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Abstract In order to alter a typical molecular aptamer
beacon (MAB) to detect a different analyte there is
currently a need to change the whole sensor unit in-
cluding the expensive labeling fluorophores. In this
work a DNA-based reconfigurable molecular aptamer
beacon was developed. It is composed of two parts: a
variable part and a constant part. The variable part
comprises an aptamer strand and its complementary
strand while the constant part is an oligonucleotide
doubly labeled with a Forster Resonance Energy Trans-
fer (FRET) pair and the two parts become joined via
DNA hybridization. The sensor exists in two conforma-
tions: a folded (high FRET) and an unfolded (low
FRET) in the absence and presence of the aptamer-
target binding respectively. This sensor can be reconfig-
ured by washing away the aptamer and the complemen-
tary strand using proper complementary strands, called
washers. As a proof of the principle, a sensor that
bound the enzyme thrombin, an analyte with a strong
binding, was first constructed and then reconfigured to
bind adenosine, selected as an analyte with a weak
binding. We believe that the design is of universal use
applicable to many types of aptamers.
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Introduction

Sensors based on functional DNA have become more pop-
ular in the past decade [1]. One of the most fundamental
building blocks of this type of sensor is an aptamer, which is
a single stranded oligonucleotide capable of binding specif-
ically to its target and is selected via the method of system-
atic evolution of ligands by exponential enrichment
(SELEX) [2, 3]. Aptamers rival antibodies in many circum-
stances, such as when the working condition is hostile to
protein [4]. There are several detection techniques utilizing
the aptamer based sensors, such as electrochemical [5], mass
sensitive [6], surface plasmon resonance [7], colorimetric
and UV—vis spectroscopy especially via the aggregation of
nanoparticles [8]. However, the method utilizing fluorescent
dyes labeling still offers good sensitivity. Since an aptamer
usually undergoes conformational change upon binding to
its target [9], one can achieve a labeled aptamer sensor by
putting fluorescent dyes at positions adjacent to or on the
target binding site where the binding leads to changes in the
dyes’ microenvironment and, therefore, changes in their
fluorescence quantum yield. Alternatively one could utilize
the change in the dye rotational freedom that occurs on
binding to its target resulting in a change in the fluorescence
anisotropy [10]. Though a single label proved to be cost
effective, often it required a tertiary structure of the aptamer
and the nature of the aptamer-target binding to be known a
priori [1]. Double labeling could be utilized to avoid such a
complication. In some of the very first demonstrations,
modified aptamers capable of forming open-closed struc-
tures were doubly labeled with a fluorescent dye and a
quencher [11, 12]. Binding of the target drived structural

@ Springer


http://dx.doi.org/10.1007/s10895-012-1105-6

1618

J Fluoresc (2012) 22:1617-1625

changes. This in turn changed the proximity of the dye-
quencher resulting in a change in the fluorescence in-
tensity, similar to the way the original molecular beacon
worked [13, 14]. These hybrid sensors, a.k.a. molecular
aptamer beacons (MABs) [15], have been improved
over time. For example, the introduction of the structure
switching aptamer [16] led to a universal design appli-
cable to virtually any type of aptamer without prior
knowledge of its secondary or tertiary structure or the
nature of the aptamer-target binding.

However, almost all MABs shared one drawback: the
fluorescent dyes were covalently labeled. While this
should not be a problem with a single target small scale
detection, it can be problematic in the case of a multiple
target large scale detection because labeling fluorescent
dyes is laborious and expensive and it is cumbersome to
do every time for detecting a new target. Several groups
have been trying to overcome this issue by using the
“label free” method either by dye displacement essays
[17] or by using a double aptamer in which one
aptamer worked as a receptor to a target of interest
and the other worked as a reporter binding to the
signaling fluorophore malachite green [18].

