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Abstract

We have developed a novel method that utilizes conformation-switching aptamers for real-time PCR
analysis of protein analytes. The aptamers have been designed so that they assume one secondary
structure in the absence of a protein analyte, and a different secondary structure in the presence of a
protein such as thrombin or PDGF. The protein-bound structure in turn assembles a ligation junction
for the addition of a real-time PCR primer. Protein concentrations could be specifically detected into
the picomolar range, even in the presence of cell lysates. The method has advantages relative to both
immunoPCR (since no signal is produced by background binding) and to the proximity ligation assay
(PLA; since only one epitope on a protein surface must be bound, rather than two).
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Introduction

ImmunoPCR methods can be used for the sensitive detection of protein analytes [1-4], but
they have several distinct disadvantages relative to PCR for the detection of nucleic acids. It
is difficult to reproducibly prepare antibody-DNA conjugates; binding and amplification
reactions must be separated in time, hampering the development of homogenous or real-time
formats; and both specifically and non-specifically bound probes can be amplified, potentially
leading to high background signals.

In order to better couple protein detection with nucleic acid amplification, nucleic acid binding
species (aptamers) have been adapted to a variety of amplification assays, including
exonuclease-protection mediated ligation followed by PCR [5]; and rolling circle amplification
[7-8]. Aptamers have also been used for the generation of allosteric ribozymes (aptazymes)
that have similarly been coupled to amplification reactions [9-10]. ImmunoPCR methods have
also been developed with aptamers, leading to the detection of a thrombin target in the pM
range [11].

The most robust method aptamer-mediated amplifications have been obtained using the
proximity ligation assay (PLA), in which adjacent binding of two aptamers to a protein or
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cellular target results in ligation and formation of a unique amplicon which can then be
sensitively detected by real-time PCR [12-17]. Fredriksson and co-workers originally showed
that aptamer-mediated PLA could be used for the detection of zeptomole amounts of platelet-
derived growth factor (PDGF) [12]. Cell surface PLA can also detect as few as 100 B.
anthracis and 10 B. subtilis spores, and down to 1 B. cereus spore [15]. While proximity
amplification methods are extremely powerful, they can be limited by the need for more than
one binding reagent.

We and others have previously reported that aptamers can be engineered so as to transduce the
binding energy of ligands into changes in aptamer conformations. The resultant analyte-
dependent folding of aptamers has been coupled to optical or electronic signaling [18—26].
Because nucleic acid secondary structure can be readily ‘programmed’, such structure-
switching reagents can potentially be generated based on almost any aptamer without prior
knowledge of the aptamer’s secondary or tertiary structure [23,27].

A number of different types of structure-switching aptamers have previously been
demonstrated. For example, Nutiu and Li [23] engineered structure-switching aptamers in
which ligands stabilized the bound structure and concomitantly displaced an antisense
oligonucleotide. Similarly, Bayer and Smolke [27] engineered structure-switching aptamers
in which ligands stabilized the bound structure and concomitantly led to formation of an
antisense interaction with a mRNA.

Building on these strategies, we now propose to couple conformation-switching aptamers with
binding and ligation of an antisense oligonucleotide, ultimately leading to the formation of a
novel amplicon for real-time PCR. In this way, we avoid the requirement for two probes
currently inherent in the proximity ligation assay and other proximity amplification methods.
We have applied our novel real-time detection method to the well-known anti-thrombin and
anti-PDGF aptamers in part because of the detailed knowledge that is already available
regarding their binding characteristics and structures, but also to more readily compare our
results with other biosensor paradigms that have previously been advanced. We find that the
conformation-switching aptamers can sensitively and specifically detect thrombin and PDGF
both in solution and in cell lysates.

Materials and Methods

Materials

The sequences of the conformation-switching aptamers for the detection of thrombin were as
shown in Figures 3, 4, and S1. The substrate for ligation was t.5'P (5' p-
GGTTGGTAGTCTCGAATTGCTCTCT), where 5’ pdenotes a5’ phosphate. Primers for PCR
were t.F1 (5-TGTGGTTGGTGTGGTTGGTT), t.F2 (5'-
GGTTGGTTCATGGTCATATTGGT); t.R1(5-GAGAGCAATTCGAGACTACCAACC)
and t.R2 (5'-AGAGAGCAATTCGAGACTACC). All oligonucleotides except MGB probes
were purchased from IDT (Coralville, 1A).

