
Published online 17 March 2009 Nucleic Acids Research, 2009, Vol. 37, No. 8 e59
doi:10.1093/nar/gkp154

Light-up properties of complexes between thiazole
orange-small molecule conjugates and aptamers
Renjun Pei*, Jeffrey Rothman, Yuli Xie and Milan N. Stojanovic

Division of Experimental Therapeutics, Department of Medicine, Columbia University, New York, NY 10032, USA

Received January 8, 2009; Revised February 23, 2009; Accepted February 24, 2009

ABSTRACT

The full understanding of dynamics of cellular pro-
cesses hinges on the development of efficient and
non-invasive labels for intracellular RNA species.
Light-up aptamers binding fluorogenic ligands
show promise as specific labels for RNA species
containing those aptamers. Herein, we took advan-
tage of existing, non-light-up aptamers against
small molecules and demonstrated a new class of
light-up probes in vitro. We synthesized two conju-
gates of thiazole orange dye to small molecules
(GMP and AMP) and characterized in vitro their
interactions with corresponding RNA aptamers.
The conjugates preserved specific binding to apta-
mers while showing several 100-fold increase in flu-
orescence of the dye (the ‘light-up’ property). In the
presence of free small molecules, conjugates can
be displaced from aptamers serving also as fluores-
cent sensors. Our in vitro results provide the proof-
of-concept that the small-molecule conjugates with
light-up properties can serve as a general approach
to label RNA sequences containing aptamers.

INTRODUCTION

The established methods for fluorescent microscopy of
intracellular ribonucleic acids (1) rely on either
MS2-GFP system (2) or molecular beacons (3).
MS2-GFP system suffers from a low signal-to-noise
ratio and may be intrusive due to size, while beacons do
not readily traverse the cell membranes and are also
degraded by nucleases (4).

A different approach, based on small molecules-
aptamer pairs with ‘light-up’ properties, has been demon-
strated in vitro (4–9), but has yet to be successfully
extended to mRNAs in vivo, presumably due to unfavor-
able characteristics of available fluorophores or insuffi-
cient signal-to-noise ratios. Tsien and colleagues were
first to report that malachite green in a complex with its
RNA aptamer (10) has 2000-fold increase in the quantum
yield (5). Sparano and Koide selected the light-up RNA

aptamers for quencher modules in the engineered molec-
ular quencher-fluorophore couples (4,6), while Sando’s
group reported the selection of DNA and RNA aptamers
for derivatives of Hoechst 33258 (7,8). Most recently,
Armitage and colleagues described the selection of the
tightly binding RNA aptamer for an engineered cyanine
dye (dimethylindole red) with 60-fold fluorescence
enhancement (9).
Instead of isolating a new aptamer, we decided to test

whether it is possible to target a non-specific small mole-
cule dye with light-up property, such as thiazole orange
(TO) to the existing aptamers. This approach would have
an advantage that non-specific light-up probes have well-
characterized fluorescent properties (11,12) and have been
often already tested in intracellular milieu (13). Our design
relied on overcoming the intrinsic lack of specificity of TO
through conjugation to small molecules through preferred
interactions with a targeted RNA encompassing an apta-
mer against these small molecules, while still achieving an
increase in fluorescence (Scheme 1).
Thiazole orange is a weakly fluorescent dye, which

becomes brightly fluorescent (quantum yield up to
0.4, excitation and emission close to fluorescein,
�ex=480 nm, �em=530 nm) upon non-specific preferen-
tial insertion into double helical nucleic acids (Kd approx-
imately low micromolar, depending on the exact
sequence). TO dye has been used in probes targeting
nucleic acids, either in conjugates to antisense probes
[PNA (14) or DNA (15)] or in conjugates to peptides
(16,17) or polyamides (18) for double helical DNA. The
common idea behind these approaches was that a
sequence-specific targeting module was combined with a
non-specific light-up TO dye module, leading to a pre-
ferred bivalent binding to a specific sequence coupled
with a strong increase in fluorescence.
There are also previous examples of small-molecule-dye

conjugates used to study aptamers: for example, Rando’s
group has previously taken advantage of environment-
sensitive properties of pyrene conjugates to study ligand-
aptamer interactions. However, in that approach all states
had high fluorescence and the �ex is in the UV region (19).
Interestingly, the same group has also reported paramo-
mycin-TO dyes conjugates as a part of their studies on
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RNA antagonists, but reported no follow-up observations
of light-up properties of these conjugates, albeit fluores-
cent anisotropy was used for Kd determination (20).

