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ABSTRACT

Green Fluorescent Protein (GFP) and related fluor-
escent proteins (FPs) have been widely used to tag
proteins, allowing their expression and subcellular
localization to be examined in real time in living
cells and animals. Similar fluorescent methods are
highly desirable to detect and track RNA and other
biological molecules in living cells. For this purpose,
we have developed a group of RNA aptamers that
bind GFP and related proteins, which we term
Fluorescent Protein-Binding Aptamers (FPBA).
These aptamers bind GFP, YFP and CFP with low
nanomolar affinity and binding decreases GFP fluor-
escence, whereas slightly augmenting YFP and CFP
brightness. Aptamer binding results in an increase
in the pKa of EGFP, decreasing the 475 nm excited
green fluorescence at a given pH. We report the sec-
ondary structure of FPBA and the ability to synthe-
size functional multivalent dendrimers. FPBA
expressed in live cells decreased GFP fluorescence
in a valency-dependent manner, indicating that the
RNA aptamers function within cells. The develop-
ment of aptamers that bind fluorescent proteins
with high affinity and alter their function, markedly
expands their use in the study of biological
pathways.

INTRODUCTION

Green Fluorescent Protein (GFP) is a natural fluorescing
protein produced by the jellyfish Aequorea Victoria (1),
and a member of an expanding family of naturally
occurring and synthetic fluorescent proteins (FPs) that
share a three amino acid fluorophore surrounded by an
11-strand b-barrel cage (2–5). Because these proteins

tolerate N- and C-terminal fusion to a broad variety of
proteins, as well as circular permutation and splitting, they
have been used extensively as fluorescent protein tags (6),
genetic sensors (7) and in complementation screens (8). As
a fusion protein, FPs have been extensively used to deter-
mine protein location and function in live cells and
animals (9). The range of tools that provide equivalent
capabilities for non-protein biological molecules are
quite limited, however, limiting knowledge on their roles
in cell function.
RNA aptamers are generated by applying genetic selec-

tion directly to a population of RNA molecules through
a process termed in vitro selection or SELEX, which
emulates Darwinian evolution (10,11). Appropriate
target selection and screening yields aptamers that are
capable of binding to a wide variety of targets with high
affinity and specificity. These structural RNAs often bind
their targets with dissociation constants (Kd) in the low
nanomolar or picomolar range and are able to discrimin-
ate between related proteins that share common structural
features (12,13). Many aptamers have been developed as
protein antagonists in basic research and therapeutic inter-
vention (14,15). Another area of aptamer utility is to
provide tags in molecular detection. For example, an
aptamer directed to streptavidin can be used as an affinity
tag to purify RNA-binding proteins (16) and an aptamer
for malachite green can be used to detect small molecules
by fluorescence (17).
In order to combine the selection power of structural

RNAs with the real-time detection advantages of genetic-
ally encodable fluorophores, we sought to develop genet-
ically encodable, RNA aptamers that bind with high
affinity to FPs. Here, we describe the development of a
group of RNA aptamers that bind GFP and related
FPs with low nanomolar affinity. We have optimized the
highest affinity aptamer, AP3, to a short form by deletion,
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substitution and further SELEX and verified the second-
ary structure of three stem–loops emerging from
a three-way junction. Interestingly, AP3 modulates the
fluorescence of GFP and its derivatives in different
ways, inhibiting GFP and enhanced green fluorescent
protein (EGFP) fluorescence, while enhancing ECFP
and EYFP fluorescence. We further show that mono-
and multi-valent forms of AP3 can be genetically
encoded and function within live cells. By linking these
aptamers to those selected for other biological targets,
FP-binding aptamers markedly expand the range of
biological targets that can be tracked by FPs.

MATERIALS AND METHODS

Proteins and oligonucleotides

For targets used in selections, non-His-tagged GFP was
purchased from BD Clontech, His-tagged GFP from
Upstate Biotech. To generate recombinant expression
plasmids, the coding regions corresponding to Azami-
green, GFP, EGFP, EYFP and ECFP were amplified by
Phusion High-Fidelity DNA polymerase (BioLabs) and
cloned into the pRSET (Invitrogen) and pGST-parallel
vectors (18). For binding assays, the His- or glutathione
S-transferase (GST)-tagged proteins were produced in
transformed BL21 (DE3) pLysS Escherichia coli cells
and purified by Profinity IMAC Ni-Charged Resin
(Bio-Rad) and Glutathione Sepharose 4B resin (GE
Healthcare), respectively.
DNA oligos were synthesized by Integrated DNA

Technologies. RNA was in vitro transcribed by MEGA-
shortscript and MAXIscript Kits (Ambion).

