SDS-PAGE analysis
confirmed that the wt bZIP�AP-1 binding event indeed causes a
transcriptional blockage of YFP gene, and that the observed changes
in FRET ratios are due to the presence or absence of YFP in the
expressed bioprobe constructs.
FRep Can Detect a Clear Signal from one DNA Target Site.

We next considered whether multiple repeats of a DNA target
site are necessary for reliable detection of a protein�DNA
interaction by FRep. If a clear, reproducible ratiometric FRET
signal from a bioprobe containing a single copy of a DNA target
can still be detected, then the utility of FRep can be extended to
screening DNA libraries against a desired protein, i.e., random
duplexes from a cDNA library will not contain six repeated sites.
In the CFP-6�AP1-YFP bioprobe, more than one AP-1 site
could be bound by proteins, which would increase steric blockage
and more effectively prevent RNA polymerase from completing
its transcriptional activities. In our system, when screening a
protein library against a desired DNA sequence, increasing the
number of DNA targets is useful to increase the probability of
protein binding. We emphasize that the reason multiple DNA
sites are used in reporter assays, such as the yeast one-hybrid
(Y1H), is that arrays of binding sites maximize cooperative
binding, and more importantly, their saturation better triggers
transcriptional activation.

Figure 3. SDS-PAGE analysis of transcriptional blockage by protein�
DNA recognition. Panels A, B, and C are the same SDS-PAGE shown
under different conditions. Arrow I indicates full-length FRep construct
(56.0 kDa), arrow II indicates truncated bioprobe (i.e., CFP, approxi-
mately 27 kDa, depends on exact location of transcription blockage),
and arrow III indicates transcription factors (wt bZIP and C/EBP bZIP
are 11.2 and 11.7 kDa, respectively). Lane 1, MW marker; apparent
molecular weights indicated on the y-axis. Lane 2, 6�AP1 bioprobe and
pET-28a(+) vector with no bZIP gene inserted (expresses a 58-mer,
MW = 6239.1 Da, from the original pET28a(+) vector). Lane 3, 2�NS
bioprobe with wt bZIP expressed. Lane 4, 6�AP1 with C/EBP bZIP
expressed. Lane 5, 6�AP1 bioprobe with wt bZIP expressed. Lane 6,
CFP control. (A) Illumination under 440/20 nm light, visualization
through 475 nm viewing filter for CFP emission. (B) Illumination under
488/10 nm light, visualization through 530 nm viewing filter for YFP
emission. (C) Coomassie brilliant blue staining exposes all protein
fragments. Note the discrepancy between apparent molecular weights of
MWmarkers and full-length bioprobe constructs. Because samples were
not heated, proteins can remain folded, with SDS coating the folded
structure’s exterior. Fluorescence only occurs if CFP and YFP are folded.
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We first created CFP-3�AP1/NS-YFP bioprobe reporter, where
NS is used to maintain the same overall linker length between CFP
and YFP as that for the 6�AP1 construct (84 base pairs):
only target-site number is decreased. The CFP-3�AP1/NS-YFP
construct, with coexpressed wt bZIP, showed similar drop in FRET
ratios as the 6�AP-1 bioprobe (50( 4% and 52( 3%, respectively,
Table 1). In addition to the CFP-3�AP1/NS-YFP bioprobe, we
similarly created a CFP-1�AP1/NS-YFP bioprobe, which contains
only one copy of the AP-1 site and showed a clear, reproducible
23( 2% decrease in FRET ratios when coexpressed with wt bZIP
protein. Therefore, a single strong protein�DNA interaction can
still be reliably detected by FRep, and one bound protein is sufficient
for impeding YFP transcription.
In every bioprobe gene constructed, we used the NS sequence

to preserve the same number of nucleotides as that for the
6�AP-1 construct (84 base pairs) between the genes of CFP and
YFP. When we constructed a 3�AP1 bioprobe (51 base pairs, as
opposed to 84 base pairs for 3�AP1/NS), SDS-PAGE analysis
showed that although YFP transcription was impeded in the
presence of wt bZIP (data not shown), the FRET ratio data was
inconsistent, indicating that an appropriate DNA linker length,
and its corresponding translated protein linker length, between
the two fluorophores must be achieved for efficient ratio-
metric FRET measurements. We also emphasize that within
the set ;of expressed protein linkers of the same length, the
amino-acid composition of the linker affects the efficiency of
FRET, as observed among different bioprobe samples, e.g., the
CFP-6�AP1-YFP and CFP-2�NS-YFP bioprobe reporters
(Figure 2) both comprise 84 nucleotides between the genes
of CFP and YFP, resulting in expressed linker length of 28
residues. Such variations in FRET efficiency have previously been
reported26 and are likely due to the flexibility of unstructured,
expressed peptide linkers between the two FRET partners.
Detection of a Wide Range of Protein�DNA Binding

