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We herein describe a novel and efficient method for the detection of protein/small molecule (SM)
interactions, which relies on the protein-induced fluorescence enhancement (PIFE). In this method,
a duplex probe is designed to position Cy3 and SM at the optimal distance to maximize the effect of
PIFE, which is utilized as the key component. In the presence of target proteins that bind to SM, the Cy3
is guided close to the target proteins, which significantly enhances the fluorescence signal through
a process of PIFE. With this approach, we successfully analyzed a model target protein, streptavidin (STV)
that interacts with biotin (BTN) in less than 10 min without any washing steps. In addition, the practical
applicability of this method was demonstrated by reliably determining STV in human serum. Finally, the
universal applicability of this method was demonstrated by monitoring the interaction between folate

rsc.li/rsc-advances and folate receptors.

Introduction

Research on the interaction between proteins and small mole-
cules (SMs) has played important roles in unveiling mecha-
nisms of various biological processes including the cell cycle,
cell development and cell signaling.* In addition, it has made
significant progress in the field of drug discovery, molecular
diagnostics, and therapeutics. For example, the investigation of
the interaction between folate (FA) and folate receptor (FR) has
contributed to the early diagnosis of cancers and the effective
monitoring of the drug response.*® Until now, to monitor the
interaction between proteins and small molecules, several
analytical methods, such as affinity chromatography,” kinetic
capillary electrophoresis,®® electrochemistry'®'* and fluorom-
etry,">® have been utilized, most of which rely on the terminal
protection mechanism in which SM-linked DNA that binds to
the target protein is protected from exonuclease-catalyzed
degradation.'>°

Notably, fluorescent methods have gained considerable
attention due to their intrinsic advantages including simplicity,
robustness, and high sensitivity. The representative example in
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this type of methods is based on Forster resonance energy
transfer (FRET) that exhibits the nanoscale distance-dependent
fluorescence properties.”*?* Although promising, these
methods require target protein labeling, which could cause
conformational changes of target protein. Moreover, the
requirement of two different fluorophores and either
exonuclease-catalyzed digestion or relevant processes to differ-
entiate target protein-bound DNA probe from unbound one,
increases the assay complexity, cost, and time (Table S17). For
these reasons, it is highly desirable to devise a simple but effi-
cient detection method for protein/SM interactions.

Protein-induced fluorescence enhancement (PIFE) is
a phenomenon in which several organic dyes, especially cyanine
dyes, show the increased fluorescence when placed in close
proximity to a protein.>?® It is known that PIFE is more flexible
than FRET in that PIFE employs only a single fluorophore and it
exhibits the higher spatial resolution. Based on this phenom-
enon, the interaction of nucleic acids with proteins such as
polymerase, helicases, and restriction enzymes has been
monitored.>”*® For instance, Valuchova et al. applied PIFE in
order to quantify the interaction of nucleic acids with restriction
enzyme BamHI, and the DNA repair complexes Ku and XPF/
ERCC1.” In recent years, DNA aptamer has been employed in
conjunction with PIFE to devise the sensitive detection
methods.*

In this work, we adopted the unique features of PIFE for the
detection of protein/SM interactions. As a key component,
a duplex probe composed of Cy3 and SM-modified DNAs,
respectively, is rationally designed to precisely control the
distance between target protein and Cy3. In the presence of
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target proteins that bind to SM, Cy3 is placed close to target
proteins, which leads to the significant fluorescence enhance-
ment through a process of PIFE. With the developed strategy, we
successfully detected two model interactions, streptavidin/
biotin (STV/BTN) and FR/FA, verifying its general applicability.
In addition, we confirmed that the proposed assay works fine
even in human serum.

Experimental
Materials

All oligonucleotides used in this study were synthesized from
Bioneer® (Daejeon, Korea) and purified by HPLC. The
sequences of oligonucleotides are listed in Table S2.1 Lysozyme,
papain and human serum were purchased from Sigma-Aldrich
(St Louis, MO, USA). STV and exonuclease I (Exo I) were
purchased from Thermo Fisher Scientific (Waltham, MA, USA)
and New England Biolabs Inc. (Beverly, MA, USA), respectively.
All other chemicals were of analytical grade and used without
further purification. Ultrapure DNase/RNase-free distilled water
(DW) purchased from Bioneer® (Daejeon, Korea) was used
throughout all the experiments.

Procedure for the detection of STV/BTN and FR/FA interaction

The duplex probe (CS3/SSprn; 5 M) composed of CS; (5 uM)
and SSgry (5 M) was first prepared in a 1x protein/SM inter-
action buffer (20 mM Tris-HCl, 50 mM KCl, pH 8.4). Next, 21 uL
of DW, 3 uL of CS3/SSprn (5 uM), 3 pL of 10x protein/SM
interaction buffer, and 3 pL of STV at varying concentrations
or other proteins were mixed in a total volume of 30 uL, which
were then incubated for 10 min at room temperature (RT). The
final concentration of duplex probe was 500 nM. Finally, the
resulting fluorescence signals were measured at an excitation
wavelength of 530 nm. For the detection of FR/FA interaction,
the duplex probe (CS3/SSga; Table S21) was used and subjected
to the same procedure as described above.

