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ABSTRACT: A noncovalent RNA complex embedding an
aptamer function and a fluorophore-labeled peptide affords a
fluorescent ribonucleopeptide (RNP) framework for con-
structing fluorescent sensors. By taking an advantage of the
noncovalent properties of the RNP complex, the ligand-
binding and fluorescence characteristics of the fluorescent
RNP can be independently tuned by taking advantage of the
nature of the RNA and peptide subunits, respectively.
Fluorescent sensors tailored for given measurement con-
ditions, such as a detection wavelength and a detection concentration range for a ligand of interest can be easily identified by
screening of fluorescent RNP libraries. The noncovalent configuration of a RNP becomes a disadvantage when the sensor is to be
utilized at very low concentrations or when multiple sensors are applied to the same solution. Here, we report a strategy to
convert a fluorescent RNP sensor in the noncovalent configuration into a covalently linked stable fluorescent RNP sensor. This
covalently linked fluorescent RNP sensor enabled ligand detection at a low sensor concentration, even in cell extracts.
Furthermore, application of both ATP and GTP sensors enabled simultaneous detection of ATP and GTP by monitoring each
wavelength corresponding to the respective sensor. Importantly, when a fluorescein-modified ATP sensor and a pyrene-modified
GTP sensor were co-incubated in the same solution, the ATP sensor responded at 535 nm only to changes in the concentration
of ATP, whereas the GTP sensor detected GTP at 390 nm without any effect on the ATP sensor. Finally, simultaneous
monitoring by these sensors enabled real-time measurement of adenosine deaminase enzyme reactions.

■ INTRODUCTION

Fluorescent biosensors that are able to detect specific ligands
with high sensitivity have been developed from macromolecular
receptors.1 The first step in the construction of fluorescent
biosensors often starts with the search for natural receptors that
possess ideal affinity and selectivity for the target molecule.
Otherwise, a novel receptor with necessary affinity and
selectivity has to be constructed. For conversion of receptors
into fluorescent biosensors, mutants of the receptor are
designed by examination of the position of mutation in which
substrate binding is effectively converted into optical signals
based on the 3-dimensional structural information of the
receptors.2 The sensor that has the desired substrate-binding
and fluorescent properties is then constructed by chemical
modification of the fluorophore to the mutant, followed by
evaluation of its function as a sensor. Fluorescent biosensors
have been developed by various methods based on this general
concept. However, it is still difficult to predict whether a
receptor that is modified by a fluorophore at a specific position
could effectively respond to a ligand of interest at the desired
fluorescent wavelength, even based on detailed 3-dimensional
structural information of the receptor. Indeed, many designed
sensors do not necessarily show desired fluorescent responses.
Moreover, modification of the receptor with a fluorophore

often results in a decrease or loss of the affinity or selectivity to
the substrate.
We previously reported a candidate fluorescent sensor that

utilized a ribonucleopeptide (RNP) framework.3 In this prior
study, an RNA-derived RNP library was prepared by
introducing a randomized nucleotide region as a ligand-binding
domain adjacent to the Rev Responsive Element (RRE) RNA
segment of an RRE-Rev peptide complex4 in a structure-based
manner. An in vitro selection method5 was applied to the RNA-
based RNP library to afford a series of RNP receptors for given
targets.3a−e In the second step, substitution of the Rev peptide
by the fluorophore-modified Rev peptide of the selected RNP
receptor afforded a fluorescent RNP complex that showed
fluorescence intensity changes upon binding to the target
molecule without loss of affinity or selectivity of the parent
RNP receptor. The RNA subunits obtained by the in vitro
selection of the RNP library usually display many kinds of
sequences, even sharing the same consensus sequence. Because
each RNP shows a different affinity to the target molecule,
these RNA subunits are used as a library that binds to the target
with various affinities and structures. On the other hand, a
library of fluorophore-modified Rev peptides is easily
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constructed by modifying the Rev peptide with fluorophores
that have a variety of excitation and emission wavelengths. By
taking advantage of the characteristic of the RNP as a
noncovalent complex, combinations of the RNA subunit library
and the fluorescent Rev library afford a pool of fluorescent
RNPs with various characters. From the fluorescent RNP
library, fluorescent RNP sensors for targets, such as ATP,3c,d

phosphotyrosine residues in defined amino acid sequences,3e

and dopamine,3h were obtained that respond at detection or
excitation wavelengths and have ligand affinities and ligand
concentration ranges of interest. For example, ATP sensors
were obtained with the dissociation constants ranging from 2.2
to 156 μM, and with the detection wavelengths from 390 to
670 nm.
The noncovalent RNP sensor complex is also characterized

by a modular structure in which the ligand-binding RNA
module and the fluorophore-labeled Rev peptide and RRE
RNA complex, a sensing module, are connected through a
spacer RNA. Modular design of fluorescent sensors is therefore
possible by using an existing RNA aptamer as the sensing
module. A GTP-binding RNA aptamer isolated by in vitro
selection is utilized as the ligand-binding module of the RNP
sensor by fusing it to RRE RNA, and successive complexation
with the fluorophore-labeled Rev peptide affords a fluorescent
GTP sensor.3g,i Almost all RNP sensors exhibited fluorescence
quenching upon RNP complex formation and restored their
intrinsic fluorescence after substrate binding.3c−i

This stepwise strategy conveniently provides fluorescent
RNP sensors with various detection wavelengths and detection
ranges for a given target by combination of RNP aptamers and
fluorophore-modified peptides, but the noncovalent config-
uration becomes a disadvantage for practical measurements, for
instance, when the sensor concentration is reduced. Previously
reported bimolecular sensors, such as signaling aptamers6 and
aptamer sensors noncovalently embedded with a fluorophore,7

would face the same situation. In addition, simultaneous
application of multiple noncovalent sensors that consist of the
same Rev/RRE scaffold would suffer from exchanges between
the subunits. Therefore, this system needs an improvement for
its orthogonal usage. Furthermore, development of a strategy to
construct stable fluorescent biosensors will facilitate simulta-
neous detection of two or more cellular signaling molecules at
different detection wavelengths. Such a set of biosensors will be
quite useful for understanding cellular signaling pathways, even
when applied to cellular extracts in vitro.
An effective method to overcome the disadvantages of the

noncovalent character of receptors has been reported for
antibody engineering,8 such as in the modification of
immunoglobulin Fv fragments that form as a result of the
noncovalent complexing of heterodimers of the heavy-chain
variable domain (VH) and the light-chain variable domain
(VL).

