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Herein, we report a kisscomplex based protein fluorescence assay
(KPFA) method, which employed the formation of a kisscomplex
and the T7 RNA polymerase amplification method, for the assay of
transcription factors with high sensitivity.

Transcription factors (TFs) are a class of DNA-binding proteins
that regulate a variety of essential cellular processes, such as
genome replication, gene transcription, cell division and DNA
repair through their binding and interaction with DNA. Therefore,
owing to the pivotal role of TFs in the regulation of cell develop-
ment, gene expression as well as its close relationship with human
diseases, analyzing multiple TFs can provide more valuable infor-
mation for understanding the mechanisms of cell development,
differentiation, and growth in cellular processes. For this end, a
broad class of methods that can simultaneously analyze multiple
TFs has been developed for the detection of TFs."® Unfortunately,
these strategies for assay TF concentration or binding activity
are generally cumbersome. Therefore, the development of new
methods for general, cost-effective, and sensitive detection of
transcription factors is currently in great demand.

A riboswitch is a regulatory segment located in the 5" untranslated
region (UTR) of mRNA.” " It can regulate gene expression by binding
to a small metabolite."" In a typical riboswitch, there is an aptamer
domain for binding the target and an expression domain. Recently,
riboswitches have attracted great interest for many field studies. For
example, a riboswitch leads to dimerization at the dimerization
initiation site (DIS) of a loop-loop complex for the formation of a
“kissing complex”.>** The “kissing complex” is formatted by the
Watson-Crick pairing of a self-complementary sequence within an
apical hairpin loop. Based on this, Toulmé et al. reported biosensors
which are based on riboswitch kissing complexes for the detection of
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small ligands."* We also reported kissing complex-induced strategies
for the assay of adenosine, adenosine deaminase, DNA and RNA.">'®
These new strategies are new concepts for biosensors and open
opportunities for the design of more novel assay methods based on
the kissing-complex-induced strategy. However, these methods are
strictly based on the negative recognition element in the presence of a
ligand which limits the field of application. To expand the application
of riboswitches and to enrich the applied range of ELISA, it is
desirable to engineer a riboswitch-based assay method and study
the potential application of this method.

Enzyme-linked immunosorbent assay (ELISA) is a common
assay for the detection of antigens in real samples, and it has been
widely used in clinical diagnosis.’” " This method uses an enzyme,
usually peroxidase, to catalyze the conversion of a substrate into a
colored product for quantification.”*”* Classical ELISA is a ligand-
binding assay which requires the screening of a recognition unit
(antibody) in in vitro assays and animal models. However, the
cumbersome acquisition process of antibody selection reduces the
practical applications of ELISA.**° Also, the established ELISA was
highly dependent on the sandwich structure of antibody-antigen—
antibody. The formation of the structure may influence the native
tertiary structure of the protein.*”*" These limitations call for the
development of a new protein assay methodology characterized
by simplicity, sensitivity, and antibody-free.****

In the present work, we develop an ultrasensitive transcrip-
tion factor detection method using the kisscomplex based
protein fluorescence assay (KPFA) by integrating protein-DNA
interaction, the advantage of aptakiss and isothermal expo-
nential amplification in a one-pot reaction. We employed the
microphthalmia-associated transcription factor (MITF), which
is a kind of TF, as the model. In our strategy, the combination of
the duplex DNA and TF can convert DNA1 from the “OFF-state” to
the “ON-state”, in which the aptakiss part of DNAL1 is functional.
The subsequent formation of the aptakiss complex with DNA2
builds a bridge which immobilizes DNA2 on the plate well
surface. The immobilization of DNA2 triggers the amplification
reaction and the recovery of the fluorescence which is detectable
with the help of T7 RNA polymerase.
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Scheme 1 Schematic diagram showing the principle of the kisscomplex based
protein fluorescence assay (KPFA) for the detection of transcription factor.

