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ABSTRACT: Aptamers have been utilized as biosensors
because they can be readily adapted to sensor platforms
and signal transduction schemes through both rational
design and selection. One highly generalizable scheme for
the generation of the so-called aptamer beacons involves
denaturing the aptamer with antisense oligonucleotides. For
example, rational design methods have been utilized to
adapt anti-thrombin aptamers to function as biosensors
by hybridizing an antisense oligonucleotide containing a
quencher to the aptamer containing a fluorescent label. In
the presence of thrombin, the binding equilibrium is
shifted, the antisense oligonucleotide dissociates, and the
beacon lights up. By changing the affinity of the antisense
oligonucleotide for the aptamer beacon, it has proven
possible to change the extent of activation of the beacon.
More importantly, modulating interactions between
the antisense oligonucleotide and the aptamer strongly
influences the kinetics of activation. Comparisons across
multiple, designed aptamer beacons indicate that there is a
strong inverse correlation between the thermodynamics of
hybridization and the speed of activation, a finding that
should prove to be generally useful in the design of
future biosensors. By pre-organizing the thrombin-binding
quadruplex within the aptamer the speed of response can be
greatly increased. By integrating these various interactions,
we were ultimately able to design aptamer beacons that were
activated by threefold within 1min of the addition of
thrombin.
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Introduction

Aptamers have proven to be useful as biosensors, in large
measure because they can be readily adapted to a variety
of sensor platforms and signal transduction schemes
through the rational manipulation of their sequences and
secondary structures (Bunka and Stockley, 2006; Cho et al.,
2008; Deisingh, 2006; Nutiu and Li, 2005). Aptamer beacons
have been designed that function similarly to molecular
beacons, in that interaction with analytes leads to a
separation of fluorophore and quencher, and subsequent
‘‘light up’’ signaling. A general scheme for the design of
aptamer beacons involves creating an antisense oligonu-
cleotide that denatures the functional structure of an
aptamer, and placing a fluorescent reporter and quencher so
that they are in apposition to one another in the denatured
structure (Nutiu and Li, 2003). Upon binding to a target
analyte, the equilibrium between the antisense-bound,
non-functional structure and the free functional structure
will be altered, with a concomitant change in observed
fluorescence. While this and other signal transduction
schemes readily yield aptamer biosensors that can sensitively
detect a variety of analytes, the kinetic properties of the
resultant biosensors have not been examined in any detail.

We have therefore generated a series of aptamer beacons
that can detect the protein thrombin, and examined their
kinetics of signaling. While the anti-thrombin aptamer is
generally chosen for biosensor development because of
its simplicity, in this instance it was chosen in large measure
because so many previous studies have utilized this
aptamer. The single-stranded DNA aptamer is relatively
short (15 nucleotides; 50-GGTTGGTGTGGTTGG) and its
structure is known in atomic detail by both NMR (Macaya
et al., 1993; Schultze et al., 1994; Wang et al., 1993) and
crystallography (Padmanabhan et al., 1993). The potassium-
dependent aptamer forms a unimolecular quadruplex in
solution in which two G-quartets are connected by two TT
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loops and a TGT loop (Fig. 1A). This aptamer was
found to bind to thrombin’s fibrinogen recognition exosite
(FRE) with a Kd of approximately 100 nM (Bock et al.,
1992). However, it was later discovered that by incorporat-
ing a terminal helix of between four to seven base pairs, the
binding affinity could be further increased between 4- and
10-fold (Macaya et al., 1995).

Another reason to utilize thrombin as a target for
detailed studies of aptamer biosensors is that an
additional, different anti-thrombin aptamer has been
selected (60–18 with the sequence 50-AGTCCGTGGTAG-
GGCAGGTTGGGGTGACT-30). This newer anti-thrombin
aptamer also displays potassium-independent binding
(Macaya et al., 1995; Tasset et al., 1997; Tsiang et al.,
1995). While this aptamer again forms a G-quadruplex, the
termini of the quadruplex forms a duplex that stabilizes the
Figure 1. Structure switching models. Alternative conformations that are favored in th

allow the reader to better follow the conformational change. In general, the aptamer seq

sequence adjacent to the quencher, red is the sequence that forms a duplex stem in the

developed by Nutiu with the original author’s naming conventions in parentheses (2003). T

called G15D (Tasset et al. 1997). The oligonucleotide (FDNA1) is labeled with a 50-Fluorescein

assist in secondary structure formation in the non-binding conformer are shown in blue

arrangement. (B) Representative activation of Apt4 (Stem-2) and Th.Q1 (QDNA6). (C) AptH co