The MGB probe used for real-time PCR was t MGB17 (5'-FAM-TTCCAACCACAGTCTCT-
MGB-3) and it was obtained from Applied Biosystems (Foster City, CA). The advantage of
the MGB (minor groove binding) probe is that the 3’ adduct can form extremely stable duplexes
with single-stranded DNA targets, leading to higher melting temperature and increased
specificity compared with unmodified DNA [28,29]. In addition, the 3’ adduct acts as a
quencher, leading to lower background. MGB probes can be as short as 13 nucleotides,
compared with 18-22 nt for normal TagMan probes. MGB probes have been widely used for
real-time PCR assays and for quantitation [30-32].
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Human a-thrombin, human Factor 1Xa, and human Factor Xa were purchased form
Haematologic Technologies Inc. (Essex Junction, VT).

The sequences of the conformation-switching aptamers for the detection of PDGF were: p.

3 13 (5-
AGCCTTTCTCGATCGGATCATTCACAGGCTACGGCACGTAGAGCATCACCATGA
TCC TGTGTTTCTTCTTCTTTTGATCGGATCATGGTGAT). The substrate for ligation
was N.Sub2 (5'p-
CCGATCCCTCTTGCTGCCTACGCATGCTGTTACCGTCCGCTACTCATTCC). Primers
for PCR were p.F (5-AGCCTTTCTCGATCGGATCA) and p.R (5'-
GGAATGAGTAGCGGACGGTAAC). The TagMan probe used for real-time PCR was BB-
PROBE-12 (5-FAM-CGATCCCTCTTGCTGCCTACGCA-TAMRA-3"). Again, all
oligonucleotides were purchased from IDT (Coralville, IA). PDGF-BB, -AA, and -AB were
purchased from R&D Systems (Minneapolis, MN). The PDGF proteins were reconstituted in
4 mM HCI with 0.2% BSA (Invitrogen, Carlsbad, CA), as suggested by the supplier.

Assaying conformation-switching aptamers

In order to test the structure-switching abilities of the designed constructs, ligation was assayed
by gel electrophoresis. Pre-ligation mixtures (45 pL) contained 5 uL 10% binding buffer (50mM
KCI, 10mM MgCl,, and 20mM Tris.Cl, pH 7.4), 1 uL 10uM designed conformation-switching
anti-thrombin aptamer and 39 puL H,O were denatured at 70° C for 3min and cooled to room
temperature. The reaction mixture was incubated with or without thrombin for 30 min, and
then 1.5 pL 25mM ATP, 1.5 uL 10uM substrate (denatured prior to use) and 1 uL. T4 DNA
ligase (2U/uL, Epicentre, Madison, W1) were added separately. The final concentration of ATP
in the 50 pL ligation mixture was 0.75 mM, conformation-switching aptamer was 0.2 uM, and
substrate oligonucleotide was 0.3 pM. Ligation reactions were carried out at room temperature
for various times and were terminated by heating to 95° C for 15min. Ligated and unligated
species were separated on denaturing (7 M urea) 8% polyacrylamide gels and stained with
SybrGold (Molecular Probes, Eugene, OR). The percentage of ligation

ligated
ligated+unligated) N the absence and presence of thrombin was
calculated by scanning the stained gel and determining band densities with QuantityOne
software (BioRad Laboratories, Hercules, CA). Fold activation was in turn calculated based
on the dividing the percentage of ligation in the presence by the percentage of ligation in the
absence of thrombin.

( Yoligation=100% x

Aptamer concentrations for ligation assays were 200nM, higher than that used in real-time
PCR assays (0.4nM) in order to be visible by staining.

Detection of thrombin by ligation followed by real-time PCR

Ligation reactions were carried out, and then transferred to real-time PCR. The ligation
reactions were similar to those described above except that the final concentration of ThrA7
was 0.4nM and 0.002% BSA was present. The reaction mixture was incubated with thrombin
for 30 min, and then ATP, various amounts of substrate oligonucleotide (t.5'P) and 1 uL T4
DNA ligase were added separately. Ligation proceeded at room temperature for 20min, and
was terminated by heating at 95° C for 15min. A 2 uL aliquot of the terminated ligation reaction,
15 uL 2xTagMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA), 0.5 uL
10uM forward primer, 0.5 uL 10uM reverse primer, 0.5 uL 10pM MGB probe and 11.5 uL
H>0 were mixed to make a total volume of 30 uL. The final PCR mixture contained 167nM
t.F1, 167nM t.R2, and 167nM t. MGB17 in 1x TagMan Universal PCR Master Mix. Real-time
PCR was carried out in a 96-well PCR plate (Applied Biosystems), covered with strip caps
(Applied Biosystems). The thermal cycling regime was: initial denaturation for 10min at 95°
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C, and then cycling for 15s at 95° C and 60s at 60° C, repeated 50 times on a Applied Biosystems
HT7900 real-time PCR machine.

