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Abstract

Here we demonstrate a versatile platform for the one-step fluorescent detection of both
monovalent and multivalent proteins. Specifically, we have designed a conformational-switching,
stem-loop DNA scaffold that presents a small molecule, polypeptide or nucleic-acid (e.g.,
aptamer, transcription factor binding site) 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 are rapid (<10 minutes) and selective, supporting the ready detection of specific
proteins even in complex samples, such as blood serum. The platform is also versatile: using it we
have measured five bivalent proteins (four antibodies and the chemokine platelet-derived growth
factor) and two monovalent proteins (a Fab fragment and the transcription factor TBP) all with
low nanomolar detection limits and no detectable cross-reactivity.

** This work was supported by the European Research Council, ERC (project no. 336493) (FR), by the Natural Sciences and
Engineering Research Council of Canada (NSERC) through Grant No. 2014-06403 (AVB) and by the National Institutes of Health
through Grant No. Al1107936 (KWP).
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Experimental details in supporting information.
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Recent years have seen significant increase in the number of well-characterized biomarkers,
proteins present in blood or on cells that are diagnostic of disease.[2-3] Unfortunately,
however, current methods for the detection of such markers are either multistep, wash- and
reagent-intensive processes requiring sophisticated, laboratory-bound measurement
protocols (e.g., ELISA or Western Blot assays) or are at best only semi-quantitative (e.g.,
immunochemical dipsticks).[48] These drawbacks limit accessibility to quantitative
molecular diagnostics, resulting in delayed treatment, reduced compliance and poorer
outcomes.[12.7] |n contrast to the cumbersome, multistep nature of current detection
schemes, however, the biomolecular receptors present in organisms respond to changes in
the concentration of their targets quantitatively and without needing reagent additions or
wash steps.[8] Indeed, these receptors detect thousands of distinct molecules in real time
even in the complex, in vivo environment.[9] Building artificial biosystems of similar
simplicity, convenience and selectivity represents a major bioengineering goal.

Among the different strategies used by naturally occurring “sensors”[11] is conformational-
switching. In this a receptor undergoes a large-scale, binding-induced conformational
change in the presence of its target.[8:9 Because their signalling is linked to a specific,
binding-induced event, such “switches” are highly selective, and support detection even in
highly complex sample matrices.[2% Moreover, such conformational changes can also be
harnessed in artificial systems, where they can be used to generate an optical or
electrochemical signal without the addition of exogenous reagents or coupling to exogenous
biochemical reactions.[12:13] Motivated by these considerations we have developed a single-
step method for the quantitative measurement of specific proteins that is rapid, inexpensive
and highly selective. To do this we took inspiration from DNA molecular beacons, synthetic
nucleic acid switches for the detection of specific DNA or RNA sequences and now widely
used for the detection of specific oligonucleotides(*4! and newer, FRET- and
electrochemical methods for the detection of specific antibodies.[12:15.16]

Molecular beacons are conformation-changing DNA-based nanoswitches modified with a
fluorophore/quencher pair. In the absence of target they adopt a stem-loop conformation
that, upon hybridization to their target, opens, segregating the reporters and enhancing
fluorescence. To create nanoswitches that respond instead to protein targets we designed a
beacon with single-stranded tails appended to each end (Figure 1, left). This allows us to add
recognition elements (hexagons in Figure 1) that specifically bind the protein of interest via
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their 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 a
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
binding digoxigenin (Dig) (Figure 2A, left). To create this we hybridized Dig-modified
DNA strands to the tailed stem-loop scaffold. The performance of such switches is a
function of the stability of their stem.[27] Specifically, an unstable stem opens partially 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 barrier). To
optimize sensor performance we thus characterized variants (Figure 2B) differing in stem
stability and loop length (Figure 2C). Melting curves performed in the absence and presence
of saturating target (Figure 2D, S1) suggest that a five base pair, 3 GC stem with a 15-base
poly-T loop (variant #4) produce good performance (e.g., 150% gain at saturating target) at
the 25-35°C temperatures of interest for clinical applications (Figure 2E). Simulations
(Nupack)[18] 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). Of note, the
sensor’s binding curve appears bilinear rather than hyperbolic (i.e., rather than a Langmuir
isotherm). This suggests that we are in the “ligand-depletion” (or “tight-binding™)
regime.[2%] That is, the effective affinity (Kp) for the target is well below the 10 nM switch
concentration, and thus each new aliquot of antibody 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 (K1/,) is, at 4.9 + 2.4 nM, within
error of the 5 nM (one half of 10 nM) value expected for a stoichiometric 1:1 target-to-
sensor ratio. Further confirming this, binding curves collected over a range of sensor
concentrations (Figure S2) always produce K1, within error of the value expected for a 1:1
stoichiometry (Figure 2G).

