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in sensor concentration and environ-
mental effects, allowing for more accu-
rate quantification.[8] Furthermore, by 
exhibiting a change in fluorescent signal 
that is highly responsive to the change in 
distance between the donor and acceptor 
fluorophores, FRET sensors enable homo-
geneous assays, eliminating the need for 
tedious and time-consuming washing 
steps.[9]

In related efforts,[10] we expanded the 
list of molecular recognition elements 
suitable for homogeneous FRET assays 
to include allosteric transcription fac-
tors (aTFs), a specific class of substrate-
binding protein that binds both DNA 
and a small molecule effector in discrete 
protein domains. Here, we describe 
additional novel sensors using the well-
characterized aTF TetR for molecular rec-

ognition, modulate the sensor sensitivity using aTF variants 
that alter the aTF–DNA binding affinities, and demonstrate 
an additional sensor design with a genetically encoded donor 
fluorophore. These additional sensors show the generalizability 
of our approach, while detailing a sensor design more readily 
adoptable by a wide variety of research groups.

Allosteric transcription factors are regulatory proteins com-
prising a DNA-binding domain as well as an effector-binding 
domain able to recognize small molecules with high specificity 
and selectivity.[11] In the presence of the target analyte, the aTF 
affinity for its DNA binding sequence is modulated, facilitating 
the repressor or derepressor regulation of downstream gene 
expression.[11] The distinct, but interrelated, binding of the aTF 
to its cognate DNA and effector ligand provides an intrinsic 
transduction mechanism that we couple to FRET for optical 
readout.[10] Other previously described substrate-binding pro-
tein-based FRET sensors achieved changes in donor–acceptor 
distance through displacement of a dye-labeled ligand (com-
petitive assay) or conformational changes in the protein.[6,7] 
Our aTF-based FRET sensors utilize the analyte-responsive 
unbinding of the donor-labeled aTF and its acceptor-labeled 
cognate DNA sequence to effect a large change in the donor–
acceptor distance. Thus, these FRET sensors eliminate the 
need to dye-label ligands, which can change their binding 
behavior,[12] while enabling the substantial signal changes pro-
duced through complete dissociation of the donor and acceptor 
fluorophores (Figure 1).

We chose TetR for this study because it is a well-character-
ized aTF that is used extensively for gene regulation and induc-
ible protein expression in the laboratory setting.[11] The TetR 

A recent description of an antibody-free assay is significantly extended 
for small molecule analytes using allosteric transcription factors (aTFs) 
and Förster resonance energy transfer (FRET). The FRET signal indicates the 
differential binding of an aTF–DNA pair with a dose-dependent response 
to its effector molecule, i.e., the analyte. The new sensors described here, 
based on the well-characterized aTF TetR, demonstrate several new features 
of the assay approach: 1) the generalizability of the sensors to additional 
aTF–DNA–analyte systems, 2) sensitivity modulation through the choice 
of donor fluorophore (quantum dots or fluorescent proteins, FPs), and 3) 
sensor tuning using aTF variants with differing aTF–DNA binding affini-
ties. While all of these modular sensors self-assemble, the design reported 
here based on a recombinant aTF–FP chimera with commercially available 
dye-labeled DNA uses readily accessible sensor components to facilitate easy 
adoption of the sensing approach by the broader community.