Detection of PDGF by ligation followed by real-time PCR

Pre-ligation mixtures contained 5 uL. 10x PDGF binding buffer (1.37M NaCl, 101mM
NasHPO,, 18mM KHyPO4 pH 7.4, 27mM KCI, 100mM Tris.Cl, pH 7.4, and 25mM MgCl,)
and 1 puL 20nM conformation-switching aptamer p.3_13 and were denatured at 70° C for 3min
prior to cooling to room temperature. The reaction mixture was incubated with PDGF-BB for
30min, and then 1.5 uL. 25mM ATP (final concentration of 0.75 mM), and 1, 5, 10, or 20 puL
20nM oligonucleotide substrate (N.Sub2, denatured prior to use) and 1 uL. T4 DNA ligase (2U/
pL, Epicentre, Madison, WI) were added separately to make a final reaction volume of 50pL.
The final concentration of BSA in ligation reactions with PDGF was always 0.004%. Ligation
was allowed to proceed for 5min, 30min, or 60min at room temperature, and was terminated
by heating the reaction to 95° C for 15min. A 2 pL aliquot of terminated ligation reaction was
introduced into 1x TagMan Universal Master Mix (Applied Biosystems) containing 167nM
p.F, 167nM p.R and 334nM BB-PROBE-12 and real-time PCR was carried out as detailed for
thrombin detection, above.

Ligation in cell lysate

To prepare lysate, approximately 1 x 107 human 293T fibroblast cells (ATCC, Manassas, VA)
were collected. Cells were treated with 4mL M-PER mammalian protein extraction reagent
(Pierce Biotechnology, Rockford, IL) and shaken at room temperature for 10min. After
centrifugation at 10,000rpm for 25min at 4° C, pellets containing dissolved cell membranes
and hydrophobic membrane proteins were removed and the supernatant consisting of
intracellular proteins and nucleic acids was collected and frozen at —80° C. Total protein in
lysate aliquots was quantitated using a bicinchoninic acid total protein assay kit (Pierce
Biotechnology, Rockford, IL). The final concentration of lysate proteins in each 50uL ligation
reaction mixture was 1 pg/mL. Protein analytes at different concentrations were added to the
lysate and ligation and real-time PCR were carried out as above. PDGF samples were always
in 0.004% BSA (final concentration in 50uL ligation reaction) and thrombin samples were
always in 0.002% BSA (final concentration in 50uL ligation reaction).

Results and Discussion

Adapting conformation-switching aptamers to PCR

Despite the demonstrated advantages of real-time PCR for quantitation, the real-time PCR
detection of protein analytes is not routinely practiced. Most schemes for immunoPCR do not
directly couple protein-binding to PCR amplification, instead requiring wash steps and other
processing prior to amplification. However, conformation-switching aptamers can be used to
transduce analyte-binding into optical and other signals [19-21,24-26]. Therefore, rather than
coupling analyte-mediated conformational changes to optical signaling, we instead designed
conformation-switching aptamers that could participate in PCR.

A variety of configurations for coupling aptamer conformational changes to PCR can be
envisioned, but the simplest configurations would be to have aptamer conformational changes
lead to the production of a template for PCR or a primer for PCR. The production of a PCR
template would likely yield greater sensitivity of detection, since conformational transduction
to produce even a single template should lead to amplification, while multiple primers would
have to change conformation in order to support an amplification reaction.

However, it would be difficult to design a PCR template that was only amplified in one
conformation, since conformational equilibration even in the absence of analyte would lead to
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at least some template being available at all times, especially during thermal cycling and in the
presence of a DNA polymerase that could read through restrictive conformations. Thus, the
use of a single conformation-switching aptamer as a PCR template would of necessity result
in high background. Therefore, we decided to require a ligation step to produce competent
templates for PCR amplification. In this way, the ligation reaction can be separately optimized
to reduce background and no further ligation should occur during thermal cycling. This
configuration will also still be useful for the facile detection of analytes, since the ligation
reaction can be directly coupled with a real-time PCR without additional wash or other steps.