Here we present an alternative and economical DNA
MAB consisting of three oligonucleotides (Fig. 1). One is
a base (B strand) doubly labeled with a FRET (Forster
Resonance Energy Transfer) pair. The second is an aptamer
(A strand, exemplified as tA and aA strands in the figure)
and the third is a complementary strand to the aptamer (C
strand, exemplified as tC and aC strands). The A and C
strands are specific to a given target but are replaceable and
the B strand is designed to be unchanged. Therefore, the
sensor structure is similar to an antibody where a variable
domain (consisted of A and C strands) is joined to a constant
domain (B strand). This approach is economical because the
expensive B strand can be used with many types of aptamer.
Moreover, using a FRET pair provides an internal reference
to the measured signal and having no RNA as a reporter
could make the sensor more robust. Once annealed, the
sensor exists in two conformations: folded and unfolded
(Fig. 1a). In the absence of the target, the folded conforma-
tion is more favored via the formation of a double
stranded domain between the A and C strands (domains
2:2% or 6:6* in Fig. 1b). In the presence of the target,
however; the sticky ends hybridization gives way to the
formation of an aptamer-target binding, destabilizing the
folded conformation. In terms of FRET, the folded and
unfolded conformations correspond to a high FRET and
a low FRET state. The design is of universal use and it
can be configured to detect different targets. To prove
our concept, a thrombin sensor and an adenosine sensor
were constructed using the described principle. Also, we
demonstrate a step-by-step reconfiguration where the
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variable domain of the thrombin sensor (the tA and tC
strands) can be removed and that of the adenosine
sensor (the aA and aC strands) can be assembled onto
the bare B strand.

Experimental Section
Materials

DNA Constructs All oligonucleotides were purchased from
Integrated DNA Technology (IDTDNA, Coralville, IA,
USA). Shown in Fig. 1b are the DNA sequences and
names: the base (B strand) is a 40-mer labeled on the 5’
end with fluorescein (F) and on the 3’ end with tetra-
methylrhodamine (TMR). At the top of the figure, the
anti-thrombin aptamer strand (tA strand) is a 30-mer
designed to hybridize to the B strand creating a 12 base
long double stranded domain (domain 3:3*) to ensure
the stability during working conditions. The rest of the
tA strand contains the canonical 15-base anti-thrombin
aptamer sequence [20]. The anti-thrombin aptamer com-
plementary strand (tC strand) has various lengths from
17 to 20 bases extending in the 3’ direction in domain
2* Twelve bases of the tC strand hybridize to the B
strand (domain 4:4*) while the rest is the sticky bases
complementary to the anti-thrombin aptamer in the tA
strand (domain 2:2*) overlapping the thrombin binding
region. At the bottom of the figure, the anti-adenosine
aptamer strand (aA strand) is a 39-mer and the anti-
adenosine aptamer complementary strand (aC strand) is
a 20-mer. Similar to the case of the tA and tC strands,
both the aA and aC strands form a 12-base double
stranded region with the B strand (domains 3:3* and
4:4*  respectively) and a sticky region to each other
(domain 6:6%). The labeled oligos were purified by
reverse phase HPLC as a standard procedure of the
manufacturer and the unlabeled oligos were desalted.
No further treatments were performed prior to use.
The design of the oligos was done heuristically with
the aid of UNAFold [21] (available at http://mfold.
rna.albany.edu/) to verify the stability of hybridization
under working conditions and to minimize any unin-
tended secondary structures.

Thrombin Thrombin from human plasma was purchased
from Sigma (T6884 Sigma Aldrich, St Louis, MO, USA).
The concentration of thrombin was calculated by measuring
the OD,g, and using )5 = 18.3 provided by the manufac-
turer. The protein was stored in 0.1 %w/v BSA (B4284
Sigma Aldrich, St Louis, MO, USA) in 10 mM Tris pH
8.0, and kept as 200 uL aliquots at —20 °C for long term
storage. For each measurement, the thrombin solution was
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Fig. 1 a The operation principle of the reconfigurable molecular
aptamer beacon sensor. On the top of the panel shows a thrombin
sensor constructed from the B strand doubly labeled with fluorescein
(F: open circle) and tetramethylrhodamine (TMR: filled circle) as a
FRET pair, an anti-thrombin aptamer strand (tA strand) and an anti-
thrombin aptamer complementary strand (tC strand). In the absence of
thrombin, the folded structure (high FRET state) is more stable via the
sticky ends hybridization but binding to thrombin causes the structure
to unfold (low FRET state). The middle of the panel shows the
reconfiguration; first an anti-thrombin aptamer washer (tAW-4 strand)
and an anti-thrombin aptamer complementary washer (tCW-4 strand)
are added to remove the tA and tC strands via strand displacement.
Then, in the bottom of the panel, an anti-adenosine aptamer strand (aA
strand) and an anti-adenosine aptamer complementary strand (aC
strand) are added to assemble an adenosine sensor. The annealed
sensor can detect adenosine following the same mechanism as in the
case of the thrombin sensor. b The names and sequences of oligomers

