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Abstract Competitive fluorescence resonance energy
transfer (FRET)-aptamer-based assay formats are described
for one-step detection of methylphosphonic acid (MPA; a
metabolite of several organophosphorus (OP) nerve agents).
AminoMPA was attached to tosyl-magnetic beads and used
for DNA aptamer selection from which one dominant
aptamer sequence emerged. Two different FRET approaches
were attempted. In one approach, the complementary DNA
sequence was used as a template for labeling the aptamer
with Alexa Fluor 546 (AF 546)-14-dUTP by asymmetric
PCR. Following 3-dimensional (3-D), molecular modeling
of the aptamer-MPA complex, a series of three fluorescei-
nated aptamers labeled at positions 50, 51, and 52 in the
putative optimal binding pocket were synthesized. In both
FRET formats, aminoMPA was linked to Black Hole
Quencher (BHQ-1 or BHQ-2)-succinimides and allowed to
bind the fluorescein or AF 546-labeled MPA aptamer.
Following gel filtration to purify the labeled MPA aptamer-
BHQ-aminoMPA FRET complexes, the complexes were
competed against various concentrations of unlabeled MPA,
MPA derivatives, and unrelated compounds in titration and
cross-reactivity studies. Both approaches yielded low mi-
crogram per milliliter detection limits for MPA with
generally low levels of cross-reactivity for unrelated com-
pounds. However, the data suggest a pattern of traits that

may effect the direction (lights on or off) and intensity of the
FRET.

Keywords Aptamer . Asymmetric PCR . Fluorescence
resonance energy transfer . Organophosphorus . SELEX

Introduction

It is an unfortunate but modern reality that some nations must
be vigilant against chemical and biological (CB) attacks. Early
detection of CB attacks can be crucial to proper patient
treatment and subsequent accurate forensics. At present,
laboratory-bound techniques such as high-performance liquid
chromatography (HPLC) and gas chromatographic-mass
spectrometry (GC-MS) provide the standard instruments and
methods to detect and identify nerve agents or their metabolites
especially in body fluids [1]. Portable and rapid field detection
and identification of these analytes is desirable for screening
purposes and to augment the standard laboratory methods.

In the cases of sarin (GB), soman (GD), and VX,
hydrolysis products include methylphosphonic acid (MPA)
and its various derivatives such as isopropyl methylphos-
phonic acid (IPMPA) and pinacolyl methylphosphonic acid
(PMPA). Therefore, we sought to develop a one-step (bind
and detect) fluorescence assay for MPA, the common portion
of these analytes, using a novel competitive FRET-aptamer
approach. A number of attempts to develop high affinity
antibodies against nerve agents or their analogs have met with
limited success [2–4]. In this work, we report the first attempt
to develop an aptamer to a component of OP nerve agents.

Although SELEX (Systematic Evolution of Ligands by
EXponential enrichment) has been used to develop
aptamers against small molecules [5–7], MPA is extremely
small, consisting of only 10 atoms in its protonated state.
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Hence, we were reluctant to attempt aptamer development
to such a small molecule. However, Mann et al. [6]
published a compelling report concerning DNA aptamer
development against the comparably small molecule etha-
nolamine with Kd values ranging from 6 to 19 nM using a
magnetic bead (MB)-based selection methodology similar
to our own [8]. These facts, coupled with the commercial
availability of aminoMPA for simple coupling to tosyl-
MBs, made the project appear feasible.

The use of FRET or changes in fluorescence intensity to
mark aptamer-analyte binding events has been described with
a number of variations. Investigators have labeled aptamers
with fluorophores (F) and quenchers (Q) in various ways [9–
15] or fluorophore-labeled aptamers without using a recog-
nized quencher at all [10, 14] and still achieved low levels of
detection. In our scheme, which was based on previous
competitive antibody FRET [16], the analyte is first labeled
with a known Q, then allowed to bind and complex with an
F-labeled aptamer. The aptamer can be singly labeled
internally during solid-phase synthesis or multiply labeled
internally by asymmetric PCR using F-labeled deoxynucleo-
tides and the aptamer’s complementary DNA as a template
to produce single-stranded F-labeled aptamers [17–19]. The
F-labeled aptamer-Q-ligand complex is then purified by gel
filtration over Sephadex™ and the complex is identified in
the fraction or fractions demonstrating the highest simulta-
neous absorbance for DNA, the analyte, F, and Q at their
respective peak absorbance wavelengths. The FRET-
aptamer-Q-target complex is then diluted and used in
competition with unlabeled target analyte (Fig. 3) to develop
FRET titration curves as demonstrated in the present work.