In vitro selection of aptamers

Aptamers for GFP were selected in two stages, both
according to protocols described previously (19,20) with
the following modifications. In the first stage, an unbiased
sequence pool described previously was used to isolate two
families of aptamers G3 and G16. In the second stage, the
starting material was a new pool based on the G16 core
sequence (underlined in pool sequence). This second pool
has the following sequence: GGGAGCACGAUUCCAU
-N45-GAAUUGGGUGGGGAAAGUCCUGAAAAGA
GGGCCACC-N40-UACAAGCUUCUGG ACUCGGU.
The DNA template was generated by annealing and
bi-directionally extending by the Klenow fragment the fol-
lowing synthetic oligonucleotides. Forward: GTAATAC
GACTCACTATAGGGAGCACGATTCCAT-N45-GAA
TTGGGTGGGGAAAGTCC (T7 promoter sequence is
underlined); Reverse: ACCGAGTCCAGAAGCTTG
TA -N40 -GGTGGCCCTCTTTTCAGGACTTTCCCCA
CCCAATTC. In both stages, the partitioning matrix was
alternated between nitrocellulose membrane and Profinity
IMAC Ni-Charged Resin (Bio-Rad). The binding buffer
was 1� phosphate buffered saline (PBS) (PH 7.2) with
10mM MgCl2. When the Ni-Charged Resin is used,
0.8ml Handee Centrifuge columns (PIERCE) were used
to hold the beads for binding, washing and elution.
To confirm the secondary structure and optimize Stem–

loop 3 of AP3, a circular permutated RNA pool was

generated by introducing 50-/30-ends to the hairpin loop
of Stem–loop 2 and randomizing the intact Stem–loop 3
and flank junction loop (see the sequences 1–25 and 76–83
in Figure 5B for coordinates). A selection was performed
according to the procedure described above.

Aptamer-binding assays

For nitrocellulose filter-binding assays; 32P-labeled RNA
probes were prepared using the MAXIscript T7 in vitro
transcription kit (Ambion) and [a-32P]UTP (GE
Healthcare). All binding assays were performed in 100 ml
volumes in 1x PBS with 5mM MgCl2 (PH 7.2). A typical
binding assay mixture contained 32P-labeled RNA probe
(1� 106 cpm) and different amounts of protein. The
binding reaction was incubated at 37�C for 30–60min
before loading on to the Minifold I Slot-Blot System
(Whatman). The nitrocellulose membrane (Bio-Rad
Laboratories) was pre-wet with 1� binding buffer (see
above) and washed with 1000 ml of 1� binding buffer
afterwards. The membrane was exposed to a Kodak
BioMax MS film for 1–3 h. The properly exposed signals
within each slot on the filter were quantified using the
ImageJ program.

For electrophoretic mobility shift assays (EMSA);
32P-labeled RNA probes were prepared by in vitro
transcription reactions with T7 RNA polymerase
and [a-32P]UTP (GE Healthcare). A typical 20 ml binding
reaction contained 32P-labeled RNA probe (1� 105 cpm),
different amounts of proteins in 1� PBSwith 5mM
MgCl2 (PH 7.2). The binding reaction was incubated at
room temperature for 30min before loading on to pre-run
6% native polyacrylamide gel prepared and run with
0.5� TBE containing 5mM MgCl2. Gels were run at
180V for 40min at 4�C and then dried on a Whatman
paper and exposed to phosphoimager screens overnight.
The exposed screens were scanned with Typhoon 9400
scanner and analyzed with ImageQuant software
(Molecular Dynamics).

Isothermal titration calorimetry (ITC) experiments were
carried out at 22�C on a Microcal (Northampton, MA,
USA) VP-ITC microcalorimeter. GFP and aptamer was
prepared in 1� PBS (pH 7.2). Four micro molar AP3-1 or
2 mM dimeric AP3 was placed in sample cell with a volume
of 1.6ml and binding isotherms were recorded following
the 40 injections of 60 mM GFP (5 ml each), while continu-
ously stirring at 329 rpm. Dilution heats were determined
by titration of GFP into buffer and subtracted from the
raw aptamer titration data. Data were processed and
analyzed using a non-linear least squares fit to one site
binding model using Origin software (Microcal).