MATERIALS AND METHODS

Materials and instrumentation

Oligonucleotides were made and DNA/RNAse free HPLC
purified by Integrated DNA Technologies, Inc.
(Coralville, IA) and were used as received. TO was
obtained from Biochemika (distributed by Sigma-
Aldrich Co.). Lambda DNA was purchased from
Promega (Madison, WI). RNA from baker’s yeast,
ATP, GTP, CTP, UTP, AMP and GMP were purchased
from Sigma-Aldrich Co. (St Louis, MO). 1H NMR spec-
tra were recorded on a Varian NMR 300 (Columbia,
MD). Mass spectrometry was performed using a
Shimadzu (Piscataway, NJ) LCMS-2010A. High-resolu-
tion MS was taken on a JEOL JMS-HX 110 double focus-
ing MS (Tokyo, Japan). For HPLC characterization, we
used a Shimadzu (Piscataway, NJ) LC-20AB pump
equipped with a SPD-M20A diode array detector.
Waters XBRIDGE OST C18 ion-pair, reversed-phase
chromatographic column (Milford, MA) was used.

Synthesis of TO-conjugates

TO-hydroxysuccinimidyl ester (TO-OSu). The TO-
carboxylic acid (TO-C10) dye was prepared according
to the literature (17). The TO-hydroxysuccinimidyl ester
was prepared by stirring TO-carboxylic acid (7.0mg,
0.0125mmol), N,N0-dicyclohexylcarbodiimide (DCC)
(2.9mg, 0.0138mmol) and N-hydroxysuccinimide
(HOSu) (1.7mg, 0.0138mmol) in 0.5ml of dichloro-
methane overnight. The precipitate was filtered, and
the solvent evaporated from the filtrate leaving 7.3mg
product (90% crude yield). ESI-MS (positive mode)
m/z=572 (M+).

AMP-NH-linker-NH2. AMP (21mg, 0.06mmol) and 2,20-
(ethylenedioxy)bis-ethylamine (0.088ml, 0.60mmol) were
added to 0.40ml of dimethyl sulfoxide (DMSO) and stir-
red. Then, PPh3 (80mg, 0.30mmol) and 2,20-dipyridine
disulfide (Aldrithiol-2) (80mg, 0.36mmol) were sequen-
tially added. The mixture was stirred at 408C for 48 h
and at this point a clear solution was obtained. The reac-
tion mixture was then added to 20ml of 2% LiClO4 in
acetone, chilled overnight at �208C, and centrifuged. The
precipitate was resuspended in 20ml of 2% LiClO4 in

acetone and centrifuged again. The final precipitate was
then extracted twice with 15ml of methanol. The extracts
were combined and solvent evaporated, leaving 22mg
product (75% crude yield). 1H NMR (300MHz,
CD3OD) 8.57 (1H, s), 8.19 (1H, s), 6.09 (1H, d,
J=6.0Hz), 4.71–4.75 (1H, dd, J=5.4Hz, J=6.0Hz),
4.38–4.41 (1H, dd, J=3.3Hz, J=5.2Hz), 4.21–4.23
(1H, m), 4.00–4.03 (2H, m), 3.37–3.66 (8H, m), 2.98–
3.05 (2H, dt, J=6.0Hz, J=9.3Hz) and 2.80 (2H, t,
J=5.1Hz). Rf=0.65, silica, 6:1 MeOH/NH3 aq. ESI-
MS (positive mode) m/z=484 (M+H+), 490 (M+Li+).

TO-AMP. AMP-NH-linker-NH2 (12mg, 0.025mmol) in
0.40ml of dimethylformamide (DMF) and 0.30ml of
water were added to a solution of 0.025mmol TO-OSu
in 0.40ml of DMF. After 14 h, solvent was evaporated
and purification was achieved via preparative reverse
phase thin layer chromatography (TLC), Rf = 0.3,
MeOH (4mg, 16% yield). 1H NMR (300MHz, CD3OD)
8.67 (1H, d, J=9.3Hz), 8.56 (1H, s), 8.46 (1H, d,
J=7.2Hz), 8.13, (1H, s), 7.91–8.09 (3H, m), 7.60–7.80
(3H, m), 7.42–7.49 (2H, m), 6.93 (1H, s), 6.09 (1H, d,
J=5.7Hz), 4.74 (1H, t, J=10.8Hz), 4.65 (2H, t,
J=14.7Hz), 4.41–4.44 (1H, m), 4.22–4.28 (1H, m),
4.04 (3H, s), 4.02–4.06 (2H, m), 3.47–3.78 (8H, m),
3.02–3.11 (2H, dt, J=6.0Hz, J=9.3Hz), 2.20 (2H, t,
J=7.2Hz), 2.00 (2H, t, J=6.9Hz), 1.59 (2H, m),
1.40–1.35 (2H, m), 1.20–1.35 (12H, m) and 0.926 (2H,
t, J=4.8Hz). Rf=0.20, silica, 6:3:1 dioxane/water/NH3

aq. ESI-MS (positive mode) m/z=956 (M+Na+).
HRMS (C46H60N9O9PS): calcd, 934.4051; found,
934.4019.