Gel electrophoresis analysis for the STV/BTN interaction

The electrophoresis analysis on the reaction products was
carried out with a 15% polyacrylamide gel in 1x TBE for
100 min at 120 V. After staining with GelRed (KOMA BIOTECH,
Seoul, Korea), a gel image was acquired with Gel Doc™ EZ
manager and Image Lab software (Bio-Rad, Hercules, USA).*"*

Determination of STV in human serum

Varying concentrations of STV were spiked into undiluted
human serum. Each sample was then analyzed by following the
same procedure to detect the STV/BTN interaction as described
above. The final concentration of human serum in the reaction
mixture is 10%.

Instrumentation

Fluorescence intensities were measured using a Tecan Infinite
M200 pro-microplate reader (Mnnedorf, Switzerland) and black,
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384-well Greiner Bio-One microplates (ref: 781077, Courta-
boeuf, France).

Results and discussion

Principle for the PIFE-based detection of protein/SM
interactions

The fundamental principle of a new strategy for the detection of
protein/SM interactions is illustrated in Scheme 1. The duplex
probe composed of a 3’-Cy3-modified DNA (CS;) and a 5'-SM-
modified complement (SSgy) is rationally designed to have
the optimal distance between Cy3 and SM to maximize the
effect of PIFE, which is utilized as a key component in the
proposed detection system. In the presence of target protein
that binds to SM, Cy3 in the duplex probe is guided close to
proteins, which significantly enhances the fluorescence of Cy3
via a process of PIFE. Based on the fluorescence signal-on
response, the protein/SM interaction can be detected in
a single step without any washing steps.

Feasibility for the PIFE-based detection of protein/SM
interactions

As a model target, STV/BTN interaction, which exhibits the
exceptionally high binding affinity (K4 = 107" M),*® was
selected and the detection feasibility of the proposed method
was demonstrated by measuring fluorescence emission spectra.
As shown in Fig. 1(a), CS; (i) incubated with either STV (ii) or
SSprw (iii) produced the negligible fluorescence enhancement.
On the other hand, the addition of STV to the duplex probe
composed of CS; and SSgry significantly increased the fluo-
rescence signal (iv) through a process of the PIFE. We also
prepared the control duplex probe composed of CS; and a 5'-FA-
modified DNA (SSg,) instead of SSgry (Table S21). As envi-
sioned, PIFE was not observed in the presence of STV since the
FA does not bind to STV (v and vi in Fig. 1(a) and (b)). Impor-
tantly, STV itself gave no fluorescence (vii) and did not have any
interfering effect on the fluorescence of CS3 (i, ii, v and vi),
confirming that this system is not directly interrupted by STV
itself. In addition, the fluorescence results were supported by
the polyacrylamide gel electrophoresis, which demonstrated the
formation of duplex probe and the complexation of BTN with
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Scheme 1 Schematic illustration of the PIFE-based detection of
protein/SM interactions.
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Fig.1 Feasibility for the PIFE-based detection of STV/BTN interaction.
(a) Fluorescence emission spectra and (b) polyacrylamide gel elec-
trophoresis for the STV/BTN interaction under different conditions. (i)
CSs, (i) CSs + STV, (iii) CS3/SSpTn, (iv) CS3/SSgrn + STV, (V) CS3/SSea, (Vi)
CS3/SSga + STV. In (a), (vii): STV. In (b), M1, M2, and M3 indicate DNA
ladder, SSgrn. and SSga, respectively.

STV (Fig. 1(b)). Overall, these results confirm that the target
protein binds to SM and thus induces the significant increase of
fluorescence signal by PIFE, ensuring the detection feasibility of
this strategy.

Optimization of reaction conditions

We optimized the reaction conditions required for the efficient
analysis of STV/BTN interaction by examining the degree of
fluorescence increase ((F — F,)/Fy) under different conditions.
First, the distance (d) between BTN and Cy3 in the duplex probe
was varied by adjusting d values to find the optimal, spatial
proximity for the effective PIFE. As shown in Fig. S1,f the most
significant fluorescence increase was observed at d = —3, which
matched well with the previous reports.** Next, the incubation
time and temperature for STV/BTN interaction were also opti-
mized. The results in Fig. S27 show that the developed assay is
not very sensitive to the incubation time and temperature, and
thus 10 min and room temperature were selected for the further
experiments.