TCAGCA appended to the 50 end.
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structure and further improves its binding affinity (Fig. 1B).
In contrast to the shorter quadruplex, however, the
extended quadruplex was found through photo-crosslinking
experiments to interact with a different eptiope, the heparin-
binding exosite.

Anti-thrombin aptamers have previously been extensively
utilized for the development of biosensors. In 2001, Stanton
and coworkers engineered the original anti-thrombin
aptamer to act to form an alternative, hairpin structure
(Hamaguchi et al., 2001). A fluor and quencher were
included at the aptamer termini, leading to quenching in
the absence of thrombin (Fig. 1C). Upon the addition of
thrombin, though, the equilibrium was shifted in favor of
the G-quadruplex, concomitantly separating the fluor
from the quencher and leading to thrombin-dependent
fluorescent signaling. The anti-thrombin aptamer was also
e presence and absence of thrombin are shown. Different fonts and colors are used to

uence is underlined, green is the sequence adjacent to the fluorescein, umber is the

binding conformation, and gray is an internal bulge. (A) Structure-switching reporter

he underlined sequence is consensus anti-thrombin aptamer (Bock et al., 1992), later

and the oligonucleotide QDNA6 is labeled with a 30-DABCYL. Additional sequences that

and purple. The G-quartet is drawn to represent the three-dimensional structural

mplexed with Th.Q5-2. AptH is derived from 60 to 18 (underlined; Tasset et al. 1997) with



engineered to function as an FRET beacon (Li et al., 2002).
In this instance, the aptamer structure was destabilized in
the absence of thrombin, and the addition of thrombin
allowed terminal fluorophores to interact, thus changing the
fluorescence spectra.

In an attempt to generalize the design of aptamer
biosensors, Nutiu and Li (2003) developed both
bipartite and tripartite aptamer beacons. In this case, the
inactive conformer was formed by hybridization of one
or more antisense oligonucleotides to the anti-thrombin
aptamer, and displacement of the antisense oligonucleo-
tide(s) led to signaling. The advantage of this method is
that it is more modular: the antisense oligonucleotides can
contain both fluorescent reporters and quenchers. The
aptamer activated nearly instantaneously at 378C, yet was
considerably slower at lower temperatures. Finally, both the
shorter and longer quadruplex anti-thrombin aptamers have
been utilized in a clever proximity assay in which joint
binding of the aptamers lead to a large change in FRET signal
(Heyduk and Heyduk, 2005).

We have now optimized two different bipartite thrombin
aptamer beacons to have fast activation rates at room
temperature (258C). In carrying out these optimizations, we
have begun to develop both empirical and quantitative
methods for controlling the kinetics of aptamer biosensors.
In particular, we show that there is a trade-off between the
extent of activation and the speed of response, and that this
trade-off relies to a large extent on the thermodynamics of
secondary structure formation.

Materials and Methods

Synthesis and Purification of Oligonucleotides

All materials were synthesized by conventional methodo-
logies (Hall et al., 2007). Briefly, 50 6-FAM moieties were
introduced as phosphoramidites, while 30 quenchers were
introduced on controlled pore glass (CPG) solid supports
(Glen Research, Sterling, VA). The quenchers utilized
were DABCYL (4-(4-dimethylaminophenylazo)benzoic
acid), Eclipse Quencher, and Black Hole Quencher
1 (BHQ-1). After deprotection samples were lyophilized
and purified by HPLC (Nutiu and Li, 2003) with the
following changes: the column was an XTerra MS C18
Column with dimensions of 4.6mm� 30mm, and bead
diameters of 2.5mm. The two solvents were 0.1M
TEAA and 100% acetonitrile on a nonlinear gradient
from 5% to 35% acetonitrile over 30min at a flow rate of
3mL/min. We collected 2/3 (width) of the main peak
that showed absorption at both 260 and 495 nm. The
purified DNA was lyophilized and resuspended in
100ml diH2O. Oligonucleotide concentrations were deter-
mined by measuring UV absorbance at 260 nm on a
Nanodrop ND-1000 (Wilmington, DE). Molar extinction
coefficients were calculated using the IDT (Coralville, IA)
SciTools OligoAnalyzer 3.1 (Cantor et al., 1970; Cavaluzzi
and Borer, 2004).
Kinetic Assays