Fluorescence and photo-physical measurements

Fluorescence emission spectra were collected using either a
FluoroMax-3 spectrofluorometer (JY Horiba, Edison, NJ,
USA) or a QuantaMaster 40 (PTI, Birmingham, NJ,
USA). Aptamer and fluorescence proteins were prepared
in buffer 1: 1� PBS (pH 7.4) with 5mM MgCl2 (Figures 3
and 4A and B), or buffer 2: 120mM KCl, 5mM NaCl,
1mM MgCl, 10mM MES, 10mM MOPS and 10mM
citrate (pH titration experiments). Fluorescence intensities
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were measured by exciting at 475 nm for GFP and EGFP,
453 nm for ECFP and 513 nm for EYFP. Absorbance
measurements were carried out using a Cary 300
dual beam spectrophotometer (Varian, Palo Alto, CA,
USA). Data from the EGFP pH titration experiments
were fit to A+B/(1 – 10(nH(pKa-pH))) where nH is the Hill
coefficient (21).

Measurements of the EGFP-AP3-1 association rate at
pH 7.2 and pH 6.0 were carried out on a KinTek SF-2004
stopped-flow instrument using 100 nM EGFP and varying
amounts of AP3-1 in buffer 2. The decreasing fluorescence
signal due to AP3-1 binding was well fit by a single expo-
nential. AP3-1 off rates were measured in a wash-out
experiment by imaging the increase in fluorescence after
a buffer change in NTA-Ni cover slip imaging cham-
bers with His-EGFP bound and previously exposed to
�2 mM AP3-1. The EGFP coated surface was imaged
using a Zeiss 510 confocal microscope and 488 nm laser
line. Laser power, gain settings and time course param-
eters were first determined to allow the image series to be
taken without any measurable photobleaching. After
taking the time zero image, AP3-1 containing buffer was
removed and fresh buffer solution (buffer 2)
without AP3-1 was added. Images were taken every 30 s
for 12min and the mean pixel value was fit to
A(1�exp(�koff t)).

In vivo expression of aptamers

Saccharomyces cerevisiae expressing GFP-tagged SPC42
protein of spindle pole body [MATa, ade2-1, trp1-1,
can1-100, leu2-3, 112, his3-11, 15, ura3, Gal+, psi+,
ssd1-d2 (cla1), spc42�1::LEU2, TRP1::SPC42-GFP] was
obtained from Tim Huffaker (Cornell University). High
level of GFP aptamer expression in yeast was achieved
by homing GFP aptamer containing Tetrahymena
thermophila group I intron TtLSU1 into yeast rDNA
loci as described previously (22). Briefly, SPC42-GFP
yeast cells were first transformed with I-PpoI homing
endonuclease expression construct (pCPIPpo) and subse-
quently with constructs encoding TtLSU1 group I intron
containing AP3-1 monomer, heterodimer formed by
AP3-1 and AP3-2 and tetramer (two tandem dimers with
a ClaI in between) in correct orientation, as well as mono-
meric AP3-1 in reverse orientation or no aptamer as
negative controls. Homed yeast were cured of the
plasmids by culturing multiple generations in YPD
media and homing was confirmed by PCR analysis of
rDNA loci using genomic DNA as template. For
analysis of GFP fluorescence; homed yeast were cultured
in synthetic defined media and fluorescence images (�10
0.5 mm z-stacks) were taken with Zeiss Axioplan II micro-
scope using FITC/RSGFP filter set (HQ480/40 x,
Q505LP, HQ535/50m) and analyzed with Volocity
software (Improvision, MA, USA). Mean fluorescence
intensity of spindle pole bodies from each yeast
transformant were plotted. SPC42-GFP expression levels
were compared with western blot analysis using anti-GFP
antibody (Abcam) and anti-yTFIIB antibody (23) as a
loading control.