GMP-NH-linker-NH2. GMP (203mg, 0.5mmol) and 2,20-
(ethylenedioxy)bis-ethylamine (0.747ml, 5.0mmol) were
added to 5ml of DMSO, followed by PPh3 (655mg,
2.5mmol) and 2,20-dipyridine disulfide (Aldrithiol-2)
(660mg, 3.0mmol). The mixture was stirred at 408C for
48 h and at this point the clear solution was observed. The
product was isolated by precipitation with LiClO4 in ace-
tone (addition of crude reaction to 20ml of 2% LiClO4 in
acetone, overnight incubation at �208C and centrifuga-
tion). The precipitate was resuspended in LiClO4 in ace-
tone (20ml, 2%) and centrifuged again. The final
precipitate was extracted twice with methanol (15ml).
The extracts were combined and solvent evaporated leav-
ing product (70mg, 60% yield). 1H NMR (300MHz,
CD3OD) 8.00 (1H, s), 5.81 (1H, d, J=6.3Hz),
4.70–4.75 (1H, dd, J=4.8Hz, J=10.2), 4.32–4.35 (1H,
m), 4.10–4.16 (1H, m), 3.92–4.03 (2H, m), 3.35–3.66 (8H,
m), 2.92–3.22 (2H, dt, J=6.6Hz, J=9.0Hz) and 2.74
(2H, t, J=6.0Hz). Rf=0.8, silica, MeOH/NH3 aq.
ESI-MS (positive mode) m/z=492 (M+).

TO-GMP. A solution of 0.010mmol TO-OSu in 0.5ml of
dichloromethane was evaporated to a drop of oil in a
1.0ml Wheaton vial. To this was added GMP-NH-
linker-NH2 (26mg, 0.020mmol) dissolved in 0.05ml
of DMF and 0.05ml of 50mM aq NaHCO3. After 14 h,
solvent was evaporated and the residue was purified via
preparative reverse phase TLC (3.7mg, 25% yield).

M
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M

Scheme 1. Principle behind light-up probes for aptamers and their dis-
placemnt with unconjugated small molecules: An RNA aptamer
against a molecule (circle) binds a conjugate between molecule and
TO dye, resulting in a fluorescent complex. Presence of free molecule
in solution results in displacement of conjugate from the complex and
reduction in fluorescence.
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1H NMR (300MHz, CD3OD) 8.64 (1H, d, J=8.4Hz),
8.44 (1H, d, J=6.9Hz), 8.04 (1H, d, J=8.4Hz), 7.97
(1H, d, J=6.6Hz), 7.94 (1H, s), 7.89 (1H, d,
J=7.8Hz), 7.57–7.76 (3H, m), 7.38–7.47 (2H, m), 6.90
(1H, s), 5.78 (1H, d, J=7.2Hz), 4.80–4.85 (1H, m), 4.59
(2H, t, J=7.5Hz), 4.35–4.37 (1H, m), 4.12–4.18 (1H,
m), 4.01 (3H, s), 3.98–4.14 (2H, m), 3.45–3.58 (8H, m),
2.95–3.10 (2H, m), 2.14–2.20 (2H, t, J=7.5Hz), 1.96
(2H, m), 1.56 (2H, m), 1.25–1.40 (8H, m), 0.92–0.93
(6H, m), 0.08–0.15 (2H, m). R f=0.45, silica, 11:3:1
Dioxane/Water/NH3 aq. ESI-MS (positive mode)
m/z=950 (M+H+), 972 (M+Na+). HRMS
(C46H60N9O10PS): calcd, 950.4000; found, 950.4031.
HPLC was used to analyse the purity of conjugates
(Supplementary Data).

