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Forster resonance energy transfer (FRET) is a widely used and ideal transduction modality for fluorescent
based biosensors as it offers high signal to noise with a visibly detectable signal. While intense efforts are
ongoing to improve the limit of detection and dynamic range of biosensors based on biomolecule
optimization, the selection of and relative location of the dye remains understudied. Herein, we describe
a combined experimental and computational study to systematically compare the nature of the dye, i.e.,
organic fluorophore (Cy5 or Texas Red) vs. inorganic nanoparticle (QD), and the position of the FRET
donor or acceptor on the biomolecular components. Using a recently discovered transcription factor
(TF)—deoxyribonucleic acid (DNA) biosensor for progesterone, we examine four different biosensor

configurations and report the quantum vyield, lifetime, FRET efficiency, IC50, and limit of detection.
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Introduction

Biosensors play a critical and essential role in medical diag-
nostics, environmental monitoring, food and water safety, and
in the detection of chemical or biological threats." A typical
biosensor utilizes a biorecognition element>* coupled to
a transduction mechanism, such as surface plasmon reso-
nance,* electrochemistry,” or fluorescence.® Of these trans-
duction mechanisms, fluorescence detection is widely used, as
it is cost effective to develop and to commercialize, and offers
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high signal to noise with a visibly detectable signal. Optimizing
fluorescent biosensor performance requires a multi-pronged
approach involving the detector,” the biomolecule/receptor
affinity, and the dyes.*® A common fluorescence modulation
modality is based on Forster resonance energy transfer (FRET),
discovered by Theodor Forster in the 1940s,'® where non-
radiative energy transfer occurs between the transition dipoles
of two dyes: the donor and acceptor. FRET efficiency depends on
several parameters such as the quantum yield of the donor, the
spectral overlap between the donor fluorescence and the
acceptor absorbance, and the distance between the donor and
acceptor. Given the strong dependence between the resulting
fluorescent signal and the distance between the two dyes, FRET
is of widespread use in monitoring biological processes' and in
sensors. FRET-based sensors’ include detection of small
molecules (e.g., antibiotics,**™* glucose'®), proteins (e.g., CAMP
receptor protein,"” carcinoembryonic antigen'®), nucleic
acids,'?° bacteria,* and viruses.?” Such sensors can also now be
directly read using a smartphone.®****

We recently described a novel FRET biosensor for proges-
terone (PRG) based on an allosteric transcription factor (TF)
binding to its cognate nucleic acid sequence (steroid responsive
transcription factor 1: SRTF1).*® Allosteric transcription
factors®® are regulatory proteins that contain a DNA-binding
domain and a ligand-binding domain. The FRET signal in the
PRG TF-based biosensor arises when a CdSe/CdS/ZnS quantum
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dot donor associated with SRTF1 binds the SRTF1 DNA binding
sequence labeled with a cyanine 5 (Cy5) dye acceptor.’ Binding
of PRG to SRTF1 decreases the TF's affinity for its cognate DNA
sequence, leading to release of the DNA and an increase in the
donor-acceptor distance. The biosensor is efficient and selec-
tive with an LOD that varies from 740 nM to 15 nM for PRG,*
depending on the sensor design (nature of TF and oligonucle-
otides). Importantly, the sensitivity is within relevant PRG
concentrations of clinical interest.

As a first biosensor of this class, we are investigating the role
of donor and acceptor composition (conventional organic flu-
orophores vs. quantum dots), the placement on the TF or DNA,
and the ratios of TF to DNA concentrations on sensor perfor-
mance. Through this systematic study we determine if: (i) the
FRET sensor works equally well whether the biomolecule-fluo-
rophore pair is in the original or flipped configuration (i.e., TF-

A. TF-TR to DNA-Cy5 B. DNA-TR to TF-Cy5

FRETC‘ 5

TRy

FRET %

View Article Online

Edge Article

QD + DNA-Cy5 vs. DNA-QD + TF-Cy5), (ii) the impact of
changing TF and DNA concentrations, and (iii) a system based
solely on small fluorescent dyes is as efficient and sensitive as
one incorporating a QD. Although QD and fluorophore-based
FRET sensors are extensively used,” the direct comparison of
performance between such systems is lacking in the literature,
and such data is critical for informing and optimizing biosen-
sors, agnostic of the intended application.

Specifically, we describe a combined experimental and
computational analysis of four different TF-FRET PRG biosen-
sors based on quantum dots and fluorophores (Fig. 1). In pairs
A and B, the FRET donor is a Texas Red (TR) dye emitting at
615 nm, labelled to either a TF or a short oligonucleotide and
the FRET acceptor is a Cy5 dye (maximum absorption at 650
nm) conjugated to either a short DNA sequence - sensor A, or
a TF - sensor B. In pairs C and D, the donor is a CdSe/CdS/ZnS
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Fig. 1 FRET pairs analyzed in this study. Top: schematic of the pairs. (A) Donor: TF-TR, acceptor: DNA-Cy5; (B) donor: DNA-TR, acceptor: TF-
Cy5; (C) donor: TF-QD, acceptor: DNA-Cy5; (D) donor: DNA-QD, acceptor: DNA-Cy5. Representative examples are shown. For (C) and (D), the

actual molar ratios of the biomacromolecules are not shown for easy

of clarity. Please see the bottom row for the ratios studied. Middle:

absorption and fluorescent emission spectra measured in HEPES 1x. The donor spectra are represented in green and the acceptor spectra in
pink. Absorbance spectra are lighter, while fluorescence spectra are darker. Bottom: FRET efficiency calculated using lifetime measurements of

the different FRET sensors.
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QD emitting at 613 nm decorated with either a histidine-tagged
TF (TF-hise) conjugated to Cy5 or a short oligonucleotide®®
conjugated to Cy5. We report the quantum yield (QY), lifetime
(1), FRET efficiency (E), half maximal inhibitory concentration
(IC50), and limit of detection (LOD) for detecting PRG for all
four biosensors. Further, we develop computational models of
the equilibrium molecular behavior of each biosensor system.
Fitting the models to the empirical data identifies key molecular
parameters driving sensor performance in each biosensor
configuration. Finally, we provide a set of design parameters to
enable one to select the fluorophore system for future inter-
molecular biosensors using FRET-based conformational regu-
lation in in vitro assays and new diagnostic devices.

Results and discussion

Construction of FRET donors and acceptors

We synthesized the fluorophore-labeled TFs (SRTF1; TF-TR &
TF-Cy5; Fig. 1) by first installing a C-terminal cysteine in the TF
protein sequence followed by conjugation between this C-
terminal cysteine and the corresponding maleimide fluo-
rophores (see details in ESI and Fig. S1 and S21). In both cases,
we confirmed conjugation with MALDI-TOF, and we estimated
a labelling efficiency of ~90% via absorption measurements for
the TF-TR. The TF-fluorophore constructs are fluorescent and
free of unreacted dyes after purification, as indicated by analysis
of samples run on polyacrylamide agarose gels (Fig. S1 and S27).

For QD constructs, we selected a core/shell/shell CdSe/CdS/
ZnS QD emitting at 613 nm capped with a zwitterionic copol-
ymer>*?® bearing carboxylic acid, quaternary amine, and imid-
azole moieties as the donor. The QDs are spherical, 7.6 +
0.4 nm (n = 101) in diameter (TEM Fig. S37).

To prepare TF-labeled QDs, we mixed the QDs with a 1: 4
molar concentration of C-terminal histidine-tagged TFs (named
TF-hise) in HEPES buffer. The QD : TF molar ratio was chosen to
enhance the FRET efficiency while maintaining high sensitivity
of the sensor. Specifically, we selected 4 proteins per QD
because =4 protein-hiss molecules are needed per QD to avoid
naked QDs, ie., non-functionalized donors,***' and our
previous work showed that higher TF concentrations increased
the LOD and IC50 of the biosensor.***

To prepare the DNA-QD, we used a modified version of our
previously described zwitterionic polymer with 40% imidazole
to anchor it to the QD, and 10% dibenzocyclooctyne (DBCO) for
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grafting.”® Using copper-free click chemistry, we successfully
grafted an average of 18 DNA-azide strands to the QD surface
(Fig. S4t) with >90% efficiency, following our published
procedure.?®*

The DNA sequence comprises a 20 bp cognate binding
region to the TF. In the DNA-QD sensor design, the 20 bp
cognate sequence is flanked by 4 bp on the azide side to reduce
steric hindrance between the QD nanoparticle and TF protein.
In the DNA-Cy5 and DNA-TR sensors, each side of the 20 bp
cognate sequence is flanked by 4 bp to ensure binding, resulting
in a 28 bp DNA oligo. For those fluorophore-labeled DNA, we
bought DNA already labelled with the donor or acceptor dye.
Texas Red (FRET donor) is attached on the 5’ end of one of the
DNA strands to produce the DNA-TR. For the DNA-Cy5, the Cy5
acceptor fluorophore is located on both the 5" and 3’ ends of one
the DNA strands to increase the number of FRET acceptors in
the pair and, as such, to improve the FRET efficiency of the
system. Each DNA-labelled strand is hybridized with its
complement strand prior to the sensor assays.