In our method, antisense sequences (blue, in Figures 1 and 2) added to aptamer (red) termini
promote the formation of a non-binding conformation (Figures 1a, 2a), a configuration that is
similar to the design of other conformation-switching aptamers [23, 25, 27]. In the presence
of analyte, the binding conformation is more favored, and in this conformation a short hairpin
stem becomes available for hybridization to an oligonucleotide substrate and subsequent
ligation to form a new amplicon (Figures 1b, 2b). Additional sequences added to either end of
the aptamer served as primer- and probe-binding sites for real-time PCR. To show the
generality of the method, we initially designed two different conformation-switching aptamers,
one that bound thrombin and one that bound platelet-derived growth factor (PDGF; Figures 1
and 2, respectively). It should be noted that while one inhibitory conformation is indicated in
Figure 1 two different, non-binding secondary structures are possible (similar to conformation-
switching aptamers previously designed by Xiao, Piorek, et al., [26]). While both
conformation-switching aptamers employ the same basic design, different optimization
methods were explored with the two aptamers, and assay results with thrombin and PDGF will
be described separately, below.

Optimization of thrombin-sensing conformation-switching aptamers

In addition to adding a ligation junction and sequences for real-time PCR amplification to the
aptamers, we found that in order to allow both proteins (the analyte and T4 DNA ligase) to
functionally interact with the DNA it was important to include spacer regions. This can be seen
by looking at results with a series of conformation-switching anti-thrombin aptamers (Figure
S1). Ininitial designs, several different spacer lengths were used to separate the aptamer and
antisense sequences. The spacer sequences were chosen by using the program Mfold
(http://www.bioinfo.rpi.edu/applications/mfold/dna/form1.cgi) to evaluate what secondary
structures might form. A pyrimidine-rich spacer was found to minimize the formation of
alternative secondary structures and to promote the predicted interaction of the aptamer and
antisense sequence.

The designs were assayed by looking at thrombin-dependent ligation at 1.5 and 16 hours. The
shortest spacer between aptamer and antisense (21 residue spacer; Thr9) gave very little
thrombin-dependent ligation. When an additional T10 spacer was added (31 residue spacer;
Thr7), though, ligation was more strongly activated by thrombin (11-fold increase at 1.5 hours).
When this spacer was extended to 20 residues (41 residue spacer; Thr8), background ligation
in the absence of thrombin increased. The longer spacer in Thr8 formed a longer loop structure
that apparently destabilized the interactions between the aptamer and the antisense sequence,
and thus promoted a ligand-independent, ligation-competent conformation. In all instances,
ligation was most strongly activated by thrombin at 1.5 hours, but over time equilibration
between the binding and non-binding conformations allowed ligation to occur even in the
absence of the analyte, as would be expected for a metastable structure.

In order to further probe the relationship between sequence, conformation-switching, and
ligation, a slightly different series of conformation-switching aptamers was synthesized and
assayed (Figure 3). In this series, the T10 spacer has been repositioned within the aptamer,
nearer the 3" end. In addition, since it is likely that most optimizations of structure-switching
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aptamers will center on changing the number and types of base-pairs between the aptamer and
the added antisense sequences, we increased the designed base-pairing from 9 bp (Thr7) to 10
bp (ThrX3), 11 bp (ThrX2), and 12 bp (ThrX1). Strong analyte-dependent ligation (36-fold
after 75min) could be observed in ThrX3, but not in the other two constructs. The longer
antisense sequence could no longer be readily displaced by thrombin-binding. This was
especially interesting because the 12 bp stem in ThrX1 was identical to that found in other
conformation-switching anti-thrombin aptamer constructs [23,24]. However, in these previous
constructs, base-pairing was with an antisense oligonucleotide in trans, not an antisense
sequence in cis, and thus the number of designed base pairs had to be shortened to accommodate
the decreased entropy of structural rearrangement. The fact that the position of the spacer and
the number of designed base-pairs (9 in Thr7 and 10 in ThrX3) can be changed while structure-
switching is retained indicates the robustness of this design approach.

These results indicated that the Thr7 (9 bp hairpin) and ThrX3 (10 bp hairpin) conformation-
switching aptamers were both energetically and kinetically poised to switch upon interaction
with thrombin. This was important, since analyte responsivity should be highest when the free
energy of interaction between the protein and the binding conformation of the aptamer is just
slightly larger than the difference between the free energies of folding between the binding and
non-binding conformations.