Detection sensitivity and selectivity

Under the optimized conditions, the analytical sensitivity of the
present system was determined by measuring the fluorescence
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Fig.2 Sensitivity for the PIFE-based detection of STV/BTN interaction.
(a) Fluorescence emission spectra and (b) the degree of fluorescence
increase ((F — Fo)/Fo) in the presence of STV at varying concentrations,
where Fg and F represent the fluorescence intensities at 570 nm in the
absence and presence of STV, respectively. Insets in (a) and (b) shows
the emission spectra and the linear relationship between (F — Fo)/Fo
and STV concentration (Csty), respectively, in the range of 0 to 150 nM.
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intensities at 570 nm (Fs,), an emission maximum of Cy3, as
a function of STV concentration. As shown in Fig. 2, the fluo-
rescence intensities increased with increasing concentrations of
STV and an excellent linear relationship (R> = 0.9891) was
established in the range from 0 to 150 nM by the linear equa-
tion, (F — Fo)/Fy = 0.0007 x Cgpy/nM — 0.0045, where (F — F,)/F,
is the degree of fluorescence increase and Cgry is the concen-
tration of STV. Based on the definition of the limit of detection
(LOD),** 30/S, where ¢ and S are the standard deviation of blank
sample and the slope of the linear relationship, respectively,
LOD was calculated to be 2.93 nM, which is comparable or
higher than those from previous fluorescent methods (Table
S1t). It should be noted that the developed methods do not
require the target protein labeling, organic synthesis of probes,
and the treatment of additional enzyme reactions (e.g., exonu-
clease), which significantly decreases the assay time and
simplifies the assay procedure. In addition, the proposed
approach can be universally applied to the detection of other
protein/SM interactions by simply changing the SM that
matches the target proteins, which was demonstrated by the
detection of FR/FA interactions (Fig. S31). The selectivity of this
method was then evaluated by testing other proteins such as
trypsin, thrombin, papain, lysozyme, and exonuclease I. The
results in Fig. 3 show that STV only leads to the significant
fluorescence enhancement while no noticeable fluorescence
changes are observed in the presence of the other proteins.
These results prove that this system is highly selective to STV,
indicating that PIFE originates from the specific binding of STV
with BTN that places Cy3 in close proximity to STV.

Practical applicability

Finally, the practical applicability of the developed system was
verified by determining STV in human serum. As shown in
Fig. S4,T an excellent linear relationship is made between (F —
Fy)/Fy and Cgry in human serum. Based on this calibration
curve, we determined the concentrations of STV in human
serum with high reproducibility and precision, as evidenced by
the coefficients of variation (CV) (3.45-9.39%) and the recovery
rates (95.17-103.35%) (Table 1). These results suggest that the

-0.2 4

S'II'V Tryinsin Throlmbin Pa;;ain Lysolzymc Exlol

Fig. 3 Specificity for the PIFE-based detection of STV/BTN interac-
tion. The degree of fluorescence increase ((F — Fo)/Fo) in the presence
of STV (500 nM) or other proteins (1 uM), where Fo and F represent the
fluorescence intensities at 570 nm in the absence and presence of
corresponding proteins, respectively.
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Table 1 Determination of STV in human serum®

Added STV

(nM) Measured STV’ (nM) ~ SD° cv? (%) Recovery® (%)
50 47.58 2.74 5.76 95.17

150 155.03 5.35 3.45 103.36

250 248.54 23.35 9.39 99.42

“ To measure the concentration of STV in human serum, a calibration
curve was first created by using standards containing a known
concentration of STV spiked in human serum. Based on this
calibration curve, the concentration of STV in human serum was
determined by measuring the fluorescence at 570 nm from unknown
samples. ” Mean of three measurements. ¢ Standard deviation of

. . .. SD
three measurements. 4 Coefficient of variation = —— x 100.
measured value

added value 100.

¢ Recovery =

proposed method would enable the reliable determination of
STV in real biological samples containing a number of inter-
fering agents.

Conclusions

In this work, we developed a simple and efficient strategy for the
detection of protein/SM interactions based on the PIFE. The
developed system employes a duplex probe rationally designed
to maximize the effect of PIFE in response to the target protein.
With this approach, we detected a model interaction, STV/BTN
in less than 10 min. In addition, its general and practical
applicability were verified by analyzing FR/FA interactions and
reliably determining STV in human serum. Importantly, this
method does not require the organic synthesis of probes,
labeling of target proteins, and additional enzyme treatment,
which overcomes the drawbacks such as complexity, high-cost,
and long analysis time in the previous ones. To the best of our
knowledge, this is the first attempt to adopt the novel
phenomenon of PIFE for the analysis of protein/SM interac-
tions, which would pave the way for the simple and efficient
detection of various biological entities such as small molecules,
proteins, and cells.
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