Characterization of FRET donors and acceptors

We examined the fluorescence emission spectra and quantum
yield (QY) of each of the FRET donors (Table 1). The QY of the
QD is unchanged by the TF binding or DNA grafting, but QDs
encapsulated with the DBCO-containing version of the PIMA
polymer exhibit higher QY before biofunctionalization, leading
to a higher QY for the DNA-labeled QD donor compared to the
TF-labeled QD donor (TF-QD QY = 25%; DNA-QD QY = 37%,
Table 1).2® The dye-labeled DNA strands exhibit high QYs, with
values similar to those obtained in solution for the free dyes
(DNA-TR QY = 71%;** DNA-Cy5 QY = 23%,* Table 1). Inter-
estingly, when the TF is labelled with Texas Red, the emission
spectra of TR does not change, but its quantum yield decreases
from 70% to 24%. Similarly, when conjugated to the protein,
the Cy5 fluorophore exhibits a hypsochromically shifted H-band
emission®*° (Fig. S5 and S67) and a decrease in QY from 23% to
7%. To determine if the spectral changes are due to aggregation,
we measured the fluorescence of TF-Cy5 in a 50/50 (v/v) mixture
of DMSO/H,0 (Fig. S5t1). In this solvent mixture, no hyp-
sochromic band emission is present, and the Cy5 QY is 23%,
confirming that the spectral shift and decrease in quantum
yield are likely due to the Cy5 dyes forming H-aggregates,
consistent with previous reports of this phenomenon.*>?¢

Table 1 Spectroscopic properties of the fluorescently labelled biomacromolecules

Sample Role e (Aaps/nm) M P em ™) Apemad (nm) A (nm)  QY° (HEPES) (%)  QY° (assay) (%) BY x 10° (M ' em ™)
TF-TR Donor 84 000 (ref. 33) (595) 595 615 17 24 20

DNA-TR  Donor 84 000 (ref. 33) (595) 595 613 63 71 60

TF-QD Donor 2 600 000 (400) — 613 25 25 650

DNA-QD Donor 2 600 000 (400) — 613 37 37 962

TF-Cy5 Acceptor 250 000 (ref. 34) (645) 645 643 7.0 8.6

DNA-Cy5  Acceptor 250 000 (645) 645 639 23 24

“ Molar coefficient extinction of the dye at the specified wavelength in brackets. ” Maximum absorption and emission wavelengths. ¢ Quantum yield
in HEPES 1x or in the assay buffer. ¢ Brightness of the donor when excited at its maximum absorbance (i.e., 595 nm for Texas Red and 400 nm for

QD). B=¢ x QY.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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SRTF1 belongs to the TetR family of transcription factors,
which is known to homodimerize in solution.*” The C-terminal
cysteine used for dye labeling is localized at a homologous site
such that when the TF adopts a dimer form, the cysteines face
each other. Thus, the dyes conjugated to the cysteines are in
very close proximity. The decrease in QY observed for both TF-
TR and TF-Cy5 is likely due to dye proximity in the TF
homodimer.

Assessment of FRET pairs

The two key parameters for achieving efficient FRET are high QY
of the donor and sufficient spectral overlap between the donor
fluorescence emission and the acceptor absorbance spectra
(eqn (3) and (4)). We calculated the key FRET parameters of the
four possible combinations of donor-acceptor pairs (Table 2)
using the optical properties of the various fluorophore-labeled
biomolecules. We used the spectral profiles of the donor and
acceptor to determine spectral overlap (), considering that in
this study the donor emission and acceptor absorbance spectra
vary with their environment. Indeed, as discussed earlier, when
the Cy5 is conjugated to the TF, we observed a broadening of the
absorbance spectra (i.e., increase in the FWHM) (Fig. S61 and 1)
and a resulting increase in the spectral overlap between the
donor dye emission and the acceptor absorbance.*® Conse-
quently, the calculated J (Table 2) is significantly lower when
using DNA-Cy5 (no H-agg.) vs. TF-Cy5 (H-agg.) as the FRET
acceptor.

The characteristic Forster distance (R,) for a given donor-
acceptor pair also depends on the donor QY. Since the posi-
tioning of Texas Red on the TF leads to dye quenching, R,
notably shortens for the pair using TF-TR as the donor
compared to the DNA-TR donor. The hydrodynamic radius of
the similar aTF TetR is approximately 3 nm,* a similar size as
our 24 bp DNA of 8.2 x 2 nm.

We estimated the energy transfer efficiency (E) of all the
FRET pairs using photoluminescence lifetime measurements
(Fig. S7 and Table S37). For each system, we titrated Cy5-FRET
acceptors to the donors (Fig. 1 and S7f). We used two
different DNA sequences, with DNA1 exhibiting a slightly
stronger affinity (K4) for the TF than DNA2, as well as a scram-
bled DNA control (Tables S1 and S27). Using scrambled DNA on
the TF-TR to DNA-Cy5 biosensor, there is some non-specific
binding (15%) likely due to TR and DNA interactions as TR is
a known to associate with DNA through van der Waals inter-
actions.*” In contrast, no non-specific binding is seen with the
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flipped system (i.e., DNA-TR to TF-Cy5). Both QD-based sensors
exhibit up to 6% non-specific binding. For both QD-based
systems, the maximum FRET efficiency (E) is approximately
20%, while for the dye-based systems E is between 45 and 50%.
It is important to recall that multiple TFs or DNA oligonucleo-
tides bind the QD surface, enabling multiple dyes to act as the
acceptor to a single QD donor. Adding multiple acceptor
molecules increases the FRET efficiency compared to a single
acceptor at the same donor-acceptor distance.*** On the other
hand, the larger size of the QD compared to the organic dye
increases the donor-acceptor distance, thus decreasing energy
transfer efficiency. The interplay between FRET efficiency and
donor-acceptor distance is key to optimization.

By titrating the acceptor biomolecules relative to the donor,
we identified when the FRET efficiency is greatest (Fig. 1 and
S71). When the TF is labelled with the donor dye (i.e., (A) TF-TR
to DNA-Cy5 and (C) TF-QD to DNA-Cy5), the FRET efficiency
plateaus after addition of =2.5 DNA per TF (monomer) (or 5
DNA for a TF dimer). These data suggest that only a small excess
of DNA, relative to the TF, is required for biosensor assembly. In
contrast, more acceptor dyes are needed to reach maximum
FRET efficiency when the TF is labeled with the acceptor dye
(i.e., (B) DNA-TR to TF-Cy5).