Affinities. The FRep is capable of detecting a strong, reprodu-
cible signal from a single DNA target site. We therefore con-
sidered its range of detection; that is, the wt bZIP�AP-1
interaction is a strong TF�DNA complex, but can weaker
interactions be detected as well? Detection of strong interactions
can be done with yeast reporter assays, but signals from weaker
interactions can be obscured by background and are challenging
to validate. A real demonstration of the strength of FRep would
be reliable detection of weaker protein�DNA interactions.
We therefore tested a series of wt bZIP�DNA complexes for

which we had previously measuredKd values ranging from 120 to
1400 nM (Table 1).16,23 Each Kd value was measured with a
single DNA target site by either quantitative electrophoretic
mobility shift assay (EMSA) or fluorescence anisotropy and
compared with FRep measurements obtained from a single copy
of a DNA target as well as with six tandem repeats of DNA target
to investigate how target number affects FRep’s limit of detec-
tion. Hence, these binding affinities gained by in vitro methods
provided a comparison for the range of detection by in vivo FRep.
Both the 6�C/EBP bioprobe and 6�AP1 bioprobe coex-

pressed with wt bZIP exhibited similar decreases in FRET ratios
(48( 3% and 52( 3%, respectively), despite that the Kd for the
wt bZIP�C/EBP DNA complex (120 nM) is 10-fold weaker
than that for the wt bZIP�AP-1 complex. Likewise, the 1�C/
EBP/NS bioprobe gave a comparable drop in FRET ratios as did
the 1�AP1/NS bioprobe (26 ( 6% and 23 ( 2%, respectively;
Table 1). Thus, either six copies or one copy of the more weakly
bound C/EBP site could be readily detected, so FRep did not

differentiate binding affinities in this 10-fold range of Kd values,
essentially up to 100�200 nM.
The6� and1� versions of theArntE-box expressedwithwt bZIP

protein (Kd 570 nM, 50-fold weaker than that with AP-123) gave
decreases in FRET ratios of 12 ( 5% and 5 ( 4%, respectively.
Similar decreases were observed with the Max E-box (Kd 840 nM,
flanking base pairs differ from that of Arnt E-box), and no change in
FRET ratio wasmeasuredwith 6�HRE (Kd 1400 nM).23 Therefore,
in the 6� versions of FRep, up to 500�800 nM Kd can be detected,
and with the 1� versions, less than 500 nM Kd is the threshold.
We also tested FRep’s utility toward evaluating a protein library,

that is, a fixed DNA target site screened against a library of proteins
(Table 1). Similar to the experiments above, we had previously
measuredKd values ofMax derivatives bound to a singleMax E-box
target site by fluorescence anisotropy.24,25 Max belongs to the basic-
region/helix�loop�helix/leucine zipper (bHLHZ) family of tran-
scription factors and can homodimerize and bind to theMax E-box.27

Note that the bZIP (e.g., wt bZIP and C/EBP) and bHLHZ
(e.g., Max) are two different transcription factor families.
We previously found Max1bHLH-C/EBP, a designed hybrid of

the MaxbHLH subdomain and C/EBP leucine zipper, to be an
extremely weak binder of the Max E-box: no binding with one
Max E-box site was observed by fluorescence anisotropy, and only a
weak signal was detected in the Y1H assay with four tandem
Max E-box sites inserted upstream of the reporter gene.25 With
the 6�MaxEbox bioprobe reporter, however, we observed a clear
decrease in FRET ratios (32 ( 16%). We propose two possible
explanations for this discrepancy: one is that the weak complex
between Max1bHLH-C/EBP and Max E-box is at the detection
threshold and that FRep possesses a slightly higher threshold of
detection than the othermethods. Another possibility is that if aweak
binder like Max1bHLH-C/EBP is overexpressed in the bacterial
FRep system, it may oligomerize on the array of target sites present in
the 6�MaxEbox bioprobe reporter, thereby increasing steric blockage
and more effectively impeding transcription through the target site.
Furthermore, we found that the MaxbHLHZ�Max E-box com-