Assays were performed with 100 nM fluorescent oligo-
nucleotide and 200 nM quencher oligonucleotide in 50mL
reactions. We originally chose to utilize the signaling
buffer of Nutiu and Li (2003): 20mM Tris pH 8.3,
5mMKCl, 1mMMgCl2 as opposed to either of the original
selection buffers (Bock et al., 1992) 20mM Tris pH 7.4,
140mMNaCl, 5mMKCl, 1mMMgCl2, and 1mMCaCl2;
(Tasset et al., 1997) 50mM Tris pH 7.5, 100mMNaCl,
and 1mMMgCl2) because both tripartite and bipartite
constructs had been reported to signal in these buffers.
Aptamer beacons were generated by mixing the two
oliognucleotides in signaling buffer, heating the sample to
908C for 3min, then cooling to 258C at 0.28C/s. Samples
were further equilibrated at room temperature (268C) for an
additional 5–15min. Assays were carried out in Corning
96-well black opaque ½ area well plates (Corning, NY).
Maximum fluorescence values were determined in the
absence of the quencher oligonucleotide. Aptamer beacons
were initially assayed for protein-dependent activation in
the presence or absence of 1mM thrombin (Haematologic
Technologies, Essex Junction, VT) on a BioTek Synergy
HT (Winooski, VT) fluorescent plate reader at between
25.7 and 26.88C with a gain of either 48 or 50, such that a
buffer blank yielded a signal of 26 relative fluorescent units
(RFU). There was a lag in sample reading of between 0 and
20 s after thrombin addition (time point 0). Rate constants
were calculated from a nonlinear regression curve fit of the
data using SigmaPlot V9 and the equation A¼Ao e

�kt,
where k is the rate of activation, t is the time, and A
(amplitude of the reaction) is the fluorescence. The time
necessary to reach half maximal signal (t1/2)¼ ln(2)/k.
Thermodynamic Modeling

The DINAmelt 2-state Hybridization Server powered by the
UNAFold software package (http://www.bioinfo.rpi.edu/
applications/hybrid/hybrid2.php) was utilized to predict
melting profiles for each nucleic acid pair (Table I; Markham
and Zuker, 2005). The predicted Tm listed in Table I
corresponds to the ‘‘Tm (Conc)’’ or the temperature at
which the concentration of double-stranded molecules is
half the maximum value. To predict this Tm, the following
parameters were modified from the default settings to better
represent experimental conditions: Temperature range
from 0 to 1008C; NA type: DNA; Initial concentrations of
fluorescent oligonucleotides [Ao]: 0.1mM, quencher oligo-
nucleotides [Bo]: 0.2mM; Salts: 10mMNaþ, 1mMMgþþ.
Experimental Determinations of Tm

Melts were performed on an Applied Biosystems 7300 Real
Time PCR System (Foster City, CA) in skirted 96-well PCR
plates using the FAM channel (�520 nm). Assays were set up
in a manner identical to the kinetic assays described above.
Hall et al.: Kinetic Optimization of Aptamer Beacons 1051
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Samples were heated to 958C for 15 s, then cooled to 108C.
Temperature ramps were performed from 10 to 958C at a
rate of �0.18C/s, and fluorescence was read after each 18C
increase. Experiments were repeated in triplicate. Results
were normalized to minimum and maximum fluorescence,
and the melting temperature (Tm) was calculated as the peak
of a curve fit through the first derivative of the sigmoidal
melt curve (Mergny and Lacroix, 2003).
Results and Discussion