FRET efficiency is one of the key parameters in our sensor
design. But in generating a sensor output that easily correlates
with the concentration of the target analyte, we do not directly
measure the FRET efficiency between the donor and acceptor
but rather the ratio of the fluorescence intensity from the donor
and the acceptor. The QY of the different dyes and the bright-
ness of the biosensor are consequently two major parameters
that define overall sensor performance. To achieve high fluo-
rescence variation over the titration requires a large QY for both
the donor and acceptor as well as high FRET efficiency (Tables 1
and 2). The DNA-TR donor (sensor B) exhibits the highest QY
(71%), while the DNA-Cy5 (sensors A and C) exhibits the highest
acceptor QY (24%). The corresponding TF-TR (sensor A) and TF-
Cy5 (sensors B and D) possess lower QY, likely due to dye
aggregation in the protein dimer. It is challenging to hypothe-
size which system will exhibit the largest change in fluorescence
(and lowest standard deviation) over the progesterone titration
based only on a comparison of the QY. For a given dye
concentration, a higher brightness affords a better signal to
noise ratio and sensitivity. In our system, we determined the
overall brightness given the experimental constraint that the
QDs are excited at 400 nm, while the Texas Red donors are
excited at 585 nm (Table 1). Due to their strong absorption in

Table 2 FRET parameters for various donor—acceptor pairs in the assay conditions at RT

Donor Acceptor QYp* J° (x10") (M em ™! nm?) R,? (nm) Emax DNA1 (%) Emax DNA2 (%) Emax SDADNA (%)
TF-TR DNA-Cy5 24 2.29 6.8 51 45 15

DNA-TR TF-Cy5 71 2.93 8.5 46 45 0

TF-QD DNA-Cy5 25 1.76 6.6 24 22 6

DNA-QD TF-Cy5 37 2.82 7.6 19 6

¢ Quantum yield of the donor. ” Spectral overlap and Férster radius calculated for a single acceptor system.
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the UV, the QD donor is almost 10 times brighter than the TR
donor. This is notable, because a low FRET efficiency in bright
systems can afford larger changes in sensor fluorescence output
than in systems with high FRET efficiency and low brightness.*

Simulating FRET sensor dynamics

To better understand the different FRET efficiencies and
binding behaviors observed experimentally (Fig. 1), we

A. TF-TR to DNA-Cy5
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performed simulations of TF-DNA binding using MATLAB. We
based our simulation on a mass-action model of TF-DNA and
TF-analyte binding which predicts the proportion of FRET
donors that are bound and the corresponding FRET output (see
Methods). Additionally, we fixed a TF dimerization equilibrium
constant, defined in Table S4t along with the other biophysical
parameters. Simulations based on the experimental configura-
tions and concentrations used in Fig. 1 are shown with the same
colors in Fig. 2. Each trace represents a different TF-dimer:DNA

B. DNA-TR to TF-Cy5
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Fig.2 FRET simulations of the four sensors (A to D) in Fig. 1. Each trace represents a different TF:DNA binding affinity, with the circled & bolded
traces corresponding to the DNAs used in the experiments. QD are not properly represented as they are not modelled in the affinity-based

diagram (affinity between QD and TF or DNA is not simulated).
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binding equilibrium constant, which is used to fix the TF-
monomer:DNA equilibrium binding constants.

Using our simulations, we provide explanations for two key
features of the experimental data in Fig. 1. First, our experi-
mental results display a marked asymmetry in FRET efficiency
when the acceptors are DNA (TF-TR and TF-QD configurations),
as opposed to TFs (TF-Cy5 configurations). In particular, DNA
acceptors appear to saturate more quickly, while TF acceptors
display a more sigmoidal behavior. The asymmetry in the
experimental results suggests a potential cooperative effect
when using TFs as the acceptor that does not reveal itself when
DNA is the acceptor. A potential explanation for this asymmetry
is that dimerization between monomers of the TF leads to
cooperative DNA binding. This hypothesis is consistent with the
fact that SRTF1 is a member of the TetR family and is known to
dimerize, as noted above, and the formation of the Cy5-H-agg.*

A.
B.
[PRG] (nM)
3{ —o0
= —10
2 —25
-1 100
8 24 1000
5 -10000
[&] P
2 D\
s ' S
=) y
T oA
o . .
600 650 700
D Wavelength (nm)
104— TF/DNA:
2 . 1/4
8 = 1/1
[a]
L\L =
S
(1
4
2'N
10° 10' 107 10° 10*
[PRG] (nM)

View Article Online

Edge Article

As TF monomer concentrations increase, TFs dimerize and
bind more strongly to DNA, which would lead to a sigmoidal
response.

To test the above hypothesis, we simulated models with and
without TF dimerization. In models without TF dimerization,
TFs bind directly to DNA as monomers only (Fig. S14}). In
models with TF dimerization, we considered multiple possible
interactions: TF monomers can bind free DNA, TF monomers
can bind DNA already bound by another TF monomer, TF
monomers can bind each other in solution to form a TF dimer,
and TF dimers can bind free DNA (Fig. 2). In simulations of the
TF-Cy5 and TF-TR configurations, we included all of the above
interactions in the dimerization models. In simulations of the
TF-QD configuration, we treated TFs as immobilized on QDs at
a fixed proportion of monomers and dimers depending on the
concentration of QDs and TF: QD ratio. Additionally, only
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Fig. 3 TF-TR and DNA1-Cy5 biosensor A. (A) Biosensor schematic: without PRG the DNA is bound to the TF and FRET occurs from TF-TR to
DNA-Cy5. With PRG, DNA unbinds the TF and no more FRET is possible. (B) and (C) Fluorescence spectra (Aexe = 550 nm) of the sensor
normalized at the isosbestic point, upon addition of PRG from 0 to 10 uM ((B) TF-TR : DNA1-Cy5=1:1 - Aisc = 642 nm, (C) TF-TR : DNA1-Cy5 =
1:4 - liso = 633 nm). (D) and (E) Raw (D) and normalized (E) dose—response curves of the sensor for 2 different configurations (TF-TR : DNA1-
Cy5=1:1and TF-TR : DNA1-Cy5 =1: 4). Data are mean =+ standard deviation of n = 3. For an easier visual comparison of the different curves,
the sensor outputs in (E) are normalized between 0 and 1 (ESI eqn S(2)) but the biosensor parameters are calculated based on the raw data.
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interactions between monomers and DNA, and dimers and DNA
are included in these simulations (see Methods for details).

Consistent with our hypothesis, simulations ignoring
dimerization do not display the asymmetry between the TF-TR
and TF-QD configurations and the TF-Cy5 configurations
(Fig. S1471), while models with dimerization recapitulate the
asymmetry (Fig. 2). Both TF acceptor configuration simulations
(TF-Cy5, (B) and (D) in Fig. 2) display a sigmoidal shape
consistent with the cooperativity hypothesis, while the DNA
acceptor configurations (TF-TR and TF-QD donors, (A) and (C)
in Fig. 2) linearly rise to saturation. In our simulations, the
asymmetry depends on the relative affinities of monomers to
each other, and the degree of cooperativity in DNA binding
between monomers. Increasing the affinity of monomers for
each other, or increasing the degree of cooperativity in DNA
binding increases the observed asymmetry, as expected given
our hypothesis.

We further estimated the scale of these dimerization
parameters by fitting our simulations to the empirical data. Our
results predict that TFs dimerize with ~100 nanomolar affinity.
They also predict that DNA-binding of a monomer to free DNA
occurs with 5% of the affinity of dimer binding to DNA, and that
DNA-binding of a monomer to DNA already bound with another
monomer occurs with 10% of the affinity of dimer binding to
DNA.

The second key feature of our empirical data we simulated
was the overall lower FRET efficiency with the QD-based
sensors. In these sensors the higher acceptor: donor ratio
would tend to lead a higher FRET efficiency. We hypothesized
that the effect of higher acceptor : donor ratio is offset by an
increased distance, r, between donor and acceptor, leading to
an overall net decrease in FRET efficiency. The overall larger size
of QDs (radii ~ 3-4 nm; based on the TEM image in Fig. S37)
compared to Cy5 (radius of only ~0.5 nm) is consistent with this
hypothesis. Simulations using varying values for r confirm that
larger values of r decrease FRET efficiency leading to a net
decrease in the QD-based sensors.

Table 3 Biosensor configurations and performance metrics
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Chemical Science

We further estimated r for the different model configura-
tions by fitting our models to the empirical data with estimated
values for r of 8.2, 9.7, 9.5, and 11 nm, for the TF-TR, DNA-TR,
TF-QD, and DNA-QD configurations, respectively (Table S57t).
An approximately 1.3 nm (15%) increase in effective FRET
distance is present between the corresponding dye and QD
models. This result is somewhat smaller than the ~2.5-3.5 nm
difference between QD and Cy5 radii that we might expect,
indicating that there are other effects our models may not
capture completely.