RESULTS

Identification of FP-binding RNA aptamers

The b-barrel structure of GFP appears to have a low
surface complexity, which may explain a previously unsuc-
cessful attempt to isolate aptamers with high affinity to
GFP (24). Consistent with this conjecture, initial conven-
tional SELEX experiments with nitrocellulose as the par-
titioning device resulted in the progressive enrichment of
membrane-binding sequences, despite repeated negative
selections against membrane binding and RNaseH diges-
tion of membrane-binding sequences (25). To overcome
this problem, we alternated nitrocellulose membrane-
bound GFP selection rounds with selection against
His-tagged GFP bound to Ni-charged beads. Negative
selection with nitrocellulose membrane or Ni-charged
beads was employed at each step. This procedure
resulted in strong selection pressure on the RNA pool,
which consisted of two 25 nt primers flanking a 50 nt
random core (Figure 1A). Following 15 iterations of
binding and amplification, the sequenced RNA pool con-
sisted of multiple copies of two highly related families,
G3 and G16 (Figure 1A), both of which displayed
submicromolar binding affinities in nitrocellulose
filter-binding assays (Figure 1B). These species were
highly enriched after 15 rounds of SELEX and showed
no membrane-binding affinity. However, six other RNA
species that bound to both GFP and nitrocellulose
membrane, were identified at an earlier stage of SELEX
(10 rounds) when G3 and G16 were enriched by >80%
(Supplementary Figure S1). These results indicate that
negative selection with nitrocellulose membrane eliminates
RNAs that bind both membrane and GFP, thus affecting
the abundance and enrichment of GFP-binding RNA
species.
G16 aptamer binding appeared to depend on the

constant flanking regions, as deletion of these regions di-
minished activity (data not shown), suggesting that further
increases in affinity might be achieved by a second selec-
tion process that optimized the fixed regions. A new RNA
pool consisting of the core 36 nt binding sequence from
G16 and the common core secondary structure shared by
families G3 and G16, flanked by randomized regions of
45 nt (50) and 40 nt (30), with different constant 50 and 30

sequences was synthesized (Figure 1C). A quantity of
100 mg pool RNA containing �1015 unique sequences
was used in the first round and subjected to 12 SELEX
rounds using alternating membrane and bead selection
steps. As shown in Figure 1D, clones from this selection
showed distinctly higher binding affinity than G16, with
AP3 demonstrating the highest binding. Sequencing of in-
dividual clones again revealed multiple highly related
RNAs with the two most abundant clones, AP2 and
AP3, found to be shortened within the 30 random
sequence, either due to rare copies of shortened template
DNA in the original pool or to PCR errors during the
multiple rounds of amplification.
We next compared the binding of G16 and AP3 to GFP

and other FPs. Aequorea victoria-derived fluorescent
proteins are highly homologous at the level of primary
sequence and overall structure, with EGFP differing
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only by the F64L and S65T amino acid substitutions (26),
and yellow and cyan derivatives differing by five and four
residues from EGFP, respectively (27,28). As shown in
Figure 2A, both aptamers bound GFP and EGFP with
roughly equivalent affinity, with AP3 demonstrating an
�5-fold greater affinity for both proteins relative to
G16. Moreover, both aptamers bound the coral protein
Azami-Green, which shares the overall 11-stranded
b-barrel structure but diverges considerably in primary
sequence (29), albeit with markedly lower affinity.
Importantly, AP3 binds GFP and its derivatives with
high affinity (Figure 2A–C); binding of AP3 to this
broad range of commonly used FPs markedly increases
its potential utility.

FP-binding aptamers binding alters GFP fluorescence

During the iterative SELEX steps in the development of
FP binding aptamers (FPBA), we observed a progressive
loss of fluorescence of the immobilized GFP, suggesting
an inhibition of GFP fluorescence by aptamer binding. We
confirmed this observation using purified G3 and G16
aptamer. In contrast, earlier round aptamers that bound
to both GFP and the nitrocellulose membrane had no
effect on GFP fluorescence. We next quantitatively
examined the effect of AP3, the highest affinity aptamer,
on GFP fluorescence. In the presence of a fixed amount of
purified GFP protein at pH 7.4, addition of AP3 aptamer
decreased fluorescence in a dose dependent manner to
�30% of its original level (Figure 3A). The maximum
fluorescence inhibition for GFP was 70.8 and 64.0%, for
AP3 and G16, respectively (Figure 3B). Neither the
pre-selected aptamer pool nor binding buffer had any
effect on GFP fluorescence. The AP3 aptamer
also reduced the fluorescence of EGFP by �55% at pH
7.4 (Figure 3C). However, the functional effect on

fluorescence was not equivalent for all GFP derivatives;
the AP3 aptamer increased ECFP and EYFP fluorescence
(Figure 3C), an effect that was not observed in the
pre-selected aptamer pool.