Designing Aptamer Beacons That Signal the
Presence of Thrombin

Nutiu and Li (2003) have previously generated antisense
displacement aptamer beacons for the detection of
thrombin. In this work, two antisense oligonucleotides
containing fluorescent and quencher moieties were annealed
to and thereby denatured a short, anti-thrombin DNA
aptamer known to form a quadruplex structure (Clone 29;
Bock et al., 1992). Kumar and Maiti (2004) have also
shown that the anti-thrombin quadruplex can be refolded
to a duplex under physiological conditions when an
antisense oligonucleotide is present. Interaction with
thrombin disfavors the tripartite, quenched complex and
stabilizes the quadruplex structure, thus destabilizing
the quencher oligonucleotide and yielding an increase in
fluorescence (Fig. 1A). The Li group demonstrated that
the beacon responded quickly (t1/2¼ 1.2min) at 378C,
but was considerably slower at room temperature. Precisely
because aptamer beacons couple conformational changes
with signaling in a rational way, they may prove to be
particularly useful as autonomous, reversible biosensors that
continuously monitor for the presence of analytes. If so, it
will be important to optimize their performance under
ambient conditions.

We have now utilized this displacement model to
design additional aptamer beacon constructs. However,
we have altered the model so that the fluorescent label is
incorporated directly at the 50 end of the aptamer. In this
way, only one antisense oligonucleotide is utilized to
form the quenched, bipartite complex, and the release of
this single inhibitor results immediately in a fluorescent
signal (Fig. 1B and C). Since the only design variables for
the two-piece constructs are the number and position of
base-pairs between the aptamer and the antisense quencher
oligonucleotide their performance can be more readily
predicted, engineered, and optimized.
Figure 2. Activation of Apt4. A: Apt4 and quencher sequences. F denotes a

fluorescein moiety, Q denotes a DABCYL moiety. B: Signal was measured in relative

fluorescence units (RFU) over 30min at 26 or 378C in the absence (open marker) or

presence of 1mM thrombin (closed marker). Apt4 concentration was 100 nM while

quencher oligonucleotides were 200 nM in 1� signaling buffer. The dashed black line

represents Apt4 without quencher. Error bars represent standard deviation from

triplicate samples.
Optimizing Quencher Length for Responsivity
at Room Temperature

In order to better understand how aptamer beacon signaling
and kinetics might be optimized we attempted to develop
a sensor that could be utilized conveniently at room
temperature in real-time. We first generated a series
of aptamer beacons in which the number and positions
of base-pairs between the antisense quencher oligonucleo-
tide and the aptamer beacon were changed (Fig. 2A; Apt4).
Apt4 was synthesized with a fluorescein at its 50 end and a
series of increasingly shorter antisense oligonucleotides
were synthesized with DABCYL at their 30 ends. Since the
shorter quencher oligonucleotides should form less
stable complexes we hypothesized that the constructs might
activate more quickly at room temperature (although this
was not a certainty, given that the relationship between
thermodynamic stabilities and activation barriers is gen-
erally unknown). While the aptamer beacons would get
faster, we might also expect an increase in the proportion of
the aptamers that lacked a quencher oligonucleotide, and
therefore an increase in the background (nonspecific) signal
and a decrease in the observed fold-activation. The degree to
which speed could be balanced with effector-dependent
signal was an engineering issue that had not been previously
approached in any detail.

The aptamer beacons were constructed by heating
the oligonucleotides together then cooling them to room
temperature; the initial fluorescent signals were stable
prior to the addition of thrombin. Different beacons were
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quenched to different extents. The larger number of base-
pairs gave lower backgrounds, with maximal quenching of
fluorescence (nearly eightfold) observed for Th.Q1 at 268C.
Upon the addition of 1mM (saturating) thrombin,
fluorescence was monitored and the reaction was allowed
to come to equilibrium over 30min at either 26 or 378C. As
can be seen in Figure 2B, the smaller number of base-pairs
generally gave larger final fluorescent signals.