plex (Kd 14 nM
24) showed a 30( 5% drop in FRET ratios with the

Figure 4. Calculated in vivo [CFP]/[CFP-linker-YFP] ratios against in
vitro Kd values for various protein�DNA complexes. Vertical error bars
are standard deviations calculated from repeated experiments (g3
independent samples). Horizontal error bars are obtained from refs
16, 19, and 23. The data is fit to a power law decay (solid line) in the form
of aKd

n + b, where a, b, and n are fitted parameters. The fit is weighted by
the standard deviation of the concentration ratio. The shaded area
enclosed by dashed lines indicates the 95% confidence interval of the fit.
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6�MaxEbox bioprobe; this complex is a strongTF�DNA complex,
similar to the wt bZIP�AP-1 complex, yet the Max complex gives a
much smaller drop in FRET ratios (30% vs 52%). MaxFos, a hybrid
of MaxbHLH and c-Fos leucine zipper, and MMbHLH/ERY, a
derivative of Max1bHLH-C/EBP, both display weak binding affi-
nities for the Max E-box target (Kd values 536 and 861 nM,
respectively,25 MaxFos results are unpublished). Yet with the
6�MaxEbox bioprobe, both gave readily detectable decreases in
FRET ratios of 41( 6% and 37( 6%, respectively. We previously
found that MaxΔAS, in which the loop of MaxbHLHZ is shortened
by removal of two residues, and the truncated MaxbHLH, which
lacks a leucine zipper, were nonbinders of theMax E-box target;24,25

with FRep, both gave inconsistent drops in FRET ratios of 6( 11%
and 2 ( 17%, therefore proving to be nonbinders of Max E-box,
consistent with previous studies.
Both sets of experiments above, whether fixed wt bZIP protein

tested against a series of DNA sites (1� or 6� targets) or fixedMax
E-box DNA sites (CFP-6�MaxEbox-YFP bioprobe) tested against
a series of Max mutant proteins, confirm that a range of protein�
DNA binding affinities, from low to high nanomolar Kd values, can
be detected (Table 1). In particular, as shown with members of the
bZIP and bHLHZ families, the threshold for reliable detection in the
6� versions of the FRep bioprobe appears to be around 500�800
nM Kd and for 1� versions, less than 500 nM Kd. These measure-
ments on members of the bZIP and bHLHZ families demonstrate
that two different transcription factor families give consistent results
in FRep and reinforce the conclusion that our system is capable of
reliable detection among different protein�DNA systems.
FRep Shows aCorrelationbetweenCalculated in Vivo [CFP]/

[CFP-linker-YFP] Ratios and Quantitatively Measured Binding
Affinities. We used previously obtained experimental data from
proteolyzed CFP-YFP FRET reporters to help us calculate the

internal concentrations of bioprobe protein species by considering
their CFP emission peaks only.28 Thus, we were able to correlate
fluorescence intensities of different CFP-linker-YFP reporters at
their CFP emission peaks to their intracellular bioprobe protein
concentrations. This ratio is different from the FRET ratio we use in
this study (the ratio of YFP maximum emission intensity at 528 nm
over that of CFP at 475 nm), is unaffected by the presence or degree
of FRET, and simply indicates the amount of truncated vs full-length
bioprobe reporter proteins within the cells. The calculated in vivo
[CFP]/[CFP-linker-YFP] ratios (i.e., the internal concentration
ratio of truncated and full-length bioprobe proteins within the cells)
for various 6� constructs are plotted as a function of their in vitro Kd

values in Figure 4. A clear trend is present and can be fit to power law
decay. When the Kd value approaches zero, the binding between
protein and DNA target is so strong that only the mRNA of CFP is
transcribed, leading to a high [CFP]/[CFP-linker-YFP] ratio. On
the other hand, weak binding between protein andDNA target does
not significantly block transcription of the full-length CFP-linker-
YFP; hence, the [CFP]/[CFP-linker-YFP] ratio approaches 0 asKd