Biosensor performance

The relationship between fluorescence change and proges-
terone concentration determines the overall biosensor perfor-
mance. The sensor output is the ratio of the acceptor
fluorescence intensity to the donor fluorescence intensity.
Additionally, the sensor output serves as an internally cali-
brated ratiometric measurement that benefits from both the
decrease in the donor emission and the increase in acceptor
emission in the presence of energy transfer. We begin with
a discussion of sensor A, the TF-TR to DNA-Cy5 FRET pair with
a stoichiometric ratio TF-TR : DNA-Cy5 = 1 : 1 (Fig. 1A and 3).
The fluorescence spectra vary with PRG addition (from 0 to 10
uM) (Fig. 3B), with a resulting change in the ratio between the
acceptor and donor emission (Fa/Fp). Specifically, with
increasing concentrations of PRG, F, decreases while Fp
increases (i.e., the F4/Fp ratio decreases) indicating unbinding
of the DNA from the TF in the presence of PRG (Fig. 3D).
Increasing the ratio of TF-TR : DNA1-Cy5 from 1:1to 1:4
does not significantly change the FRET efficiency of the system
(Fig. 1) but does increase the range of F,/Fp values over the
titration (Fig. 3D). Interestingly, the higher Fa/Fp does not
significantly change the normalized pool standard deviation of
the fluorescent biosensor (Table 3 and ESI eqn (S4)t). We
suspect that above a ratio of 1 : 1, adding more acceptors (i.e.,
DNA-Cy5) does not improve biosensor performance (FRET effi-
ciency and standard deviation) because it only adds to the

Donor  Acceptor DNA A/D* DNA/TF [TF)” ("M) Ema’ (%) ICso? (nM) p? (slope) LOD? (nM) LOD 95% IC® (NM) |oest DRE (nM)
TF-TR DNA-Cy5 DNA1 1:1 1:1 25 51 64+5 1.40 13 [9; 18] 0.036 13-290
DNA1l 4:1 4:1 25 51 91+7 140 20 [16; 25] 0.032 19-595
DNA2 1:1 1:1 25 45 57+6 143 18 [13; 23] 0.038 10-476
DNA2 4:1 4:1 25 45 69+3 165 12 [8; 15] 0.015 20-284
DNA-TR TF-Cy5 DNA1l 1:1 1:1 25 46 236 +27 1.08 44 [31; 57] 0.040 40-2192
DNA1l 4:1 1:4 100 46 196 £ 11  2.04 64 [51; 77] 0.022  65-809
DNA2 1:1 1:1 25 45 136 +£22  1.37 76 [57; 97] 0.088 30-891
DNA2 4:1 1:4 100 45 163 +14 1.18 24 [16; 32] 0.025 28-1482
TF-QD DNA-Cy5 DNA1 16:1 4:1 100 24 768 £38 1.16 36 [22; 49] 0.013  69-3060
DNA2 16:1 4:1 100 22 510+ 19 1.26 25 [14; 36] 0.013  66-2520
DNA-QD TF-Cy5 DNA1 18:1 1:1 450 19 435 +97 1.42 310 [210; 442] 0.117 87-1200
DNA2 18:1 1:1 450 — 314 +63 1.7 77 [46; 125] 0.052 45-1537

“ Stoichiometric ratio of the acceptor to the donor in the biosensor. ” TF concentration used in the assay. © Maximum FRET efficiency of the FRET
pair. ¢ Half maximal inhibitory concentration (ICs,) and slope (p) of the fitted dose-response curve using a Hill function (ESI eqn (S6)). ¢ Limit of
detection calculated using ESI eqn (S8) and 95% confidence interval of the I1C50./ Normalized pool standard deviation for all test samples in the
dilution series, calculated using the normalized dose-response curves. ¥ Sensor dynamic range.
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background signal from the excess unbound DNA-Cy5 (due to
the direct excitation of the acceptor).

Fitting the raw dose-response curves to a Hill function (eqn
S(1)1), yields a slightly lower IC50 (Table 3 and Fig. 3E) for the
TF-TR : DNA1-Cy5 =1 : 1 (64 & 5 nM) compared to the ratio TF-
TR : DNA1-Cy5 = 1 : 4 (91 + 7 nM). The limit of detection (LOD,
ESI eqn (S5)1 and Table 3) is 13 and 20 nM of PRG in solution for
the 1:1 and 1 : 4 ratios, respectively.

Next, we analyzed the flipped fluorophore sensor, i.e., system
B composed of DNA-TR to TF-Cy5 (Fig. 1B and 4). The maximum
FRET efficiency is of the same order of magnitude (E ~ 45-50%)
as the first system. Similarly, upon addition of PRG (from 0 to 10
uM), the Fu/Fp signal decreases due to the unbinding of DNA
from TF and the loss of energy transfer.

In sensor system B, increasing the ratio of DNA1-TR to TF-
Cy5 (i.e., number of acceptors) from 1:1 to 1 : 4 increases the
FRET efficiency from 7 to 37% (lifetime measurement, Fig. 1, S7
and Table S3f). The addition of extra acceptors favors the
binding of acceptors to the donors thus decreasing the

View Article Online

Edge Article

concentration of unbound donors and increasing FRET effi-
ciency. In this sensor design, the TF-Cy5 acts more as
a quenching acceptor than a fluorescent dye (TF-Cy5 QY = 9%,
Table 1), and its fluorescence does not change substantially
upon PRG addition (Fig. 4B and C). As before, increasing the
ratio of TF-Cy5 to DNA-TR also increases the amplitude of Fa/Fp,
and decreases the normalized pool standard deviation of the
assay by a factor 2 (Table 3). The IC50 of the DNA1-TR : TF-Cy5
1:1 sensor is 236 + 27 nM, while it is 196 + 11 nM for the 1 : 4
biosensor. Increasing the relative amount of TF does not
significantly change the IC50 of the sensor. Between sensor
designs A and B, A exhibits a lower LOD.

In both sensors A and B, a control experiment using
a scrambled DNA (Fig. S8 and S10t) shows some change in the
sensor output. The amplitude of FA/Fp, for sensors A and B using
the scrambled DNA is 19% and 14% of the amplitude of the
corresponding sensor using DNA1, respectively. Upon addition
of PRG, allosteric changes in the TF configuration may alter the
relative position of the dyes on the protein. Given that the
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Fig. 4 DNAL-TR to TF-Cy5 FRET sensor. (A) Biosensor schematic. (B) and (C) Fluorescence emission (Aexc = 550 nm) spectra normalized at the
isosbestic point upon PRG addition with a ratio of DNAL-TR : TF-Cy5=1: 1 ((B) Aso = 728 nm) and =1 : 4 ((C) Aisoc = 661 nm). (D) and (E) are the
raw and normalized dose—response curve upon PRG addition, respectively. Data are mean + standard deviation of n = 3.
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protein dimerizes with the dyes facing each other, a subtle
conformational change could consequently change the inter-
action between the TF-bound dyes and their fluorescence.
Notably, sensor A exhibits a slight increase in F»/Fp, when PRG is
titrated to the scrambled DNA sensor, while sensor B exhibits
a minimal decrease in F,/Fp. That the sensors respond in
opposite ways could support the hypothesis that allosteric
changes impact the dye on the TF, causing this DNA-sequence
independent response. We do not see this behavior using the
QDs as a donor, discussed below, as the TF modification has no
impact on the QD configuration.

