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Fluorophore Binding Aptamers as a Tool for RNA Visualization
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Department of Chemistry, Institute of Biochemistry and Molecular Biology, University of Hamburg, 20146 Hamburg, Germany

ABSTRACT Fluorescence correlation spectroscopy (FCS) is suitable for the detection of fluorescent molecules in living cells.
For the visualization of mRNA, we genetically fused a fluorophore-specific RNA aptamer to the coding mRNA of the green fluo-
rescent protein, as well as to noncoding sequences. Using these constructs, we showed that the aptamer portion of the mRNA
still binds the fluorophore in the nanomolar range as determined via FCS. Furthermore, the binding took place in the context of
total RNA extract. A tandem construct of the RNA aptamer even exhibited a lower Kd than the monomer. This FCS-based method
establishes a tool for minimal invasive detection of RNA at the single molecule level in individual living cells.
INTRODUCTION

The localization and investigation of endogenous mRNAs in

living cells is an important tool, because the subcellular local-

ization of mRNA plays a key role in the regulation of different

processes like morphogenesis, cell migration, and memory

formation (1–3). Because there is no RNA molecule known

with an intrinsic fluorescence like green fluorescent protein

(GFP) for proteins, indirect methods have been used to

analyze the localization of RNA transcripts in living cells.

With the help of molecular beacons (4–6) or fluorescently

labeled mRNA (7–9), different RNAs could be visualized in

living cells and oocytes. Fluorescent proteins fused to RNA

binding proteins like MS2 coat protein (10,11), PUMILIO1

(12), or RNA aptamer-binding proteins (13) were used to

tag mRNA, allowing for real-time imaging in bacteria, yeast,

and human cells. For the study of the subcellular localization,

transport, metabolism of RNA, and interactions of RNA

molecules with other components, e.g., in RNA interference,

the relative size of the protein tags is enormous and adds up to

27–270 kDa for a single GFP protein and the MS2 coat protein

tag, respectively. A reduction of size for the tag would be

achieved by using fluorophore binding aptamers (14), which

weigh <2 kDa. The aptamer SRB2m binds the fluorophore

sulforhodamine B with high specificity and affinity (15).

Interactions of aptamers with their fluorescent target can be

monitored via fluorescence correlation spectroscopy (FCS)

(16), and this method is capable of detecting down to ~40 nM

RNA in real time (17). FCS analysis showed an increase in

diffusion time of sulforhodamine B on binding to SRB2m

(A. Werner, unpublished data). Therefore, SRB2m seems to

be suitable for monitoring RNA dynamics at the single mole-

cule level.

The aim of this work was to further investigate the potential

applications of the RNA aptamer SRB2m for fluorescent

labeling of RNA. Different fusion constructs of the aptamer
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were produced by in vitro transcription and analyzed by FCS.

The fusion constructs of SRB2m with vector-derived noncod-

ing RNA or enhanced green fluorescent protein (EGFP)-

coding mRNA still bind their target, sulforhodamine B. Even

in the presence of total RNA from mammalian cells, binding

was retained.