Experimental

Oligonucleotides, fluorophores, quenchers,
and other chemicals

All oligonucleotides were obtained from Integrated DNA
Technologies, Inc. (IDT; Coralville, IA). The SELEX
template sequence was: 5′-ATCCGTCACACCTGCTCT-
N36-TGGTGTTGGCTCCCGTAT-3′, where N36 represents
the randomized 36-base region of the DNA library. Primer
sequences were: 5′-ATACGGGAGCCAACACCA-3′ (des-
ignated forward) and 5′-ATCCGTCACACCTGCTCT-3′
(designated reverse) to prime the template and nascent
strands respectively. AF 546-14-dUTP was obtained from
Invitrogen, Inc. (Carlsbad, CA) at 1 mM in TE buffer.
BHQ-1-succinimide and BHQ-2-succinimide esters were
obtained from Biosearch Technologies, Inc. (Novato, CA).
MPA, isopropyl methylphosphonic acid (IPMPA), diiso-
propyl MPA (Di-IPMPA), cyclohexyl MPA (CH-MPA),
ethyl MPA (E-MPA), and pinacolyl-MPA (PMPA), were

obtained from Cerilliant, Corp. (Round Rock, TX) at a
concentration of 1 mg/ml in methanol. A previously
described para-aminophenyl-soman derivative [2–4] was
obtained from the US Army Medical Research Institute for
Chemical Defense (USAMRICD), Aberdeen Proving
Ground, MD. AminoMPA and all other chemicals were
obtained from Sigma-Aldrich Co. (St. Louis, MO).

SELEX aptamer development, cloning, and sequencing,
and secondary structure determinations

AminoMPA was attached to tosyl-M280 MBs (Invitrogen
Corp.) by incubation of 100 μl of tosyl-M280 MBs (approx-
imately 2×108 MBs) with 1 mg/ml of aminoMPA overnight
at 37 °C. AminoMPA-MBs were collected and washed 3
times in 1 ml of 1× SELEX binding buffer (1×BB; 0.5 M
NaCl, 10 mM Tris–HCl, and 1 mM MgCl2, pH 7.5–7.6)
using a Dynal MPC-S magnetic collector. Five rounds of
SELEX were performed as previously described [8] using the
72 base library and primers described above. E. coli single-
stranded binding protein (SSB, 0.5 U) in the form of Perfect
Match® from Statagene, Corp. (La Jolla, CA) was added to
every PCR reaction to avoid higher molecular weight
concatamers of the aptamers and produce a single 72-bp
band on electrophoretic gels [20]. Following five rounds of
SELEX, the selected aptamer population was cloned into
pCR II TOPO plasmids using the Invitrogen TOPO TA
Cloning Kit with dual promoters. Plasmids were transfected
into chemically competent TOP10F’ E. coli. White colonies
were selected from antibiotic-supplemented media and the
plasmids containing aptamer inserts were extracted using a
SNAP™ kit (Invitrogen) and sent to SeqWright, Inc.
(Houston, TX) for sequencing. Secondary structures were
determined over a range of temperatures from 4 °C to 37 °C
using the Internet software program “Vienna RNA” [21] from
the Institute for Theoretical Chemistry, University of Vienna,
Austria; http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi using
RNA and DNA parameters [22] as appropriate (Fig. 3).

3-D molecular modeling and MPA binding simulations

Aptamer and MPA models were constructed using Materi-
als Studio Visualizer (Accelrys Software, Inc., Valencia,
CA, V2.2). The structures were optimized with a combina-
tion of molecular mechanics and molecular dynamics using
Discover software and a Consistent-Valence Force Field
(CVFF), which is suitable for studying peptides, proteins,
and wide variety of organic systems.