9 The stability of Fv fragments was increased by covalently
linking each chain with a disulfide bond10 or connecting VH and
VL proteins with a flexible linker peptide to form a single-chain
Fv molecule.11 This covalent linking strategy would also be
applicable to the modular RNP sensor. A covalent linkage
between the RNA and the peptide subunits is expected not only
to enhance the stability of the RNP complex, but also to
prevent the exchange of the subunits between multiple RNP
sensors.
Here, we report the synthesis of stable fluorescent RNP

sensors by covalently linking the RNA and fluorophore-
modified Rev peptide subunits and demonstrate that the

covalent RNP sensors are capable of detecting multiple ligands
simultaneously in the same solution at different wavelengths
with low sensor concentrations, even in cellular extracts.

■ RESULTS AND DISCUSSION
Construction of Covalently Linked Fluorescent RNP

Sensors. Noncovalent fluorescent RNP sensors for nucleotide
triphosphates were constructed as previously reported.3c To
construct a stable fluorescent RNP sensor, the 3′-terminal of
RNA subunit and the C-terminal of Rev peptide were
covalently tethered by a hydrazone bond formation12 (Figure
1). This reaction has been utilized as an immobilization method

of nucleic acids or proteins to solid supports12a,e,h or as a cross-
linking method of nucleic acids and/or proteins.12f The RNA
subunit of ATP-binding RNP was treated with sodium
periodate to form a 3′-dialdehyde group. A flexible linker
with ten amino acid residues (GGSGGSGGSG) was introduced
at the C-terminal of the Rev peptide, and a hydrazine group was
introduced to the C-terminal. The length of the linker
GGSGGSGGSG was determined by reference to the 3-
dimensional structure of the complex of the Rev peptide and
RRE RNA (Figure S1).4 A linker with seven amino acid
residues (GGSGGSG) seemed too short to tether the Rev
peptide to RRE RNA (Figure S1a). No obvious steric
hindrance was observed for the Rev/RRE complexes with
linker over seven amino acid residues (Figure S1b,c).
Therefore, the linker with ten amino acid residues was utilized
for the covalent linkage between the C-terminal of Rev peptide
and the 3′-end of RRE RNA (Figure S1c).
The noncovalent complexes of fluorescent RNP sensors for

ATP and GTP were converted to covalently linked RNPs to
confirm the above strategy. Among the ATP-binding RNP
receptors with various affinity to ATP selected from the RNP
library,3c A26 RNP was chosen as a representative RNP because
A26 RNP binds to ATP and ATP-derivatives including Ado
with moderate affinities,3c,f which is ideal for the measurement
of the changes in ATP concentration to reduce the interference
from the ATP endogenous to the cellular extracts. In addition,
A26 RNP shows measurable changes in fluorescence intensities
upon binding to the targets with many types of fluorophore
(Pyr, NBD, Cy5, etc.).3c In a similar manner, G23 RNP was

Figure 1. Schematic illustration of the construction of covalently
linked fluorescent RNP sensor. 3′-Ribose of the RNA subunit was
converted to 3′-dialdehyde by treating with sodium periodate. A
flexible peptide linker (GGSGGSGGSG) with a carboxyhydrazine was
introduced at the C-terminal of the fluorophore-modified Rev peptide.
A covalently linked fluorescent RNP sensor was synthesized through a
coupling of these modified RNA and peptide subunits via hydrazone
bond formation.
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chosen from the selected GTP-binding RNP receptors3c

because of its moderate affinity to GTP and fluorescent
response. Purified RNA subunits of these RNPs, A26 RNA and
G23 RNA, were treated with freshly prepared sodium periodate
to modify the 3′-terminal ribose to 3′-dialdehyde by periodate
oxidation. The peptide subunit for the covalent linkage was
synthesized by introducing a peptide linker (GGSGGSGGSG)
at the C-terminus, coupling a fluorophore to the N-terminal of
the Rev peptide, and derivatized to hydrazide by hydrazine
treatment of the resin. 5-Carboxyfluorescein, 1-pyrenesulfonyl
chloride, and Cy5 were conjugated to the N-terminal amino
group of the Rev peptide to give 5FAM-Rev-HZ, Pyr-Rev-HZ,
and Cy5-Rev-HZ, respectively. These peptides were purified by
HPLC and characterized by MALDI-TOF mass spectrometry.
Subsequently, the modified RNA and peptide subunits were

covalently linked together. Coupling reactions of A26 RNA 3′-
dialdehyde and 5FAM-Rev-HZ or G23 RNA 3′-dialdehyde and
Pyr-Rev-HZ were performed in sodium acetate buffer (pH 5.2)
at 37 °C. The resulting covalently linked RNP complex was
purified by phenol-chloroform extraction, ethanol precipitation,
and denaturing PAGE to remove the unreacted RNA and
peptide. The isolated yields of covalently linked RNPs of A26
RNA with 5FAM-Rev-HZ (c-A26/5FAM-Rev) and G23 RNA
with Pyr-Rev-HZ (c-G23/Py-Rev) were 36% and 32%,
respectively. The purities of the covalently linked RNP sensors
were checked by denaturing PAGE (Figure S2). After PAGE
purification and isolation, c-A26/5FAM-Rev and c-G23/Pyr-
Rev were characterized by MALDI-TOF mass spectroscopy. c-
An16/Cy5-Rev and c-G23/5FAM-Rev were prepared using the
same procedure. The coupling yields for the native and
denaturing conditions for the RNP complex were similar to
each other (Figure S3), indicating that the formation of RNP is
not a prerequisite for the reaction.
Fluorescent Responses of the Covalent RNP Com-