MATERIALS AND METHODS

Plasmid constructs

Synthetic DNA of SRB2m, including a T7 promoter, was used as a template

for polymerase chain reaction (PCR) amplification. Corresponding restric-

tion sites were introduced with primer Pf EcoRI (50 CCATGAATTCGGA

ACCTCGCTTCGGCG 30) and Pr NotI (50 GTTAACCGCCTCAGGTTCC

GCGGCCGCATGG 30) with subsequent cloning of the PCR product into

pcDNA3.1(þ) (Invitrogen, Karlsruhe, Germany). For the tandem SRB2m

construct, SRB2m was provided with a short linker and adjacent restriction

sites using the primer Pf BamHI (50 CCATGGATCCGGAACCTCGCTTC

GGCG 30), Pr EcoRI long (50 CCATGAATTCCCGAGCTCGGATAAAAA

AAAAAGGAACCTGAGGCGGTTAAC 30), and Pr EcoRI short (50 CCAT

GAATTCCCGAGCTCGGAT 30). The PCR product was then cloned into

pcDNA3.1-SRB2m to produce a tandem orientation of SRB2m with a linker

sequence in between (50 TTTTTTTTTTATCCGAGCTCGG 30) to allow

proper folding of the aptamer. For construction of pcDNA3.1-EGFP-

SRB2m, EGFP was excised from pEGFP-N1 (Clontech, Heidelberg,

Germany) by PstI and NotI and cloned into pUC18 (Fermentas, St. Leon-

Rot, Germany). To eliminate a Cfr9I restriction site in pUC18-EGFP,

a PaeI/BshTI restriction was carried out. Resulting overhangs were degraded

by mung bean nuclease before blunt end ligation. The SRB2m gene insert

was generated by four complementary oligonucleotides (50 CCGGGGGAA

CCTCGCTTCGGCGATGATG 30, 50 GAGAGGCGCAAGGTTAACCG

CCTCAGGTCCG 30, 50 CCCTTGGAGCGAAGCCGCTACTACCTCTCC

GCGTTCCA 30, and 50 ATTGGCGGAGTCAAGCTTAA 30) that were

assembled into the SRB2m gene with flanking Cfr9I and EcoRI restriction

sites to allow cloning in the 30 UTR of EGFP in pUC18-EGFP. The resulting

EGFP-SRB2m insert was cloned into pcDNA3.1(þ) using HindIII and

EcoRI restriction sites. All constructs were verified by DNA sequencing.

T7 transcription and purification of RNA

RNA was transcribed in vitro with T7 RNA polymerase. After DNaseI treat-

ment, transcripts smaller than 1000 nt were purified on a denaturing 8 M urea

8% polyacrylamide gel or with Micro Bio-Spin P30 columns (Biorad, Mu-

nich, Germany) if only the expected transcripts were obtained. T7 transcripts
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larger than 1000 nt were purified on a 2% formaldehyde agarose gel. DNA

templates for the in vitro synthesis of the aptamer fusion constructs were

generated either by PCR with the primer Pf T7 (50 TCTAATACGACTCAC

TATAGG 30) and Pr BGH (50 CATTTTATTAGGAAAGGACAG 30) or by

linearizing pcDNA3.1-SRB2m with NotI or pcDNA3.1-EGFP-SRB2m with

Eco147I (1395 bp downstream of SRB2m). Folding of the RNA was done in

10 mM NaHepes pH 7.4, 100 mM KCl by heating to 70�C for 10 min, fol-

lowed by cooling down on ice for 30 s with the addition of 5 mM MgCl2.

Finally, the samples were incubated 1 h at room temperature and centrifuged

14,000 � g to remove possible aggregates.

Secondary structure analysis

Secondary structure of RNAs were analyzed by Mfold (18,19).

FCS

The principle of FCS is the detection of fluorescence intensity fluctuations

dF(t) in a well-defined femtoliter-sized confocal detection volume (20,21).

The fluctuations are induced by fluorescent particles diffusing in and out of

the detection volume because of Brownian motion. The temporal autocorre-

lation function is the correlation of a time series with itself shifted by time t, as

a function of t:

GðtÞ ¼ hdIðtÞdIðt þ tÞi�
IðtÞi2

; (1)

where I(tþ t) is the fluorescence intensity in single photon counting method

obtained from the detection volume at delay time t. The residence time tD

(tDiff) of the fluorescent particle in the detection volume is defined at the

deflection point of the correlation function. Different diffusion species can

be distinguished if their masses differ with a factor of 8 or more because

tDiffz
ffiffiffiffi
m3
p

. By using the LSM 5 software (Zeiss, Jena, Germany), the auto-

correlation data were fitted to the Levenberg-Marquardt algorithm assuming

free three-dimensional diffusion and considering triplet excited state (22):
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The validity of the measurements was proven by a c2 test and the residual

deviations of the fit. The optical setup was examined using the standard

fluorophore Rhodamine 6 Green (Di ¼ 2.8 � 10�10 m2 s�1) with

Di ¼
u2

1

4 � tDiff

; (3)

where u1 represents half of the short axis of the volume element and was set

to be 198 nm. With u2, corresponding to half of the long axis of the volume,

the effective volume is

Veff ¼ u2
1 � 2 � p � u2 ¼ 2 � p � S � u3

1: (4)