thawed and mixed well prior to use. Each aliquot was used
only within 5 days after thawing.

Adenosine Adenosine was purchased from Sigma (A9251
Sigma Aldrich, St Louis, USA). The concentration was
calculated by using €,59=15,400 M !'em! [22].

Sensor Preparation

Stock solutions of oligos were made by diluting lyoph-
ilized DNA powder in DI water. The concentrations of
the stock solution of unlabeled oligos were obtained by
measuring the OD,qy using the extinction coefficient
values provided by the manufacturer. The concentration
of the stock solution of the doubly labeled oligos were
calculated from the measured absorption of TMR at
558 nm (ODssg) using the extinction coefficient value
of 75,200 M~' em™' [23]. The stock solutions were then
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used in this study. The bold fonts mark the aptamer sequences. Fol-
lowing a popular practice in DNA nanotechnology [19], oligos are
depicted as directional lines with the hook marking the 3’ end. The
sensors are divided into domains, each represented by a number. In our
design, a domain is fully complementary to the starred domain but
partially complementary to the barred domain. For example domain 3
on the tA strand (on the top of the panel) is fully complementary to
domain 3* on the B strand but partially complementary to domain 3 on
the washer strand (tAW-4, in the middle of the panel). A double
stranded domain is represented by two numbers joined by a colon,
e.g. 3:3*. The key domains of the sensors are domain 2 and 6, which
are a part of the thrombin and the adenosine aptamer, respectively.
They can hybridize with domain 2* and 6* in the absence of target but
are hidden when the aptamers fold upon target binding. The tAW-4 and
tCW-4 washers contain domain 3 and 4 (instead of domain 3* and 4*)
to reduce the unintended hybridizations of the washers to the aA and
aC strands to be mixed in in the assembling step

kept as 200 pL aliquots at —20 °C for long term
storage. An annealed thrombin sensor was prepared by
mixing the B, tA and tC strands at the desired ratio in
the presence of 200 mM NaCl in 10 mM Tris pH 8.0.
For the 1:1:1 (B:tA:tC) strand mixing ratio, 15 uM of
each was used and scaled up accordingly for the higher
mixing ratio. The mixture was incubated at 90 'C for
10 min in a water bath and left to cool down to room
temperature overnight. An annealed adenosine sensor
was prepared by the same method.

FRET Measurement and Analysis

The (Ratio) 4 Measurement The conformational changes of
the sensor were followed by measurement of the Forster
Resonance Energy Transfer (FRET) efficiency. In this work
we measured FRET efficiency E indirectly by measuring
sensitized acceptor fluorescence via the (ratio), method
[24]. Selecting fluorescein and tetramethylrhodamine

@ Springer



1620

J Fluoresc (2012) 22:1617-1625

excitation wavelengths near their absorption maxima at
495 nm and 550 nm respectively, the (ratio), is related to
E as follows:

Y % EF(495) x E + €TMR(495)
y+B etmr (550)

(ratio),, =

Where

v is the fraction of sensors with a complete donor-
acceptor labeling

[3 is the fraction of sensors singly labeled with only
acceptor

er(495), ermr(495) and etvr(550) are the extinction
coefficients of fluorescein at 495 nm, of tetramethylrhod-
amine at 495 nm and at 550 nm, respectively.