Transitioning the sensor design from a dye-to-dye FRET pair
to a nanoparticle-dye FRET pair in C and D results in two major
design differences: (i) the overall hydrodynamic diameter of the
biosensor and donor to acceptor distance increases; and (ii) the
multivalent nanoparticle system provides a donor with multiple
binding sites (i.e., TF or DNA) instead of the stoichiometrically
limited dye-dye systems. In order to compare with the above
fluorophore biosensors A and B, we decorated the QDs with an
average of 4 TFs per QD and incubated them with a 16-fold
molar excess of DNA-Cy5 (TF-QD : DNA-Cy5; 4-1:16; ie.,
TF : DNA = 1 : 4) (Fig. 5A). Similar to the dye system, upon PRG
titration from 0 to 10 pM, the donor fluorescence (TF-QD)
increases while the acceptor fluorescence (DNA-Cy5) decreases,
consistent with unbinding of the DNA from the TF. The IC50 is
768 + 38 nM, calculated from the dose-response curve, which is
almost eight times greater than the value determined from the
similar dye system (TF-TR to DNA-Cy5 IC50 = 91 + 7 nM for
a'TF : DNA ratio of 1 : 4). In the dye pair, the TF concentration in
the sensor is the same as the sensor concentration ([TF] = 25
nM), while in the QD-based system the TF concentration is four
times higher, i.e., [TF] = 100 nM. The higher concentration of
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TFs, meaning a higher concentration of analyte binding sites
increases the IC50.® Using the same ratio of TFs, donor fluo-
rophores, and DNA strands as used in sensors A and B (i.e., TF-
QD : DNA-Cy5 = 1-1: 1 or 1-1: 4) is not practical because the
FRET efficiency is too low when the low number of TFs leaves
many TF-free QDs present in the solution. However, with the
higher ratio of TFs ensuring that most QDs are active sensors,
the QD-TF:DNA-Cy5 system is analyte responsive and very
bright, resulting in a small normalized pool standard deviation
for this QD-based biosensor (Table 3). The combination of
a small LOD (LOD = 36 nM) and high IC50 value results in
a biosensor with a wide dynamic range (69 nM to 3060 nM).
The flipped nanoparticle biosensor system D composed of
DNA-QD mixed with TF-Cy5 (DNA-QD : TF; 18 : 1 : 18, Fig. 5B)
exhibits very weak fluorescence change upon PRG addition,
yielding a dose-response curve with large standard deviations
(Table 3). We determined an IC50 of 435 + 97 nM from the data.
Compared to the previous biosensor systems, this IC50 value is
higher than the one obtained using the dye pair B DNA-TR : TF-
Cy5; 1:1 (IC50 = 236 + 27 nM) but lower than the symmetric
QD system TF-QD : DNA-Cy5; 4-1: 16 (IC50 = 768 + 38 nM).
Due to the weak fluorescence change upon PRG addition, the
pooled standard deviation of this assay is larger than in the
other biosensors and thus the LOD is the highest (LOD = 310
nM). The poor performance of this sensor design compared to
the others may indicate that longer oligos on the QD are needed
to ensure effective TF-DNA binding or that the orientation of
the TF-DNA binding pairs on the surface of the QD in this
configuration increase the donor-acceptor distance to a point
that significantly hinders the energy transfer efficiency and
sensor output. Another possibility for this poorer performance
is that the TF (analyte-binding site) is located on the acceptor
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Fig. 5

(A) TF-QD to DNA1-Cy5 (TF/QD/DNA:4/1/16) and (B) DNA1-QD to TF-Cy5 (DNA/QD/TF:18/1/18) FRET pairs. From left to right: scheme

of the sensor, fluorescence emission spectra (Aexc = 400 nm) normalized at the isobestic point ((A) Aiso = 645 nm; (B) Aiso = 650 nm) of the sensor
upon PRG addition from 0 to 10 uM, normalized dose—response curve of the sensor. Data are mean + standard deviation of n = 3.
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dye. Since this FRET-biosensor is based on an equilibrium
between bound and free biomacromolecules (DNA and TF),
biosensor output requires the analyte to bind the TF bound on
the DNA-QD. Upon PRG titration, it might be more favorable to
bind free TF-Cy5 in solution than TF-Cy5 bound to the DNA-QD
due to steric hindrance. Binding free TF is useless from
a sensing standpoint in this design. Moreover, with 18 DNA per
QD on average, it is likely that substantial PRG binding must
occur to afford a significant number of TF-Cy5 to unbind the
DNA-QD and, thus, observe a change in fluorescence.

When comparing the four FRET biosensor design and
resulting performances, we conclude that: (i) for a given dye or
QD system, lower IC50 and LOD are obtained when the TF is
bound to the acceptor dye, as such a design minimizes its
concentration in solution (i.e., configurations A and C), and (ii)
the broader dynamic range obtained with the TF-QD sensor
arises due to the multiple TF binding sites per donor QD.

Expanding the biosensor with another DNA sequence

Given that reducing the binding affinity between the TF and the
DNA increases sensitivity and reduces the IC50 value,”
repeated the above studies using a DNA sequence possessing
a lower affinity for the TF (DNA2, Table S2t) to determine the
impact on both IC50 and LOD of the biosensors.? From biolayer
interferometry (BLI) experiments, the equilibrium constant Ky
for PRG and DNA1 : TF and DNA2 : TF, are 4.5 nM and 7.1 nM,
respectively. The FRET efficiency for all four biosensor remains
essentially unchanged (Fig. 1 and Table 2). Overall, for all
biosensors, replacement of DNA1 with DNA2 slightly decreases
the IC50 and LOD (Table 3 and Fig. 6, S9, S11-S13%). Similar
outcomes and trends are observed with DNA2 like with DNA1
including: (i) the TF-donor and DNA-acceptor systems (biosen-
sors A and C) exhibit a lower LOD, and (ii) biosensors using dyes

we
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possess a lower IC50 than QD-based biosensors. Of the
biosensors, the TF-TR : DNA2-Cy5; 1: 1 and 1 : 4 exhibit LODs
of 18 nM and 12 nM, respectively. This LOD is in the range
required for detection of progesterone in female urine (3-20
nM).** In comparison, using the TF-QD : DNA2-Cy5 = 4-1: 16
gives an LOD of 25 nM.

Conclusion

Improving the limit of detection and dynamic range of
biosensors as well as expanding the analytes to be sensed has
been and continues to be a priority for both academic and
industry research programs, with substantial efforts focused on
optimization of the biomolecular recognition parts.**** Few
studies discuss the importance of selecting the fluorophore in
a FRET-based biosensor i.e., organic fluorophore vs. inorganic
nanoparticle (QD).>” To our knowledge, this is the first report of
a comprehensive QD vs. dye comparative study, which assesses
the type and position of the fluorophore, FRET efficiency, and
biosensor response (LOD and dynamic range). Below we
summarize the following main conclusions and broader
implications from this systematic study on inter-molecular
biosensors using FRET-based conformational regulation:

FRET efficiency

Of the sensors compared, those using fluorescent proteins* and
dyes as the donor/acceptor achieve the highest FRET efficiency.
In this FRET biosensor configuration, the dyes are closer to each
other than in the QD-dye system, although the QD can bind
multiple acceptors. A traditional CdSe-based QD with emission
wavelengths comparable to TR was chosen for the purpose of
comparing the different FRET systems in this report. However,
a variety of considerations are relevant when designing QDs for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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use in FRET sensing. Two of our previous reports discuss the
effect of QY as well as core and shell composition and
morphology on energy transfer efficiency in the context of QD-
dye and QD-QD FRET.*** Generally, the FRET efficiency of
QD-donor FRET sensors can be improved by decreasing QD
size. Choosing a different QD semiconductor material (e.g, InP)
or surface coating (e.g., small ligands vs. polymers) can improve
the FRET efficiency of the QD-based sensors provided that the
QD QY is commensurate.

A high FRET efficiency provides substantial quenching of the
donor fluorescence upon analyte titration. However, the
quantum yield (QY) of the acceptor is also important as a larger
QY will ensure that more of that transferred energy is emitted as
acceptor fluorescence. These components work in tandem to
generate a greater ratiometric fluorescence response, ie.,
a larger change in the sensor response (Fa/Fp).

Brightness

Due to their very large molar extinction coefficients, the QDs
are almost ten times brighter than the Texas Red-labelled
biomacromolecules (Table 1). Consequently, QD-based
biosensors can produce the same amount of photo-
luminescent signal at a concentration 10 times lower than the
dyes. The IC50 values of antibodies and TF-based biosensors
directly correlate to the concentration of binding sites in
solution.?®?*% As such, QDs may enable lower concentrations
of the TF or recognition biomolecule to be used, and reduce the
LOD of the biosensor.

Position of the dye

To keep the concentration of the recognition biomolecule (e.g.,
TF) at a minimum, while increasing the binding biomolecule
(in this case, DNA), we recommend labeling the recognition
biomolecule with the donor dye. The acceptor should be
attached to the biomacromolecule for which the concentration
in solution does not affect the sensor performance.**

Cooperative binding & dynamic range

Multiple binding sites on the QD increase the dynamic range of
the sensor, with the caveat that the binding sites must remain
accessible for optimal sensing performance.