The aptamer model was built in segments of five to ten
nucleotides to correspond with key features of the full
structure. After adding each segment, the resulting structure
was then energy minimized by molecular mechanics.
Minimization was conducted for at least 5,000 iterations
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and used a smart minimization algorithm with a final
convergence criteria of 0.1 kcal mol−1 Å−1. After the final
structure was energy minimized, it was relaxed by
molecular dynamics at an elevated temperature, then
annealed at progressively cooler temperatures until achiev-
ing a system temperature of 25 °C. Relaxation and
annealing were conducted for at least 50 ps using a time
step of 1 fs. Similar methods were used to construct MPA.

Six optimizedMPAmolecules were added to the optimized
polynucleotide. Three MPA molecules were located in
probable binding sites designated MPA2, MPA4, and MPA6.
The remaining MPA molecules were placed in “control” sites
designated MPA 1, MPA3, and MPA5. These latter sites were
chosen to provide comparisonswith theMPA6 site, an exterior
“fold” and a linear segment distal from a “bend” in the DNA.
The composite aptamer-MPA structure was energy minimized
by molecular mechanics and relaxed using molecular dynam-
ics according to published methods [23]. Total system energy
stabilized at approximately −6,000 kcal/mol.

Once the composite structure was fully relaxed, five
random conformers were generated using additional dynamics
runs. Binding energies (E) were calculated for each conformer
and each MPA molecule by the following equation:

EBinding ¼ ETotal

� EAptamer WithoutMPAð Þ þ EMPAOnly½ �

Fluorophore labeling of MPA aptamer by asymmetric PCR
and during solid-phase synthesis

Once a dominant MPA aptamer sequence had been identified
(see “Results” for aptamer sequence), its complementary DNA
(cDNA) was synthesized and obtained from IDT for use as a
template for asymmetric PCR involving a 100:1 reverse:
forward primer ratio. The asymmetric PCR reaction was
doped with 4 μM AF 546-14-dUTP and contained 224 pmol
of aptamer cDNA along with 1 μl of rTaq (5 U/μl, TakaRa,
Otsu, Shiga, Japan) in EasyStart Micro 100™ pre-made PCR
mix tubes (Molecular BioProducts, Inc., San Diego, CA). Ten
microliters of 10× PCR buffer (TakaRa) and sufficient
nuclease-free deionized water were added to bring the final
volume of each PCR tube to 100 μl. PCR was conducted
under the following conditions: 95 °C for 5 min, 30 cycles of
95 °C for 30 s, 53 °C for 30 s and 72 °C for 30 s, followed by
a 7 min extension period at 72 °C and storage at 4 °C.

In the alternate assay approach, three separate aptamers
were singly fluorescein labeled by IDT using fluorescein-
C6 linker-dTTP during solid-phase synthesis. The aptamers
were labeled with fluorescein at nucleotides 50, 51, and 52
(numbered from the 5′ end) and designated accordingly as
50F, 51F, and 52F. They were reconstituted in 1X BB at a
stock concentration of 0.2 mg/ml.

Generation of quencher-ligands, complexation,
and purification of FRET reagents

BHQ-1- or BHQ-2-succinimide esters were dissolved in
dimethylsulfoxide at 1 mg/ml. Three hundred μl of BHQ-2-
succinimide were added to 300 μl of 1 mg/ml aminoMPA
in 2XBB and briefly mixed. The solution was incubated at
37 °C overnight and subsequently referred to as the “Q-
ligand.” Two hundred μl of Q-ligand solution were added
to 200 μl of fluorescein or AF-546-dUTP-labeled MPA
aptamers and allowed to bind for at least 20 min at room
temperature (RT). Next, the AF 546-aptamer-Q-ligand
complexes were purified by passage over a 1XBB-
equilibrated PD-10 (Sephadex™ G-25, G.E. Healthcare,
Inc., Piscataway, NJ) gel filtration column. One ml fractions
were collected using 1XBB and the absorbance of each
fraction at 260, 495, and 540 or 555 and 579 nm
(representing peak absorbances for DNA, fluorescein and
BHQ-1 or AF 546 and BHQ-2 respectively) were used to
assess which fractions would be used for FRET experi-
ments (i.e., which fractions contained the F-aptamer-Q-
ligand complexes).

