Biosensors

Angéwandte

imeminalEdtiony Chemie

International Edition: DOI: 10.1002/anie.201505179
German Edition: DOI: 10.1002/ange.201505179

A Modular, DNA-Based Beacon for Single-Step Fluorescence
Detection of Antibodies and Other Proteins

Simona Ranallo, Marianna Rossetti, Kevin W. Plaxco, Alexis Vallée-Bélisle,* and

Francesco Ricci*

Abstract: A versatile platform for the one-step fluorescence
detection of both monovalent and multivalent proteins has
been developed. This system is based on a conformation-
switching stem—loop DNA scaffold that presents a small-
molecule, polypeptide, or nucleic-acid recognition element on
each of its two stem strands. The steric strain associated with the
binding of one (multivalent) or two (monovalent) target
molecules to these elements opens the stem, enhancing the
emission of an attached fluorophore/quencher pair. The
sensors respond rapidly (<10 min) and selectively, enabling
the facile detection of specific proteins even in complex
samples, such as blood serum. The versatility of the platform
was demonstrated by detecting five bivalent proteins (four
antibodies and the chemokine platelet-derived growth factor)
and two monovalent proteins (a Fab fragment and the
transcription factor TBP) with low nanomolar detection
limits and no detectable cross-reactivity.

R ecent years have seen a significant increase in the number
of well-characterized biomarkers, proteins present in the
blood or on cells that are diagnostic of disease.'*! Unfortu-
nately, however, current methods for the detection of such
markers are based on either multistep, wash-, or reagent-
intensive processes and require sophisticated, laboratory-
based measurements (e.g., ELISA or Western blot assays) or
are at best only semi-quantitative (e.g., immunochemical
dipsticks).®! These drawbacks limit the accessibility of
quantitative molecular diagnostics, resulting in delayed treat-
ment, reduced compliance, and poorer outcomes.*” In
contrast to the cumbersome, multistep nature of current
detection schemes, however, biomolecular receptors present
in organisms respond to changes in the concentration of their
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targets in a quantitative fashion and without needing the
addition of reagents or wash steps.*”l Indeed, these receptors
detect thousands of distinct molecules in real time even in the
complex in vivo environment.!'”! Building artificial biosystems
of similar simplicity, convenience, and selectivity represents
a major bioengineering goal.

One of the strategies used by naturally occurring “sen-
sors”'l is based on conformational switching in which
a receptor undergoes a large-scale, binding-induced confor-
mational change in the presence of its target.™ As their
signaling is linked to a specific, binding-induced event, such
“switches” are highly selective and enable detection even in
highly complex sample matrices.'”) Moreover, such conforma-
tional changes can also be harnessed in artificial systems,
where they can be used to generate an optical or electro-
chemical signal without the addition of exogenous reagents or
coupling to exogenous biochemical reactions.'>!*! Motivated
by these considerations, we have developed a single-step
method for the quantitative detection of specific proteins that
is rapid, inexpensive, and highly selective. We drew inspira-
tion from DNA molecular beacons, which are synthetic
nucleic acid switches for the detection of specific DNA or
RNA sequences that are now widely used for the detection of
specific oligonucleotides™ and fluorescence resonance
energy transfer (FRET) and electrochemical methods for
the detection of specific antibodies.!>!>1°]

Molecular beacons are conformation-changing, DNA-
based nanoswitches modified with a fluorophore/quencher
pair. In the absence of a target, they adopt a stem-loop
conformation that opens upon hybridization to their target,
thus segregating the reporters and enhancing fluorescence. To
create nanoswitches that respond to protein targets instead,
we designed a beacon with single-stranded tails appended to
each end (Figure 1, left). This allowed us to add recognition
elements (hexagons in Figure 1) that specifically bind the
protein of interest through conjugation to the appropriate
DNA or PNA strand (red strands in Figure 1). Given this
structure, the binding of one copy of a bivalent protein (e.g.,
an antibody) or two copies of one monovalent protein opens
the stem, enhancing fluorescence (Figure 1, right).

