GDCh
~~—~

@ XTI Hot Paper

Research Articles

Angewandte

intemationaldition’y) Chemie

How to cite:
International Edition:
German Edition:

doi.org/10.1002/anie.202007575
doi.org/10.1002/ange.202007575

Transcription Factor Based Small-Molecule Sensing with a Rapid Cell
Phone Enabled Fluorescent Bead Assay
Margaret Chern, Padric M. Garden, R C. Baer, James E. Galagan, and Allison M. Dennis*

Abstract: Recently, allosteric transcription factors (TFs) were
identified as a novel class of biorecognition elements for in
vitro sensing, whereby an indicator of the differential binding
affinity between a TF and its cognate DNA exhibits dose-
dependent responsivity to an analyte. Described is a modular
bead-based biosensor design that can be applied to such TF-
DNA-analyte systems. DNA-functionalized beads enable effi-
cient mixing and spatial separation, while TF-labeled semi-
conductor quantum dots serve as bright fluorescent indicators
of the TF-DNA bound (on bead) and unbound states. The
prototype sensor for derivatives of the antibiotic tetracycline
exhibits nanomolar sensitivity with visual detection of bead
fluorescence. Facile changes to the sensor enable sensor
response tuning without necessitating changes to the biomo-
lecular affinities. Assay components self-assemble, and readout
by eye or digital camera is possible within 5 minutes of analyte
addition, making sensor use facile, rapid, and instrument-free.

Introduction

Biosensors used in fields as diverse as drug discovery,
medicine, food safety, defense, and environmental monitoring
depend on recognition moieties such as antibodies for the
sensitive and specific detection of molecular analytes."?
Solution phase assays facilitate rapid mixing, while substrate
bound assays enable repeated blocking and washing steps.
Bead-based assays are an enabling technology that blends the
benefits of each of these assay platforms; beads are easily
isolated via centrifugation, magnetic separation, or gravimet-
ric settling to facilitate rapid separation and washing steps,
while their enhanced surface area enables rapid mixing and
high substrate concentrations. The bead assay approach
includes antibody-based ELISAs, enzyme-driven reactions,
and cell isolation approaches.**!
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Antibodies are used as the molecular recognition element
in numerous molecular assays, however immunoassay tech-
niques for small molecules are often limited to a competitive
format, which have a reduced sensitivity compared to non-
competitive approaches,”*!% or require difficult to produce
anti-metatype antibodies or other workarounds for non-
competitive detection.’! Given the challenges of developing
immunoassays for small molecules, alternatives such as
aptamers and molecularly imprinted polymers have also
gained interest, but exhibit their own advantages and
disadvantages, particularly with regards to the screening and
development effort required to yield effective binders.'
Allosteric TFs are a diverse class of substrate-binding
proteins that present a unique opportunity for small-molecule
detection because their inherently bifunctional nature pro-
vides for both sensing and actuation. In their natural role
regulating gene expression,™ TFs bind or unbind their
cognate DNA binding sequence in response to an effector
molecule, that is, an analyte. They have been used in synthetic
biology as gene expression switches and for detection of small
molecules in whole-cell biosensors.'*'*) Only recently have
TFs been used for in vitro biosensing,?*?!! including in our
recent demonstrations of homogenous and surface-bound
Forster resonance energy transfer (FRET) assays.>2/

Through this study, we demonstrate a rapid fluorescent
bead assay that incorporates semiconductor quantum dots
(QDs) and an allosteric transcription factor TF-DNA-analyte
system for rapid, small-molecule sensing without the need for
subsequent incubation, washing, or signal amplification steps
(Figure 1). We selected the prototypical TF-DNA-analyte
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Figure 1. Schematic and general visual of the bead-based pull-down
assay. TF-labeled QDs bind streptavidin beads decorated with biotiny-
lated DNA containing the transcription factor (TF) binding sequence
(or scrambled control). In the presence of analyte (0-200 nM anhydro-
tetracycline), the TF unbinds the DNA, redispersing the QDs into the
supernatant.
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system comprising TetR-tetO-anhydrotetracycline (aTc) for this
demonstration. TetR responds to the tetracycline family of
antibiotics, including the non-antimicrobial variant aTc, which
is used as a chemical inducer of protein expression in bacterial
systems. TetR dimers bind DNA via a pair of helix-turn-helix
domains that tightly bind (K ~ 10" M) to the major grooves
of the palindromic tetO sequence.”’ When magnesium-che-
lated aTc binds within the effector (analyte) binding pocket,
two amino acids are displaced, causing conformational changes
within the protein, shifting the recognition helices and reducing
the affinity of TetR for fetO by up to nine orders of
magnitude.” Pairing TetR-fetO with a bead platform and
fluorescent indicators (i.e., QDs), facilitates macroscopic visu-
alization of this process through spatial separation of the bound
and unbound states, resulting in an optical signal transduction
mechanism that is both visual and easily quantified. The use
of off-the-shelf components and self-assembly-based biocon-
jugation approaches makes this sensor easy to construct and
use, while instrument-free detection enables applications
outside the traditional laboratory environment.*=!