increases.
FRep Provides a Facile Means for Screening Libraries.We

next considered whether our system has potential for screening of
protein�DNA complexes, in which case, a simple method would be
to conduct the assay on plates where individual colonies of cells
displaying appropriate fluorescence could be easily distinguished.
We designed a mock library screen in which a 1:1 mixture of
CFP-6�AP1-YFP bioprobe cells, expressing either wt bZIP or
C/EBP bZIP transcription factors, was spread on a culture plate. After
overnight growth, fluoroimaging revealed that some colonies were
significantly brighter, indicating the likelihoodofmoreYFP(Figure 5).
By eye, we chose five colonies displaying high YFP intensity

and presumed to express nonbinding C/EBP bZIP and five
weakly fluorescent colonies presumed to express strong binder
wt bZIP. Restriction analysis of plasmids confirmed that colonies
containing wt bZIP could be separated from those containing
C/EBP bZIP with 90% success (data not shown).
To gain quantitative measurements from this plate assay, we

used a fluorescence microscope for calculation of in-colony
FRET ratios. We chose five colonies for each of the two TFs,
with comparison to the FRET ratio from a reference colony with
no expressed TF. This time, all 10 colonies were predicted
correctly (data not shown). Therefore, whether by eye or by
obtaining FRET ratios, FRep presents a facile and accurate
means for detection of protein�DNA complexes from colony
growth on plates. This result points to the possibility that FRep
may find utility in high-throughput screening of libraries of
protein�DNA complexes, which can be performed by fluores-
cence microscopy or fluorescence activated cell sorting (FACS).

’DISCUSSION

Wewere inspired by the pioneering work of Fields and Song in
their development of yeast reporter assays.2 Likewise, FRep is a
genetic assay akin to the successful GFP-based protein-folding
assay designed by Waldo et al.29 but not a true reporter assay
where a protein�DNA recognition event is visualized by the
product of a downstream reporter gene. Thus, although the
proposed FRep design currently limits studies to the bacterial
environment, FRep was intended to facilitate evaluation of in vivo
protein�DNA interactions in ways that build on these existing
technologies: (1) Internal protein expression control in every
sample. With FRep, protein expression can always be assessed by

Figure 5. Mock library screening of two transcription factors. A culture
plate containing a 1:1 mixture of CFP-6�AP1-YFP bioprobe cells
expressing either wt bZIP or C/EBP bZIP is shown under illumination
by a 488/10 nm light and visualized through a 530 nm viewing filter for
YFP emission. For each TF, five colonies were chosen based on YFP
emission intensity, as indicated by circles and squares for wt bZIP and
C/EBP bZIP, respectively.
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signal from CFP, which is a significant advantage over Y1H or
bacterial one-hybrid (B1H) systems that lack such a feature, and
DNA binding from YFP, which can be normalized to that from
CFP. In addition, the two FPs allow for ratiometric FRET
measurements, which are intrinsically quantitative and less prone
to artifacts from concentration differences, as compared with
absolute emission intensity measurements.30 (2) Accessibility
and ease of manipulation. FRep results are available within hours
or overnight, and no SDS-PAGE or immunoblotting is required.
Widely available bacteria strains and plasmids are used; measure-
ment is performed on cell cultures with no special treatment.
Detection is performed on a standard fluorimeter. (3) Library
screens can be performed by visual inspection of cell colonies
growing on plates by using fluorescence imaging.

Our FRep design differs from other biosensor applications based
on ratiometric FRET. Typical applications bring the donor and
acceptor together either by intermolecular interactions or intra-
molecular conformational changes.31,32 Examples include protein/
protein interactions or a Ca2+ sensor based on conformational
changes in calmodulin upon ion binding.33,34 In these cases, both
donor and acceptor are always present and depend on achieving a
certain distance for efficient FRET; thus, detection is at the “protein
stage.” One drawback of protein biosensors is their limited FRET
range; for example, conformational changes may be insufficient to
produce significant FRET changes. Another drawback is that the
fusion FP can negatively affect the folding and activity of the sensor
unit; a major design obstacle encountered in failed attempts to
create protein biosensors is that the sensor domain simply loses
activity once fused to the FP. In contrast, the FRep signal originates
at the “DNA stage” before transcription occurs: detection depends
on just two species in the sample, the full-length and truncated
bioprobe proteins.Hence, our system is not a true “biosensor” that is
reversible and generates its own signal based on an event (e.g.,
increased FRET when FPs move closer), so we use the term
“bioprobe”.