As a test bed for the optimization of our sensors, we first
developed a sensor for antibodies that bind digoxigenin (Dig;
Figure 2 A, left). This sensor was obtained by the hybrid-
ization of Dig-modified DNA strands to the tailed stem—loop
scaffold. The performance of such switches is a function of the
stability of their stem.'”? Specifically, an unstable stem
partially opens even in the absence of target, thus potentially
reducing signal gain. In contrast, an overly stabilized stem
reduces affinity (because binding must overcome a higher
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Figure 1. The protein-targeting sensor is composed of a fluorophore/
quencher-modified DNA stem-loop system containing two single-
stranded tails. To create a target-responsive sensor, these tails are
hybridized with DNAs conjugated to an appropriate recognition
element (red hexagons). A frame inversion at one tail-stem junction
ensures that the two tails meet “head-to-head” (3’-end to 3"-end), thus
allowing a single recognition element modified strand sequence to
populate both recognition sites. The binding of a bivalent macro-
molecule (here an antibody) to the two recognition elements opens
the stem, allowing for rapid and sensitive protein detection.

barrier). To optimize the sensor performance, we thus
synthesized several variants (Figure2B) differing in the
stem stability and loop length (Figure 2C). Melting curves
obtained in the absence and presence of saturating target
concentrations (Figure 2D; see also the Supporting Informa-
tion, Figure S1) suggest that a five-base-pair stem with three
GC pairs in combination with a 15-base-pair poly-T loop
(variant 4) performs particularly well (e.g., 150% gain at
saturating target concentrations) at the temperatures of
interest for clinical applications (25-35°C; Figure 2E). Sim-
ulations (Nupack)!™ suggest that this construct is stable
enough that in the absence of target, 98 % of the unbound
switches are in their non-emissive stem-loop configuration,
maximizing gain without unnecessarily reducing affinity.

The optimized sensor achieves low nanomolar detection
limits (Figure 2F). It is noteworthy that the binding curve of
the sensor appears to be bilinear rather than hyperbolic (i.e.,
it is not a Langmuir isotherm). This finding suggests that we
are in the “ligand-depletion” (or “tight-binding”) regime,”
where the effective affinity (Kp) for the target is well below
the 10 nm switch concentration, and thus each new aliquot of
antibody that is added binds to near completion until all of the
switches are occupied. Consistent with this, the target
concentration at which the observed signal change is half
the maximum signal change (Kj,) is, at 4.9 +2.4 nM, within
error of the 5 nm (1/2 of 10 nm) value expected for a stoichio-
metric 1:1 target-to-sensor ratio. Further confirmation for this
was provided by the binding curves collected over a range of
sensor concentrations (Figure S2), which always produced
K, values within error of the value expected for a 1:1
stoichiometry (Figure 2G).

The modular nature of our approach renders it easily
applicable to the detection of new proteins through the
expedient of changing of its recognition elements (Figure 1).
To demonstrate this modularity, we first used recognition
elements specific to three monoclonal antibodies: the small
molecule dinitrophenol (DNP),? the eight-residue FLAG
peptide,*! and a thirteen-residue peptide from the HIV-1 p17
matrix protein.**¢l We employed peptide nucleic acid (PNA)
rather than DNA strands for the latter two receptors as the
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Figure 2. A) Proof-of-principle study with digoxigenin (Dig) as a recog-
nition element for the detection of anti-Dig antibodies. B) Testing of
sensors with various stem stabilities induced by variations in the stem
GC content (2, 3, or 4) and/or the loop length (13-20 bases).

C) Melting curves obtained in the absence of the target illustrate their
different stabilities. D) Comparison with curves obtained at a target
concentration of 100 nm provides a means of measuring the gain for
each variant as a function of temperature. (Under these conditions,
antibody binding is effectively temperature-independent; see Fig-

ure S7.) E) Sensors of intermediate stability exhibit the best compro-
mise between gain and affinity, with a 3GC stem and a 15-base poly-T
loop (variant 4) proving optimal. F) The optimal sensor detects anti-
Dig antibodies at low nanomolar concentrations. G) Changes in the
Kij» value as a function of the sensors concentration occur in precisely
the manner expected for a 1:1 binding stoichiometry, thus supporting
the proposed sensing principle. The values shown here and in the
following Figures represent averages of three measurements; error
bars reflect standard deviations. The binding and melting curves here
and in the following Figures were recorded in a solution containing
Na,HPO, (50 mm) and NaCl (150 mm) at pH 7.0 with a nanoswitch
concentration of 10 nm unless otherwise noted.