Spectrofluorometric assessment

Competitive FRET assays and cross-reactivity studies were
set up so that 20 μl of the AF 546-aptamer-Q-ligand
complex (approximately 0.7 to 1.2 μg of FRET-aptamers)
were added to methacrylate cuvettes containing serial two-
fold dilutions of MPA or other compounds of interest in
1XBB. Similar competitive FRET-aptamer assay titrations
were set up for the fluorescein-labeled aptamers (i.e., 50F–
52F) except that approximately 6.7 μg of labeled aptamers
were used per cuvette. All cuvettes were brought to a final
volume of 2 ml using 1×BB and allowed to equilibrate at
RT for at least 20 min. Fluorescence spectra were acquired
with a Varian, Inc. (Palo Alto, CA) Cary Eclipse spectro-
fluorometer using an excitation of 495 nm for fluorescein or
555 nm for AF 546 and scanning from 500–600 or 550–
650 nm with 5 nm excitation and emission slit widths,
medium scanning speed, 1 nm resolution, and 600 or 900 V
photomultiplier (PMT) voltage. The fluorescein-based
experiments used 600 V and the AF 546-based experiments
used 900 V PMT settings.

Results

MPA aptamer sequence and conventional fluorescence
assessment of aptamer binding

Several of the clones sent to SeqWright revealed evidence
of partial or complete aptamer inserts. Two potential
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aptamer sequences designated MPA1 and MPA2 dominated
the pool and these were verified to be complementary in the
double-stranded plasmid. To determine which sequence
was truly the MPA-binding aptamer, we obtained 5′-
fluoresceinated MPA1 and MPA2 sequences from IDT,
attempted to bind these to aminoMPA-MBs and washed the
beads three times in 1XBB. The 5′-fluoresceinated aptamer-
aminoMPA-MBs were resuspended immediately prior to
analysis in the Eclipse spectrofluorometer. The resultant
readings demonstrated approximately 10-fold greater fluo-
rescence intensity from the MPA2 sequence versus the
MPA1 sequence (data not shown). Hence, the oligonucle-
otide designated MPA2 (5′-ATCCGTCACACCTGCTCT-
CGATGAGACAAGAGGAACACGGCACAATTGATT
TAA-TGGTGTTGGCTCCCGTAT-3′) was considered to
be the true aptamer for subsequent experiments.

Aptamer secondary structure and 3-D modeling
of the aptamer-MPA complex

The MPA2 DNA sequence was subjected to secondary
structural analyses using web-based Vienna RNA software
[21] with RNA or DNA parameters [22] as appropriate at
25 °C as shown in Figs. 1 and 3. Three-dimensional (3-D)
modeling also revealed a convoluted aptamer structure
(Fig. 1a) with several potential binding sites for MPA. The
site designated MPA6 appeared to have the greatest
negative free energy change upon binding MPA
(−113.6 kcal/mol as shown in Fig. 1b). Despite the very
small size of MPA, several types of forces including
hydrogen bonds and van der Waals interactions appear to
play a significant role in enabling and stabilizing binding of
MPA to the aptamer in particular at the MPA6 site.

Fig. 1 a Secondary structure of
the MPA2 aptamer at 25 °C as
predicted by web-based Vienna
RNA software using DNA
parameters and the 3-D structure
predicted by computer modeling
showing possible binding sites
for MPA. b Close up views of
the two most probable binding
sites in their best (lowest ener-
gy) and worst (highest energy)
configurations
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Evidence of successful Alexa Fluor 546-dUTP labeling
of the MPA aptamer and FRET-aptamer purification

Successful asymmetric PCR-based incorporation of AF
546-14-dUTP was expected because of the relatively long
(14-atom) linker arm which allows DNA polymerases to
incorporate AF 546-14-dUTP in a relatively unhindered
manner [18, 19]. The image of an unstained Tris Borate
EDTA (TBE)-polyacrylamide electrophoresis gel on the left
side of Fig. 2 demonstrates that AF 546-14-dUTP was
incorporated into the 72 bp aptamer by asymmetric PCR
because a crisp fluorescent band is observed. Subsequent
ethidium bromide staining of the same gel reveals that the
fluorescent bands across the gel fall between the 50 and
100 bp markers on the now visible DNA ladder, making
them of the correct size to be the AF 546-labeled aptamers.