The ThrX3 conformation-switching aptamer was further optimized for real-time PCR by
changing the sequences of the probes, primers, and their complementary binding sites. Probe
design was guided by two criteria: avoiding secondary structural interference with analyte
binding and ligation, and identifying a sequence that could function as a good TagMan probe.
Nucleic acid secondary structures were evaluated using the program Mfold
(http://www.bioinfo.rpi.edu/applications/mfold/dna/form1.cgi), while TagMan functionality
(GC content, T, values) were evaluated using Primer Express Software (Applied Biosystems).
Based on an iterative use of these tools, we introduced slight sequence changes into ThrX3 in
order to utilize a better probe (and corresponding probe-binding site). This resulted in the
production of the conformation-switching anti-thrombin aptamer ThrA3 (Figure 4a) which
contained an A to T change in the probe-binding site at position 63 (arrow in Figure 4) and
that could therefore utilize a predicted 17 nt real-time PCR probe (5'-
TTCCAACCACAGTCTCT; this probe was obtained from Applied Biosystems and was also
conjugated to a minor-groove binding compound, as detailed in Materials and Methods). Since
position 63 was also involved in the formation of the hairpin stem in the non-binding
conformation, position 2 had to be correspondingly changed from A to T, to avoid extending
pairing with the antisense sequence.

Since the conformation-switching anti-thrombin aptamer Thr7 had also demonstrated excellent
thrombin responsivity, we also attempted to adapt this aptamer to real-time PCR. The T10
spacer was again repositioned to be at the 3’ end of the aptamer (as with ThrX1-ThrX3) and a
mutation was again introduced (T61 to C61) to create a probe-binding site (Figure 4aand Figure
1b) that could utilize the same, 17 nt predicted probe sequence described above for ThrX3.
The final construct was called aptamer ThrA7.

Both new aptamers, ThrA3 and ThrA7, were assayed for their ability to ligate in the presence
of 500nM thrombin (Figure 4b), and were found to be as or more active than the parental
sequence. Again, the ability to readily manipulate the sequences of the conformation-switching
aptamers without losing thrombin-dependence indicates the robustness of these constructs and
of the design process in general.

Earlier ligation times were assayed in order to determine if thrombin-dependent activation
could be increased. Both aptamers retained thrombin-dependence. ThrA7 shows greater
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ligation and thrombin-dependent activation than ThrA3 at all time points. The activation of the
conformation-switching aptamers at the shorter time points was much greater than was
previously observed at 1.5 hours (compare Figure 4b with Figures 3b and S1b). The
conformation-switching aptamer ThrA3 was activated by 82-fold while ThrA7 was activated
by 360-fold. These results likely mean that analyte-dependent ligation occurs relatively
quickly, while background ligation occurs more slowly. Thus, while larger signals were
recovered at longer times, the best signal-to-noise ratios were obtained at short times, strongly
arguing for the use of signal amplification methods with these conformation-switching
biosensors. In order to facilitate real-time PCR, several different primer sequences were
assayed (Figure 4c). Two different forward primers and two different reverse primers were
designed, each of which had a predicted T, near 60° C. Real-time PCRs were carried out with
the four possible combinations of forward and reverse primers.

In order to quantitatively determine the extent of ligation and ligation activation, we relied on
delta Ct values. The Ct (cycle threshold) value for a real-time PCR reaction is the number of
cycles required to show a signal above background, and is typically determined automatically
by the real-time PCR machine. Delta C; values were calculated by subtracting the C; value for
a reaction with thrombin (cycle threshold should be reached earlier) from the C; value for the
reaction without thrombin (cycle threshold should be reached later). The best pair of primers
proved to be t.F1 and t.R2, which generated a C; difference in the presence of saturating
thrombin concentrations (500nM) of 7, which is much higher than that typically observed for
the determination of statistically significant changes in mRNA expression by real-time PCR.
For example, delta Ct values in the range of —0.9 to 3 were considered significant for
quantitating diagnostically important alterations in hemoglobin-alpha mRNA expression levels
[33]. Similarly, delta Ct values as low as 0.15 to 0.37 for x and A immunoglobulin light chain
mMRNA expression levels have been considered legitimate for determining B-lymphocyte
monoclonality [34]. Hundley, et al. have shown that a delta Ct of less than 2 represents at least
a 3.2-fold difference in the expression of myosin binding protein H mRNAs [35].

Thrombin-mediated ligation followed by real-time PCR

The optimized conformation-switching aptamers ThrA3 and ThrA7 and the primer sett.F1 and
t.R2 were used in real-time PCR assays for the sensitive detection of thrombin. In these assays,
protein-dependent ligation was first carried out, followed by real-time amplification and
detection of the ligated products. Thrombin (with BSA as a carrier protein) was incubated with
the aptamers for 30 minutes, and T4 DNA ligase and reaction components were then added.
Ligation was allowed to proceed for 5-40 minutes and stopped by heat denaturation. A fraction
of the ligation reaction was then used to seed a real-time PCR. As a control, a reaction without
thrombin (but still containing BSA) was carried out.