By varying the extent of base-pairing and observing
the resultant effects on background and signal, it proved
possible to poise interactions between the anti-thrombin
aptamer and its antisense quencher and thereby achieve
particular extents and kinetics of activation. Th.Q1
is analogous to QDNA6 (Nutiu and Li, 2003), and
showed 3.7-fold activation in our hands at 378C after
30min, but very little activation at 268C. These results
differed from those originally reported. Nutiu and Li (2003)
found �7-fold activation of the beacon in less than 3min
at 378C, and �8-fold activation at 258C after 30min. The
difference in results may be due to the fact that our beacon
is a two-piece rather than a three-piece construct. Our other
two-piece designed beacons showed smaller activations: a
2.4-fold increase in signal over background was seen with
Th.Q1-1 at 378C, and a 3.0-fold increase with Th.Q1-2 at
268C.

As the extent of activation decreased, the rate of
activation increased, as predicted (Table I). Th.Q1-2 showed
the fastest activation at room temperature (t1/2¼ 3.6min),
while Th.Q1-1 showed the fastest overall activation
(t1/2¼ 3.3min at 378C). Th Q1-3 showed too high a
background to measure activation.
Figure 3. Effects of aptamer stemminimization. A: Aptamer and quencher sequences.

RFU for Apt4 hybridized to Th.Q1-2, Apt7 hybridized to Th.Q1, and Apt8 hybridized to Th.Q1 o

marker). Aptamer concentration was 100 nM while quencher oligonucleotides were 200 nM

aptamer (in the absence of quencher). Error bars represent one standard deviation taken

1054 Biotechnology and Bioengineering, Vol. 103, No. 6, August 15, 2009
Optimizing Aptamer Length for Responsivity
at Room Temperature

Having found a two-piece aptamer beacon pair that was
capable of activation within 30min at room temperature,
we began to modify other design variables to see what effects
they might have on the extent and kinetics of activation.
Instead of modifying the length of the antisense quencher
oligonucleotide, we instead generated a number of shorter
aptamer beacons (Apt6, Apt7, and Apt8; Fig. 3A). We
assayed the new aptamer beacons with both the antisense
quencher oligonucleotide Th.Q1, which was previously
shown to fully quench, and ThQ1-2, which provided the
best activation and one of the best response times. As
previously, decreasing the length and strength of hybridiza-
tion led to greater background at room temperature
(Fig. 3B). Th.Q1-2 did not quench either Apt7 or Apt8,
nor was Th.Q1 capable of quenching an aptamer with a
mismatch (data not shown).

Apt4 with Th.Q1-2 and Apt8 with Th.Q1 displayed
similar activation rates at room temperature (Table I;
t1/2 values of 3.6 and 3.3min, respectively). The rough
inverse correlation between extents and rates of activation
was found to generally hold over numerous aptamer
beacons (see also Fig. 6A). The fastest aptamer beacons
were often those that formed stable but weak complexes,
and thus were poised to be perturbed by the addition
of ligand. Complexes that had a DG8 value of ca. �11 to
�12 kcal/mol led to improved kinetic performance. Indeed,
there appeared to be quite steep kinetic cost to hybridization
energies greater than �12 kcal/mol.
F denotes a fluorescein moiety, Q denotes a DABCYL moiety. B: Signal was measured in

ver 30min at 268C in the absence (open marker) or presence of 1mM thrombin (closed

in 1� signaling buffer. The dashed black line represents maximum signal for each

from triplicate samples.



Effects of Quencher Type and Position on Aptamer
Beacon Responsivities

Variable quenching efficiencies due to either contact
quenching or FRET have previously been observed and
measured with other hybridizing oligonucleotides (Dietrich
et al., 2002; Marras et al., 2002). We therefore wanted to
see whether quencher:fluor interactions also impacted the
activation kinetics of our fastest aptamer beacons. We
tested both Apt4 and Apt8 with two different antisense
oligonucleotides, one which led to Q and F being in
close proximity (Apt4/Th.Q1 or Apt8/Th.Q8) and another
in which Q was separated by a two nucleotide spacer from
F (Apt4/Th.Q8 or Apt8/Th.Q1; Fig. 4A). The Apt4/Th.Q1
complexes proved to be too stable, and did not activate at
room temperature. For the other aptamer beacons, we also
attempted to determine whether there were performance
differences between commonly utilized quencher moieties,
such as BHQ-1, DABCYL and Eclipse Quencher.