Alternatively, the (ratio), can be taken as a ratio
between the TMR total emission intensity being excited
at 495 nm (via the effect of FRET combined with that
of direct excitation) and the TMR total emission inten-
sity being excited at 550 nm (via the effect of direct
excitation alone), as shown in Eq. 2 (adapted from

[25D).

Z Frmr (A49s, )

T (2)

ti =
(ratio) Z Frmr (4550, 4:)

Therefore, the (ratio), is measured by first taking an
emission spectrum with an excitation wavelength at
495 nm and removing the contribution of the donor emis-
sion using a known fluorescein emission spectrum. Then the
second emission spectrum is obtained by a 550 nm excita-
tion. The (ratio) is the ratio of the spectral area of the two
spectra. (See Figure 6 in the Supplementary information for
more details.)

All emission spectra were measured on a Perkin
Elmer LS55 spectrofluorometer (Perkin Elmer Inc., Wal-
tham, MA, USA). To ensure that the measured emission
signal represented the total fluorescence intensity, an
excitation and an emission polarizer were employed
during the measurement. For a given measurement, the
excitation light was maintained vertically polarized by
the excitation polarizer, while two emission spectra were
collected: one with the vertical emission polarizer and
the other with the horizontal emission polarizer. The
two obtained spectra were denoted Fyv(Aex, A) and
Fvu(Aex, A). The spectrum representing the total fluo-
rescence intensity Fiyu(Aex, A) Was constructed by cal-
culating the total fluorescence intensity at each emitted
wavelength \; using [26].
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Where G()\) is the G factor at a given \; obtained from
Glh) = Fati=s
Thrombin and Adenosine Titration The annealed thrombin
sensor (designated tC-B-tA) or the annealed adenosine sen-
sor (designated aC-B-aA) was diluted from the annealing
stock with 10 mM Tris pH 8.0, mixed with MgCl, and KCI
stock solutions and incubated in a micro-centrifuge tube in
the dark at room temperature for 30 min. Thrombin or
adenosine was then added and the incubation allowed to
proceed for 1 h. Unless specified otherwise, the final mix-
ture was 133 nM tC-B-tA (measured from the absorption of
TMR at ODssg) in 0.1 %w/v BSA in 10 mM Tris pH 8.0
containing residual 1.77 mM NaCl used in annealing and
various concentrations of MgCl,, KCl and thrombin/adeno-
sine. To preserve the samples, some, but not all, data points
in each titration were measured three times. The obtained
standard deviations were used to verify if the change in the
(ratio) o was significant.

Reconfiguration The experiment was divided into 6 sep-
arate steps: #1 starting with the annealed thrombin sensor,
#2 washing of the tC strand, #3 washing of both the tC
and tA strand from the B strand, #4 assembling of the aA
strand on the B strand, #5 assembling of both the aA and
the aC strand on the B strand creating a functioning
adenosine sensor and #6 testing the sensor response with
20 uM adenosine. The (ratio), was measured for each of
the six steps. For a practical reason, the sample prepara-
tion was carried out in 6 batches for the 6 reaction
steps. The details of the preparation can be found in
the Supplementary information.

Results and Discussion
Thrombin Sensor
The Effect of Mg>* and K Concentration

The performance of the sensor relies on a balance between a
strong folded conformation in the absence of thrombin and
an ease of transition to the unfolded conformation once
thrombin binds. One would prefer a major fraction of the
sensors to be in the folded structure prior to adding thrombin
for a high initial FRET efficiency value but would rather
have an efficient structural switching after thrombin binding
for a big decrease in the FRET efficiency. The folded
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conformation is stable in the presence of cationic species
because of the metal ions-phosphate oxygen interaction
stabilizing the sticky ends hybridization (domain 2:2%)
while the unfolded conformation is likely to be stable in
the presence of either K" or Na* because these two ions help
with the strong formation of a G-quadruplex [27, 28] found
in the anti-thrombin aptamer [29-31] (domain 1 and 2
combined). Mg”" is chosen to stabilize the folded structure
due to its superior efficiency compared with other mono and
divalent cations [32] while having a much weaker effect on
the G-quadruplex formation when compared with monova-
lent cations [33] and K™ is chosen to ease the transition from
the folded to the unfolded structure. In order to obtain the
optimal performance, the concentrations of the two ions
need to be optimized.