To examine the photophysical mechanism by
which aptamer binding alters fluorescence, we first
measured the absorbance spectra of GFP and EGFP in
the presence and absence of the AP3 aptamer at pH 7.4.
Aptamer binding decreased 475 nm, and increased 395 nm,
absorbance (Figure 4A and B), an effect that mimics the
pH-dependent shift observed in GFP fluorescence
associated with chromophore protonation (inset,
Figure 4A and B). We reasoned that the simplest explan-
ation for the observed fluorescence inhibition would be a
conformational change associated with aptamer binding
that resulted in a shift in the relative proportions of
protonated (395 nm absorbing) and unprotonated
(475 nm absorbing) species of the chromophore at a
given pH (30,31). This assumption was verified by
measuring the pKa of EGFP in the presence and
absence of AP3 (Figure 4C and D). At 475 nm excitation,
the pKa of EGFP was 5.8, with a Hill coefficient of 1.0, in
the absence of AP3, in agreement with previous reports
(32,33). In the presence of AP3, the pKa shifts to 6.7,
consistent with an increase in proton accessibility to the
hydroxyl group of Tyr-66, the primary chromophore
protonation site.

Secondary structure of FPBA

To determine the secondary structure of AP3, we
examined the predicted common structure shared by
several AP3-related clones from the secondary selection
procedure using mfold (34,35). This analysis predicted a
general structure of three stem–loops around a central
junction loop, as shown in Figure 5A. Stem–loop 1 was

Figure 1. Selected evolution of FPBA. (A) Aptamer sequences isolated from the first stage of SELEX. All 36 selected sequences of the 50 nt
randomized region of the full length isolates comprised two families of highly related sequences. Varying residues within individual families are
underlined. The first aptamer of each family was used in nitrocellulose filter-binding assays in Part B. (B) Radioactive (P32) aptamer binding to GFP
immobilized on nitrocellulose demonstrates the higher affinity of G16 relative to the G3 family. (C) Aptamer sequences selected following a second
stage of SELEX in which the fixed regions flanking the G16 core were optimized. About 11 other single copy sequences from a total 36 clones were
not shown. The flanking sequences shared by all selected molecules are underlined. Note the shorted 30 sequences of AP2 and AP3. (D) The
nitrocellulose filter-binding assay shows the higher affinity of the selected aptamers relative to G16.
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formed by the core sequence from G16, and was also
predicted in G3. Nucleotide additions, substitutions and
mutations were performed to further confirm this second-
ary structure. As shown in Figure 5B, we minimized Stem–
loop 2 and Stem–loop 3 until further inward deletion
decreased or eliminated AP3 activity. For example, at
least 7 bp within Stem–loop 2 were required to maintain
the full function of the aptamer; shortening the stem–loop
markedly decreased function. The added loops at the
apexes of minimized Stem–loop 2 and Stem–loop
3 could vary in both size and nucleotide sequence.
Following minimization of the stem–loop lengths, base
pairing was confirmed by selected substitutions that
destabilized specific stem–loops. Within the minimized
7 bp of Stem–loop 2, the sequence of the first six pairs
(from the end of the stem–loop inward) could be
substituted with no loss in function, whereas changes in
the C-G pair at the junction loop resulted in a slight
decrease in function. As shown (circle in Figure 5B), the
addition of paired nucleotides between positions 20/21
and 79/80 in Stem–loop 3 resulted in no loss of function,
whereas single nucleotide additions at either of these pos-
itions completely eliminated function, confirming the
stack structure in this region. The junction loop region
was also altered by nucleotide additions; insertions

within the central loop retained full function, although
the angle between Stem–loops 1 and 2 (double-headed
arrow in Figure 5B) was critical, as insertion of a single
nucleotide reduced quenching of GFP fluorescence to

Figure 3. FPBAs alter protein fluorescence. (A) Emission scan (475 nm
excitation) of GFP in the presence of increasing concentrations of AP3.
Inset shows dose-dependent inhibition of fluorescence at 505 nm; GFP
concentration was 25 nM. No aptamers displayed measurable fluores-
cence and the original unselected aptamer pool did not alter GFP
fluorescence (not shown). (B) Inhibition of GFP fluorescence by G16
and AP3 (475/505), showing higher affinity and greater maximum effect
of AP3. (C) Fluorescence emission scans of enhanced FPs show the
distinct functional effects of AP3. All spectra are normalized to peak
fluorescence in the absence of AP3 and reflect 10 nM of FP and 250 nM
AP3. Note increase in ECFP and EYFP fluorescence in the presence
of AP3.