Positive delta Ct values were obtained at a variety of oligonucleotide (t.5'P) substrate
concentrations irrespective of the length of ligation time, although shorter ligation times tended
to provide larger signals (data not shown). Ligation times as short as 5 minutes were attempted
to try to further improve the signal-to-noise ratio, as had previously been observed when
ligation times were decreased from 1.5 hours to 20 minutes. However, there were larger
variances in Ct values at ligation times less than 20 minutes. Because of this, all subsequent
assays incorporated a ligation time of 20 minutes.

In order to determine the sensitivity of the method, ligation and real-time PCR assays were
performed at a series of thrombin concentrations. Delta C; values as a function of thrombin
concentration are shown in Figure 5a. The variances of the delta C; values were quite low, the
limit of detection (a signal three times the standard deviation of the background) could be
detected with as little as 0.8nM thrombin. Moreover, the concentration of thrombin correlated
well with the real-time PCR signal between 0.1 and 20nM thrombin.
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The thrombin concentration range in blood plasma is 5-500NIH units/mL, where INIH Unit
= 0.324+/-0.073ug [36,37]. Therefore, the lowest physiologically relevant thrombin
concentration would be nanomolar to low micromolar concentrations [1,38], well within the
range of our assay.

Our results compare quite favorably with previous aptamer-based thrombin assays. The
observed detection limits using the anti-thrombin aptamer and optical biosensors varied from
40nM (capillary electrophoresis with laser-induced fluorescence detection; [39] ) to 1nM (fiber
optic biosensor with labeled thrombin; [1]) to 429 + 63pM (aptamer beacon that yielded
changes in FRET; [21]) to 373 + 30pM (aptamer beacon that dequenched; [22]). For electronic
biosensors the values were 2-3 nanomolar [26,40,41]. When the anti-thrombin aptamer was
adapted to the equivalent of an ELISA the limit of detection was <1nM [42]. The best results
have been garnered by other real-time methods: a detection limit of 10 pM in the presence of
serum with real-time PCR [11], a detection limit of 30pM by proximity rolling circle
amplification [6], and down to several hundred of molecules by exonuclease protection coupled
with real-time PCR [5].

The specificity of detection was examined by substituting thrombin with other proteases from
the clotting cascade, Factors 1Xa and Xa (Figure 5b). In the absence of protein or in the presence
of carrier BSA, Factor 1Xa, Factor Xa, or in the absence of protein, the delta C; signal was very
small relative to the value obtained with thrombin. The amplified signal in the absenceof any
protein is again higher than that in the presence of BSA.

Taken together, these results suggest that assays with physiological samples should also yield
sensitive and specific detection, especially given that our limits of detection seem to be within
the same range as thrombin concentrations found in physiological samples, as described above.
In order to test this possibility, we carried out assays with thrombin in human 293T fibroblast
cell lysates (Figures 6a and 6b). Despite the fact that lysate was in 845-fold excess (by weight),
the detection of thrombin in cell lysate was specific and as sensitive as in the absence of lysate.
The signals in protein and no protein controls were somewhat higher than those in solution,
but the detection limit for thrombin (a signal three times the standard deviation of the
background) was 32pM, even lower than that in the absence of lysate (800pM).

PDGF mediated ligation followed by real-time PCR

As originally described in Figure 2, a conformation-switching anti-PDGF aptamer was
generated by appending a 13 nt antisense sequence to the 3’'end of the anti-PDGF aptamer via
an 18 nt linker region. Again, the aptamer should form a hairpin in the non-binding
conformation (Figure 2a), and assume its native binding structure in the presence of PDGF
(Figure 2b). In addition, a substrate oligonucleotide (N.Sub2) was designed to form 6 base-
pairs at the ligation junction in the binding conformation, and a primer binding site was
appended to the 5’ end of the anti-PDGF aptamer to enable real-time PCR amplification. One
significant difference from the design of real-time PCR assays with the conformation-switching
anti-thrombin aptamer was that the probe binding site for real-time PCR was embedded in the
substrate oligonucleotide sequence rather than in the conformation-switching anti-PDGF
aptamer sequence. This variation in molecule design should provide significantly greater
flexibility in the oligonucleotide probes that can be used and hence in assay development.