Figure 2 shows the results obtained from the (ratio)a
method performed at different concentrations of Mg**, K*
and thrombin. First the concentration of Mg>" was varied
from 5, 10, 20, 50 and 100 mM while the K concentration
was fixed at 5 mM. In Fig. 2a, at 100 mM MgCl, there was
no significant change in the (ratio), beyond the standard
deviations with an increasing amount of thrombin. Howev-
er, at the lower MgCl, concentrations, the general trend of
the result shows a decrease in the (ratio), upon increasing
thrombin concentration. This follows the working principle
of the sensor that thrombin binding disrupts the folded
conformation (high FRET i.e. high (ratio),) making the
sensor unfold (low FRET i.e. low (ratio)s). However there
are differences in two aspects: the initial (ratio), and the
sensitivity. The initial (ratio), in the absence of thrombin
increases with the increasing Mg”" concentration. This
agrees with our hypothesis mentioned above that the sticky
ends hybridization is stable at high salt concentration. The

sensitivity, defined as the absolute value of the slope, on the
other hand is high at low [Mg?'] and tapers off with increas-
ing [Mg?"]. Since the sensitivity reflects how easily the
folded structure can switch to the unfolded one, it can be
deduced that Mg>" counteracts the transition. Therefore,
while adding Mg®" has the desirable effect of stabilizing
the folded conformation, too high a concentration prevents
the conformational transition. The sensitivity is an important
property of a sensor, therefore 5 mM was chosen as the
working concentration for Mg?*. Note that the detection
range is in the early nanomolar range, which is comparable
to the thrombin sensors previously reported [15, 16].

Then the concentration of K* was varied from 0, 5, 10,
20, 50 and 100 mM while the Mg”*concentration was fixed
at 5 mM. When compared with Fig. 2a, the results in Fig. 2b
show a similar trend of the (ratio), decrease with the in-
creasing thrombin concentration. However, the initial
(ratio) in this case decreases with increasing [K']. This is
likely due to the fact that K facilitates the formation of the
G-quadruplex structure in the overhang region of the tA
strand (domain 1 and 2 combined), which in turn, disrupts
the sticky ends hybridization (domain 2:2*) of the folded
conformation. The sensitivities in the case of 5, 10, 25 and
50 mM are comparable but slightly decrease at 100 mM.
This is due to the fact that the sensor needs to bind thrombin
while it is in the folded conformation in order to cause the
change in the (ratio),. It is likely that high concentration of
K" induces G-quadruplex formation making the majority of
sensors unfold even in the absence of thrombin as seen in
some reports on using the thrombin binding aptamer (TBA)
to detect K [34]. At 0 mM K", while the initial (ratio), is
the highest, the sensivity is low. This also agrees with the
notion that a G-quadruplex formation needs monovalent
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Fig. 2 The effect of Mngr (a) and K™ (b) concentration on thrombin
detection. The concentration of KCI was fixed at 5 mM in (a) and the
concentration of MgCl, was fixed at 5 mM in (b). It is anticipated that
Mg>" ions stabilize the folded conformation by screening electrostatic
repulsion between two phosphate backbones forming the sticky ends
hybridization (domain 2:2*) (a, inset) while K ions facilitate the G-
quadruplex formation of the tA strand in domain 1 and 2 combined (b,

inset) helping the transition to the unfolded structure upon thrombin
binding. The strands ratio of 1:1:1 (B:tA:tC) was used in the sensor
preparation step and the sticky base length was 7. Three independent
measurements were done at 0 and 100 nM of thrombin concentrations
for every graph shown in (a) and (b) with the error bars indicating the
standard deviation
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cations, K and Na" in particular, as stabilizer; therefore
it is difficult to switch to the unfolded structure in the
absence of K. Note that at 0 mM K" the sensor still
responds to thrombin possibly due to the background
Na® (1.77 mM) used during the sensor preparation (see
Experimental section for more details) and is still pres-
ent after dilution or that thrombin itself helps to stabi-
lize the G-quadruplex [35] or both effects combined.
Focusing on the highest sensitivity, 5 mM was then
chosen as the working concentration for K*.