Since AF 546-14-dUTP was used to dope the nascent
aptamer population, one can predict all the potential sites
where a fluorophore might reside in the MPA2 aptamer,
because some or all of the thymine bases will be replaced
by the fluorophore-labeled dUTPs (underlined uridines in
Figs. 2 and 3). AF 546-14-dUTP could not incorporate into
the 18 bases nearest the 5′ end of the nascent MPA aptamer
because asymmetric PCR was used and this portion of the
new strand is accounted for by unlabeled primer incorpo-
ration into the new strand. The uridines or thymines at
positions 50–52 correspond to nucleotides in the putative
MPA6 binding site as shown in Fig. 1a. Therefore, the
combination of asymmetric PCR dUTP incorporation data
with 2-D and 3-D modeling proved highly useful for

determining a likely locus to place fluorophores in the MPA
structure to minimize the number of fluorophores while
maximizing FRET potential.

Fractions 5–7 from the Sephadex G25 column were
deemed to be optimal for FRET assays because they
contained the highest absorbances at 260 nm for DNA
aptamers, 495 nm for fluorescein, and 540 nm for BHQ-1-
aminoMPA ligand bound to the fluorescein-labeled
aptamers (data not shown). Similarly, fractions 5–7 from
the AF 546-dUTP asymmetric PCR-labeled population
were collected and pooled for competitive FRET assays
because they exhibited the highest absorbance for DNA at
260 nm along with the highest absorbance at 555 nm for
AF 546-dUTP and 579 nm for BHQ-2-labeled aminoMPA
ligand complexed to the fluorophore-labeled MPA aptamer
(data not shown).

Spectrofluorometric results of MPA titration with the AF
546 asymmetric PCR-labeled system

Figure 4a demonstrates a typical “lights on” FRET response
for the asymmetric PCR-labeled system using overlying
fluorescence emission spectra for the competitive assay in
varied concentrations of MPA from 0 to 250 μg/ml. The
same general FRET response trend was noted again in
Fig. 4b with some smaller doses of MPA, but higher
background fluorescence from a second batch of FRET
reagent (i.e., AF 546-doped aptamer complexed to BHQ-2-
amino MPA). In Fig. 4c, the asymmetric PCR-labeled
aptamer-ligand complex competitive FRET system was

Unstained Gel Showing Asymmetric
PCR Incorporation of AF 546-dUTP Same Gel After EtBr

Stain to Verify PCR

100 bp
50 bp

72 bp
PCR
Product
(MPA 2)

MPA1 Aptamer
Template for MPA2
Synthesis by 
Asymmetric PCR

Reverse
Primer
100:1 vs.
Forward
Primer

Nascent Strand Is
the MPA2 Aptamer
& Contains Alexa-
Fluor(AF)546-dUTP

5’-ATACGGGAGCCAACACCA---TTAAATCAATTGTGCCGTGTTCCTCTTGTCTCATCG---AGAGCAGGTGTGACGGAT-3’

3’-UAUGCCCUCGGUUGUGGU--AAUUUAGUUAACACGGCACAAGGAGAACAGAGUAGC--TCTCGTCCACACTGCCTA-5’

AF 546 band emits green when 
excited w/ UV

Fig. 2 Electrophoresis data for the asymmetric PCR-based doping of
the MPA aptamer (designated MPA2) using its complementary DNA
template. The gel images demonstrate the appearance of an unstained
4–20% Tris-polyacrylamide gradient gel (left) with the AF 546-14-
dUTP-labeled aptamers after asymmetric PCR and the appearance of
the same gel after ethidium bromide (EtBr) staining (right) to reveal

the DNA ladder and that the unstained fluorescent bands are truly
composed of DNA (right). Below the gel images, the cDNA template
(MPA1) sequence and the nascent strand (MPA2 aptamer) sequence
with all potential AF 546-14-dUTP incorporation sites (marked as
underlined uridines) are given