The structure parameter S was determined to be 5.5, so the approximate size

of Veff was ~0.3 fl. With the number of fluorescent particles in the detection

volume, N, the concentration [N] can be calculated using

½N� ¼ N

NA � Veff

; (5)

with NA ¼ 6.022 � 1023 mol�1. With the help of the Stokes-Einstein equa-

tion, the hydrodynamic radius rH can be calculated as
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rH ¼
k � T

6 � p � hV � Di

; (6)

with k being the Boltzmann constant, hV being the viscosity (1.002 �
10�3 kg m�1 s�1) of the solution, T being the temperature, and Di being

the diffusion coefficient. In binding processes, the complex fraction Y is

defined as Y ¼ [C]/[A] þ [C], with C as the complex and A as the unbound

ligand. Changes of the molecular brightness, h, during binding processes

have to be accounted for (23):

Y0 ¼ Y � h2
C

ð1� YÞ � h2
A þ Y � h2

C

: (7)

All experiments were carried out at room temperature. For titration experi-

ments, the sample volume was 20 or 40 mL. According amounts of RNA

stock solution (10 mM NaHepes pH 7.4, 100 mM KCl, and 5 mM

MgCl2) were added to a 13-nM sulforhodamine B solution, (10 mM

NaHepes pH 7.4, 100 mM KCl, 5 mM MgCl2), followed by 1 min incuba-

tion. The data were collected 10 times for 30 s in each titration step. Three to

four independent experiments were done. The Kd-values were calculated

using GraphPad Prism 4.03 (GraphPad Software, San Diego, CA). For

binding assays of total RNA from COS-7 cells, RNA was prepared and

sulforhodamine B solution was added to a final concentration of 13 nM.

Cell culture and preparation of total RNA

COS-7 cells were cultivated in Dulbecco’s modified Eagle medium (DMEM)

without phenol red, containing 10% fetal bovine serum, 100 U/mL penicillin G,

100 mg/mL streptomycin, and 4 mM L-glutamine. The cells were transfected

with plasmid DNA using Lipofectamine (Invitrogen). The total RNA was

prepared 2 days after transfection using the RNeasy MiniKit (Qiagen, Hilden,

Germany).

Reverse transcription-PCR and gel
electrophoresis

Before reverse transcription-PCR (RT-PCR), the sample was treated with

DNase I. For RT-PCR, first-strand cDNA was synthesized with 200 U of

RevertAid M-MuLV Reverse Transcriptase using 5 mg total RNA from

COS-7 cells and the primerPr SRB2m (50GGAACCTGAGGCGGTTAAC 30).
Double-stranded DNA was generated by PCR amplification with Taq Poly-

merase and the primers forward (50 TCTAATACGACTCACTATAGG 30)
and reverse (50 GGAACCTGAGGCGGTTAAC 30). Products were analyzed

on 10% polyacrylamide gels in Tris-borate buffer. All enzymes were purchased

from Fermentas.

RESULTS AND DISCUSSION

To examine the binding properties of the elongated sulforhod-

amine B binding aptamer SRB2m, the aptamer-coding oligo-

nucleotide was cloned into the vector pcDNA3.1(þ) and

different fusion constructs of vector-encoded RNA and the

aptamer were produced by T7 transcription. To produce

a dimer arrangement of the aptamer, a tandem repeat was

cloned into the vector and transcribed. In addition, different

fusion constructs were produced by PCR (Fig. 1). Despite

the extension of the SRB2m-sequence, the secondary struc-

tures of these constructs still exhibited folding into the

SRB2m structure, as predicted using Mfold (18). To deter-

mine the binding properties of the fusion constructs to sulfo-

rhodamine B, the diffusion times of the dye in complex with
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FIGURE 1 Schematic representation of different RNAs

produced by in vitro T7 transcription. Individual SRB2m,

fusion constructs of SRB2m with different vector

sequences, EGFP-coding mRNA, and corresponding

controls without SRB2m were used in this study.
the different RNAs were derived through FCS titration exper-

iments using a model for one diffusion species (22). The diffu-

sion time of sulforhodamine B (tDiff ¼ 30.0 � 1.5 ms)

increased up to tDiff > 300 ms after addition of RNA (Fig. 2),

implying binding of the fluorophore to the aptamer portion of

the different RNAs. Saturation was achieved at an RNA

concentration of 2–3 mM. The individual SRB2m RNA

without flanking sequences elevated the diffusion time to

tDiff ¼ 120 ms. Control RNA without the aptamer did not

lead to an increase of diffusion time. These data conclude a

specific binding of sulforhodamine B to the aptamer SRB2m

even in the presence of up to 227 nucleotides flanking RNA

sequences.