As proof of the greater robustness of this design strategy, the initial conformation-switching
anti-PDGF aptamers worked well enough to immediately use in real-time PCR without further
sequence optimization (Figure 7). Optimization of oligonucleotide substrate (N. Sub2)
concentration and ligation time prior to real-time PCR revealed that using 8nM substrate at 60
minutes (rather than 20 minutes, as with the conformation-switching anti-thrombin aptamer)
gave the greatest C; with the least variance (data not shown). Using 8nM substrate concentration
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and 60min ligation time, real-time PCR was performed using a series of PDGF-BB
concentrations. Delta-C; as a function of PDGF-BB concentration is shown in Figure 7a. The
lowest concentration that could be reliably detected was 0.32nM, and the dynamic range of the
assay extended to 40nM.

Again, our results are consistent with the adaptation of this assay to clinical samples. PDGF
levels in human serum have been found to be 14.4-24.8ng/mL, or 0.56nM — 1.12nM. The
sensitivities observed with our method are within these physiological levels. In addition, serum
PDGF levels have been reported to be elevated in many disease states.

These results compare well with most other analytical methods that utilize the same anti-PDGF
aptamer. Low nanomolar detection limits have previously been observed with an aptamer
beacon developed by Tan’s group [43], with an aptamer-based fluorescence anisotropy assay
[44], with a colorimetric determination technique using aptamer-modified gold nanoparticles
[45], with a luminescence detection strategy [46], and with an exciton detection strategy [47].
It should be noted, though, that proximity ligation coupled with real time PCR could detect
zeptomole amounts of PDGF [12]. However, the proximity ligation assay (PLA) requires two
probes, rather than one, to achieve detection, and thus is not as generally applicable as the
method we describe.

The specificity of detection was examined by determining delta C; values with PDGF-AA, AB,
BB, or no protein (Figure 7b). In the presence of PDGF-AA, the amplified signal was much
lower than the background levels, while the signal in the presence of both PDGF-AB and -BB
was significantly higher than background. These results accord with what is known of the anti-
PDGF aptamer, as it binds to the B-chain of the protein and has roughly equal affinity for both
PDGF-AB and-BB [48]. As we previously observed with the conformation-switching aptamers
that recognized thrombin, non-cognate proteins appeared to actually decrease the amplified
signal relative to no protein controls, perhaps because protein:DNA interactions inhibited
conformational changes that might normally have occurred in solution. Such “anti-ligation’
signals have previously been observed in proximity ligation assays [15], and may allow the
specific signaling of PDGF-BB relative to PDGF-AA, something that has not been observed
in other aptamer-based assays [44].

The excellent performance of the conformation-switching anti-PDGF aptamers with respect
to sensitivity, specificity, and resilience to interferents suggested that they should also function
in the presence of cell lysates. Figures 8a and 8b summarize the dose response and selectivity
of PDGF detection in cell lysates. The LOD was 12.8 pM and the delta C; difference was
linearly correlated with the log of the PDGF concentrations within the range of 12.8 pM-8 nM
PDGF. These results again demonstrate that our conformation-switching aptamer technology
in concert with real-time PCR should allow the sensitive quantitation of PDGF in clinical
samples.

Conclusions

While conformation-switching aptamers have been adapted to the detection of protein analytes
in a variety of formats, there is an inherent difficulty in this approach. In order to have low
background and a high signal-to-noise ratio, it is essential that the non-binding conformation
of the aptamer be much more stable than the binding conformation. However, the more stable
the non-binding conformation of the aptamer is, the more binding energy will be required to
stabilize the binding conformation, and the smaller the apparent K4 (and ultimate sensitivity
of the analytical method) will be. In order to try to overcome this limitation, we have focused
on adaptating conformation-switching aptamers to amplification methods. In this way, we hope
to use conformation-switching aptamers with a high signal-to-noise ratio, and to amplify the
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small signals that occur in the presence of even small amounts of protein analytes. By utilizing
different probes for different conformation-switching aptamers it should be straightforward to
adapt these assays to a multiplex format, as has recently also been done for the proximity
ligation assay [49].

We have previously used a one-piece conformation-switching aptamer and real-time RCA for
detection [47]. The method described in the current work, two-piece ligation followed by real-
time PCR, has proven to be more sensitive. The calculated LOD for PDGF with one-piece
ligation followed by real-time RCA was 0.4nM, while that for two-piece ligation followed by
real-time PCR was 12.8pM, about a 30-fold improvement in sensitivity. Just as the proximity
ligation assay (PLA) is inherently much more sensitive than immunoPCR because two binding
events are required in order to generate a signal, bimolecular formation of a ligation junction
is inherently more difficult than unimolecular formation, and hence gives lower background
and greater sensitivity.
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Figure 1.