synthesis of PNA—peptide chimeras is particularly facile. The
stabilities of all three modified stem loops are comparable
(Figure S3), and optimal signaling was achieved when using
switch variant 4 (Figure S4). Consistent with this, all three
sensors responded to their specific targets at low nanomolar
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concentrations, with all three K, values falling within error of
5nm (again suggesting that we are in a ligand-depletion
regime'”) as the effective affinity of these IgG antibodies is in
the low nanomolar regime).”” All three sensors likewise
exhibited similar signal gains (120-150 % ), suggesting that the
construct optimized for the detection of anti-Dig antibodies
also performs well for the detection of other antibodies. The
sensors appeared to be specific for their target, with none of
the three exhibiting any significant cross-reactivity with the
other targets (Figure 3 A-C). Focusing on the sensor targeting
of anti-p17 antibodies (a biomarker for the detection of HIV
infections),!"'*! we found that the detection is also rapid,
achieving 90% of the maximum signal after just 2 min
(Figure S5, left).
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Figure 3. Detection of new targets by changing the recognition ele-
ment to three different antigens recognized by specific antibodies:

A) dinitrophenol (DNP), B) the eight-residue FLAG peptide, and C) a
thirteen-residue epitope excised from the HIV protein p17. D) With

a 35-base aptamer as the recognition element, the system can also be
used to detect the bivalent chemokine PDGF. All four sensors respond
to their specific target at low nanomolar concentrations whilst exhibit-
ing no significant response to high concentrations of the targets of
other switches.

The binding-induced conformational change that under-
lies their signaling renders our sensors selective enough to be
deployed in complex samples. Our anti-p17 antibody sensor,
for example, performed well when used in 90 % blood serum,
producing a K, value within error of that obtained in simple
buffer (Figure S5, right). As expected, however, the gain
observed under these circumstances is lower owing to the
higher background fluorescence of this sample matrix. The
other three antibody-detecting sensors also performed well
under these traditionally challenging conditions (Figure S6).

Our platform is generalizable to the detection of other
(i.e., non-antibody) bivalent proteins. As a proof of concept,
we fabricated a sensor displaying two copies of a 35-base
aptamer that binds the dimeric-protein platelet-derived
growth factor (PDGF) with sub-nanomolar affinity.” This
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sensor recognized its target with a K, value of 4.6 +2.5 nm,
again indicating a one-to-one binding stoichiometry (Fig-
ure 3D). It is noteworthy that at a molecular weight of
approximately 10 kDa, the aptamer recognition element used
in this construct is quite large, corroborating the versatility of
our approach. This said, this sensor’s 30 % gain is rather small
compared to those of our antibody-recognizing sensors. We
presume this result to be due to one or more of the following:
The rather large recognition element might result in 1) a
different binding geometry or 2) partial stem opening in the
absence of its target (as demonstrated by the melting curves;
see Figure S8), and/or 3) the small size of PDGF compared
with an antibody may not lead to as great a separation
between the quencher and fluorophore upon binding.
Although we initially intended our sensors to detect
bivalent proteins, such as antibodies, we also wanted to
demonstrate that such systems can nevertheless be used for
the detection of monovalent targets if the binding of two
molecules of the target produces enough steric hindrance to
open the stem. To demonstrate this, we built sensors targeting
a Dig-binding Fab fragment and the transcription factor
TATA binding protein (TBP), which is recognized by a 20-
base, double-stranded hairpin.***?¥ Both sensors respond
robustly to their specific targets, albeit with lower gain than
our sensors detecting bivalent targets (Figures 4 and S9). The
Fab-detecting sensor appears to be operating close to the
ligand-depletion regime as the 20 +4 nm K, value is reason-
ably close to the 10 nm expected for a 1:2 stoichiometric ratio;
binding curves collected over a range of sensor concentrations
provide further support for this claim (Figure S10). The 114 +
5nMm K, value of the TBP sensor, in contrast, is far higher
than the value that would be expected for a system in the
ligand-depletion regime, which is surprising given the 2 nm
intrinsic affinity of TBP for its consensus sequence.’ This
result is presumably due to steric effects that reduce the
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Figure 4. Top: Detection of monovalent targets. The signal change
arises from the simultaneous binding of two molecules of the target,
which increases steric hindrance, thus opening the stem. Response
curves for sensors detecting a monovalent anti-Dig Fab fragment
(bottom left) and the monovalent DNA-binding transcription factor
TBP (bottom right) are shown. Both sensors readily detect their
specific targets at nanomolar concentrations.
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Figure 5. Modular sensors can serve as molecular AND logic gates.
Top: Sensor with the recognition elements Dig and DNP. Bottom:
Only in the simultaneous presence of both anti-Dig and anti-DNP
antibodies, a significant signal increase was observed.