plexes. The fluorescence responses of the covalently linked
ATP sensor (c-A26/5FAM-Rev), the covalently linked GTP
sensor (c-G23/Pyr-Rev), and each corresponding noncovalent
derivative (i.e., A26/5FAM-Rev and G23/Pyr-Rev, respec-
tively) were evaluated in the presence of increasing
concentrations of ATP or GTP (Figure 2). Relative
fluorescence intensities (I/I0) of ATP sensors were calculated
by dividing the fluorescence intensity in the presence (I) of
ATP by the fluorescence intensity in the absence (I0) of ATP
(Figure 2). Relative fluorescence intensities were plotted
against the ATP concentration to calculate the dissociation
constant (KD) for the complex between the RNP sensor and
ATP. The saturation value of the change in relative fluorescence
intensity was found to be 1.6 for c-A26/5FAM-Rev (100 nM),
which was similar to the value of 1.7 for A26/5FAM-Rev (1000
nM). KD values for the ATP complexes of c-A26/5FAM-Rev
(100 nM) and A26/5FAM-Rev (1000 nM) were 6.3 and 13.4
μM, respectively (Figure 2a,b). The binding affinity of
covalently linked c-A26/5FAM-Rev was higher than that of
noncovalent A26/5FAM-Rev.
The KD value of the Rev-RRE complex has been shown to be

a few nanomolar at similar buffer conditions to those used in
this study.13 The covalently linked sensor c-A26/5FAM-Rev
provided distinct fluorescent responses, even at 1 nM (Figure
2a). On the other hand, the noncovalent sensor A26/5FAM-
Rev exhibited almost no fluorescent response when the RNP
concentration was reduced to 100 nM (Figure 2b), indicating
that the noncovalent RNP complex was mostly dissociated into
each subunit. Furthermore, the fluorescence response of the

covalently linked sensor c-A26/5FAM-Rev showed higher
tolerance to increasing temperatures, even at a sensor
concentration of 100 nM (Figure 2c), than that of A26/
5FAM-Rev (1000 nM; Figure 2d).
The covalently linked GTP sensor c-G23/Pyr-Rev showed a

higher affinity to GTP than that of the noncovalent sensor
G23/Pyr-Rev (Figure 3a). The I/I0 value for c-G23/Pyr-Rev
and GTP at the saturation was 3.1, which was significantly
higher than that of the parent noncovalent GTP sensor G23/
Pyr-Rev (1.8). Again, the covalently linked sensor c-G23/Pyr-
Rev showed higher tolerance to increasing temperatures
(Figure 3b) than that of G23/Pyr-Rev (Figure 3c).
These results indicated that the noncovalent RNP sensors for

ATP or GTP were converted to a covalently linked RNP sensor
without diminishing sensing functions for ATP or GTP,
respectively. The covalently linked RNP sensor exhibited
much higher stability at low concentrations and maintained
the fluorescence response of individual RNP sensors.

Simultaneous Detection of ATP and GTP by Fluo-
rescent RNP Sensors. Because the fluorophore-modified Rev
peptide binds to a common RRE RNA sequence, a unique
noncovalent RNP sensor must be applied for each separate
sample solution to reduce the possible exchange between
different subunits of multiple RNP species. In contrast, the

Figure 2. Saturation curves for the relative fluorescence intensity
changes of c-A26/5FAM-Rev and A26/5FAM-Rev by titration with
ATP in a buffer containing 10 mM Tris-HCl (pH 7.6), 100 mM NaCl,
10 mM MgCl2, and 0.005% Tween 20. (a) Titration of the ATP-
binding fluorescent RNP complexes c-A26/5FAM-Rev (1 nM, purple
reverse triangles; 10 nM, green triangles; 50 nM, blue squares; 100
nM, red circles) with ATP at 4 °C and (b) A26/5FAM-Rev (50 nM,
purple reverse triangles; 100 nM, green triangles; 500 nM, blue
squares; 1000 nM, red circles) with ATP at 4 °C are shown. (c)
Titration profiles of the ATP-binding fluorescent RNP complexes c-
A26/5FAM-Rev and (d) A26/5FAM-Rev with ATP at different
temperatures (4 °C, red circles; 15 °C, blue squares; 25 °C, green
triangles; 37 °C, purple reverse triangles) are shown. The dissociation
constant (KD) and the maximum relative fluorescence intensity for the
ATP complex of each RNP are shown in the inset.
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covalently linked RNP sensor forms an intramolecular complex
that prevents such an exchange between the subunits, even
when several types of RNP sensors coexist in the solution.
To test this, the covalently linked sensors c-A26/5FAM-Rev