Stokes shift

QDs exhibit a large Stokes compared to dyes. When designing
a cost-effective device, this attribute is advantageous as it is
easier to filter the excitation light from the fluorescence. QD-
based biosensors are also amenable to multiplexing and
detecting multiple analytes in parallel as a single UV light
source will excite different QDs. The photoluminescence spec-
trum of the QD is also narrow and symmetric as opposed to the
organic dye fluorescence spectra. Once again, isolation of the
fluorescence spectra of the QD donor and dye acceptor is easier
than a dye donor to a dye acceptor.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Chemistry and toxicity

Dyes are chemically distinct small molecules with well charac-
terized photophysical properties. As discussed, FRET efficiency
is higher with the dyes than with the QDs, even with multiple
acceptors attached to the QDs. Further, the conjugation of
biomacromolecules (e.g., TF or DNA) with dyes is easier, more
reproducible, and amenable to standard characterization
methods, as compared to nanoparticles. From a translational
perspective, the dye systems involve known and well-practiced
preparation methods. With the dyes, the fluorophore is cova-
lently attached to the biomacromolecule, while non-covalent
self-assembly based bioconjugation methods may be used
with the nanoparticles.® Consequently, nanoparticle biosen-
sors may be less stable in highly diluted conditions. Dyes are, in
general, less toxic than conventional QDs composed of heavy
metals such as cadmium.*

From a FRET-based biosensor perspective, organic fluo-
rophores and inorganic QDs both possess advantages and
disadvantages, and one sensor system is not best for all appli-
cations. Fluorophore selection is application specific. Practi-
cally, the biomolecular recognition parts also dictate which
fluorophore to use and how best to conjugate it to the sensor
component. For TF-DNA based FRET biosensors, we recom-
mend labeling the TF with the donor dye and the DNA with the
acceptor, because the TF concentration should be kept minimal
since it contains the analyte binding site (here PRG). The
lessons learned herein will spur the development of brighter
and more stable dyes, less toxic QDs, and new conjugation
chemistries, as well as guide the development of new FRET
based biosensors via careful consideration of the fluorophore
choice in the design phase. Finally, be agnostic with regards to
fluorophore selection and focus on your application (LOD,
dynamic range required ...) for your biosensor design.

Experimental procedures
Chemicals

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
sodium bicarbonate (NaHCO;) agarose, streptavidin agarose
beads, isopropyl B-p-1-thiogalactopyranoside (IPTG) and ampi-
cillin were obtained from Sigma-Aldrich. The polymer wrapping
the QD was synthesized according to our previous study.*®
Oligonucleotides were bought from IDT Technologies. SulfoCy5
maleimide was bought from Lumiprobe, while Texas Red mal-
eimide was bought from Vector Laboratories. HEPES 1x is
a solution of 25 mM of HEPES and 150 mM of NaCl, adjusted to
pH 7.6.

Protein expression

SRTF1-hiss. The TF-hiss (originally named SRTF1) was
expressed in E. coli 10G cells as described before.?

SRTF1-SH. The transcription factor labelled with a C-
terminus thiol (SRTF1-SH) was expressed using a slightly
modified protocol from TF-hiss. To construct the coding
sequence for TF-SH, a serine-cysteine insertion (containing the
thiol moiety to be used for downstream labeling), followed an 8-
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amino acid Strep II tag sequence (lead by a tryptophan), was
fused to the C-terminus of the original TF sequence as: 189
G_190XinsSCWSHPQFQK. Then, the codon-optimized version
of TF-SH was ordered from IDT as a GeneBlock fragment, with
5'-EcoRV and 3’-Kpnl restriction sites added to each end. The
TF-SH fragment was ligated into EcoRV and KpnI-digested
pETDuet-1 (Novagen) to create the expression plasmid pET-
TF-SH. To begin the protein induction process, pET-TF-SH
was transformed into Rosetta 2(DE3)pLysS chemically-
competent cells (Novagen) and grown on LB agar, under
ampicillin and chloramphenicol selections and 0.4% glucose
repression overnight at 37 °C. Then, an overnight 10 mL starter
culture grown from single colony transformants (1x LB + amp +
chloramphenicol + 0.4% glucose) was diluted into 1 L of fresh
media and re-grown to mid-log phase at 37 °C. At an ODg( Of
approximately 0.6, protein expression was induced by adding
IPTG at 1 mM final, and the flask was transferred to a 25 °C
shaker and induced for 4 h. Culture was then pelleted by
centrifugation and frozen at —80 °C until further need. Protein
was purified using a Strep-Tactin resin (Qiagen). Cells (10 mL)
were lysed by adding lysozyme at 0.1 mg mL " final. 40 mL of
PBS were added to the solution to decrease its viscosity, and the
mixture was incubated on ice 60 min and then centrifuged. The
supernatant was loaded on the Strep-Tactin column and eluted
with desthiobiotin-buffer (from supplier). The purity of the
protein is evaluated by an SDS-PAGE gel stained with Instant
Blue (Expedeon).

Protein labelling

SRTF1-Texas Red (TR-TR). The protein is labelled with the
maleimide dye immediately after its purification on a strep-tag
column. To an aqueous solution of SRTF1-SH containing 10%
of glycerol (in HEPES 1x + 1 mM TCEP) (150 pL, 160 uM of
SRTF1-SH), 9 uL of Texas Red maleimide at 10 mg mL~" in DMSO
(5 eq. regarding the protein) is added. The solution is stirred
overnight in the dark at 4 °C. The labelled protein is purified
from the unreacted dye using a steric exclusion column Nap5 and
concentrated by ultrafiltration with a 10 kDa cut-off. SRTF1-TR is
recovered and stored at —80 °C in HEPES 1x containing 25% of
glycerol. The efficiency of the reaction is confirmed by MALDI-
TOF (Fig. S17) using a sinapinic acid matrix and absorption
measurements combined with a Bradford assay (see ESI,T ~90%
of SRTF1-SH is labelled with a TR dye).

SRTF1-Cy5 (TR-Cy5). The protein is labelled with the mal-
eimide dye immediately after its purification on a strep-tag
column. To an aqueous solution of SRTF1-SH containing 10%
of glycerol (in HEPES 1x + 1 mM TCEP) (150 pL, 193 uM of
SRTF1-SH), 11 pL of sulfoCy5-maleimide at 10 mg mL " in
DMSO (5 eq. regarding the protein) is added. The solution is
stirred overnight in the dark at 4 °C. The SRTF1-Cy5 is purified
by dialysis against HEPES 1x (4 °C, dark, 3 days) using a 20 kDa
membrane. After dialysis, SRTF1-Cy5 is recovered and stored at
—80 °C in HEPES 1x containing 25% of glycerol. The efficiency
of the reaction is confirmed by MALDI-TOF (Fig. S27) using
a sinapinic acid matrix (>95% of SRTF1-SH is labelled with a Cy5
dye).
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Quantum dots

Quantum dots decorated with SRTF1 (TF-QD). CdSe/CdS/
ZnS quantum dots emitting at 613 nm were synthesized using
a previously reported successive ionic layer adsorption and
reaction (SILAR) technique.?® CdS shells were grown on the
CdSe core to reach the desired QD emission wavelength while
ZnS was grown as a protective layer. CdSe/CdS/ZnS QD were
transferred into water and coated with a zwitterionic copolymer
bearing histamines units using a previously reported protocol.>®
The obtained QDs emit at 613 nm in aqueous media with a QY
of 25%. QDs were decorated with TF-hiss using the affinity of
histag-labelled proteins to cationic surfaces (see below sensor
assembly).

Quantum dots decorated with DNA oligonucleotides (DNA-
QD). The same CdSe/CdS/ZnS QD were transferred in water with
a derivative of the zwitterionic copolymer bearing 10% DBCO
units.?® The obtained QD@DBCO emit at 613 nm with a QY of
37%. The quantum dots were decorated with 5’ modified azido-
oligonucleotides (24 bp) using a copper-free click chemistry
protocol.?® Briefly, 0.02 nmol of QD@DBCO (6.7 pL of ~3 uM
QD@DBCO) and 0.4 nmol of DNA-N; (~50 uM, [DNAJ]/[QD] =
20) were mixed with 0.1 M NaHCOj to reach a final volume of 70
uL. 70 pL of 2 M NaCl was added to obtain a final reaction
solution comprising 0.1 uM QDs and 1 M NaCl. The mixture was
left to react on an agitation plate for 4 days in the dark. For
hybridization, DNA-QD were concentrated on 100k ultra-
centrifugal filters and recovered in duplex buffer (IDT Tech-
nologies). DNA-QD were hybridized by heating equimolar
amounts of complementary strands and grafted DNA to 95 °C
for 2 minutes before cooling to 55 °C by lowering the temper-
ature 10 °C every minute. Once 55 °C was reached, the DNA was
left to naturally cool to room temperature by placing on
a benchtop for 30-60 min. For each batch of DNA-QD, a control
of the efficiency of hybridization was effectuated by hybridizing
the DNA on surface with a biotinylated complementary strand.
DNA-bt-QD were revealed using streptavidin-coated agarose
beads (Fig. S4t).>®

Oligonucleotides

Labelled and bare oligonucleotides were purchased from IDT
Technologies. DNA-Cy5 are labelled with one Cy5 on each end
(5" and 3’) in order to increase the FRET efficiency and have
more acceptors, while DNA-TR are only labelled on the 5 end.
Details of the different sequences and affinity regarding the TF
are provided Tables S1 and S2.7

Sensor assembly

Sensors A and B: TF-TR:DNA-Cy5 or TR-DNA:TF-Cy5. In
a typical experiment where TF : DNA=1: 1,320 uL of TF at 0.15
uM in HEPES 1x with 1% BSA is mixed with 320 uL of DNA in
HEPES 1x. After 30 min, 576 pL of HEPES 1x and 384 pL of 5x
binding buffer are added to the mixture and incubated at RT for
15 min.