Förster resonance energy transfer (FRET), the nonradiative 
transfer of energy from an excited donor fluorophore to an 
acceptor,[1] has been used for small molecule analyte detec-
tion when paired with molecular recognition elements like 
antibodies,[2,3] aptamers,[4,5] or substrate-binding proteins.[6,7] 
When fluorescent acceptors are used in addition to the req-
uisite fluorescent donors, changes in the photolumines-
cence of both the donor and acceptor molecules yield an 
internally calibrated ratiometric output correlated to analyte 
concentration.[8] This internal calibration controls for changes 
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regulatory complex evolved in bacteria to turn on the produc-
tion of TetA efflux pumps to protect the cells from the antibi-
otic tetracycline. In microbial systems, the biosynthetic pre-
cursor to tetracycline, anhydrotetracycline (aTc), also binds to 
the repressor TF, TetR, and induces production of the efflux 
pump shortly before the cell is exposed to the impending influx 
of tetracycline.[13] As aTc itself is not an antimicrobial agent, its 
derepressor activity has been effectively harnessed to induce 
production of proteins encoded by downstream genes in syn-
thetic biology.[14] In the absence of tetracycline or its deriva-
tives, TetR homodimers bind the cognate DNA sequence tetO 
with high affinity (KD(TetR + tetO) ≈ 10−10 m).[15] When com-
plexed with magnesium ions, aTc binds to TetR very strongly 
(KD (TetR + aTc–Mg+) ≈ 10−12 m).[15,16] This TetR–aTc binding 
induces a conformational change in TetR, shifting the alpha 
helices that interact with the major groove of the DNA.[11] This 
adjustment reduces the affinity of TetR for tetO by four orders 
of magnitude (KD(TetR–aTc–Mg+  + tetO) ≈ 10−6 m).[15] Thus, 
while TetR binding to both aTc and tetO is not mutually exclu-
sive, for practical purposes, the binding of aTc to TetR induces 
the release of tetO.

FRET-based sensors utilizing the TF–DNA binding between 
TetR class C (TetRC) and the tetO oligonucleotide sequence 
(Table S1, Supporting Information) were developed and char-
acterized for the sensing of aTc, a small molecule analyte that 
reduces the TF affinity for its cognate DNA.[11,17] In the sensor 
design, the 19 bp cognate sequence was flanked by 4–5 bp on 
each side to ensure binding, resulting in a 28  bp DNA oligo. 
One of the strands was labeled with the FRET acceptor Cy5 
on both the 5′ and 3′ ends. A second 28 bp sequence with no 
affinity for TetR (scrambled sequence) was similarly labeled to 
act as the negative control (Table S1, Supporting Information).

The choice of donor and acceptor fluorophores is an impor-
tant factor in the design and overall performance FRET-based 
devices. We explored differences between using fluorescent 
proteins (FPs) or quantum dots (QDs) as FRET donors to 
dye-labeled oligomeric DNA. Each sensor uses Cy5-modified 

DNA as the FRET acceptor with either a transcription 
factor–fluorescent protein (TetRC–tdTomato; TF–FP) fusion 
protein (expressed in Escherichia coli) or quantum dot–tran-
scription factor (QD–TF) conjugate as the donor (Figure  1). 
The QD–Cy5 FRET pair exhibits increased spectral overlap (J) 
between its photoluminescence (PL) emission peak and the Cy5 
absorption compared to tdTomato–Cy5 (Figure S1 and Table S2, 
Supporting Information). The higher quantum yield (QY) of 
tdTomato compared to the QDs (69% vs 23%), however, results 
in a larger calculated Förster distance, R0, for the tdTomato–Cy5 
FRET pair than the calculated R0 for the QD–Cy5 FRET pair  
(7.4 vs 7.0 nm).

While as-synthesized QDs can exhibit near unity QY,[18] 
thiolate-based ligands like CL4[19] used to confer water solu-
bility while maintaining a minimal particle size significantly 
quench the QD photoluminescence due to the introduction of 
surface trap states.[20,21] Nevertheless, the thin organic coating 
is desirable both to reduce donor–acceptor distance and to 
enable histidine-tag-mediated self-assembly of the proteins 
to the QD surface.[21] Our previous work demonstrated that 
moderately thick-shelled core/shell/shell QD heterostruc-
tures improve the QD quantum yield and brightness in water, 
while minimizing the distance added between the donor and 
acceptor molecules for efficient energy transfer.[22] Thus, we 
utilized core/shell/shell QDs comprising CdSe/4CdS/2ZnS, 
where the number before the shell composition indicates the 
number of atomic monolayers that were deposited on the 
core, coated with a thiolated zwitterionic ligand, CL4.[19] The 
diameter of the semiconductor QD is 7.6  ±  1.1  nm based on 
transmission electron microscopy (TEM) (Figure S2, Sup-
porting Information), while dynamic light scattering (DLS) of 
the water-soluble particles indicates a hydrodynamic diameter 
of 10 ± 2 nm, showing the minimal increase in size from the 
CL4 ligand coating.