Results and Discussion

The bead-based biosensor is comprised of four compo-
nents: 1) commercially available streptavidin-coated agarose
beads (SBs), 2) biotinylated DNA containing the TF cognate
DNA binding sequence, 3) QDs with a self-assembly-friendly
coating for water solubility®**! (see Figures S1 and S2 in the
Supporting Information), and 4) a histidine-tagged TF. These
modular components are mixed together for sensor construc-
tion using affinity-based self-assembly (Figures S3 and S4).
Mixing commercially available SBs (=~ 50-100 pm in diame-
ter) with biotinylated double-stranded DNA oligomers pro-
duces the solid support for the assay. The relatively large bead
size ensures separation of the bead and solution through
simple sedimentation in <5 minutes. In our prototype,
histidine-tagged TetR self-assembles to the surface of red-
emitting QDs due to the affinity of histidine for the zinc on
the QD surface.’>) When mixed, the TetR-labeled QDs
bind beads decorated with the TetR cognate tetO DNA
sequence. In control reactions using a scrambled DNA oligo,
TetR-QD complexes do not bind (Figure 1). Addition of the
analyte, aTc, releases the TetR-QD complex from the bead.
The bead pellet becomes visibly less fluorescent, while the
supernatant exhibits a discernable red photoluminescence
(PL). This analyte response is dose-dependent, generating
a clear change in signal in just a couple of minutes without the
need for additional separation or washing (Figure 1).

Prior to assessing analyte responsivity, we studied the
impact of the number of TFs per QD on the sensor assembly.
SB slurry was mixed with biotinylated tetO oligos and washed,
while QDs were independently incubated with varying
concentrations of histidine-tagged TetR. When the beads
and QDs were mixed, the solutions comprised ~2 pM DNA
and 50 nM QDs, leading to a 40:1:n ratio of tertO:QD:TetR,
where n =1, 2, 4, or 8§ TetR monomers. By comparing the UV/
Vis absorbance of the TetR-labeled QDs to the absorbance of
the same solution after the addition of SB:tetO, we calculate
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the fraction of QDs bound to the SB:tetO beads and removed
from solution by gravimetric settling (Figure 2). As the TetR
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Figure 2. Effect of TetR/QD ratio on QD-Bead loading. A) The absorb-
ance of TetR-labeled QDs before (inset) and after QDs are removed
from solution by binding and pelleting with the tetO-labeled beads.
The numbering indicates the number of TetR monomers per QD.

B) The fraction of the QDs bound to the beads (left) increases with
TetR labeling density (i.e., the average number of TetR monomers per
QD). Normalizing to the number of TetR-labeled QDs using a Poisson
distribution of dimerized TetR loading eliminates the impact of QDs
without TetR on their surface, demonstrating the fraction of TetR-
conjugated QDs bound to the beads (right). C) Photoluminescence
intensity of the beads and supernatant confirm the difference in QD
loading between the different TetR/QD ratios. The decrease in super-
natant PL between the 4x and 8 x samples demonstrates increased
binding, indicating that the plateau in fluorescence of the bead pellet
between the two samples is a result of inner filter effects or QD self-
quenching.
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loading ratio increases, QD binding to the SB:etO also
increases. This increase in QD binding is in part related to the
more comprehensive labeling of QDs in the solution:
polyhistidine self-assembly on a QD surface results in a mixed
population of QDs with the range of protein numbers on the
nanoparticle surface following a Poisson distribution.® The
TetR dimer is known to be very strongly preferred over the
monomeric form of the protein, and the his-tag binding of
protein subunits to a QD surface has been shown to further
stabilize multimeric proteins.””! Thus, assuming complete
dimerization, 40%, 63%, 87% and 98% of QDs are
functionalized with at least one TetR dimer at the 1, 2, 4,
and 8 x loading densities, respectively. With the contribution
of unlabeled QDs accounted for, the fraction of TetR dimer-
labeled QDs bound to the SBs increases with higher TetR
loading concentrations (Figure 2B), but the effect is less
pronounced, indicating that some but not all of the stoichi-
ometry-based impact is a result of reducing the number of
unlabeled QDs in the solution.