Sensor C: TF-QD:DNA-Cy5. For a typical experiment, using
a molar ratio of TF-QD : DNA-Cy5 = 4-1:16:320 pL QDs at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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0.15 pM in 1x HEPES with 1% BSA, were mixed with 320 pL
SRTF1-his6 at 0.6 pM in 1x HEPES, at room temperature for
45 min. Double-stranded DNA labelled with a Cy5 fluorescent
probe at the 3’ and 5’ ends (320 pL, 2.7 uM in 1x HEPES) was
added to the mixture. After 30 min, 256 pL of 1x HEPES, and
384 pL of 5x binding buffer (25 mM MgCl,, 25% glycerol, and
250 mg L' Invitrogen™ UltraPure™ Salmon Sperm DNA in
0.1 M Tris-HCl) were added and the mixture incubated for
15 min at RT.

Sensor D: DNA-QD:TF-Cy5. DNA-QD with on average 20
DNA single stranded DNA per QD were synthesized as described
above and hybridized. For a typical FRET experiment, we used
a ratio of DNA-QD : TF-Cy5 = 20-1 : 18 : 320 pL of DNA-QD at
0.15 uM in HEPES 1 x are mixed with 320 pL of SRTF1-Cy5 at 2.7
UM in HEPES 1x with 1% BSA. After 30 min, 576 pL of HEPES
and 384 pL of 5x binding buffer were added to the mixture and
incubated for 15 min at RT.

Characterization

Spectrophotometry. Absorption spectra were recorded using
a Nanodrop 2000c working either with a cuvette holder (1 cm
path), or a drop analyzer (1 mm path).

Fluorescence measurements. Fluorescence measurements
on QD-based sensors were recorded on a Horiba Nanolog
spectrofluorometer equipped with a plate reader. 150 uL of the
sensor (TF-QD:DNA-Cy5) was split in 10 centrifuge tubes to
which 30 pL of progesterone at the desired concentration is
added (10 x 180 puL). As such, the final concentration of TF-
QD:DNA-Cy5 for the measurements is 100 nM (TF)-25 nM
(QD):450 nM(DNA-Cy5). A 384-well plate was filled with 60 pL
of each solution (180 uL of solution at each PRG concentration
splitted in 3 x 60 pL for the triplicate). The fluorescence
intensity was monitored from 535 nm to 800 nm with excita-
tion at 400 nm and a 450 nm long-pass filter before the emis-
sion detector. Ratiometric analysis using single wavelength
point measurements of F, and Fp was used to measure the
dose-response curve. The sensor output is a normalization of
F, and Fp between [PRG] =0 to 10 uM.*® The exact same
procedure is used for DNA-QD:TF-Cy5 with final concentra-
tions for example for DNA-QD : TF-Cy5 = 18 : 1 : 18 = 500 nM
(DNA)-25 nM (QD):450 nM(TF-Cy5). Fluorescence measure-
ments on dyes-based sensors were recorded on a Horiba
Nanolog spectrofluorometer using the cuvette holder. 150 pL
of the sensor (QD/TF/DNA) was split in 10 centrifuge tubes to
which 30 pL of progesterone at the desired concentration is
added (10 x 180 pL). A quartz microcuvette is filled with 180 uL
of the sensor and the fluorescence measurement is performed
3 times by moving in and out and turning the cuvette in the
holder. The fluorescence intensity was monitored from 585 to
730 nm with excitation at 550 nm. Ratiometric analysis using
single wavelength point measurements of F, and F, was used
to measure the dose-response curve. The sensor output is
a normalization of F, and Fp, between [PRG] = 0 to 10 uM (see
data analysis).

Lifetime photoluminescence decay.
decay measurements

Lifetime photo-

luminescence were taken using

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a fluorescence lifetime spectrometer (LifeSpec II, Edinburg
Instruments), employing a time-correlated single photon
counting technique. Samples were excited at 405 nm using
a pulse diode laser (EPL-405, Edinburg Instruments) at 200 ns
pulse period with Az = 615 nm for TR and 613 nm for QD. The
collected lifetimes were fitted to a tri-exponential decay (F980
Software, Edinburg Instruments):

* L x
I(t)=Aje 7+ Are 2+ Aze © (1)

where 7; represents time and A; are coefficients that indicate the
weight associated with each decay time. Average amplitude
weighted lifetimes were calculated using:

Ayt + Arry + AsTs
Ay + Ay + A3

(2)

FRET analysis. The overlap integral, /, describes the spectral
overlap of the donor emission and acceptor absorption.
Specifically:

J= JFT)(A)eA(A)A“dA (3)

where Fp(4) is the normalized emission spectrum of the donor
and ¢4(4) is the molar extinction coefficient of the acceptor as
a function of wavelength, A.

Forster distance, R, defined as the distance at which Epggr is
50%, is a function of the transition dipole orientation factor, 2,
donor QY, Qp, overlap integral, and solvent refractive index, 7:

J\ /6
R, = 0.02108 (K2QD —4) (4)
7

The transition dipole orientation has been assumed to be
random, so x> has been set to 2/3 for all calculations. Egggr is
experimentally determined by the degree of donor quenching
using lifetime measurements:

Erppr=1-— oA (5)
D
where 7, is the average fluorescence lifetime of the donor alone,
and 1p, is the average fluorescence lifetime of the donor in the
presence of acceptor(s).

MALDI-TOF. Protein molecular weight were determined
using a Bruker autoflex speed mass spectrometer equipped with
a SMART-beam II and a flash detector. Proteins were analyzed in
a matrix of sinapinic acid at 10 mg mL~" in water : acetonitrile
= 1:1 with 0.1% TFA.

Biolayer interferometry. BLI analysis were performed as
previously described using a ForteBio OctetRed96 apparatus.”®

Simulations

In all cases, we begin with a simple TF-DNA binding model
(Fig. 2), defined by a system of equations (eqn (6)-(11))
according to the law of mass action that dictates the rate of
change in concentration for each species, reaction rates are
described in Table S4.1 The change in DNA concentration is
described in the following equation:
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d[DNA]
dt

= (Krrmona [TF : DNA] = krrmoa [TFI[DNA))
+ (kTFm;DNA, [DNA : TF] — krpmona,[TF] [DNA])
+ <kTFd;DNA,[TF : DNA : TF]
— krrapna,[TF : TF) [DNA])

(6)

which describes the change in free DNA concentration as the
result of two processes: the binding and unbinding of a mono-
mer TF to one half of a binding site on unbound DNA (first and
second parentheses), and the binding and unbinding of dimers
to unbound DNA (third parentheses). Each binding and
unbinding process is characterized by an associated rate
constant, k.

The change in TF monomer concentration is described in
the following equation:

d[TF]

T = (kTFm:DNA,— [TF : DNA} - kTFm:DNAr[TF} [DNA])

+ (kTFm:DNAr [DNA : TF] — kremona, [TF] [DNA})

+ (kremarona [TF : DNA < TF]

— krpmerrona, [TF][TF : DNA])

+ (kTFm:TFDNAr [TF : DNA : TF]

— krpmerrona, [TF][DNA : TF])

+ 2<kTF dimerization; [T F * TF] — kTF dimerization; [TF]2> 7)

which describes the change in free TF monomer concentration
as a result of three processes: the binding and unbinding of a TF
monomer to one half of a binding site on unbound DNA (first
and second parentheses), the binding and unbinding of a TF
monomer to the unbound half of a DNA with a half-site already
bound (third and fourth parentheses), and the binding and
unbinding of two TF monomers to each other (fifth paren-
theses); with each binding and unbinding process characterized
by an associated rate constant, k.