and c-G23/Pyr-Rev were applied to monitor the concentrations
of ATP and GTP in the same solution at different wavelengths.
The ATP sensor c-A26/5FAM-Rev shares the same consensus
sequence with the ATP-binding RNP A26/5FAM-Rev, which
selectively binds ATP over GTP.3f The parent RNP of the
covalent GTP sensor, G23/Pyr-Rev, has been shown to
distinguish GTP from ATP.3c When monitored at 535 nm,
the ATP sensor c-A26/5FAM-Rev responded to concentration
changes in ATP, but not to changes in the concentration of
GTP (Figure 4a), and showed a similar response that was
observed in the absence of the GTP sensor c-G23/Pyr-Rev
(Figure 2a). Similarly, the GTP sensor c-G23/Pyr-Rev
specifically detected GTP at 390 nm without any interference
from ATP and the ATP sensor c-A26/5FAM-Rev in the same
solution (Figure 4b). In contrast, the solution containing both
the noncovalent sensors A26/5FAM-Rev and G23/Pyr-Rev
showed fluorescence responses to both ATP and GTP at the
detection wavelengths of 5FAM and Pyr (Figure 4c,d). This
result suggests that exchange of 5FAM-Rev and Pyr-Rev has
occurred for the noncovalent RNP sensors in the solution.
These results indicate that ATP and GTP in the same solution
are specifically detected by c-A26/5FAM-Rev and c-G23/Pyr-
Rev, respectively, in the presence of other substrate and/or the
other sensor.
The combination of an appropriate RNA subunit of an ATP-

or GTP-binding RNP and a fluorophore-modified Rev peptide

afforded a set of covalently linked fluorescent sensors for the
simultaneous detection of ATP and GTP. By using the RNA
subunit An16 derived from an ATP-binding RNP3a and a Cy5-
modified Rev peptide, the covalently linked RNP sensor c-
An16/Cy5-Rev, which responded to ATP with a KD lower than
200 nM at 670 nm, was obtained (Figure S4a). Likewise,
covalent linking of G23 RNA with a fluorescein-labeled Rev
peptide (5FAM-Rev) afforded c-G23/5FAM-Rev, which
detected GTP at 535 nm with a KD of 2.0 μM (Figure S4b).
When the two sensors exist in the same solution, the ATP
sensor c-An16/Cy5-Rev responded at 670 nm to ATP with a
similar KD value determined under the single sensor condition
(KD < 200 nM) (Figures S4c and S4e). Furthermore, ATP
titration in the presence of equal amounts of GTP did not show
significant interference of GTP (KD for ATP < 200 nM)
(Figure S4 c and e). Similarly, the binding ability of GTP sensor
c-G23/5FAM-Rev to GTP was not interfered in the presence of
ATP sensor (KD = 2.0 μM) and ATP (KD = 2.3 μM). Thus, the
two sensors c-An16/Cy5-Rev and c-G23/5FAM-Rev were
amenable to simultaneous measurement of their respective
ligands at different detection wavelengths in the same solution.
These results demonstrate that simultaneous detection of

multiple ligands is possible by applying covalently linked RNP
sensors that sense their respective ligands at different detection
wavelengths. In addition, a variety of sensors that respond at
the target concentration range with the desired detection
wavelength would be prepared by the combination of an
appropriate RNA subunit and a fluorophore-labeled Rev
peptide.

Figure 3. (a) Saturation curves for the relative fluorescence intensity
changes of c-G23/Pyr-Rev (100 nM, red circles) and G23/Pyr-Rev
(100 nM, blue squares) by titration with GTP in a buffer containing 10
mM Tris-HCl (pH 7.6), 100 mM NaCl, 10 mM MgCl2, and 0.005%
Tween 20 at 4 °C. (b) Titration profiles of c-G23/Pyr-Rev and (c)
G23/Pyr-Rev with GTP at different temperatures (4 °C, red circles; 15
°C, blue squares; 25 °C, green triangles; 37 °C, purple reverse
triangles) are shown. The dissociation constant (KD) and the
maximum relative fluorescence intensity for the GTP complex of
each RNP are shown in the inset.

Figure 4. (a,b) Simultaneous detection of ATP and GTP by covalently
linked ATP and GTP sensors at different wavelengths in the same
solution. A solution containing both the ATP sensor c-A26/5FAM-
Rev (100 nM) and the GTP sensor c-G23/Pyr-Rev (100 nM) in the
presence of 100 μM ATP and/or 100 μM GTP was measured at (a)
535 nm or at (b) 390 nm at 4 °C to selectively detect ATP or GTP.
(c,d) Fluorescence responses of noncovalent ATP and GTP sensors at
different wavelengths in the same solution in the presence of ATP,
GTP, or both ATP and GTP. A solution containing both the ATP
sensor A26/5FAM-Rev (1000 nM) and the GTP sensor G23/Pyr-Rev
(1000 nM) in the presence of 100 μM ATP and/or 100 μM GTP was
measured at (c) 535 nm or at (d) 390 nm at 4 °C under the mixing
condition.
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Simultaneous Detection of a Substrate and a Product
in an Enzymatic Reaction by Covalently Linked
Fluorescent RNP Sensors. Covalent RNP sensors were
next applied for real-time monitoring of an enzymatic
conversion of adenosine (Ado) to inosine (Ino) catalyzed by
adenosine deaminase (ADA; Figure 5a).14 In order to monitor

the concentration changes of Ado and Ino in the same solution
at different wavelengths, c-A26/5FAM-Rev and c-G23/Pyr-Rev
were utilized. ATP sensors can recognize Ado with similar
affinity and fluorescence response to ATP3f (Figure S5).
Covalently linked c-G23/Pyr-Rev was used for Ino detection in
this assay because the parent G23/Pyr-Rev showed moderate

affinity and sufficient relative fluorescence intensity changes to
Ino, and importantly, G23/Pyr-Rev possessed distinct
selectivity to Ino over Ado in our GTP-binding RNPs.3c

Titration analyses for each sensor revealed that c-A26/5FAM-
Rev responded specifically to changes in Ado concentrations at
535 nm, with a KD of 11.4 μM (Figure 5b), while c-G23/Pyr-
Rev monitored Ino concentrations at 380 nm, with a KD of 108
μM (Figure 5c). The GTP sensor c-G23/Pyr-Rev showed
much lower affinity to Ino than that to GTP, but exhibited a
distinctive selectivity to Ino over Ado (Figure 5c).
Next, the covalent sensors c-A26/5FAM-Rev and c-G23/Pyr-