To calculate the proportion of the different sulforhodamine

B-SRB2m complexes, a fitting model for two different

species was used (22) in which the diffusion time of the free

fluorophore was fixed to ~30 ms and changes of molecular

brightness during the titration (from ~20 kHz to ~40 kHz)

were considered (23). Kd values in the nanomolar range of

the fluorophore in complex with the elongated aptamer

were obtained (Table 1). These values are in accordance

with published data for the aptamer SRB2m of 310 nM �
60 nM, 70 nM � 10 nM, and 238 � 24 nM, which were

obtained from fluorescence anisotropy, affinity chromatog-

raphy (15), and FCS analysis (A. Werner, unpublished

data), respectively. Tandem repeats of the aptamer in the

fusion constructs resulted in stronger binding to the fluoro-

phore with Kd values of 70� 5 nM and 62� 6 nM compared

with Kd values of 120 � 17 nM and 630 � 60 nM for the

monomer fusion constructs. The diffusion coefficients, D,

FIGURE 2 Binding of sulforhodamine B to SRB2m-constructs analyzed

with FCS. Diffusion times, tDiff, of sulforhodamine B in complex with

various SRB2m-constructs and concentrations were determined. To ensure

proper folding of SRB2m constructs, RNA was denatured by heat and re-

folded. Values depicted represent the average of at least three independent

measurements (mean� SD, n R 3) with a measurement period of 10� 30 s.
and hydrodynamic radii, rh, were calculated from the deter-

mined diffusion times at saturation (Table 1). These values

correspond to the theoretically calculated data and are compa-

rable to experimental data using other RNA molecules, e.g.,

5S rRNA (120 nt) with D¼ 5.9� 10�11 m2/s and rh¼ 3.6�
10�9 m (24).

For in vivo applications, the specific binding of sulforhod-

amine B to SRB2m was tested in the presence of total RNA

extract. For this purpose, total RNA of COS-7 cells transfected

with the vector pcDNA3.1(þ) containing the SRB2m aptamer

gene was isolated and examined for binding of the fluorophore

via FCS. After the addition of isolated total RNA extract to

sulforhodamine B, the diffusion time of fluorescent particles

increase from tDiff ¼ 34 ms to 384 ms � 296 ms, indicating

the formation of an RNA-fluorophore-complex (Fig. 3). In

contrast, RNA from pcDNA3.1(þ) transfected control cells

did not increase the diffusion time, indicating that the fluoro-

phore binds specifically to SRB2m even in the presence of

total RNA extract. The presence of the aptamer-RNA in the

isolated total RNA extract was further proved by RT-PCR,

showing a product length of 150 bp and no product for control

cells (Fig. 4).

A requirement for the detection of RNA molecules in vivo

using fluorophores is the binding of sulforhodamine B to

SRB2m-mRNA constructs. Therefore, SRB2m was fused to

the 30 UTR of the EGFP coding mRNA. At the in vitro tran-

scription, an additional 1395 nucleotides of the vector were

transcribed downstream of the SRB2m sequence (Fig. 1).