Sequence and secondary structure of a designed conformation-switching anti-thrombin
aptamer. (A) Inactive conformation in the absence of thrombin. The 3’ end of the aptamer has
been extended with an antisense sequence (blue) in order to promote the formation of duplex
structure and denaturation of the aptamer. (B) Active conformation in the presence of thrombin.
Formation of a quadruplex and binding to thrombin stabilizes a structure in which the extended
3’ end of the aptamer (red) forms a short hairpin structure that can hybridize to a substrate
oligonucleotide (green) to form a ligation junction. Following ligation with T4 DNA ligase,
the ligated aptamer and substrate can be amplified by PCR using indicated forward (For) and
reverse (Rev) primers. The position of the TagMan MGB probe (Probe) used during real-time
PCR amplification is indicated by a dashed red line. The sequence shown is aptamer ThrA7,
which is further described in Figure 4a.
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Figure 2.

Sequence and secondary structure of a designed conformation-switching anti-PDGF aptamer.
(A) Inactive conformation in the absence of PDGF. (B) Active conformation in the presence
of PDGF. While the active conformation of the anti-thrombin aptamer is a quadruplex, the
active conformation of the anti-PDGF aptamer is a multihelix junction. Features of the design
are as in Figure 1.
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ThrX1 5’-CACTGTGGTTGGTGTGGTTGGTTCATGGTCATATTGGTTT-T(10)-TTCCAACCACAGTGTCTGT
ThrX2 5-CACTGTGGTTGGTGTGGTTGGTTCATGGTCATATTGGTTT-T(10)-TTCCAACCACAGTCTCTGT
ThrX3 5-CACTGTGGTTGGTGTGGTTGGTTCATGGTCATATTGGTTT-T(10)-TTCCAACCACAGACTCTGT
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Figure 3.

Effect of antisense sequences on thrombin-dependent ligation. (A) Sequences of the designed
constructs. Conventions are as in Figures 1 and S1. (B) Activation of ligation in the presence
of thrombin. Ligation assays were carried out as described in Figure S1 except that the ligation
time in the presence of 500 nM thrombin was 75min.
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Figure 4.

Optimization of designs for real-time PCR. (A) Optimized thrombin-sensing conformation-
switching aptamer sequences. ThrA3 and ThrA7 were designed based on ThrX3 and Thr7,
respectively, as described in the text. Arrows indicate sequence changes. (B) Activation of
ligation in the presence of thrombin. Ligation assays were carried out as described in Figure
S1, except that the ligation time in the presence of 500 nM thrombin was varied between 20min
and 70min. (C) Amplified ligation signals with different primer sets. Ligations were carried
out for 20min with ThrA7 in the presence or absence of thrombin. An aliquot from the ligation
reaction in the presence of 500 nM thrombin was used for real-time PCR with various
combinations of the primers t.F1, t.F2, t.R1, and t.R2. The Ct difference between amplification
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in the presence and absence of thrombin (BSA alone) is indicated. Error bars were derived
from three determinations.
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Figure 5.
Real-time PCR amplification of thrombin-dependent ligation reactions. (A) Ct differences as

a function of thrombin concentration. Ct differences were calculated relative to BSA alone
(0.002% final). (B) Specificity of response. Ligation reactions were carried out in the presence
of either 100nM thrombin or similar proteases, such as factor Xa and 1Xa. Either BSA or no
protein controls were also carried out. Error bars were derived from at least three
determinations.
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Thrombin detection against a background of cell lysate. (A) Ct differences as a function of
added thrombin concentration. Reactions and signal determination were as in Figure 5, except
that ligation reactions were carried out in the presence of 1 ng/mL 293T fibroblast cell lysate.
Ct differences were calculated relative to BSA in lysate. (B) Specificity of response. BSA
(0.002%) in lysate was used as a negative control. Error bars were derived from at least four

determinations.
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Real-time PCR amplification of PDGF-dependent ligation reactions. (A) Ct differences as a
function of PDGF concentration. Reactions and signal determination were as in Figure 5. Ct
differences were calculated relative to BSA alone (0.004% final). (B) Specificity of response.
Ligation reactions were carried out in the presence of different PDGF isoforms (40 nM). Either
BSA or no protein controls were also carried out. Error bars were derived from at least three
determinations.
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Figure 8.

PDGF detection against a background of cell lysate. (A) Ct differences as a function of added
PDGF concentration. Reactions and signal determination were as in Figure 5, except that
ligation reactions were carried out in the presence of 1 ug/mL 293T fibroblast cell lysate. Ct
differences were calculated relative to BSA in lysate. (B) Specificity of response. BSA
(0.004%) in lysate was used as a negative control. Error bars were derived from at least three
determinations.
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