The extents of activation seen with the different quenchers
were generally similar irrespective of the antisense quencher
Figure 4. Varying quencher and position. A: Aptamer and quencher sequences. F deno

was measured in RFU for Apt8 or Apt4 hybridized to either Th.Q1 or ThQ8 quencher oligon

(open marker) or presence of 1mM thrombin (closed marker). Aptamer concentration was 10

black line represents maximum signal for each aptamer (in the absence of quencher). Er
oligonucleotide or aptamer beacon complex. The one
exception was that aptamer beacons that displaced the
quencher moieties away from the duplex (Apt 8/Th.Q1) had
somewhat greater extents of activation. This may be because
the quencher moieties had less chance to interact with
the paired strands. This interpretation is consistent with
previous findings, in that duplexes labeled with quenchers
showed from 2 to 108C greater melting temperatures
compared with unlabeled duplexes (Marras et al., 2002).

Interestingly, quencher:strand interactions seem to affect
kinetics much more strongly than activation. For example,
when comparing Th.Q8 (quencher displaced) with Th.Q1
(quencher overlap) on Apt8, the extents of activation were
almost all the same (Table I; 2.26% and 2.35%), yet the
different quenchers yielded very different rates of activation
(3.3 and 11min�1). The aptamer beacons that incorporated
DABCYL had two to three times faster responses, while
those synthesized with BHQ-1 displayed the slowest
responses (data not shown). Previous comparisons between
these quenchers also showed that DABCYL had a lower
impact on melting temperature of duplexes than BHQ-1
tes a fluorescein moiety, Q denotes either a DABCYL, or an Eclipse quencher. B: Signal

ucleotides with three different quencher moieties over 45min at 268C in the absence

0 nMwhile quencher oligonucleotides were 200 nM in 1� signaling buffer. The dashed

ror bars represent one standard deviation taken from triplicate samples.
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(Marras et al., 2002). It is possible that quencher interactions
with the duplex not only stabilize the complexes but affect
the ‘‘breathing’’ of the strands that may be necessary for
faster switching between conformations.
Figure 5. Aptamer Activation. A: Aptamer and quencher sequences. F denotes

fluorescein moiety, Q denotes DABCYL moiety. The boxed sequence forms a duplex

stem while the gray represents an internal bulge characteristic of this aptamer.

B: Signal was measured in RFU for the sequences in (A) over 45min at 268C in

the absence (open marker) or presence of 1mM thrombin (closed marker).

Aptamer concentration was 100 nM while quencher oligonucleotides were 200 nM

in 1� signaling buffer. The dashed black line represents maximum signal for each

aptamer (in the absence of quencher). Error bars represent one standard deviation

taken from triplicate samples.
Designing Ligand Accessibility

Nutiu and Li (2003) also designed a tripartite aptamer
beacon for sensing ATP, but found that their original design
did not perform well at room temperature. They hypothe-
sized that this was because the quencher oligonucleotide
‘‘occupied’’ the aptamer core sequence, presumably
preventing nascent folding and ligand interactions. As a
test of this hypothesis, they constructed a second ATP-
sensing aptamer beacon with additional sequence at its 50

end, outside of the aptamer core. The extended binding site
interacted with a quencher oligonucleotide with the same
thermodynamic parameters as with the failed construct.
However, this new construct yielded activation at room
temperature with ATP.

We did not explicitly take into account an ‘‘occupation’’
parameter in our initial designs. However, in Apt8/Th.Q1
the antisense oligonucleotide occupies the core quadruplex
much more than in Atp4/Th.Q1-2, yet the two aptamer
beacons have similar activation extents and kinetics.
However, it is interesting to note that the two aptamer
beacons, Apt4/Th.Q1-2 and Apt8/Th.Q1, have the same
overall number of base pairs, have predicted DG values
within 10% of each other, but Th.Q1 occupies the core
quadruplex of Apt8 much more than Th.Q1-2 occupies
Atp4. Nonetheless, these aptamer beacons have similar
activation extents and kinetics, possibly indicating that pre-
organization and occupation had little impact on kinetics.
That said, the core quadruplex is occupied to some extent by
the antisense quencher oligonucleotide in both beacons, so it
may be that any interference with the core eliminates
nascent binding.