The Effect of Sticky end Length and the Effect of Strand
Mixing Ratio

The sticky end length was varied to find the suitable
strength of the folded structure. As already discussed,
the sensitivity of the sensor depends on two contra-
dicting effects: if the folded structure is too weak then
the majority of the sensor will be in the unfolded
conformation but if it is too strong it will resist the
transition to the unfolded structure upon the binding of
thrombin. In either case, the sensitivity will be com-
promised. The sensor is designed to have a portion of
the aptamer sequence being able to form a double
stranded domain via sticky ends hybridization so that
the binding of an analyte competes with the hybridiza-
tion. To study the suitable sticky end length, the tA
strand was kept unchanged while the tC strand was
varied in length from 17 to 20 bases extending in the
3’ direction corresponding to 5—8 bases long sticky end
(domain 2%*, shown as 7 bases long in Fig. 1b). As
shown in Fig. 3a, the initial (ratio), and the sensitivity
both increased as the sticky base was extended from 5

to 7 bases. At 5-bases long the sticky end was too
short for a stable folded structure so the majority of
sensors started in the unfolded conformation, judged
from the low (ratio), and adding thrombin did not
produce a significant change. Increasing the sticky base
length to 6 and 7 bases improved the situation because
more of the sensors favored the folded conformation
and the binding with thrombin was more easily mea-
surable. From the result it might be deduced that even
though the 7-base sticky end provided good stability
for the folded conformation, it was not too strong for
an efficient transition to occur. Therefore, the sensitiv-
ity of 7-base long was more than that of 6-base long
sticky end. Extending the sticky region to 8-base long
did not significantly increase the initial (ratio)s. How-
ever, the decrease of sensitivity at 8-base long is likely
because the sticky end became stronger and was able
to compete more effectively with the thrombin binding.
As a result, the optimal length of the sticky end was
set at 7 bases.

The effect of the molar ratio of the mixing strands
was also tested by fixing the B strand at 15 pM in the
annealing step while the tA and tC strands were varied
according to the desired ratio. From the results pre-
sented in Fig. 3b, there were slight differences in both
the initial (ratio), and the sensitivities from the different
mixing ratios. Both the sensitivity and the initial (ratio),
were highest in the case of the 1:1:1 (B:tA:tC) mixing
ratio and decreased with any higher portion of the tA
and tC strands. We are not certain about the reason
behind these interesting results but one possibility is
that at a high concentration, free tA and tC strands start
to invade domain 2:2* in the folded structure of the

0.55 0.55 .
050] @ "/ | Sticky base length| .50 b Molar ratio
N E 5 base tcl tA B:tA:tC
’ ce
0451 —— 6 base 0.45+ +1;;
< ——7 base — 12
’a 040 —~— 8 base 0.40+ B +15353
= 0.35 0.351 144
= 0.304 0.30
0.25- 0.25-
0.20] 020
0151 : : 0151 — , ,

150 200

0 50 100 150 200

[Thrombin] (nM)

Fig. 3 a The effect of the sticky base length. The sticky base length
was extended in the 3’ direction of the tC strand (in domain 2*), and the
mixing ratio for all cases was 1:1:1 (B:tA:tC). b The effect of the strand
mixing ratio. During the annealing process, the B strand was kept at
15 uM for all the mixing ratios and the tA and tC strands concen-
trations were varied according to the stated ratio. The sticky base
length was 7. The working concentration of the sensors in all
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measurements were 133 nM based on the concentration of the B strand
in 5 mM MgCl,, 5 mM KCl and 1.77 mM NaCl in 10 mM Tris pH 8.0
containing 0.1 %w/v BSA. Three independent measurements were
done at 0 and 100 nM of thrombin concentrations for every graph
shown in (a) and (b) with the error bars indicating the standard
deviation



J Fluoresc (2012) 22:1617-1625

1623

0.55
0.50 Adenosine sensor
0.45-

_<0.404 ™

2 035] \\.