The method for the detection of MITF by the kisscomplex
based protein fluorescence assay (KPFA) is depicted schemati-
cally in Scheme 1. DNA1 contains four functional domains:
(i) a poly-A spacer is added between the amino-group and the
hybridization part to link DNA1 to the plate well, (ii) a double-
stranded MITF-binding domain (green sequence), (iii) a switch
part for the formation of the kisscomplex (blue sequence between
green parts), and (iv) a hybridization part (blue sequence at the
3’-end). DNA2 also contains four functional domains: (i) a kiss part
for the formation of the kisscomplex (blue part), (ii) a double-
stranded hybridization domain (green sequence), (iii) the sequence
for the T7 RNA polymerase Plus upstream primer hybridization
part (cyan sequence), which will hybridize with the T7 promoter
primer duplex, and (iv) an amplification part (Kelly sequence at the
5’-end). The sequences are listed in Table S1 (ESIT). DNA1 was well
designed in an equilibrium with two conformations: “OFF-state”
and “ON state”. At the “OFF-state”, the switch part is hybridized
with the hybridization part, which leads to the forbidding of
the kisscomplex loop formation. The “ON-state’” formation will
expose the kisscomplex part which exists in a loop form. MITF
binding shifts this equilibrium towards the “ON-state”, activating
the formation of the kisscomplex between DNA1 and DNA2.
The space structures of DNA1 (“OFF state” and “ON state”),
DNA2 and the kissing complex can be found in Fig. S1 (ESIf).
Then the labeled DNA2/T7 promoter primer duplex will generate
thousands of RNA. The binding of the added RiboGreen dyes to
the RNA fragments will generate the fluorescence readout which
reflects the dose of the MITF.

Several important aspects involved in the strategy were
examined. First, we found that the DNA1 density packed on the
surface cannot be too high, because it will reduce the binding
efficiency between MITFs and DNA1. In our system, this may be
caused by the steric hindrance effects of modified DNA1 on the
MITFs. Therefore, we characterized the relationship between the
probe modification density and the fluorescence signal intensity
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Fig. 1 (A) Fluorescence intensity at different concentrations of DNA1
under the conditions of 200 pM MITF, 1 uM DNA2/T7 promoter primer
duplex and 60 units of T7 RNA Polymerase Plus; (B) fluorescence intensity
versus time in the presence of 60 units of T/ RNA Polymerase Plus under
the conditions of 1 uM DNA1, 200 pM MITF and 1 uM DNA2/T7 promoter
primer duplex.

in our experiments. As is shown in Fig. 1A, the maximum
fluorescence signal intensity can be obtained at the DNA1
concentration of 1 uM. Therefore, the plate wells used in this
work are all modified with 1 uM DNA1 solutions. From Fig. 1A
we obtained that the fluorescence intensity increases with
increasing the DNA1 concentration from 0.01 uM to 1 pM. However,
a higher concentration of DNA1 cannot give a higher fluorescence
intensity. This interesting phenomenon may be attributed to the
modified DNA1 steric effect with MITF. Second, we checked the
minimum reaction time of the MITFs combining with DNA1 by
measuring the fluorescence signals in the absence of MITFs.
As shown in Fig. 1B, the maximum fluorescence intensity was
obtained at the incubation time of 30 min. So, 30 min is chosen
for MITF incubation in this work.

Next, we added MITF to investigate the quantitative relation-
ship of the strategy. The fluorescence signal intensity increased
along with the concentration of MITF. The result obtained was
reasonable because a higher concentration of MITF will convert
more DNA1 to the “ON-state”, making more functional DNA1
connected with DNA2 through the aptakiss part, further giving
a higher fluorescence intensity. Fig. 2 shows the fluorescence
intensity of the DNA1/MITF/DNA2 complex, which has been
treated with different concentrations of MITF ranging from 0 to
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Fig. 2 (A) Fluorescence emission spectra at different MITF concentrations
(0,05,1, 25,10, 20, 35, 50, 100, 150, 200, 300, 500, and 1000 pM (from a
to 0)). The inset shows the fluorescence emission of 0, 0.5, 1, and 2 pM
MITF (from a to d). (B) Relationship between the fluorescence intensity and
the concentration of MITF. The inset shows the linear relationship over the
concentration range of 0-200 pM. All the data were obtained from three
independent experiments and error bars denote standard deviations.
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1000 pM. In order to show the relationship clearer, the fluorescence
intensity of the DNA1/MITF/DNA2 complex vs. the logarithms
of the concentration of MITF is also given in Fig. S2 (ESIT).
A linear response of this sensor can be obtained in the range
of 0-200 pM (inset in Fig. 2B) with a correlation equation of
Y = 90.66 + 6.65X (R> = 0.9951), where Y is the fluorescence
intensity and X is the concentration of MITF (picomolar). The
detection limit of 0.23 pM was obtained based on the 3¢ method,
which is lower than those of our previous reports based on the
duplex-specific nuclease based method (1.1 pM)° and other
previous reports (please see Table S2, ESIt). Such a significant
improvement in the detection sensitivity might be attributed to
the high specificity of MITF to DNAL1, high recognition ability of
the two parts of the kisscomplex to each other, and the high
amplification efficiency of the T7 RNA polymerase.