Binding of sulforhodamine B to this EGFP-SRB2m construct

was again detected through analysis of the diffusion time

of sulforhodamine B via FCS. Increasing concentration of

EGFP-SRB2m mRNA caused a rise of diffusion time of

TABLE 1 Determined dissociation constants Kd, diffusion

coefficients D, hydrodynamic radii rh, and diffusion times tDiff of

the sulforhodamine B in complex with SRB2m RNA fusion

constructs

Determined values

Kd [nM] D [m2/s] rh [m] tDiff [ms]

SRB2m 238 � 24 7.3 � 10�11 2.9 � 10�9 122 � 3.0

Vector-SRB2m 120.6 � 17.5 2.75 � 10�11 7.80 � 10�9 357 � 52.1

Vector-

SRB2m/SRB2m

70.5 � 4.9 3.38 � 10�11 6.34 � 10�9 290 � 9.5

PCR-SRB2m 629.3 � 62.3 2.307 � 10�11 9.31 � 10�9 426 � 43.2

PCR-

SRB2m/SRB2m

62.4 � 5.6 2.23 � 0�11 9.62 � 10�9 440 � 45.4
Biophysical Journal 96(9) 3703–3707
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sulforhodamine B, indicating formation of a complex consist-

ing of fluorophore and mRNA (Fig. 5). The diffusion time,

tDiff, of fluorescing particles increased from ~30 ms (sulforhod-

amine B without RNA) to >3000 ms for the complex of

sulforhodamine B with EGFP-SRB2m. As a negative control,

mRNA without SRB2m (Fig. 1) showed no change in diffu-

sion time. With increasing amounts of SRB2m-mRNA, up to

50% of sulforhodamine B was bound by the EGFP-SRB2m

mRNA. In contrast, no fluorophore was bound by the negative

control RNA. However, a Kd of 1.13 mM could be calculated

for the binding of sulforhodamine B to EGFP-SRB2m

FIGURE 3 Binding of sulforhodamine B to in vivo transcribed SRB2m in

the presence of total RNA extract. Total RNA (800 ng/mL) from COS-7

cells, transfected with pcDNA3.1-SRB2m or pcDNA3.1(þ) without ap-

tamer gene, was isolated. The binding of sulforhodamine B to the RNA

was determined by monitoring the diffusion time with FCS.

FIGURE 4 Analysis of aptamer transcription by RT-PCR (1). The tran-

scription of SRB2m in COS-7 cells transfected with pcDNA3.1-SRB2m

was proven by RT-PCR (2). COS-7 cells transfected with pcDNA3.1-

SRB2m without RT (3), RT-PCR of COS-7 cells transfected with

pcDNA3.1(þ).
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mRNA. Only 50% of the bound fluorophore contributed to

the emission signal. The unexpected high dissociation constant

of 1.13 mM for the EGFP-SRB2m mRNA could be explained

by incorrect RNA folding.

CONCLUSIONS

We showed that the fluorophore sulforhodamine B binds

specifically to the RNA aptamer SRB2m even in the context

of total RNA extract. We also showed that sulforhodamine

B could bind to the SRB2m aptamer in conjunction with

flanking RNA sequences of up to 2 kb. To our knowledge,

this is the first evidence for the binding of a small aptamer

target to such an elongated aptamer. The in vivo application

for the detection of RNA molecules using the SRB2m

aptamer and sulforhodamine B system is not practical because

sulforhodamine B is known to bind to basic amino acids and is

used for the quantification of proteins (25). Therefore, new ap-

tamers for fluorescent dyes need to be selected for the detec-

tion of RNAs in living cells. However, the genetic fusion of

genes and fluorophore binding aptamers offer a promising

tool for the visualization of RNAs in living cells. For

in vivo applications, fluorophores can be administered into

living cells by microinjection. This method has the drawback

FIGURE 5 Binding of sulforhodamine B to EGFP-SRB2m mRNA

analyzed by FCS. Diffusion times, (A) tDiff, and (B) percentage of complex

formation were determined. Values depicted represent the average of two

independent measurements (mean � SD, n ¼ 2) with a measurement period

of 10 � 30 s.
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that only singular cells can be monitored. The uptake of

fluorescent dyes with the medium seems to be more straight-

forward, because a whole population of cells could be inves-

tigated with this method. Free diffusion of the fluorescent dye

into the cell and out of the cell is a prerequisite for the appli-

cability of the dye. Excess of non-aptamer-bound fluorophore

needs to be removed from the cytosol to reduce background

signals. The selection of other appropriate fluorescent dyes

offering the mentioned attributes for in vivo imaging of

RNA is in progress.
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