Despite a smaller Förster distance (R0) and larger donor–
acceptor distance due to the donor size, the QD-based sensor 
exhibits higher donor fluorophore quenching (68%) than the 
tdTomato-based sensor (34%), attributable to the multivalency 
of the nanoparticle platform (Figure 2). Specifically, multiple 
his-tagged TFs self-assemble on the surface of the QD, ena-
bling the binding of multiple acceptor dye-labeled oligos to 
a single QD donor. Adding multiple acceptor molecules has 
the benefit of increasing the FRET efficiency compared to a 
single acceptor at the same donor–acceptor distance.[23,24] 
Titrating the Cy5–DNA FRET acceptors against the TetRC–
tdTomato or QD–TetRC donors elucidates the donor:acceptor 
ratio that maximizes energy transfer with the donor concen-
tration adjusted to keep the TetRC concentration constant at 
200 × 10−9 m. When the tetO sequence is used, we observe the 
characteristic nonlinear response to increasing acceptor con-
centration, which is fit to a modified Hill equation (Table S2, 
Supporting Information).[25] The linear response from the 
scrambled control is described by Stern–Volmer collisional 
quenching,[26] demonstrating sequence-specific binding and 
donor quenching (Figure  2). Inherently, the number of aTFs 
per donor is unity for the TetRC–tdTomato fusion protein. For 
QD-based nanoconstructs, his-tagged proteins self-assemble 
to the QD surface stoichiometrically according to the mixture 
ratio with a Poissonian distribution of proteins on the QD 
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Figure 1.  Schematic representation of sensor mechanism. An allosteric 
transcription factor (aTF) labeled with a donor fluorophore (red) binds its 
cognate DNA sequence labeled with an acceptor fluorophore (purple). In 
this bound state, the proximity of the fluorophores promotes Förster res-
onance energy transfer (FRET) from the donor to the acceptor following 
photoluminescent excitation of the donor fluorophore. The binding of 
the aTF effector ligand (aka, the molecular analyte) to the aTF induces 
a conformational change in the protein, reducing its binding affinity for 
the DNA. The release of the DNA from the aTF extends the distance 
between their respective fluorophores, reducing energy transfer, yielding 
an analyte dose-dependent change in FRET and the donor and acceptor 
fluorescence intensities. The aTF used here, TetR, is a homodimer with 
two ligand binding pockets per dimer.[11]
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surface.[27] In early assays, tests of several stoichiometric ratios 
of protein to QD (i.e., 1, 2, 4, or 6 TetRC per QD) indicated 
that the largest response to the Cy5–DNA titration was seen 
when a sufficient number of TFs were used (i.e., >2) for all 
QDs to be labeled, but that further increases from 4 to 6 TFs 
per QD did not substantially improve FRET efficiency (data 
not shown).

We chose component stoichiometries of 1:1:3 
tdTomato:TetRC:Cy5–DNA and 1:4:18 QD:TetRC:Cy5–DNA to 
maximize FRET efficiency for each sensor for subsequent 
experiments testing sensor sensitivity to aTc. Photolumines-
cence spectra measured from sensors with varied concentra-
tions of aTc yielded changes in the ratio between the acceptor 
PL intensity and donor PL intensity (FA/FD). With increasing 
concentrations of aTc, FA/FD values decreased indicating 
unbinding of the DNA from TetR, resulting in an increase in 
donor PL and decrease in acceptor PL (Figure 3). No changes 
were observed when aTc was titrated into a solution of non-
binding donor–acceptor pairs. This indicates that the specific 

recovery of donor PL intensity (and reduction in acceptor PL 
intensity) is due to TF–DNA unbinding.

To compare the outputs of the two sensors, the FA/FD ratios 
were analyzed to determine the half maximal effective concentra-
tion (EC50) and limit of detection (LOD), defined as the aTc con-
centration yielding an FA/FD change greater than three standard 
deviations from the maximum FA/FD measured in the com-
pletely bound state. Both the EC50 and LOD were found to be 
lower for the FP–TF-based sensor than that of the QD–TF-based 
sensor based on either interpolation between points (Table 1) or 
Hill equation fits to the data (Table S3, Supporting Information).