Rather than merely extend previous constructs, we chose
to utilize a known, functional anti-thrombin aptamer that
was already extended beyond the core quadruplex structure.
Tasset et al. (1997) had previously selected an anti-thrombin
aptamer that once again formed a quadruplex structure, but
also contained an extended stem (aptamer 60–18; Fig. 1C).
Although the original (Bock et al., 1992) aptamer and
the extended (Tasset et al., 1997) aptamer both form stacked
G-quartets they contain different connecting loops and are
thought to preferentially bind to different sites on thrombin.
The Bock aptamer is thought to bind to thrombin’s
fibrinogen recognition exosite, while the Tasset aptamer
preferentially binds to the heparin exosite.

We designed two-piece aptamer beacons based on the
Tasset aptamer. Since the additional base-pairs formed
by the aptamer meant that the structure would be more
difficult to denature, we utilized a series of antisense
quencher oligonucleotides that hybridized with predicted
DG8 values of �11.3 to �15.5 kcal/mol (Fig. 1C; Table I).
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While our previous constructs, above, allowed us to explore
whether occupancy might be a factor in kinetic perfor-
mance, we also utilized this new series of aptamer beacons
to more explicitly test whether occupancy influenced
kinetics. An additional six base ‘‘handle’’ (TCAGCA) was
added at the 50 end; this moved the antisense quencher
oligonucleotides completely outside of the quandruplex
forming region of the aptamer (Figs. 1C and 5A). Whereas
previously the antisense oligonucleotide interfered with
quadruplex formation to different degrees, in these
constructs the quadruplex should be able to form even
with the antisense oligonucleotide bound.

As before, the least stable complexes (AptH/Th.Q3-2 and
AptH/Th.Q5-2) gave the fastest activation (Fig. 5B). For
the construct AptH/Th.Q5-2, full activation was detected
within 30 s after addition of thrombin and before the first



measurement by the microplate reader could be taken. These
results were consistent with the hypothesis that nascent
quadruplex formation greatly assisted in the kinetics of
binding and response.

It should be noted that even when fully activated by
protein these aptamer beacons showed only ca. 60% of
the fluorescence seen in the absence of the quencher. We
speculated that this might be because of protein-mediated
quenching, but in the presence of protein and no quencher
oligonucleotide the aptamer beacon showed full fluo-
rescence, indicating that no significant quenching by protein
had occurred. Thus, it seems possible that an equilibrium
between bound protein and bound quencher has been
established. This would be interesting because it may imply
that these biosensors may have reversible performance.

More stable complexes (AptH/Th.Q3-1 and AptH/
Th.Q5-1) gave little or no activation, with the exception
of the most stable, AptH/Th.Q5. Interestingly, while
AptH/Th.Q5 is predicted to be the most stable complex,
it gave a higher background reading than the aptamer
beacons that showed virtually no activation. We believe that
AptH/Th.Q5 was not fully quenched in the absence of
target due to a competition between binding to the aptamer
and a fortuitous dimerization of the antisense quencher
oligonucleotide to itself due to (resulting from a partial
palindrome), and that this additional equilibria also led to
the unexpected activation by thrombin.

Even though we predicted that a stronger interaction
with the antisense quencher oligonucleotide would be
necessary for aptamer beacon complex formation, it was
again an antisense quencher oligonucleotide that bound
with a DG8 between �11 and �12 kcal/mol that gave the
best performance (AptH/Th.Q5-2; �11.3 kcal/mol). This
aptamer beacon had remarkable kinetic responsivity, and
was almost fully activated within 1min.
Figure 6. Comparison of thermodynamic and kinetic parameters from Table I for

a subset of active aptamer beacons. In (A) we plot F/F0 on a log scale to emphasize

the data trend. Only aptamers quenched with a DABCYL-labeled oligonucleotide

were plotted in order to avoid quencher-specific effects and AptH/Th.Q5-2 is

discussed separately. In (B) and (C) we plot rate on a log scale versus Tm because

ln(k�1/k1)¼DGd/�RT. DGd values should in turn be directly proportional to the

enthalpies of dissociation, since the entropies of dissociation can be assumed to

be roughly constant. In (C) the line fit corresponds to an R2 value of 0.65, fit to an

exponential non-linear regression model with the equation y¼ 1666.4� e�0.261x.
Predicting the Kinetics of Aptamer Beacons:
Models and Caveats