Fluorescence measurements

Fluorescent spectra were taken on a Perkin-Elmer
(San Jose, CA) LS-55 luminescence spectrometer.
Experiments were performed at the excitation wavelength
of 480 nm and emission scan of 510–595 nm. All measure-
ments were performed in 20mM Tris–HCl (pH 7.4),
140mM NaCl, 5mM KCl and 5mM MgCl2. The TO-
conjugates were dissolved in buffer and 0.2 mm filtered
just before measurements. The concentrations of TO-
conjugates were calculated based on the absorption
at 501 nm (assuming molar extinction coefficients of
63 000M�1cm�1). Absorbance was determined on an
Amersham Biosciences (Piscataway, NJ) Ultrospec 3300
pro UV/visible spectrophotometer. For the studies of
interactions with aptamers, TO-conjugates were diluted
at the desired concentrations in binding buffer, and
series of standard dilutions of aptamers were added and
incubated 40min at room temperature. For displacements
by analytes (ATP, GTP, CTP and UTP), series of stan-
dard dilutions of analytes were added in the solutions
of TO-conjugates (300 nM) and aptamers (600 nM) for
40min.

Determination of dissociation constants

Dissociation constant K1 (for the interaction between
TO-conjugate and aptamer) was determined by measuring
the fluorescence intensity (F) as a function of increasing
total added aptamer [R]t at a fixed concentration of total
TO-conjugate [D]t, and fitting to the following equation
(assuming a 1:1 complex, the detailed equation expression
in Supplementary Data).

F ¼ "
ð½D�t þ ½R�t þ K1Þ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð½D�t þ ½R�t þ K1Þ

2
� 4½D�t½R�t

q
2

where [R] and [D] were the concentrations of free aptamer
and TO-conjugate, respectively. We converted fluores-
cence unit to mM ([RD]=F/e, e=2941.2F/mM for TO-
AMP, 2384.6 F/mM for TO-GMP) by measuring the
fluorescence intensity of 65 nM TO-conjugate in the pre-
sence of a saturated aptamer concentration (the conju-
gates had negligible fluorescence on its own). e was
defined as the conversion coefficient, and [RD] was the
concentration of complex of aptamer with TO-conjugate.

In the displacement binding assay, dissociation constant
K2 for aptamer with ATP (or GTP) was determined by
fluorescence titration of ATP (or GTP) into the complex
solution of TO-conjugate and aptamer. The following
equation (Supplementary Data) is used for fitting.

½A�t ¼ ½R�t �
F

"
�

K1F

"½D�t � F

K2ð"½D�t � FÞ

K1F
þ 1

� �� �

[R]t, [D]t were the initial concentrations in the mixing solu-
tion of aptamer and TO-conjugate. [A]t was the total con-
centration of added competitor ATP (or GTP).

RESULTS AND DISCUSSION

The light-up properties of TO-conjugates

The TO-GMP conjugate 1 was synthesized in two steps
(Scheme 2 and Supplementary Data) from the previously
reported TO-C10 analog (17). We tested several GTP-
binding aptamers (21) reported by Szostak’s group with
this conjugate (Schemes 2 and 3). The conjugate 1 had
negligible fluorescence on its own (lowest spectra in
Figure 1a), and showed large (several 100-fold) increase
in fluorescence in the presence of various GTP aptamers
(Supplementary Data). The strongest fluorescence
increase, �400-fold, was observed with the aptamer
GTP Class I (Scheme 3) and we characterized these inter-
actions more closely (Figure 1a). The apparent Kd of a
complex between 1 and this aptamer was approximately
60 nM (Figure 1a, insert), indicating no apparent increase
in binding strength over GMP (reported at 23 nM) (21).
The substitution of the proposed binding region with the
random sequence yielded an aptamer that lost the ability
to produce strong fluorescence in the presence of 1

(Supplementary Data).
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In order to test the generality of the ‘light-up’ approach
to label aptamers, we also synthesized TO-AMP conju-
gate 2 (Scheme 2). The synthetic process and yields closely
followed the procedure developed for TO-GMP. The con-
jugate again had negligible fluorescence on its own, and
showed up to 500-fold increase in fluorescence in the pres-
ence of the ATP aptamer ATP-40-1 (22) (Supplementary
Data). The apparent dissociation constant of a conjugate–
aptamer complex was �550 nM, indicating a several-fold
increase in binding through positive cooperativity between
the two binding events [aptamer binds adenosine deriva-
tives in micromolar range (22)]. The aptamer with a single
point mutation that abolishes binding [ATP-40-1-G34A,
G34 is highly conserved unpaired base (18)] showed no
increase in fluorescence beyond what was observed for
completely unrelated sequences (Supplementary Data).
This result indicates that the binding was small mole-
cule-driven, thus, with a potential for high-selectivity
over the unrelated sequences. This conjugate was later
used as a fluorescent molecule to study the thermally con-
trolled affinity extraction from aptamer-bound surface on
microfluidic device (23). We also synthesized this conju-
gate with a short linker, and it showed diminished inter-
actions with the aptamer, consistent with bivalent
interactions. Finally, we observed diminished interactions
when stem without loop was shortened, consistent with
intercalation of TO portion in this stem (Supplementary
Data).