Notably, the FP sensor exhibited improved sensitivity com-
pared to the QD sensor, despite a lower FRET efficiency (i.e., 
less donor quenching). The inherent 1:1 donor–TF:acceptor–
DNA ratio of the FP sensor allows the sensor components to 
exist in only two states at equilibrium when aTc is present: 
TetRC–tdTomato and Cy5–DNA are bound or unbound. Thus, 
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Figure 2.  Relative donor photoluminescence (PL) intensity as a func-
tion of the amount of Cy5-labeled DNA acceptor for two sensor 
designs, shown schematically. A,B) TetRC–tdTomato + Cy5–DNA.  
C,D) QD–TetRC + Cy5–DNA. TetRC is displayed in yellow in both panels (A)  
and (C). In panel (A), tdTomato is in red and an alpha helical linker with 
sequence AEAAAKEAAAKA is in blue. The bottom axis indicates the 
ratio of Cy5–DNA to TF (TetRC), while the top axis indicates the ratio 
of Cy5–DNA to the donor fluorophore (tdTomato or QD) to account for 
the difference in the stoichiometry. The colored circles are data using 
the target binding sequence tetO; the solid lines are fits to a modified 
Hill equation. The scrambled sequence (gray) acts as a nonbinding con-
trol for collisional quenching and nonspecific binding; the dashed line 
exhibits the linear fit typical of Stern–Vollmer collisional quenching. Data 
are means ± standard deviations of n = 3.

Figure 3.  Sensor response to analyte titration. Representative spectral data 
for the aTc dose-dependent change in photoluminescence intensity for 
the sensor comprising A) tdTomato–TetRC + Cy5–DNA or B) QD–TetRC + 
Cy5–DNA. Spectra are background-subtracted to eliminate the effects of 
direct acceptor excitation. A selection of the analyte concentrations is 
plotted for visual clarity. Ratio of acceptor fluorescence intensity to donor 
fluorescence intensity as a function of aTc concentration for sensor com-
prising C) tdTomato–TetRC + Cy5–DNA or D) QD–TetRC + Cy5–DNA. The 
first sensor has a 1:1:3 ratio of tdTomato:TF:DNA, while the second has a 
1:4:18 ratio of QD:TF:DNA. tdTomato (200 × 10−9 m) and QD (50 × 10−9 m) 
concentrations were selected to maintain a constant aTF concentration at 
200 × 10−9 m. Data are mean ± standard deviation of n = 3.

Table 1.  Summary of sensor metrics.

Sensor TetRC–FP TetRC–QD TetRD–QD′

EC50 [× 10−9 m] 198 670 139

LOD [× 10−9 m] 33.9 93.0 18.1

Dynamic range/width [× 10−9 m] 33.9–596 562 93–1570 1480 18.1–899 881
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for an individual sensor, the binding of aTc switches the 
sensor state from maximum to minimum FRET. In contrast, 
the multivalency of the QD sensor enables multiple binding 
states related to the number of Cy5–DNA acceptors bound 
(e.g., 0, 1, and 2), requiring multiple TF–DNA unbinding 
events to transition the sensor between the maximum and 
minimum FRET states. Accordingly, the multivalency of the 
QD sensor may reduce its sensitivity at the same concentra-
tion of aTF.

To examine the role of TF–DNA affinity on the sensitivity 
of the sensor, we used TetR class D (TetRD) in a similar format 
as the QD–TetRC sensor. TetRC and TetRD are structurally very 
similar; we confirmed with biolayer interferometry (BLI) that 
both bind to the tetO DNA sequence and exhibit differential 
binding affinity depending on whether the effector molecule 
aTc is bound or unbound. TetRD, however, exhibits an eight-
fold lower affinity (higher KD) for tetO (Table S3, Supporting 
Information). We found that by using TetRD in place of TetRC 
in this sensor, we were able to produce a QD–TF sensor 
with an LOD and linear range similar to the FP–TF sensor 
(Figure  4 and Table  1). The lower affinity of TetRD for tetO 
results in lower FRET efficiency because fewer dye-labeled tetO 
sequences bind at the same concentrations (Figure S3, Sup-
porting Information). Concomitantly, a lower concentration of 
aTc induces complete unbinding, yielding a lower LOD. The 
linear dose responses of the more sensitive sensors are also 
steeper, exhibiting a more pronounced normalized spectral 
response to the analyte (Figure 4B). Our results with a proges-
terone-responsive aTF demonstrate that changes to the DNA 
binding sequence, which substantially change the aTF–DNA 
binding affinity, likewise alter the sensitivity of the FRET 
sensor.[10] These results together demonstrate the tunability of 
the approach.