A rough comparison with the Y1H, an assay we use routinely,
indicates that the 6� versions of the bioprobe show limits of
detection at least as good as that of the Y1H assay using multiple
copies of a DNA target site, as discussed above in our comparison
of FRep measurements with those gained by Y1H and in vitro
methods. However, we have never tried a single DNA target in the
Y1H. With 1� versions of the bioprobe, protein�DNA complexes
less than 500 nM Kd lie at the threshold of detection, which is
comparable to in vitro techniques like fluorescence anisotropy,
footprinting, and EMSA, all of which we perform. We note that
similar to other in vivo techniques, the thresholds of FRep are not
absolute and depend on the specific protein�DNApairs tested. For
example, we observed variations in the intensity of fluorescence
signals and detection thresholds that may depend on differences
between DNA-binding protein production levels and/or stability in
the cell, or the identity of the expressed bioprobe linker between the
two FPs (see the Supporting Information for details). Thus, as for
any system, usersmust establish the parameters for conducting their
own particular experiments to obtain clear signals, followed by
validation using orthogonal techniques.

Yeast reporter assays can serve as powerful tools for selections
where only desired cells survive, whereas FRep is a screen where all
cells survive for evaluation. Yeast assays can have high false-positive
and -negative rates8,35�40 primarily due to their reliance on indirect
readout by transcriptional activation of reporter genes;6 we, too, find
that in the Y1H assay, many “hits” do not validate. The nature of the
baitmolecule, which is aDNA target in the Y1H and a protein in the

Y2H, is amajor contributor to spurious signals; for example, broadly
interactive “sticky”baits often yield high frequencies of false positives
in library screens, and baits that are harmful to the host can give false
negatives.6,39 A number of false positives originate from indirect
metabolic effects in the Y2H assay, including changes in cell
permeability, viability, growth rates, and transcription rates.41 In
contrast, the FRep measurement derives from comparing FRET
ratios from full-length and truncated bioprobe proteins between the
sample and reference, so indirect metabolic effects should have no
effect. Nonetheless, yeast assays maintain broad versatility and
utility,8,42,43 as demonstrated by the observation that over 50% of
protein/protein interactions published inMedline were obtained by
yeast genetic assays.37,44

With FRep, we nonetheless found good correspondence between
in vivoFRETmeasurements and quantitative in vitro binding affinities
for the various protein�DNA complexes tested; possibly this strong
level of validation stems from FRep’s independence from a reporter-
driven signal and its dependence on a physical interaction between
the protein and DNA target that blocks transcription. However, aKd

value is not the sole parameter determining the FRET ratio, as similar
Kd values for other DNA-binding proteins do not produce compar-
able FRET data (see the Supporting Information). Accordingly, only
when the data consists of one type of DNA-binding protein (e.g.,
bZIP) can we then directly plot concentration ratio of bioprobe
proteins as a function ofKd. If the intracellular concentration of TF is
also quantified, this method could work universally for all samples
(see the discussion in the Supporting Information). Nevertheless, for
any particular kind of protein, once the graph of [CFP]/[CFP-linker-
YFP] vsKd is obtained, theKd value could thenbe predicted for a new
DNA target. Furthermore, this confirms that FRep has potential
utility for quantitative estimation of Kd values between a specific
protein and its DNA targets in vivo.

Comparedwith existing technologies, FRep presents a number of
advantages for augmenting our understanding of protein�DNA
structure�function relationships including accuracy and sensitivity
as well as being economical and straightforward in implementation.
Moreover, FRep’s utility may be extended to high-throughput
screening of libraries of protein�DNAcomplexes aswell as assaying
protein/protein recognition, with a protein�DNA interaction
providing the detected signal (see ref 45 for another design) or
in vivo screening of small-molecule libraries for ability to disrupt
protein�DNA or protein�protein interactions. As noted above,
the flexibility and structure of the expressed linker between the two
FPs affects the efficiency of FRET, and therefore, screening a
randomized DNA-target library will yield more variation in FRET
efficiencies that are not reflective of the strength of binding between
the protein and various DNA target sequences.
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bS Supporting Information. Schematic depicting generation
of the bioprobe gene construct, primers used to construct various
FRep bioprobe genes, experimental details for all procedures, and
detailed information about the range of protein�DNA binding
affinities that can be detected by FRep. This material is available free
of charge via the Internet at http://pubs.acs.org.
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