N

= 0.301

aA \

0 25 T adenosine )
0201 |l € &%H;§ > R/
015 +—"F—F++— .

0 10 20 30 40 50
[Adenosine] (uM)

Fig. 4 Plot of the (ratio), versus adenosine concentration showing a
response from the adenosine sensor. The sensor was composed of the B
strand doubly labeled with F and TMR. The aptamer strand and the
complementary strand were an anti-adenosine aptamer and anti-an
adenosine aptamer complementary (aA and aC strands). The decrease
in the (ratio), with increasing adenosine concentration resembled the
case of the thrombin sensor with a linear detection range in the micro-
molar region. The strand ratio of 1:1:1 (B:aA:aC) was used in the
sensor preparation step and the sticky base length was 8. The working
concentration of the sensor was 133 nM based on the concentration of
the B strand in 5 mM MgCl,, 5 mM KCl and 1.77 mM NaCl in 10 mM
Tris pH 8.0 containing 0.1 %w/v BSA. Three independent measure-
ments were done at 1 uM of adenosine concentration with the error
bars indicating the standard deviation

annealed sensor, therefore, lowering the initial (ratio)a.
Since the (ratio), at high concentration of thrombin
should be comparable across all mixing ratios, decreas-
ing the initial value also decreases the sensitivity. More
experiments are needed to verify our hypothesis on the
2:2*% domain being invaded at high tA/tC concentra-
tions, and as far as the performance of the sensor is
concerned, the mixing ratio of 1:1:1 (B:tA:tC) was used
for later experiments.

Adenosine Sensor

To prove that the sensor design is not limited to only
one aptamer-target partner, we chose adenosine as a
second model target. Unlike thrombin, adenosine is a
weak binding target with the dissociation constant in the
micro-molar range [36]. The adenosine sensor has the
same B strand used for the thrombin sensor but the
aptamer strand and its complementary strand were
switched to an anti-adenosine aptamer strand and an
anti-adenosine aptamer complementary strand (aA and
aC strands; Figs. 1 and 4). The same working principle
was applied: the majority of the sensor was in the
folded conformation via the hybridization of the sticky

ends between the aA and aC strands (domain 6:6%,
Fig. 1b) and the binding of adenosine disrupted the
hybridization leading to the unfolded structure. A pre-
liminary result in Fig. 4 showed that the adenosine
sensor had a high initial (ratio), of ~0.42 in the absence
of adenosine and the (ratio), decreased significantly
with increasing adenosine concentration before slightly
tapering off at a high concentration. This was as
expected from the behavior of the sensor as we have
seen in the case of the thrombin sensor. The linear
concentration range was in the micro-molar region
which also agrees well with other aptamer based aden-
osine sensors [16]. Therefore, the adenosine sensor fol-
lowed the same working principle and the B strand can
be shared between the two sensors. We anticipate that
this concept can also be applied to many more types of
aptamers.

Reconfiguration

Next, we performed a reconfiguration experiment to
demonstrate that starting from the thrombin sensor, the
variable domain, i.e. the tA and tC strands, could be
washed and the adenosine sensor could be constructed
by assembling the aA and aC strands on the B strand.
The experiment was done at room temperature in six
separate mixing steps starting from the annealed throm-
bin sensor (step #1), the washing of the variable part of
the thrombin sensor (step#2 and #3), the assembling of
the variable part of the adenosine sensor (step #4 and
#5) and the binding of adenosine sensor and adenosine
(step #06). After incubation, the samples were diluted
and (ratio), measurements were performed (see the
Supplementary information for the mixing procedures).
The results are shown in Fig. 5.