Photoluminescence of the bead pellet and supernatant
also indicate increased QD binding to the SB:terO with higher
TetR loading (Figure 2 C). The supernatant PL peak intensity
decreases as the number of TetRs per QD is increased,
confirming that the number of unbound QDs is minimized by
increasing the TetR concentration. Interestingly, although the
percentage of QDs bound to the beads continues to increase
as TetR/QD increases, the bead brightness does not increase
from the 4 x to 8 x case, which could be due to inner filter
effects or QD self-quenching.®>*! Buffer exchanging the 1,2,
and 4 x TetR/QD bead assemblies before use removes excess
QDs (Figure S4), a step that is not required for the 8 x system.
Notably, varying the QD concentration while maintaining 8 x
TetR/QD reduces the QD self-quenching at low concentra-
tions and fully saturates the beads leading to unbound QDs at
high concentrations (Figure S5).
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Sensor response is easily discerned by eye, enabling
a qualitative instrument-free sensor output (Figure 3 A).
Large batches of bead sensors were assembled at all four of
the TetR/QD loading ratios with 50% (v/v) SB slurry
(Millipore Sigma S1638), 0.2 nmol bt-DNA/S0 pL SB, 50 nM
QD, and 50, 100, 200, or 400 nM TetR for the 1, 2, 4, and 8 x
TF/QD sensors, respectively. After assembly, excess QDs
were removed with buffer exchange (Figure S3). The beads
were aliquoted into a series of 0.2 mL PCR tubes and diluted
by half with 2 x titrated solutions of aTc; thus, the final assays
comprised 25% (v/v) SB, 0.1 nmol bt-DNA, 25 nM QD, and
0-200 nM aTc in 100 pL. After flicking the tubes briefly to
mix the buffer and slurry, the tubes were placed on the
benchtop for several minutes to allow the bead slurry to settle.

Visual examination of the tubes under UV illumination,
documented through digital images, shows that either bead or
supernatant brightness can be used to determine general aTc
concentrations, with the visual limit of detection (vLOD)
varying depending on the TetR/QD ratio. For the 1 x TetR/
QD ratio, differences in the supernatant brightness are not
discernable by eye, but the change in bead fluorescence is
visibly distinguishable between 25 and 100 nM aTec. For the 2,
4, and 8 x TetR/QD ratios, the change in bead brightness is
visible but more subtle. In contrast, the released QDs are
easily discerned in the supernatant. The vLOD for the sensor
increases from 12.5 nM to 25 nM to 50 nM as the TetR/QD
ratio increases from 2 to 4 to 8, respectively, based on the
onset of visible red emission in the supernatant. The increase
in TetR in the sensor system requires more analyte binding to
completely neutralize the DNA binding capacity of any given
QD. This TF concentration-dependent effect indicates that
the sensitivity of the assay can be tuned to a desired cutoff
concentration through device configuration without requiring
modification to the biomolecular components used for
analyte recognition. This ability to tune the sensor sensitivity
by adjusting the protein conjugation density nicely comple-
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Figure 3. Single-color sensor dose response. A) Sensor visual limit of detection (vLOD) tuned by varying TF/QD ratio. Images of QD:TF +
DNA:SB with titration of small-molecule analyte anhydrotetracycline (aTc). vLOD determined by examining bead (1x TF/QD) or supernatant (2,
4, and 8x TF/QD) brightness. Boxes indicate the lowest concentrations with visual discrimination between the adjacent tubes, i.e., the vLOD. B
& C) The average red channel pixel intensities from the middle 50 percent of the pixels in the (B) bead and (C) liquid regions of the images in
(A) plotted vs. aTc concentration. (D) Dose-dependent red channel liquid-to-bead intensity ratios. Outliers due to light scattering off lint or the
side of the tube were eliminated by thresholding on the blue channel (see SI). Shaded regions on plots represent the 95% confidence intervals of
fits to the Hill equation weighted with the standard deviations of the pixel intensity averages.
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ments sensitivity tuning based on modifying the DNAP? or
TF®! to vary binding affinities, which we have demonstrated
in our previous FRET-based assays. In any of these systems,
combining sensors of various sensitivity into a single assay has
the potential to extend the sensor detection range.

While qualitative sensing may be performed using the
vLOD, image analysis enables quantitative sensing using the
bead assay and a simple digital camera. In addition to the low-
cost and ubiquity of digital cameras, image-based analysis is
compelling because the spatial separation achieved through
simple gravimetric settling of the beads obviates the need for
any physical separation of the bound and unbound sensor
components or washing steps. Analysis of the assay images
shows the dose-dependent decrease in bead fluorescence and
concomitant increase in supernatant fluorescence (Fig-
ure 3B,C), with comparison to fluorimeter-based measure-
ments confirming the trend (Figure S6). The spatial separa-
tion of the bound and unbound QDs enables a ratiometric
output of the liquid and bead emission intensities (Fig-
ure 3D).