affinity of the protein for its recognition element in these
constructs.

Owing to their versatility and modular nature, our sensors
can be easily converted into molecular AND logic gates,”
which signal the concomitant presence of two different
macromolecular targets. We therefore fabricated a single
sensor presenting both Dig and DNP (Figure 5, top). The
addition of either anti-Dig or anti-DNP antibodies on their
own does not lead to an increase in fluorescence (Figure 5,
bottom). As expected, however, activation is observed when
both antibodies are present simultaneously.

In conclusion, drawing inspiration from naturally occur-
ring receptors, which often signal the presence of their
molecular target through binding-induced conformational
changes, we have developed a new, generalizable, and highly
versatile sensing platform for the one-step detection of
monovalent and multivalent macromolecular targets. More
specifically, we have rationally designed a conformation-
switching, optically labelled stem-loop DNA system that
supports the introduction of two copies of any of a wide range
of polypeptides, small molecules, or oligonucleotide recog-
nition elements. The binding of one (multivalent) or two
(monovalent) target molecules to these recognition elements
opens the stem, producing a fluorescence signal monotoni-
cally related to the concentration of the target. This novel
DNA nanoswitch can, in principle, be adapted to the
detection of any macromolecular target for which a recogni-
tion element can be attached to a DNA or PNA anchoring
strand. In support of this claim, we have used our platform to
measure the concentrations of five bivalent targets (including
four antibodies) and two monovalent protein targets. We
detected all seven targets sensitively (at low nanomolar
levels) and with excellent specificity (no significant cross-
reactivity observed). Finally, the nanoswitches respond rap-
idly (in less than 10 min) and, owing to the robustness of their
structure-switching signaling mechanism, perform well in
complex samples matrices, such as blood serum.

Given these attributes, our modular nanoswitches may be
advantageous over existing methods for the detection of
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specific macromolecules. For example, although the lack of
any amplification step likely renders our platform less
sensitive than ELISA or methods that use binding-induced
conformational changes to modulate enzyme activity,!'>*!
the reagent-free, binding-induced signaling mechanism on
which our sensors are based drastically simplifies detection by
eliminating washing steps and the addition of reagents and by
reducing sensitivity to temperature and other environmental
factors that influence catalysis. The performance of our
system also compares well with other recently developed,
similarly homogeneous assays!'>'*2?%] (which are reviewed in
Ref. [13d]). Our switch-based approach could nevertheless
benefit from further improvements. Its limited dynamic
range, for example, could be further extended,” and the
introduction of FRET-based reporters would support ratio-
metric measurements that can take into account instrumental
and sample-to-sample variations.”” Nevertheless, we believe
that the modularity and convenience of our platform suggests
that it may be of utility in a range of applications, including
point-of-care diagnostics and in vivo imaging.'"!
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Target Antibody

Antigen

A versatile system for the one-step fluo-
rescence detection of mono- and multi-
valent proteins is based on a conforma-
tion-switching stem—loop DNA scaffold
that presents a small molecule, polypep-
tide, or nucleic acid recognition element
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on each of its two stem strands. The
steric strain associated with the binding
of target molecules opens the stem, thus
enhancing the emission of an attached
fluorophore/quencher pair.
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