The specificity of the sensing system is an important para-
meter for a method. An excellent detection method should
not only possess good sensitivity but also have good specificity.
The specificity of this assay was further investigated by adding
transcription factor NF-kB p65, carcinoembryonic antigen (CEA),
thrombin, TATA binding protein (TBP), and prostate specific
antigen (PSA) with the same concentration (200 pM) in the
reaction system, respectively, in which DNA1 containing a perfectly
MITF-binding domain was adopted. As shown in Fig. 3, low
fluorescence intensity was detected in the presence of NF-kB
p65, CEA, thrombin, TBP, and PSA, which was slightly higher than
that in the control experiment. The results demonstrated that this
method has a specificity to discriminate target proteins.

The commonly used biosensors are usually inefficient when
detecting proteins in complex biological samples, since the
natural system contains ubiquitous endogenous components
producing a high fluorescence background. To demonstrate the
capability of the proposed method in real sample analysis, we
perform the MITF assay using 10-fold diluted nuclear extract
samples extracted from A549 cell lines. Table 1 shows the experi-
mental results obtained in MITF-spiked nuclear extract samples
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Fig. 3 Fluorescence intensity of the KPFA test of MITF and other proteins,
showing the specificity of the assay. The concentrations of the proteins
were all 200 pM.
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Table 1 Results of the recovery test of MITF in 10-fold diluted
nuclear extracts

MITF

Sample Added (pM) Found (pM) Recovery (%)
1 0 45.68

2 2 47.69 100.5 £ 2.8
3 5 50.42 94.8 £ 2.6
4 10 56.23 105.5 £ 3.5
5 20 67.59 109.6 £ 3.1
6 50 95.35 99.3 £ 2.8
7 100 150.68 105.0 £ 2.6

spiked with seven concentrations (0 pM, 2 pM, 5 pM, 10 pM,
20 pM, 50 pM, and 100 pM,). MITF concentration recoveries of
values 94.8-109.6% were achieved. Therefore, the KPFA exhi-
bits excellent potential to be applied in clinical tests.

To demonstrate the generality of our approach, we designed
a method with just a little change in the sensing sequence of
DNA1 (DNA3 in Table S1, ESIt), instead, for the assay of NF-kB
p65 (p65), a TF present in virtually all eukaryotic cells. We
explored the fluorescence emission spectra in the presence of
different concentrations of NF-xB p65 (Fig. 4A). The results
showed that as the NF-xB p65 concentration increased, the
fluorescence intensity increased according. Fig. 4B shows the
relationship between the fluorescence intensity and the NF-xB
p65 concentration, and the inset shows the calibration curve for
quantitative analysis of NF-xB p65. The intensity was linearly
dependent on the concentration of NF-xB p65 over the range of
0-200 pM by using the equation Y = 99.78 + 6.87X (R*> = 0.9934),
where Y is the fluorescence intensity and X is the concentration of
NF-kB p65, and a detection limit of 0.496 pM could be obtained
according to the responses of the blank tests plus 3 times the
standard deviation (30). To test the specificity of this method, five
proteins (MITF, CEA, thrombin, TBP, and PSA) with the same
concentration (200 pM) were selected as the detection model.
Fig. S3 (ESIt) shows the fluorescence changes for the target NF-kB
p65 and other proteins. These results clearly demonstrate that
the approach shows a high selectivity toward the target TF.

In summary, we have proposed a kisscomplex based protein
fluorescence assay (KPFA) for TFs based on riboswitch and T7
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Fig. 4 (A) Fluorescence emission spectra at different NF-kB p65 concen-
trations (0, 1, 2, 5, 10, 20, 40, 50, 80, 100, 150, 200, 300, 500, and 1000 pM
(from a to 0)). (B) Relationship between the fluorescence intensity and the
concentration of NF-xB p65. The inset shows the linear relationship over
the concentration range of 0-200 pM. All the data were obtained from
three independent experiments and error bars denote standard deviations.
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RNA polymerase amplifications. By taking advantage of the high
amplification efficiency of T7 RNA polymerase, high sensitivities
of MITF and NF-kB p65 are realized with detection limits as low
as 0.23 pM and 0.496 pM, respectively, which are superior or
comparable to those of the previous reports. Furthermore, this
method has also demonstrated some other distinguishing
features. First, this method makes use of the high affinity effect
between protein and DNA interactions and is quite resistant to
nonspecific proteins, thus resulting in high specificity in nuclear
extracts. Second, the application of KPFA could be expanded,
because many DNA duplexes have been found for combing with
proteins. This method could be used for other protein assays by
only changing the protein combing domain in DNA1. Therefore,
this strategy holds great promise as a general and highly
sensitive method for other protein detections and shows great
potential for practical applications in transcription factor-based
early stage cancer diagnosis.
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