Figure 2. Binding of FBPAs to GFPs and spectrally shifted GFP
variants. (A) Comparison of G16 and AP3 binding to FPs show that
AP3 binds GFP and EGFP with higher affinity than G16, and that
binding to the coral protein Azami-green is of much lower affinity.
(B) Filter-binding assay shows similar affinity of AP3 to GFP-related
proteins. (C) Hill plot fits of data shown in (A) and (B) show similar
affinity of AP3 to GFP-related proteins.
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50%. Next, we further tested our base pairing model by
creating circularly permutated aptamers, introducing
50-/30-ends to Stem–loop 2 or Stem–loop 3 (dotted lines
in Figure 5B). These circularly permutated aptamers
retained full function, further confirming the predicted
structure. Finally, the structure of Stem–loop 3 was
verified by additional selected evolution. A new RNA
pool with 50- and 30-ends at the apex of Stem–loop 2
was synthesized by replacing the Stem–loop 3 and the
flanking junction loop with 50 randomized nucleotides
and SELEX was performed. In total, 22 highly related
sequences were selected by this process, each of which
consisted of two stacks separated by a variation of the
interior loop contained within Stem–loop 3 (Figure 5C).

Optimization and dendrimerization of FPBAs

A single nucleotide deletion from either the 50- or 30-end of
the original AP3 (Figure 5A) resulted in loss of function,
indicating the critical nature of the interior loop of Stem–
loop 3 (Figure 5C). However, Stem–loop 2 could tolerate
nucleotide substitutions and a circularly permutated AP3
made by introducing 50-/30-ends to the hairpin loop of
Stem–loop 2 was fully functional. Combining the
secondary structures of minimized AP3 (Figure 5B) and
the sequences from the independent re-selection of

Stem–loop 3, we designed two new aptamers containing
the optimized Stem–loop 3 and the 50-/30-ends at Stem–
loop 2 (AP3-1 and AP3-2 respectively). The minimized
AP3-1 and AP3-2 aptamers inhibited GFP fluorescence
to the same degree as the original AP3 (data not
shown). Binding of the optimized short AP3 to GFP
derivatives was further confirmed in EMSA, using
GST-tagged fluorescent proteins and AP3-1 aptamer
(Figure 6A).

We reasoned that synthesis of multimeric FPBAs would
enable their use as a scaffold to enhance fluorescence
signals in subcellular tracking studies. To test this concept,
we developed a dimeric construct by connecting AP3-1
and AP3-2 at Stem–loop 2, the region that tolerated nu-
cleotide substitution, with a Haloarcula marisortui 5 s
rRNA-type three-way junction (Figure 6B). Binding of
the dimeric aptamer to EGFP was confirmed in the
EMSA assay (Figure 6C).

FPBA-binding affinity deterimination

We measured the AP3-1 binding affinity to GFP and
EGFP in two ways. First, we used ITC to measure
aptamer–GFP-binding affinity. Calorimetric titration was
performed by injection of fixed amounts of GFP into a
sample cell containing aptamer. As shown in Figure 7A,