Only very recently have aTFs been examined as biomo-
lecular recognition elements for in vitro sensing.[10,28–31] Of the 
limited number of signal transduction mechanisms explored, 
only ours utilizes FRET. One homogeneous assay achieved 
nanomolar sensing using an amplified luminescent proximity 
homogeneous assay (AlphaScreen).[28] However, this nonratio-
metric approach requires specialized equipment (a plate reader 
equipped with a 680 nm laser), commercialized beads that are 

expensive, and unstable under visible light, and provides a neg-
ative output signal.[28,31] Two other assay designs provide only 
an indirect measure of aTF–DNA binding by amplifying and 
quantifying (un)bound DNA.[29–31] Using existing methods of 
DNA detection facilitates incorporation into existing workflows 
but lacks the advantages of a real-time, homogeneous assay 
without substantial gains in the LOD or linear dynamic 
range.[29–31] Our FRET-based sensor maintains the rapidity and 
convenience of the homogeneous assay, while incorporating a 
ratiometric output and widely accessible fluorophores to facili-
tate broader adoption.

As the foundations for aTF-based biosensing are estab-
lished, there is potential to adapt the sensor platform to the 
growing number of characterized and optimized analyte-
responsive transcription factors. The number and type of iden-
tified aTF–analyte pairs are large and diverse.[32–37] Some com-
pounds that can be sensed include toluene,[38] cholesterol,[39,40] 
parathion[41] (commonly used in insecticides), metabolites like 
pyruvate,[42] lactate,[43] and mevalonate,[44] and a number of 
ligands used as gene expression inducers in molecular biology 
and the synthetic biology community.[45,46] A recent report 
describes the optimized orthogonal responsivity of 12 aTFs 
for 12 different small molecules,[46] and other papers describe 
numerous examples of evolved and mutation-optimized 
aTFs.[47–53] The potential to identify desired aTFs from prokary-
otic sources[10] coupled with new analyte sensitization and opti-
mization through directed evolution and recombinant protein 
engineering opens the door to using aTFs for sensing of any 
number of small molecule analytes.

In summary, we have demonstrated the generalizability of 
our homogeneous FRET assay based on aTFs by applying the 
approach to a new protein–DNA–analyte system, while also 
expanding our analysis and characterization of this new class 
of sensors. The advantages of the approach make it suitable 
for use beyond our initial demonstration:[10] 1) it is modular, 
and thereby adaptable to other aTF–DNA pairs responsive to 
a wide range of small molecules of interest; 2) self-assembly 
of sensor components in aqueous solution simplifies sensor 
construction; 3) sensor sensitivity can be modulated through 
the use of aTFs with different affinities for their corre-
sponding DNA binding sequence; 4) sensor response can be 
modulated through the choice of FRET donor and its related 
valency; and 5) the sensing approach is effective using geneti-
cally encoded FP–aTF chimeras and commercially available 
customized dye-labeled oligos, enabling wide adoption of the 
sensing approach using easily accessible sensor components.  
This robust and modular homogeneous assay has significant 
potential for the sensing of small molecule analytes using dif-
ferential aTF–DNA binding. Our demonstration of multiple 
homogeneous FRET assay designs using the well-known aTF 
TetR indicates potential for the immediate implementation of 
this approach with the many other aTFs that have been identi-
fied from nature and are being actively engineered by the syn-
thetic biology community.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 4.  Comparison of ratiometric sensors for aTc. A) Normalized ratio 
of acceptor and donor fluorescence intensity (FA/FD) shows analyte con-
centration dependence. B) Normalized linear ranges of sensor outputs 
indicate narrower linear ranges for the more sensitive probes.
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