To generate differences in hue, we also designed a two-
color, ratiometric sensor using irreversibly bound, green-
emitting biotinylated QDs in conjunction with the analyte-
responsive red emitters. Adding more green beads to a fixed
number of red beads changes the dominance of one color over
the other and the perceived color of the bead pellet before
analyte addition. As with the single-color sensor, the concen-
tration at which one sees a distinct change in color can be
tuned through device design (Figure 4), which is a convenient
addition to the biomolecular affinity-based analyte respon-
sivity tuning we have demonstrated in our previous work.?>*!
The red and green emission are completely separated into the
red and green channels of the RGB digital image (Figure S7),
facilitating quantitative assessment of the red/green emission
ratio in the bead pellet. The two-color bead assay enables
ratiometric analysis based on the ratio of the green and red
channel intensities in the bead pellet (Figure 4 E) as well as on
the red channel intensity in the liquid and bead regions
(Figure 4F).

We also demonstrated sensor compatibility with fetal
bovine serum (FBS), a critical preliminary step in exploring
the efficacy of this assay in complex biofluids. (Figure SSA-
C). The linearity of the assay response in a media dilution
series indicates that the assay performs as expected within this
concentration range of spiked serum samples. Finally, we
successfully demonstrated the detection of doxycycline,
a tetracycline-class antibiotic and antiparasitic in clinical
use, in complex media. (Figure S8D-F). The cross-reactivity

Figure 4. Two-color bead assay. A) To create a ratiometric sensor,
beads exhibiting reversible labeling with red QDs via TF-DNA binding
are mixed with beads irreversibly labeled with green, biotinylated QDs.
In the presence of analyte, only the red QDs unbind; the change in the
ratio of red and green QDs in the bead pellet produces a visible color
change. B-D) Titration of aTc to sensors with varying ratios of red and
green beads produces color changes that are easily discerned by eye.
Color maps of the bead photoluminescence show that the concentra-
tion range exhibiting the most pronounced color change shifts with
the red/green ratio without any change in the sensor biochemistry.
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of TetR for a number of tetracyline derivates means that this
system can likely be easily adapted to detect tetracycline,
chlortetracycline, and oxytetracycline, which are frequently
used in agriculture and monitored in foodstuffs and waste-
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water.”**! In applications where only one tetracycline

derivative is likely to be present (e.g., pharmacokinetic
assessments following dosing with a single, known antibiotic),
cross-reactivity within the tetracycline family should not be
problematic. However, if greater analyte specificity is desired
in future applications, mutagenesis and directed evolution of
TFs yields substantial improvements in both the specificity
and sensitivity of binding. "

This demonstration of a rapid, visual sensor for small-
molecule detection using an allosteric TF as the primary
sensing molecule further demonstrates the potential for TFs
in cell-free in vitro sensing applications. The capacity for TF
sensing is not constrained to known TF-DNA-analyte triads.
Analysis of 145 prokaryotic genomes by Ulrich et al. found at
least 17000 one-component signaling proteins.[*¥! These
proteins contain both a sensory and regulatory domain
allowing them to sense small molecules, proteins, or other
environmental signals and subsequently regulate cell activity.
84% of these proteins contained helix-turn-helix domains,
indicating direct DNA binding activity.*?! Even if only a small
portion of these are unique allosteric TFs, this study indicates
that there are numerous potential sensing proteins to explore.
Moreover, for targeted identification of TFs for specific
analytes, TFs can be identified through genomic and exper-
imental screens,®*! mutated or evolved to change ligand
specificity or sensitivity,**%! or engineered from known
binding domains.*** This combination of native and engi-
neered specificity yields countless TF-based sensing oppor-
tunities.

Conclusion

In summary, we have developed a rapid, antibody-free,
bead-based assay that facilitates the rapid detection of
a prototypical small-molecule analyte with a visual readout
based on TF-DNA binding. Preparation of the device with
multiple TFs per QD ensured high initial binding, eliminating
the need for any wash steps in the sensor assembly or assay
execution. The combination of color (RGB) and spatial
information (bead vs. liquid) provides options for multiple
assay readouts such as the red emission intensity from the
bead, liquid, or their ratio as well as bead green to red
emission intensity ratios. The sensor is easy to assemble,
simple to use, and provides results less than 5 minutes after
addition of the analyte without washing steps or the assistance
of any laboratory equipment. Initial results are promising for
the application of this sensor design to detecting the presence
of pharmaceuticals such as antibiotics in complex media like
serum. The sensor’s facile construction and modularity paired
with its fast, simple, and instrument-free read-out makes it the
perfect template for further development towards rapid
detection of small-molecule analytes in the lab, field, and
point-of-care settings.
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The allosteric transcription factor TetR
acts as a sensor and actuator in this
quantum dot enabled fluorescent bead

assay for the small molecule anhydrote-
tracycline. This rapid, antibody-free bio-

sensor produces a visible change in
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fluorescent color, which can be detected
by eye or with an inexpensive digital
camera, based on dose-dependent ana-
lyte-responsive protein-DNA binding. The
adaptable sensor uses easily accessible
biomolecular components.
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