J Fluoresc (2008) 18:867–876 871871



shown to be highly reproducible within a given batch
because three independent spectra lay directly on top of one
another for each concentration of MPA examined. Regard-
less of batch variation or background fluorescence, both
assay attempts produced a sensitivity limit of approximately
8–10 μg of MPA per milliliter.

Cross-reactivity of the AF 546-asymmetric PCR-labeled
system

The AF-546-labeled competitive FRET-aptamer assay was
also conducted with equimolar concentrations (52 μM) of
MPA, IPMPA, PMPA, and aminoMPA to test the effects of
structurally similar analytes on the assay. As Fig. 5a
reveals, addition of IPMPA and PMPA yielded virtually
the same fluorescence increase as an equal amount of MPA
itself, suggesting that the aptamer binds the MPA portion of
the targets and is probably not sterically hindered by the
isopropyl or pinacolyl groups. In Fig. 5b, we examined

cross-reactivity of the FRET assay using comparable molar
amounts of the unrelated analytes triethylamine and Tris–
HCl [tris-(hydroxymethol)aminomethane-hydrochloride],
which did not alter the pH. These compounds had very
little effect on the baseline fluorescence spectrum of the
assay. However, an equimolar amount of aminoMPA
appeared to decrease the fluorescence response as shown
in Fig. 5b. This “lights off” response from aminoMPA

Fig. 3 Conceptual diagrams of the two competitive FRET systems
employed. a Illustration of the asymmetric PCR AF 546 system
showing the positions of all possible AF 546 labels and potential
binding pockets for competitive FRET between BHQ-2-labeled MPA
and unlabeled MPA from a test sample. This aptamer was folded using
RNA parameters in the Vienna RNA software, because of the AF 546-
dUTP incorporation. No uridines actually exist in the first 18 bases
from the 5′ end, therefore no AF is shown attached to them. b The
singly fluorescein-labeled competitive FRET system in which BHQ-1-
MPA is competed against unlabeled MPA. This system demonstrated a
“lights off” response to increasing concentrations of unlabeled MPA,
possibly by BHQ-1 or MPA-mediated quenching of fluorescein from
the bulk solution [30, 31]. This aptamer was folded using DNA
parameters [22] by Vienna RNA software

Fig. 4 Results of competitive FRET-aptamer experiments using two
different batches (a, b) of AF 546-dUTP asymmetric PCR-labeled
aptamer complexed to BHQ-2-aminoMPA and competed with varying
levels of unlabeled MPA. c Competitive FRET-aptamer reproducibility
study of MPA detection using this system
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could be due to binding and an electrostatic interaction
between the amino group of aminoMPA and the AF 546-
labeled aptamer. Examination of the chemical structure of
AF 546-14-dUTP reveals several sulfite and carboxyl
groups that would be available to attract amino-MPA.
Regardless of the mechanism, the aminoMPA FRET result
again illustrates some degree of specificity or change in
fluorescence due to a compound that is structurally related
to MPA. If the decreased fluorescence effect had only been
due to the nonspecific addition of an amine compound, then
both triethylamine and Tris–HCl might be expected to alter
the fluorescence response, but this effect was only observed
with aminoMPA, suggesting a specific binding pocket
interaction between aminoMPA and the AF 546-labeled
aptamer.