Figure 4. FPBAs alter flurorescent properties. (A) Absorbance spectrum of 200 nM GFP in the presence and absence of 5mM AP3 at pH 7.4. Insert
shows spectra of GFP (no AP3 present) taken at pH 7.2 and 4.0 for comparison. The fluorescence of GFP excited at 475 nm in the presence of AP3
was 30% (Figure 3B) of the GFP without AP3, whereas the pH 4 shift reduced the fluorescence intensity to 47% of the pH 7.2 value.
(B) Absorbance spectrum of 400 nM EGFP in the presence and absence of 5 mM AP3 at pH 7.4. Insert shows spectra of EGFP (no AP3
present) taken at pH 7.2 and 4.0 for comparison. The fluorescence of EGFP excited at 475 nm in the presence of AP3 was 45% (Figure 3C) of
the EGFP without AP3, whereas the shift to pH 4 reduced the fluorescence intensity by nearly an equal amount to 57% of the pH 7.2 value. (C) pH
titration curves of EGFP without and with AP3 bound. (D) pKa of eGFP in the presence and absence of the AP3 aptamer. Respectively, pKa=5.8
(�AP3) and pKa=6.7 (+AP3).
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we measured a Kd of 5.1 nM for AP3-1. Second, from
kinetics data using stopped flow (kon) and confocal fluor-
escence measurements of washout of AP3-1 from
immobilized NTA-Ni bound EGFP (koff), we calculated
a Kd of �4.6 nM for AP3-1 (Supplementary Figure S2).
Thus the selected aptamers directly interact with low
nanomolar affinity with fluorescent proteins. A similar
binding affinity was obtained for the dimeric aptamer by
ITC (3.2 nM, Figure 7B), however saturation occurred at
a molar ratio (GFP/aptamer) of approximately twice
that of the monomer, indicating an increased binding cap-
acity of the divalent aptamer. Analysis of the dimeric-GFP
calorimetry data using models of two independent sites
and sequential-binding sites was consistent with each
unit of the dimeric aptamer (AP3-1 or AP3-2) binding
independently to a molecule of GFP with the similar
binding affinity (�3.2 nM).

In Vivo function of FPBAs

If the interaction between FPs and FPBA can be visually
detected in live cells, this molecular pair could be used as a
reporting module for a real time biosensor. To determine

whether FBPA bind and alter fluorescence in cells, we
tested the AP3 aptamer in S. cerevisiae, expressing a
GFP-tagged SPC42 subunit of the spindle pole body, as
these yeast display a distinct fluorescence pattern with one
or two well defined spots per cell, depending on the
cell cycle stage (36). To achieve a high level of aptamer
sufficient to interact stochiometrically with SPC42
proteins, we employed a previously developed aptamer
expression system (22), which utilizes the group I intron
homing process to insert an intron-aptamer into the
middle of hundreds of rDNA copies (37). This system,
composed of a group I intron, TtLSU1 from the ciliate
Tetrahymena thermophila (38) and a homing endonucle-
ase, I-PpoI from the slime mold Physarum polycephalum
(39), produces high RNA polymerase I transcription
without additional promoters. The coding sequence for
the optimized short AP3 aptamers were inserted into the
TtLSU1 intron as an extension of its P1 stem.
Expression of monomeric, dimeric or tetrameric

(two tandem repeats of dimeric) optimized short AP3
aptamer constructs resulted in a decrease in local fluores-
cence intensity (Figure 8A and B). Dimer spindle pole

Figure 5. Confirmed secondary structure of AP3. (A) Schematic diagram of the secondary structure of AP3 (143 nt). Stem–loop 1 was formed by the
core sequence from G16. (B) Secondary structure of minimized AP3 (83 nt). Stem–loop 2 and Stem–loop 3 were shortened by truncating from the
apex loops of both Stem–loops inward. New random loops were added to the apexes of both minimized stems. The circle indicates site where
addition of paired nucleotides between positions 20/21 and 79/80 does not alter binding to GFP, whereas addition of single nucleotide at either site
resulted in loss of binding, confirming the stem structure in this region. Insertion of nucleotides between Stem–loop 1 and Stem–loop 2 (arrow 1) also
reduced binding to GFP. Dotted lines show other 50-/30-ends of fully functional circular permutated aptamers. (C) Re-selection of Stem–loop 3
resulted in reduction of the internal loop (G marked by asterisk in A and B for orientation). Removal of nucleotides within this loop, even a single
nucleotide deletion from either the 50- or 30-end in the form shown in (A), resulted in loss of function.
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bodies were observed as the copy number of aptamer
coding sequence increased, consistent with the function
of multimeric constructs in live cells. The western blot
analysis of whole cell extracts from homed yeast strains
confirmed that altered expression of GFP and yTFIIB in
AP3 yeast does not explain the results (Figure 8C). A
slight decrease in SPC42-GFP levels in reverse GFP
aptamer expressing yeast may account for the slight
decrease in fluorescence when compared with parental
cell line. Taken together, these results indicate that
FPBA function in living cells.