Next to each data point is a cartoon drawing, along with
its name of an anticipated sensor form, an expected (ratio)
obtained from previous experiments (the first number in
parentheses) and an actual (ratio), measured in this exper-
iment (the second number). In the mixing step #1 the mea-
sured (ratio), of the annealed thrombin sensor was~0.43 as
expected. The washing was done by adding the suitable
complementary strands, the so called washers (tCW-4 and
tAW-4, Fig. 1). In step#2 the tCW-4 washer was mixed with
the annealed thrombin sensor at the molar ratio of 5:1 (tCW-
4:sensor) to remove the tC strand while in step#3 the tCW-4
and the tAW-4 washers were added to remove both the tA
and the tC strands from the thrombin sensor at the molar
ratio of 5:5:1 (tCW-4:tAW-4:sensor). The single stranded
overhang on the tA strand (domain 1 and 2 combined) and
on the tC strand (domain 2*) served as a “toehold” [37] for
the washers to bind before strand displacement by branch
migration leaving the B strand bare. The negative free
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Fig. 5 Plot of the (ratio), taken from different mixing steps of a
reconfiguration experiment. For a given mixing step, the cartoon
drawing next to each data point shows the expected form of the sensor
along with its name, the expected (ratio) (first number in parentheses)
deduced from the results shown previously and the actual (ratio),

energy changes calculated using UNAFold [21] ensures
that the washing was favorable. Washing away the tC
strand in step #2 made the (ratio), drop to 0.20 and
removing both the tC and tA strands in step #3 made it
increase to 0.33; both are close to the values of 0.18
and 0.36 obtained from a separate set of measurements
on samples prepared with the strand B annealed to the
strand tA and on a sample with only the strand B
present, respectively (see Figure 7 in the Supplementary
information section).

In step #4, the aA strand assembly on the B strand (molar
ratio of 2:1 aA:B) decreased (ratio), to 0.21, which was still
close to the expected value. The measured (ratio), of ~0.35
after incorporating both the aA and aC strand on the B
strand (molar ratio of 2:2:1 aA:aC:B) in step #5 was lower
than the 0.42 obtained previously (the initial (ratio), in
Fig. 4). We believe that this was due to the fact that in this
experiment the assembly was carried out at room tempera-
ture not at 90 °C as done previously. Therefore, there might
still be some unwanted secondary structure hindering the
annealing. Nevertheless the reconfigured sensor still
responded to 20 uM adenosine as shown in step #6. Note
that a perfect match between the expected and the actual
(ratio) in this step could be merely incidental. In summary,
the results from the mixing step #1 to #4 agreed quite well
with the expected values and in the mixing step #5 it was
likely to have incomplete annealing. However, the sensor
still behaved in the direction that we anticipated. Conse-
quently, this experiment verified our claim that by dividing a
molecular beacon aptamer into 2 parts, one type of sensor
can be reconfigured to be another type by a simple washing
—assembling of the variable domain while the expensive
labeled constant domain is still in use. Even though the
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Mixing step

(second number) measured in this experiment. The expected (ratio)s
of the mixing step #4 is assumed to be the same as that of the mixing
step #2 due to structural similarity even though no prior measurement
has been made. See the Supplementary information for the mixing
procedures

current version of our sensor, being free in bulk solu-
tion, has some limitations, such as some incomplete
annealing or the wastes that keep piling up after each
step of mixing, it has shown that our principles are
correct. Some modifications, such as surface immobili-
zation, should improve its performance. We believe that
the design will be beneficial, for example, in an area of
high throughput screening based on DNA chip technol-
ogy. By immobilizing our sensor on the surface, the
chip design and construction will be more flexible and
can be reconfigured to detect multiple targets.

Conclusion

In this study, we have demonstrated that a reconfigurable
molecular aptamer beacon was possible to construct and the
structural changes of the sensor can be followed by the
(ratio)4 method. By dividing the sensor into two modules,
the expensive labeled part was static, and is shared while the
anti-target aptamer part was labile and can be replaced at
low cost. We chose to construct a thrombin sensor and an
adenosine sensor using this concept and the detection ranges
were comparable to conventional molecular aptamer bea-
cons. Once created, the thrombin sensor can be reconfigured
to be an adenosine sensor by the help of proper washers.
Though there is some room for improvements on the effi-
ciency of reconfiguring, we believe that with some modifi-
cations, such as surface immobilization, we can improve this
prototype further to be used in an area of high throughput
detections based on DNA chip technology where various
types and large amounts of molecular aptamer beacons are
immobilized for detection of multiple targets.
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