Spectrofluorometric results of MPA titration
with the fluorescein-labeled systems

Results of two-fold MPA titrations on FRET from the 50F,
51F, and 52F aptamers as well as a reproducibility study are
given in Fig. 6. The singly fluorescein-labeled systems
yielded detection limits comparable to the multiple AF 546-
dUTP asymmetric PCR-labeled system (low μg per ml
levels of MPA). However, in contrast to the AF 546 system,
the fluorescein-labeled systems all gave “lights off”
responses to increasing levels of MPA. Figures 6a and c
reveal that the 50F aptamer gave the best overall separation
of scans with a detection limit of 12.5 μg of MPA per ml
and highly reproducible results (Fig. 6c). The 51F and 52F
aptamers also responded to MPA, but with sensitivities
closer to 25–50 μg of MPA per ml. Since FRET capacity
appeared to decline from 50F to 52F, it appears that the real
FRET effect may be centered around nucleotide 50 (i.e.,
nucleotide 50 is well within the Förster distance). Many of

the spectra are too close to discriminate in Fig. 6, so ranges
of MPA concentrations corresponding to the spectra are
indicated by brackets.

Cross-reactivity of the fluorescein-labeled systems

In an attempt to further characterize the nature of the
putative MPA6 binding pocket in the optimal aptamer from
Fig. 6, we also investigated cross-reactivity of the 50F
aptamer with MPA-related and unrelated ligands. Figure 7
summarizes the results of this cross-reactivity study and
reveals several trends. Diisopropyl MPA (Di-IPMPA) gave
a slight enhancement of the fluorescence, while the rank
order of decreasing fluorescence was: cyclohexyl MPA
(CH-MPA) ≈ pinacolyl MPA (PMPA) > isopropyl MPA
(IPMPA) ≈ ethyl MPA (E-MPA) > MPA > aminoMPA.
Other related (e.g., para-amino-phenyl soman (p-AP-
soman)) and unrelated compounds such as acetylcholine
(ACh) and bovine serum albumin (BSA) caused little, if
any change in fluorescence of 50F. Oddly, triethylamine,
which had no effect on the AF 546 asymmetric PCR-
labeled aptamer, demonstrated a fluorescence enhancement
of the 50F system. Finally, aminoMPA led to nearly
complete quenching of the 50F fluorescein-labeled system.
Similar trends in cross-reactivity and FRET behavior were
noted in subsequent analyses of the 51F and 52F systems
(data not shown for brevity).

Discussion

The results presented here validate a novel competitive
FRET-aptamer assay platform approach which involves
incorporation of fluorophores into DNA aptamers via
asymmetric PCR followed by complexation to quencher-

Fig. 5 Results of two cross-reactivity studies for the PCR-labeled AF
546 MPA aptamer system. Subpanel a shows the FRET response to
addition of MPA at 50 μg/ml and equal molar amounts (52 μM) of
IPMPA and PMPA versus the background fluorescence spectrum of the
FRET complex reagent alone (no analyte added). Also indicated are

the negligible fluorescence spectra of 50 μg/ml of MPA, IPMPA and
PMPA alone without any FRET reagent complex added. Subpanel b
illustrates the FRET response of equal molar amounts (52 μM) of
aminoMPA, triethylamine, and Tris–HCl
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labeled ligands and simple gel filtration-based purification
of FRET reagent complexes. The FRET reagent complexes
can then be competed with unlabeled analytes to enable
rapid, homogeneous, and highly reproducible detection.

Neither the aptamer system labeled with fluorescein
during solid-phase synthesis nor the asymmetric PCR-
labeled system were ultrasensitive to MPA. This may be a
reflection of the relatively high affinity of the aptamer
predicted by computer modeling. Higher affinity aptamers
may not be expected to allow competitive displacement of
their cognate targets, because they bind tightly to the Q-
labeled target and rarely release it. We investigated the
single fluorescein-labeled aptamers, because we thought
that multiple fluorophores in the PCR-labeled system were
contributing to high background and diminishing signal-to-
noise ratio, thereby decreasing assay sensitivity. However,
that does not appear to be true, because both systems gave
comparable low microgram per milliliter detection limits
for MPA. In the case of the heavily PCR-labeled AF 546
aptamer system, the multiple fluorophores appear to be
quite close to one another (Figs. 2 and 3a) and therefore
may actually self-quench [24–27].