Rev were mixed in a solution containing Ado (100 μM). After
incubation for 30 min at 15 °C, ADA (0.1 mU) was added to
the solution to start the reaction. When monitored at 535 nm,
the fluorescence intensity of the ATP sensor c-A26/5FAM-Rev
decreased with the reaction time, indicating that c-A26/5FAM-
Rev responded to decreases in Ado concentrations (Figure 5d).
Measurement of the fluorescence intensity of c-G23/Pyr-Rev at
380 nm showed a gradual increase with incubation time, which
corresponded to the time-dependent production of Ino. The
reaction of ADA was also evaluated by HPLC to quantitatively
assess the consumption of Ado and the production of Ino
(Figures S6 and S7). Quantification of the peak area of each
nucleoside (i.e., Ado and Ino) in the enzymatic reaction
afforded actual changes in the concentrations of each
nucleoside. The fluorescence intensity changes monitored by
the RNP sensors were also converted to time-dependent
concentration changes for Ado and Ino using the quantitative
titration curves (Figure S8).
These time-course profiles were overlaid to compare changes

in the concentrations of Ado and Ino as obtained by HPLC and
RNP sensors (Figure 5e). Both profiles for changes in Ado
concentrations obtained by the RNP sensor and the HPLC
analysis were almost identical, other than the initial phase (up
to 30 min) of the enzymatic reaction. In addition, the time-
course profile for the formation of Ino monitored by c-G23/
Pyr-Rev was also almost identical to the profile obtained by
quantitative HPLC analysis. Therefore, time-dependent
changes in the concentrations of Ado and Ino in the ADA
reaction were simultaneously quantified using the covalent
sensors c-A26/5FAM-Rev and c-G23/Pyr-Rev, respectively,
across the range of times and substrate concentrations studied.
Thus, this covalent strategy for generating RNP sensors

afforded multiple fluorescent detecting system that were
suitable for monitoring the conversion process within a given
concentration range. Further practical employment of the
covalent RNP sensors including the real-time monitoring of
other enzymatic reaction process, will be promised by
preparation of RNA subunit with various characteristics such
as the specificity and/or selectivity toward ligands.

Enhancement of the Stability of Covalent RNP
Sensors in Cellular Extracts. The covalent linkage of RNP
subunits increased the thermodynamic stability of RNP. At the
same time, such a modification was expected to enhance the
tolerance of RNP to degradation in cellular culture media. To
evaluate the stability of the covalent RNP sensor in the cellular
media, the covalent ATP sensor was titrated by ATP in HeLa
cell extracts at ambient temperature. An ATP-binding RNP
receptor (A26/Rev) with a moderate KD value3a was utilized for
the titration experiments to reduce the interference from the
ATP endogenous to the cellular extracts (Figure 6a).
The noncovalent A26/5FAM-Rev complex showed higher

stability than A26RNA alone in the cell extract at 4 °C,3e but an

Figure 5. (a) Conversion of adenosine (Ado) to inosine (Ino)
catalyzed by adenosine deaminase (ADA). The covalently linked RNP
sensors for ATP and GTP responded to changes in the concentrations
of Ado and Ino, respectively. Saturation curves for the relative
fluorescence intensity changes of c-A26/5FAM-Rev and c-G23/Pyr-
Rev by Ado and Ino in a buffer containing 10 mM Tris-HCl (pH 7.6),
100 mM NaCl, 10 mM MgCl2, and 0.005% Tween 20 at 15 °C are
shown. Titration analyses were performed for (b) c-A26/5FAM-Rev
(100 nM) and (c) c-G23/Pyr-Rev (100 nM) with Ado (circles) or Ino
(squares). Observed equilibrium dissociation constants (KD) and the
maximum relative fluorescence intensity change (I/I0) are shown in
the inset. (d) Time-dependent changes in the fluorescence intensities
of the covalent sensors c-A26/5FAM-Rev (circles) and c-G23/Pyr-Rev
(squares), which monitored the conversion of Ado to Ino by ADA. (e)
Overlay plots of time-dependent changes in the concentrations of Ado
and Ino were quantified by the covalently linked RNP sensors c-A26/
5FAM-Rev and c-G23/Pyr-Rev and by HPLC. HPLC quantification
data were converted to the corresponding concentrations of Ado (pink
filled triangles) and Ino (purple filled diamonds). Fluorescence
intensity changes of c-RNP sensors were converted to changes in
the concentrations of Ado (red open circles) and Ino (blue open
squares) using their respective titration curves (Figure S8).
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incubation of A26/5FAM-Rev in HeLa cell extracts at ambient
temperature for 30 min led to a complete loss of the
fluorescence response to the ATP titration (Figure 6a). In
contrast, c-A26/5FAM-Rev in the cell extract at ambient
temperature responded to ATP with a KD of 107 μM and
revealed a relative fluorescent intensity change of more than
1.3-fold (Figure 6a); these values were comparable to those
obtained under buffered conditions (Figure 2c). The slight
increase in the KD value of c-A26/5FAM-Rev to ATP in the cell
extract may reflect that a small portion of RNP was degraded or
that the sensing properties of the complex were affected by the
factors in the cell media. A time course of changes in the
fluorescence intensities of covalent and noncovalent sensors in
the cell extracts was evaluated to assess the stability of the
complexes (Figure 6b). Even after incubation for 120 min in
the cell extract, c-A26/5FAM-Rev retained a sufficient response
to ATP. These results indicated that the covalent linkage
between the two subunits of the fluorescent RNP sensor
enhanced the ability of the sensor to detect its target in cellular
extracts at ambient temperature. The modification of the 3′-end
of RNA would reduce the reactivity of 3′-exo-ribonucleases,15
and the covalent linkage between the C-terminal of Rev and the
3′-end of RNA enhances the stability of Rev-RRE RNA, which
in turn prevents the endonuclease reaction to some extent. The
covalent modification thus converted the RNP sensor to a
usable sensor for fluorescent sensing under physiological
conditions.