The change in TF dimer concentration is governed by the
following:

d[TF : TF]

a7 = (kTF dimerizationr[TF}z — kr1r dimerization; [TF : TF])

+ (kTFd:DNA, [TF : DNA : TF]
— krraona [TF : TF] [DNA})

(®)

which describes the TF dimer concentration changing as
a result of two processes: the binding and unbinding of two TF
monomers (first parentheses), and the binding and unbinding
of a TF dimer to unbound DNA (second parentheses); where
each process is also characterized by its own rate constant, k.
The concentrations of DNAs with a monomer already bound
to either half-site are governed by the following two equations:
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w = (kTFm:DNA([TF} [DNA] — ktgmpna, [TF : DNA])
+ (kTFm:TFDNA,- [TF :DNA: TF]
— krrmrroNa [TF][TF DNA])

(9)

w = (Frrmona [TF]DNA] = krpmoxa [DNA : TF))

+ (kTFm:TFDNA, [TF : DNA : TF]

— kTFm:TFDNAr[TF} [DNA . TF])
(10)

which describe monomer-bound-DNA concentrations changing
as the result of two processes: the binding and unbinding of
a TF monomer to one of the unbound DNA's half-sites (first
parentheses), and the binding and unbinding of a TF monomer
to the monomer-bound-DNA's unbound half-site (second
parentheses); again, with each process characterized by a rate
constant, k.

Lastly, the concentration of dimer-bound DNA changes
according to the following equation:

d[TF : DNA : TF]

- - (kTFwNAr [TF : TF|[DNA]

— krrapna,[TF : DNA TF])

+ (kTFm:TFDNAf [TF][TF : DNA]

— kremTrDNA, [TF : DNA : TF])

+ (kTFm:TFDNAf[TF] [DNA : TF]

~ kremrona [TF : DNA TF]) (1)

which describes the change in dimer-bound DNA concentration
as a result of two processes: the binding and unbinding of a TF
dimer to an unbound DNA (first parentheses), and the binding
and unbinding of a TF monomer to the unbound half-site of an
already monomer-bound DNA (second and third parentheses);
each of these processes is also characterized by a rate constant,
k. Experimentally determined FRET values are used to param-
eterize the model. In the physical models for TF-Cy5 and TF-TR,
the TF species is permitted to dimerize in solution or on the
DNA (i.e. TF dimerizes before binding DNA, or one monomer
binds DNA followed by a second monomer binding). In the TF-
QD configuration, we assume that the TF-his solution exists at
an equilibrium of TF monomers and dimers before being
bound to the QD, and are unable to switch between monomers
and dimers on the QD. Therefore, we determine the ratio of TF
monomer:dimer in that solution, and use those concentrations
as input to the TF-QD model.

To initialize each physical simulation, there are three items
that are defined: a set of reaction rate constants that describe
the speed of each transition, a matrix of the possible state
transitions for a sensor, and a set of initial conditions denoting
the starting concentration of each species. All reaction rates are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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effectively free parameters, except in cases where we replicate
TF-dimer:DNA binding affinities that were experimentally
determined. We assume that the measured TF:DNA binding
affinities were determined for dimeric TF, and thus sweep
across a set of TF-dimer:DNA binding equilibrium values. For
each simulation, we use constants to scale down the affinities of
TF monomer for unbound DNA, and TF monomer for DNA with
a half-site bound; while the TF-dimerization affinity is constant
across applicable simulations. All rates and scaling constants
are described in Table S4.1 In cases where dimerization is not
included in the model, all reaction rates are scaled the same
way, but reactions related to the dimerization are omitted from
the transition matrix (i.e. those rate constants are set to 0).

The transition matrix consists of six rows, one for each
species described in eqn (6)-(11), where each column gives the
stoichiometry of the possible state transitions. In the TF-TR and
TF-Cy5 configurations (A, B & D), there are six columns to
describe the state transitions: TF monomer binding each half of
unbound DNA (totaling two columns), TF monomer binding the
other half of a monomer-bound DNA (totaling two columns),
two TF monomers binding to form a dimer (one column), and
TF dimer binding unbound DNA (one column). For the TF-QD
configuration (C), the transitions related to dimerization are
omitted, resulting in a 6 x 3 transition matrix. In this case, only
the transitions for TF monomer binding each half of unbound
DNA (two columns) and TF dimer binding unbound DNA (one
column) are included.

The initial concentrations of each species are set based on
the sensor configuration. In configurations A & B (TF-TR and
DNA-TR), the donor is held constant at 167 nM as in the
experiments, while we sweep across a range of acceptor
concentrations, and TF-dimer:DNA binding affinities. When TF-
Cy5 is the acceptor it always begins as a monomer and is
allowed to dimerize in solution, or on the DNA. To simulate the
DNA-QD configuration (D), we begin with a DNA concentration
18 times the QD ratio based on the experiments shown in Fig. 1,
treating the simulation as if all the QD-bound DNA were in
solution. The TF-QD simulation is different in that we assume
TF units bound to the QD are immobilized and unable to
dimerize in solution or on DNA. Therefore we take the arbitrary
dimerization rate from Table S4,f a starting concentration of TF
monomer that is 4 times the donor concentration (in accor-
dance with the TF : QD ratio), and use those to approximate the
ratio of TF monomer:dimer in solution. That ratio is used to
scale the starting concentration of monomer and dimer for the
simulation. In all cases, simulations run until equilibrium is
achieved, and we calculate the proportion of donors bound by at
least one acceptor.

Once the proportion of bound donors has been determined,
we scale this to a FRET signal by multiplying by the FRET effi-
ciency of a given species according to the following equation:

6
E= R (12)
nRy® + 16
where R, is the Forster distance at which 50% efficiency is
achieved, n is the acceptor : donor ratio of a species, and r is the
actual distance between donor and acceptor fluorophores. In all

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cases, we use experimental FRET parameters to determine R, as
in the following equation (see eqn (4)):

Ro=V/BxQY xJ (13)

with 8 incorporating the transition dipole orientation factor, «*
and solvent refractive index, n, making this equivalent to eqn
(4), and leaving r as the sole free parameter for tuning efficiency
for a given n.

All parameters for each FRET species are shown in Table S5,
along with their corresponding FRET efficiencies they produce.
When calculating Ry, we again assume that the experimental
FRET parameters in Table 2 are determined for primarily
dimeric TF. This is important as dimeric TF appears to lower the
Qy of the donor in TF-TR. Thus, for bound TF-TR monomers in
configuration A, we substitute Qy of DNA-TR, while keeping J
the same. Conversely, in configuration B, the absorbance
spectra of TF-Cy5 appears bimodal. We hypothesized that this
was also due to differences between monomeric and dimeric
TF-Cy5, and therefore substituted J of the TF-Cy5 monomer with
that of DNA-Cy5. With QY, J, and n, all predetermined, r can be
used to scale the output FRET signals such that the simulations
of experimental DNA affinities saturate at a level similar to those
in the experimental plots.

Our DNA-QD simulation (configuration D) functioned
differently in regard to acceptor : donor ratios. While we still
use the same QY and J as determined experimentally, we obtain
the acceptor : donor ratio, n, by assuming TFs bound to DNAs
on the QD are distributed according to a Poisson distribution,
where the rate parameter, 4, is given by the expected value of TF
monomers bound to a DNA at equilibrium.

For each DNA-QD simulation, we determine the proportion
of QDs having different numbers of TF-Cy5 acceptors (), thus
acceptor : donor ratios. We then convert these to a concentra-
tion of QDs with each acceptor : donor ratio in a given simu-
lation by linear combination of p with the concentration of
bound DNAs. These concentrations of QD are then scaled by the
FRET efficiency with each acceptor : donor ratio as in eqn (12).
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Cy5 cyanine 5

E FRET efficiency

IC5o half maximal inhibitory concentration
LOD limit of detection

QD quantum dot

QY quantum yield

Ry Forster radius

TF allosteric transcription factor

TR Texas Red
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