The selectivity of TO-conjugates

In order to confirm that our targeting with conjugates is
indeed selective, we tested the cross-reactivity of both

conjugates in the presence of aptamers, and in the pres-
ence of unrelated nucleic acids (Supplementary Data). The
increase in fluorescence was remarkable only in the pres-
ence of targeted aptamers. However, we observed some
non-negligible increase in fluorescence with other species
as well, indicating that there is residual binding of the TO
dye portion to nucleic acids. We tested non-specific
responses of �DNA and yeast total RNA with the TO-
conjugates. Even 20 times more �DNA or 80 times more
yeast total RNA in weight had less 50% response than the
target aptamer (Supplementary Data). In order to study
the selectivity further, we tested TO dye, its C10-analog,
and GMP or AMP conjugate at increasing concentrations
of GTP Class I aptamer (Figure 1b). As seen in Figure 1b,
original TO-dye (with methyl group in place of C10
spacer), at the same concentrations as conjugate, actually
yields a bigger fluorescent signal in the high concentration
of GTP Class I aptamer (and all other tested nucleic acids
as well, not shown), despite somewhat weaker initial bind-
ing. In contrast, under the same conditions the TO-dye
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analog with a hydrophobic C10 spacer used in 1 and 2

shows very low fluorescent response. Mismatched conju-
gate 2 is even more selective with only negligible interac-
tions with GTP Class I aptamer.

These observations are consistent with the mechanism
of fluorescent increase for our conjugates: The primary
binding event of a small molecule to its aptamer increases
the effective concentration (24) of TO dye analogs with
otherwise lowered affinity to nucleic acids. In retrospec-
tive, the success of our design and the high selectivity of
fluorescence increase fortuitously relied on the weakened
association between nucleic acids and TO by C10 modifi-
cation. Interestingly, both derivatives of Hoechst 33258
(7,8) and dimethylindole red (9) were engineered to sup-
press nonspecific DNA or RNA binding, and we seem to
have accomplished the same characteristic through a for-
tuitous accident.

The specific displacement of TO-conjugates by small
molecules

As expected based on equilibrium considerations, conju-
gate 1 could be displaced from its complex with aptamer
by the excess of GTP, but not ATP, CTP or UTP
(Figure 2). Importantly, almost complete displacement
indicates the binding is directed by the GMP part of the
conjugate. Similarly, conjugate 2 could be displaced from
its complex after incubation with either ATP or AMP,
at almost identical concentrations, consistent with the
reported (22) Kd (Supplementary Data). Again, other
nucleotides were not capable of displacement, indicating
that the selectivity of the original aptamer was conserved
in its complex. The complete displacement makes com-
plexes of aptamers and their conjugates interesting as dis-
placement sensors for homogeneous detections, with small
molecules as analytes. Although our method is syntheti-
cally more challenging than simply using off-the-shelf
DNA-binding dyes (25–28), it has an advantage of the
increased specificity of interactions with aptamers.
Because the binding of light-up probes is directed primar-
ily through small molecule ligands, displacement is almost
complete, leading to much better signal than in the
previous, non-specific designs (26–28). There are many
interesting approaches to aptameric sensors (29,30), but
there is only one that uses non-covalently modified
RNA aptamer to construct light-up probe for the
detection of small molecules and is potentially suitable
for expressable intracellular sensors (31). With light-up
approach described in this work, we can use
TO-conjugates to develop light-up probes for the detec-
tion of the other small molecules.

We were not just interested in developing yet another set
of sensors for purely analytical purposes. Rather, we were
looking for indications that, should we eventually be suc-
cessful in labeling specific mRNA sequences intracellu-
larly, we could also construct them as expressable
intracellular sensors for metabolites. Selectivity of binding
(for high signal-to-noise ratio) could be further optimized
by using multivalent conjugates (32) combined with
multipartite modular aptamers (31). Conjugates of other

light-up dyes, including those reported to be specific for
their cognate aptamers (5,8,9), can be used as well.
In conclusion, we report an apparently general

approach (based on two examples) to target aptamers
with tightly-bound light-up probes based on TO-dye con-
jugates to their small molecules. Aptamers binding to
small molecules are usually isolated through in vitro selec-
tion and amplification procedure that uses affinity selec-
tion for small molecule conjugated to the solid phase of
affinity column. Conjugation to the TO dye analog instead
of an affinity support, may yield light-up aptamer-conju-
gate couples in all these cases.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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