Regardless, of the assay’s ultimate sensitivity, specificity,
or utility, the MPA aptamer-MPA combination served as a
useful FRET model system for studying DNA interactions
with very small molecules. Surprisingly, the systems
studied revealed that both “lights on” and “lights off”

Fig. 7 FRET results of cross-reactivity studies for the MPA 50F
aptamer. All ligands were added at 100 μg per sample. ACh
Acetylcholine, BSA bovine serum albumin, CHMPA cyclohexyl-
MPA, EMPA ethyl-MPA, IPMPA isopropyl-MPA, Di-IPMPA diiso-
propyl-MPA, p-AP-soman para-aminophenyl-soman, and PMPA pina-
colyl-MPA. Similar results were obtained with the 51F and 52F
aptamers (data not shown)

Fig. 6 FRET spectra for MPA
titration of the three fluorescein-
labeled MPA aptamers (a, b and
d). Subpanel c represents a
reproducibility study for the
MPA 50F aptamer system with
the indicated number of repli-
cate spectra for each MPA
concentration
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responses could be elicited from the same aptamer, if
variously decorated with fluorophores and associated
quenchers. We speculate that the general “lights on”
response of the PCR-labeled AF 546 system may be due
to multiple fluorophores and multiple potential binding
pockets in the aptamer structure which lead to a net increase
in light output. Conversely, it appears that the MPA6
binding pocket is primarily capable of a “lights off”
response which is centered around nucleotide position 50.

In theory, there are only two means to produce a “lights
off” response in our competitive FRET-aptamer systems
(Fig. 3). One way is for the aptamer to undergo a
conformational change when the Q-labeled target is
released and the fluorophore or fluorophores become more
fully quenched by the DNA itself [28, 29]. However, this
seems unlikely in the present systems, because the BHQ
dyes are more efficient quenchers than natural nucleotides
[30]. The other mechanism is for Q-MPA conjugates to
associate with the aptamer-bound fluorophores (i.e., make
contact within the Förster distance) after Q-MPA is released
into the bulk solution. Upon initial consideration, this may
seem unlikely in bulk solution. However, Marras et al. [30]
report that both BHQ-1 and BHQ-2 exhibited noteworthy
affinity for AF 546 and carboxyfluorescein in hybridization
studies in which the F–Q interactions elevated the melting
temperatures of labeled DNA hybrids 5–6 °C versus that of
unlabeled DNA hybrids. It is also possible that electrostatic
repulsion between the negatively charged MPA, which is
ionized at neutral pH [31], and the negatively charged
fluorescein or AF 546 could be neutralized by the divalent
Mg2+ cations in our 1XBB buffer system, thereby facilitat-
ing contact-mediated quenching in solution [30]. In
addition, MPA itself may actually be a quencher of some
fluorescent dyes, because Heleg-Shabtai et al. [31] ob-
served significant effects of MPA on the fluorescence of
eosin, which is structurally similar to fluorescein.

The cross reactivity studies were also enlightening in
that they demonstrated differential responses of the two
FRET systems to the same ligands such as triethylamine
(compare Figs. 5 and 7). In addition, it appeared clear that
larger hydrophobic groups (e.g., isopropyl, diisopropyl, or
cyclohexyl groups) attached to MPA did not decrease
fluorescence as much as MPA or aminoMPA (Fig. 7). We
can only speculate about this finding at present, but again
several potential hypotheses exist. Perhaps, by physically
widening the binding pocket with the larger hydrophobic
groups, light output was somewhat more enabled. It is also
possible that nonspecific quenching by the analytes [31] or
changes in aptamer conformation induced by binding of
related analytes led to quenching by nucleotides in the
DNA itself [28–29], which are less effective quenchers than
the BHQ dyes [30]. If multiple binding sites exist in an
aptamer, it may also be possible that “allosteric” effects on

conformation exist which could effect the orientation of
fluorophores and the net light output.

Corry et al. [32] and Hofkens [26] have attempted to
model complex 3-D FRET systems such as those described
herein involving multiple binding sites, fluorophores and
quenchers. While the algorithms Corry et al. [32] have
developed are highly useful for FRET predictions, our
actual experiments with two different competitive FRET
systems illustrate the ultimate value of empiricism in
demonstrating the direction of FRET behavior (i.e.,
determining “lights on or off”) in a complex system.
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