DISCUSSION

We have identified RNA aptamers that bind to GFP and
its derivatives (EGFP, ECFP and EYFP). These FPBAs
display high affinity and the most promising and highly

selected family, AP3, binds GFP with an apparent Kd of
�5 nM. The ability of this aptamer family to bind tightly
to such widely used protein tags should prove useful for
developing a variety of applications that allow detection
of fluorescently tagged proteins. One potential application
of this family of aptamers is to dynamically track cellular
molecules by tethering them to FPs through hetero-valent
aptamers, where one arm binds the FP and the others a
desired target. In this regard, the potential amplification of
fluorescent signals by multivalent aptamers provides an
important potential advantage in the detection of molecu-
lar interactions. Our construction of functional dimeric
aptamer (Figure 6B) demonstrates the feasibility of this
approach, and highly branched AP3 aptamers that bind
multiple ECFP or EYFP molecules and bring these to a
particular cellular site based on the binding specificity of a
single attached aptamer targeted to a biological molecule

Figure 6. Optimized short AP3 and dimeric AP3. (A) EMSA assay of optimized short AP3. AP3-1 has similar binding affinity to GFP, EGFP,
ECFP and EYFP. GST protein is a negative control. (B) The secondary structure of dimeric AP3. AP3-1 and AP3-2 were fused by a H.marisortui 5 s
rRNA-type three-way junction. (C) EMSA assay of AP3 dimer with EGFP. Bovine serum albumin is a negative control.
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Figure 8. AP3 inhibits GFP fluorescence in vivo. (A) Fluorescence microscopy of yeast cells that co-express SPC42-GFP and the optimized short AP3.
Each fluorescence image is paired with a differential interference contrast image. Monomeric, dimeric and tetrameric AP3 expressions were tested, with
monomeric AP3-1 in reverse orientation or no aptamer as negative controls. Expression of optimized short AP3 decreased the local fluorescence intensity
and dimer spindle pole bodies were observed as the copy number of aptamer coding sequence increase. (B) Histogram of the fluorescent signals from
experiments shown in (A). Mean fluorescence intensity decreased as the copy number of AP3 coding sequencing increase. (C) Confirming SPC42-GFP
expression with western blot analysis. Altered expression of GFP in different strains does not explain the results of (A) and (B).

Figure 7. Isothermal titration calorimetry of GFP–aptamer interactions. (A) Titration of GFP into aptamer AP3-1, the solid line in the bottom panel
corresponds to �H=�37.82 kcal/mol, Kb=1.98� 108M�1, and N=1. (B) Titration of GFP into dimeric AP3, the solid line in the bottom panel
corresponds to �H=�56.5 kcal/mol, Kb=3.16� 108.M�1, and N=2. Top panel of (A, B): raw data after baseline correction. Bottom panel of
(A, B): integrated data corrected for the heat of dilution of the GFP. The solid line in the bottom panel represents the best fit to one-site binding
model. Note the shift in titration of the dimer to a high molar ratio of GFP/aptamer.
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of interest could be of broad utility. Such a strategy might
compensate for the difficulty of using genetically encoded
fluorescent proteins in single molecule studies due to their
relatively low extinction coefficient.
The ability of FPBAs to alter the fluorescence properties

of the target fluorophores suggests an additional potential
application as detectors of the level of specific molecules.
AP3 reduced the fluorescence of GFP to �30% of control,
while slightly augmenting ECFP and EYFP fluorescence.
These features make the aptamer a potentially useful sig-
naling module for RNA-based molecular detectors, for
example, if fluorophore binding can be functionally linked
to the binding of a second aptamer selected to a specific
target. The 3-fold signal range of the aptamer/GFP fluor-
escence shift in vitro compares favorably with the range of
many commonly used FRET-based sensors (40,41). One
limitation of this approach, however, is the requirement of
aptamer expression at the level of GFP to achieve the full
dynamic range of this interaction. The ability to sustain
high aptamer concentrations in the cytosolic compartment
of cells remains a significant challenge.
In summary, we have developed RNA aptamers

that bind widely used, genetically encoded fluorescent
proteins. These FPBA are functional in live cells and
can be multiplexed to augment their function. Future ex-
periments will seek to exploit this system to provide an
enhanced set of tools to probe molecular interactions in
live cells.
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