■ CONCLUSION
Fluorescent sensors with optical characteristics tailored for
given measurement conditions, such as the detection (or
excitation) wavelength and ligand concentration range, are
easily obtained from fluorescent ribonucleopeptide (RNP)
libraries by taking advantage of the noncovalent properties of
RNP complexes.3a,d,e The noncovalent configuration of the
RNP needs an improvement for practical measurements, for
instance, when one would like to reduce the sensor
concentration or to apply multiple sensors in the same solution.
For this purpose, formation of a covalent linkage between the
ligand-binding RNA and the fluorophore-modified peptide
provides a stable RNP sensor. Covalently linked RNP sensors
showed enhanced thermostability and enabled the detection of
ligands at lower concentrations of sensors, even in cell extracts.

Application of the covalently linked ATP and GTP sensors
enabled the simultaneous real-time quantification of Ado and
Ino in the reaction catalyzed by ADA. Each sensor responded
exclusively to its ligand and permitted the simultaneous
detection of changes in the concentration of ligands induced
by an enzymatic reaction in the restricted concentration range.
Because the combination of RNA and a fluorophore-modified
peptide library afforded fluorescence responses in various
concentration ranges, this strategy provided an appropriate set
of fluorescent sensors for the detection of multiple ligands in
the desired concentration range. Once a fluorescent RNP
sensor with a desired property is obtained, the covalent linking
strategy reported here allows development of fluorescent RNP
sensors for simultaneous detection of multiple ligands by
monitoring each wavelength corresponding to the respective
ligand.
Unlike the RNA-based aptamer sensors, the covalently

modified RNP sensors cannot be in situ generated inside the
cell. However, the cell-permeable Rev peptide might be utilized
to translocate the sensor into the cell. The covalently linked
RNP sensors studied here show moderate relative fluorescence
intensity changes of 1.2−3-fold upon binding the substrate.
Because the fluorescent sensors with such moderate relative
intensity changes were utilized as detection tools of signaling
molecules in the cell,16 further optimization in the response and
stability of covalently linked RNP sensors would open their
application in the cell.

■ MATERIALS AND METHODS
Pyrobest DNA polymerase for PCR reactions was obtained from
TaKaRa Bio Inc. (Shiga, Japan), and the AmpliScribe T7 Kit for RNA
preparation was from Epicentre (Madison, WI). N-α-Fmoc-protected
amino acids, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), 1-hydroxybenzotriazole (HOBt),
N,N-diisopropylethylamine (DIEA), distilled N,N-dimethylformamide
(DMF), diisopropylcarbodiimide (DIC), and N,N-dimethyl-4-amino-
pyridine (DMAP) were obtained from Watanabe Chemical Industries
(Hiroshima, Japan). Dichloromethane (DCM) and HPLC-grade
acetonitrile were purchased from Nacalai Tesque (Kyoto, Japan). 5-
Carboxyfluorescein N-succinimidyl ester and 1-pyrenesulfonyl chloride
were from Life technologies, Molecular Probes (Grand Island, NY).
Cy5 mono NHS ester was from GE Healthcare Japan Inc. (Tokyo,
Japan). 4-Hydroxymethylbenzoic acid PEGA resin (HMBA-PEGA
resin) was from Merck, Novabiochem (Darmstadt, Germany). A
reversed-phase C18 column (20 × 250 mm, Ultron VX Peptide;
Shinwa Chemical Industries, Kyoto, Japan) and a RESOURCE-RPC
column (3 mL, GE Healthcare) were used for purification of peptides
for preparative purposes. Dulbecco’s modified Eagle’s medium
(DMEM) was obtained from Sigma-Aldrich (St. Louis, MO). Trypsin
was purchased from Life technologiesTM, Gibco (Grand Island, NY).
Streptomycin was purchased from Meiji Seika Pharma, Co., Ltd.
(Tokyo, Japan). Sodium periodate, hydrazine, gel electrophoresis
grade acrylamide, bisacrylamide, phenol, thioanisol, 1,2-ethanditiol,
and fetal bovine serum (FBS) were purchased from Wako Chemicals
(Tokyo, Japan).

Construction of Noncovalent Fluorescent RNP Sensors. An
RNA library was constructed with a randomized region containing up
to 40 nucleotides adjacent to the RRE region and was added to the
Rev peptide to afford an RNP library (RRENn RNP library), as
described previously.3e ATP-binding RNP receptors were isolated
from the RREN30 RNP library or the RRENn RNP library by in vitro
selection as described.3c,f The nucleotide sequences used in this paper,
except the RRE region, were as follows: A26, 5′-UUCCGGUAGUG-
GUUGUGUGUGUGCGGUUUU-3′; G23, 5′-UGGAGCGGCUU-
GUUGCGGAGUGUCUACUUG-3′; An16, 5′-CGUAGUGGUGU-
GUGUGUGG-3′.3c For the conversion of RNP receptors to

Figure 6. (a) Titration analyses of noncovalent A26/5FAM-Rev (200
nM, open triangles) and covalent c-A26/5FAM-Rev (200 nM, open
circles) following addition of ATP in HeLa cell extracts upon
incubation for 30 min at ambient temperature. (b) Evaluation of the
stabilities of A26/5FAM-Rev (red bars) and c-A26/5FAM-Rev (blue
bars) in HeLa cell extracts. Each sensor was mixed with ATP (1 mM)
and incubated in HeLa cell extracts at ambient temperature for the
indicated times. The change in relative fluorescent intensity was
measured by a Wallac ARVOsx 1420 multilabel counter (Perkin-
Elmer).
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noncovalent fluorescent RNP sensors, the RNA subunit of the RNP
receptor was combined with the fluorophore-modified Rev peptide to
form a noncovalent complex.3c