The collection of data over multiple different aptamer
beacon complexes provided an opportunity to try to
generalize rules for aptamer beacon formation. Overall, for a
given quencher complex there was an inverse correlation
between the extent of activation (ln[F/F0]) and the rates of
activation, as previously noted (Fig. 6A; only DABCYL
quenchers were plotted in order to avoid quencher-specific
effects and AptH/Th.Q5-2 is discussed separately). There
was also a strong inverse correlation between the speeds of
response of aptamer beacons with a given quencher, and
their stabilities as measured by melting temperatures of the
antisense oligonucleotides containing DABCYL (Fig. 6B).
This trend can of course be rationalized by suggesting
that the antisense oligonucleotide must be released
prior to forming the ligand-binding conformation and
thus that the speeds of the various aptamer beacons were
Hall et al.: Kinetic Optimization of Aptamer Beacons 1057
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determined largely by the off-rates of the antisense quencher
oligonucleotides.

This interpretation is also consistent with findings that
quadruplex formation can be very fast. The quadruplex
structural motif of the shorter thrombin binding aptamer is
stabilized by ions such as potassium and magnesium
(Hamaguchi et al., 2001; Tasset et al., 1997). Binding affinity
and kinetic data have also been shown to be buffer, ionic
strength, pH and temperature dependent (Bini et al., 2007;
Hianik et al., 2007; Kumar and Maiti, 2004), and full
activation can require from 10 s to hours. That said, the
15-mer FRE-binding anti-thrombin aptamer with fluoro-
phores affixed to the terminal bases could switch within 10 s
at 258C in a physiological buffer that had a higher ionic
strength and that contained sodium chloride (Li et al.,
2002). Similarly, full activation was observed within 2min in
20mM Hepes pH 7.4, 10mMKCl, 10mMMgCl2 and 0.2%
Triton X-100 at room temperature when FRE-binding anti-
thrombin aptamers were immobilized and monitored by
surface plasmon resonance spectroscopy (Tang et al., 2007).

Given that the apparent stabilities of several of our
aptamer beacon complexes differed from their predicted
stabilities, based on both the observed background
fluorescence and speeds of response, we decided to directly
measure the Tm values of the aptamer beacons. To do this,
beacons were prepared and the amount of free fluorescence
was determined as a function of temperature from 10 to
958C, with temperatures rising at a rate of �0.18C/s. A
revised plot of measured Tm values versus rates showed
a good congruence (Fig. 6C). These direct experimental
measurements also allowed the inclusion of different
quenchers in the same analysis. Overall, these results
indicate that the kinetic responsivities of aptamer beacons
can be largely predicted based on this single parameter.

That said, the extraordinary speed of AptH/Th.Q5-2 is
inconsistent with a model in which kinetic control is
due solely to antisense oligonucleotide dissociation. We
hypothesize that this complex may pre-form a quadruplex
structure that could interact with thrombin and speed the
displacement of the antisense quencher oligonucleotide.
A similar model has been proposed for the function of the
so-called antiswitches (Bayer and Smolke, 2005), and is
operative in nucleic acid logic circuits based on ‘‘toehold’’
sequences (Kim et al., 2006; Seelig et al., 2006). Interestingly,
this aptamer beacon also has a relatively high F/F0 value,
falling at the edge of the trend seen in Figure 6A. It may be
that the simultaneous formation of the quadruplex and
antisense duplex structures yields a low energy conforma-
tion that can only be activated (albeit quickly) by high
protein concentrations, and we are further examining the
mechanistic basis for the responsivity of this and other
aptamer beacons.
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