Construction of a Stable Fluorescent RNP Sensor by the
Covalent Linking Method. RNA subunits of RNP receptors were
purified by denaturing 8% polyacrylamide gel electrophoresis. The
purified RNA subunit was treated with freshly prepared sodium
periodate to convert the cis-diol of the 3′-terminal ribose to 3′-
dialdehyde by periodate oxidation.12 Freshly prepared 50 equiv of 0.01
M sodium periodate (10 μL; 100 nmol) was added to 100 μM RNA
(20 μL; 2 nmol) in 32 μL of 0.01 M sodium phosphate (pH 7.5), and
the reaction mixture was incubated for 1 h at 37 °C in the dark. After
the reaction, an excess of sodium periodate was reduced by adding
glycerol (final concentration 1 M), and the resulting oxidized RNA
was purified by ethanol precipitation.
The peptide subunit for the formation of a covalent linkage was

synthesized by introducing a fluorophore to the N-terminus and the
peptide linker (GGSGGSGGSG) with a hydrazide group at the C-
terminus of the Rev peptide TRQARRNRRRRWRERQR
GGSGGSGGSG. The modified peptide was synthesized as follows.
A 4-hydroxymethylbenzoic acid PEGA resin (HMBA-PEGA resin;
Novabiochem) was placed in a dry flask, and a sufficient amount of
DMF was added to soak the resin; this mixture was allowed to swell
for 30 min. N-α-Fmoc-glycine (10 equiv relative to resin loading) was
dissolved in dry DCM with 1 or 2 drops of DMF and then mixed with
a solution of DIC (5 equiv relative to resin loading) in dry DMF on
ice. After incubating for 20 min, DCM was removed by evaporation
under the reduced pressure. The residue was dissolved by minimum
volume of DMF and added to the resin prepared above. A DMF
solution of DMAP (0.1 equiv relative to resin loading) was added to
the resin/amino acid mixture and incubated at room temperature for 1
h with occasional swirling. This first attachment procedure was
repeated twice. The resin with the first amino acid was loaded onto an
automated peptide synthesizer (PSSM-8; Shimadzu, Kyoto, Japan),
and the subsequent synthesis was performed according to Fmoc
chemistry protocols using protected Fmoc-amino acids and HBTU. A
fluorophore with an activated group (5-carboxyfluorescein N-
succinimidyl ester, 1-pyrenesulfonyl chloride, or Cy5 mono NHS
ester) was directly coupled to the Fmoc-deprotected synthetic peptide
on the resin. The fluorophore-labeled peptide was cleaved from the
resin with 0.1 M hydrazine hydrate in DMF for 30 min at room
temperature, washed with DMF, precipitated by ether, and then
deprotected by a solution containing phenol (0.75 g), distilled water
(0.5 mL), thioanisol (0.5 mL), 1,2-ethanditiol (0.25 mL), and TFA
(10 mL) for 3 h. The N- and C-terminal modified peptide was gel
filtrated with a G-10 resin, purified by reversed-phase HPLC, and
characterized by MALDI-TOF mass spectrometry (AXIMA-LNR,
Shimadzu) as follows: 5-carboxyfluorescein-modified Rev peptide
hydrazide (5FAM-Rev-HZ), m/z 3471.8 (calcd for [M+H]+ 3471.7);
pyrene-modified Rev peptide hydrazide (Pyr-Rev-HZ), m/z 3376.1
(calcd for [M+H]+ 3376.6); Cy5-modified Rev peptide hydrazide
(Cy5-Rev-HZ), m/z 3747.3 (calcd for [M+H]+ 3747.9).
A coupling reaction between the 3′-modified RNA (50 μM) and

fluorophore-modified Rev-HZ (75 μM) was performed in 0.02 M
sodium acetate (pH 5.2) containing 0.01 M NaCl (total 40 μL) at 37
°C in the dark. After 5 h, the reaction mixture was extracted by phenol-
chloroform and then purified by ethanol precipitation. The precipitate
was dissolved in 0.01 M sodium phosphate (pH 7.5) containing 0.1 M
NaCl (40 μL). The sample solution was treated with a cation-exchange
resin (SP Sepharose Fast Flow, GE Healthcare) for 30 min at ambient
temperature to remove the excess peptide, and the unbound fraction
was collected to obtain a covalently linked RNP complex. The sample
solution was purified by 15% denaturing PAGE (6 M urea) and was
subsequently quantified by measuring the absorption at 260 nm (A26
ε = 541 600 M−1 cm−1, G23 ε = 538 000 M−1 cm−1, An16 = 439 500
M−1 cm−1). As a result, about 50 μL of 15 μM covalently linked RNP
complex (c-A26/5FAM-Rev, c-G23/Pyr-Rev) was recovered (yield:
30−40%). c-An16/Cy5-Rev and c-G23/5FAM-Rev were prepared
using the same procedure (yield: 75%).

MALDI-TOF MS Analysis of the Covalent RNP Complex. The
covalently linked RNP complex was analyzed by a MALDI-TOF mass
spectrometer (AXIMA-LNR, Shimadzu). A sample solution was
desalted by a Sep-Pak C18 column (Waters), and a matrix solution
was prepared with 0.07 M 3-hydroxypicolinic acid and 0.07 M
diammonium hydrogen citrate in acetonitrile/H2O (v/v: 1/1) for
negative mode and with 2′,4′,6′-trihydroxyacetophenone monohydrate
and diammonium hydrogen citrate in acetonitrile/H2O/EtOH (v/v:
5/50/45) for positive mode. The sample solution was mixed with the
matrix solution at a 1:1 (v:v) ratio on the MALDI sample plate and
allowed to air-dry. Calibration of the instrument was carried out using
oligodeoxynucleotides (molecular weights: 9145.8, 14 547.6, and 18
204.0) as external standard samples. Each mass spectrum was
representative of an average of about 50 laser shots, and the laser
power density was held constant at near threshold power density
throughout these investigations. c-A26/5FAM-Rev: M+ calcd 21557.3,
found 21410.7; c-G23/Pyr-Rev: M+ calcd 21507.4, found 21333.6
(Figure S9).

Fluorescence Measurements on the Microplate. Fluorescence
measurements in 96-well plates were performed on a Wallac ARVOsx
1420 multilabel counter or Tecan Infinite M200 plate reader. A
binding solution (100 μL) containing noncovalent or covalent
fluorescent RNPs in 10 mM Tris-HCl (pH 7.6), 100 mM NaCl, 10
mM MgCl2, and 0.005% Tween 20 with an indicated amount of
substrate was gently swirled for a few minutes and allowed to sit for 30
min at the indicated temperature. Emission spectra were measured
with an appropriate filter set for each fluorophore. Respective
excitation and emission wavelengths were Pyr-Rev (350, 390 nm),
5FAM-Rev (485, 535 nm), and Cy5-Rev (650, 670 nm).

Determination of Ligand-Binding Affinity. The ligand-binding
affinity of fluorescent RNP was calculated by fitting the ligand titration
data using the following equation:

= + + +

− + +

−
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where Fobs is the observed fluorescence intensity with each
concentration of substrate, A is the increase in fluorescence at
saturating substrate concentrations (Fmax − Fmin), KD is the equilibrium
dissociation constant, and [FRNP]T and [substrate]T are the total
concentrations of fluorescent RNP and the substrate, respectively.

Simultaneous Detection of ATP and GTP in the Same
Solution. Samples were prepared by mixing c-A26/5FAM-Rev (100
nM) and c-G23/Pyr-Rev (100 nM), or A26/5FAM-Rev (1000 nM)
and G23/Pyr-Rev (1000 nM), and the indicated substrates in 10 mM
Tris-HCl (pH 7.6), 100 mM NaCl, 10 mM MgCl2, and 0.005% Tween
20. The samples were incubated for 30 min at 4 °C. When two
noncovalent sensors were applied in the same solution, each
noncovalent sensor was incubated in an independent tube for 30
min at 4 °C to secure the complex formation, then the solution
containing the noncovalent sensor was added to the assay solution and
incubated for 30 min at 4 °C. Fluorescence intensities were recorded
on a Tecan Infinite M200 plate reader. The excitation wavelengths
were 485 nm for 5FAM-Rev, 350 nm for Pyr-Rev, and 650 nm for
Cy5-Rev. The emission wavelengths were 535 nm for 5FAM-Rev, 390
nm for Pyr-Rev, and 670 nm for Cy5-Rev and were used for the
determination of relative fluorescence intensity.

Simultaneous Detection of a Substrate and a Product in an
Enzymatic Reaction by Covalently Linked Fluorescent RNP
Sensors. A sample was prepared by mixing c-A26/5FAM-Rev, c-G23/
Pyr-Rev, and 100 μM Ado in 10 mM Tris-HCl (pH 7.6) containing
100 mM NaCl, 10 mM MgCl2, and 0.005% Tween 20. The sample
was incubated for 30 min at 15 °C, and then 0.1 mU of ADA was
added to start the reaction. For the detection of changes in the
concentrations of Ado and Ino, the fluorescence intensities were
measured with Hitachi a F-4500 fluorescence spectrofluorophotometer
with an excitation and emission bandwidth of 5 nm (ex.: 485 nm, em.:
535 nm for 5FAM-Rev; ex.: 350 nm, em.: 380 nm for Pyr-Rev) with
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reaction time. Amounts of the reacted substrate (Ado) and product
(Ino) were converted using the standard curves calculated from the
results of fluorescence spectroscopy of each substrate with the known
concentration (Figure S8). The actual amounts of Ado and Ino with
the reaction of ADA were measured by HPLC analysis for comparing
to the results traced by the cRNP sensors (Figures 6b, S6, and S7).
Preparation of HeLa Cell Extracts. HeLa cells were seeded on

15-cm dishes and cultured in DMEM supplemented with 10% FBS,
penicillin (30 units/mL), and streptomycin (30 μg/mL) at 37 °C in a
humidified atmosphere consisting of 5% CO2 and 95% air. After a 3-
day culture, cells were harvested (total 2.5 × 108 cells). The pelleted
cells were suspended in a binding buffer (10 mM sodium phosphate,
pH 7.6, containing 100 mM NaCl, 10 mM MgCl2, and 0.005% Tween
20) and sonicated for 10 min to obtain the cell lysate.17 The efficiency
of the cell homogenization was checked microscopically for cell lyses.
The whole cell lysate was centrifuged at 12000g for 15 min. The
supernatant was then passed through a 0.45 μm filter, and the protein
concentration was measured by an RC DC protein assay kit (Bio-Rad,
Hercules, CA). For a typical sample solution, the total protein of the
supernatant was diluted to a final concentration of 1.0 mg/mL.
Titration Analysis of the RNP Sensors in HeLa Cell Extracts.

Noncovalent A26/5FAM-Rev and covalent A26/5FAM-Rev (0.2 μM)
were titrated with given concentrations of ATP in HeLa cell extracts.
After 30, 60, or 120 min incubations, fluorescence measurements were
performed in a Wallac ARVOsx 1420 multilabel counter (Perkin-
Elmer) at 25 °C. Emission intensities were measured with a filter set
for the fluorescein chromophore (ex.: 485 nm, em.: 535 nm).
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