The modular nature of our approach renders it easily expandable to the measurement of new
proteins via the expedient of changing its recognition elements (Figure 1). To demonstrate
this we first used recognition elements specific for three monoclonal antibodies: the small
molecule dinitrophenol (DNP),[20] the 8-residue FLAG peptide,[?1] and a 13-residue peptide
from HIV-1 p17 matrix protein.[13d€l We employed peptide nucleic acid (PNA) rather than
DNA strands for the latter two receptors as the synthesis of PNA-peptide chimeras is
particularly facile. The stabilities of all three modified stem-loops are comparable (Figure
S3) and optimal signalling is achieved when using switch variant #4 (Figure S4). Consistent
with this, all three sensors respond to their specific targets at low nanomolar concentrations,
with all three Ky, falling within error of 5 nM (again suggesting that we are in a ligand-
depletion regimel19] as the effective affinity of these 1gG antibodies is in the low nanomolar
regimel22]). All three likewise exhibit similar signal gains (120-150%), suggesting that the
construct optimized for the detection of anti-Dig antibodies also performs well for the
detection of these antibodies. All three appear specific for their target, with none of the three
exhibit any significant cross-reactivity with the targets of the others (Figure 3A-C).
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Focusing in on the sensor targeting anti-p17 antibodies (a biomarker for the detection of
HIV infection,[113¢] we find that the sensor is also rapid, achieving 90% of the maximum
signal after just 2 minutes (Figure S5, left).

The binding-induced conformational change that underlies their signalling renders our
sensors selective enough to deploy in complex samples. Our anti-p17 antibody sensor, for
example, performs well when deployed in 90% blood serum, producing a Ko within error
of that obtained in simple buffer (Figure S5, right). As expected, however, the gain observed
under these circumstances is lower due to the higher background fluorescence of this sample
matrix. The other three antibody-detecting sensors also exhibit good performance under
these historically challenging conditions (Figure S6).

Our platform is generalizable to the detection of other (i.e., non-antibody) bivalent proteins.
To show this we fabricated a sensor displaying two copies of a 35-base aptamer binding the
dimeric protein platelet-derived growth factor (PDGF) with a reported sub-nanomlar
affinity.[23] This sensor recognizes its target with a K1/, of 4.6 + 2.5 nM, again indicating a
1-to-1 binding stoichiometry (Figure 3D). Of note, at molecular weight of ca. 10 kDa the
aptamer recognition element used in this construct is quite larger, which speaks to the
versatility of our approach. This said, however, this sensor’s 30% gain is rather less than that
of our antibody-recognizing sensors. We presume this occurs due to one or more of the
following: 1) a difference in binding geometry, 2) that the rather large recognition element
leads to partial stem opening in the absence of its target (as demonstrated by melting curves:
Figure S8), and/or 3) because PDGF is smaller than an antibody, and thus may not lead to as
great a separation between the quencher and fluorophore.

Although we initially intended our sensors to detect bivalent proteins, such as antibodies, we
demonstrate here that it can nevertheless be used for the detection of monovalent targets if
the binding of two copies 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), the latter of which is recognized by a 20-
base, double-stranded hairpin.[132-0.24] Both sensors respond robustly to their specific
targets, albeit with lower gain than that of sensors detecting bivalent targets (Figure 4, S9).
The Fab-detecting sensor appears to be operating close to the ligand-depletion regime as the
20 £ 4 nM Ky, is reasonably 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 £ 5 nM Ky, of the TBP sensor, in contrast, is far higher
than that which would be expected were we in the ligand-depletion regime, which is
surprising given the 2 nM intrinsic affinity of TBP for its consensus sequence.[24] This
presumably arises due to steric effects reducing the affinity of the protein for its recognition
element in these constructs.

The versatility and modular nature of our sensors renders it easy to convert them into
molecular AND-logic gates[?%] that signal the concomitant presence of two different
macromolecular targets. To demonstrate this we fabricated a single sensor presenting both
Dig and DNP (Figure 5, top). The addition of either anti-Dig or anti-DNP antibodies in
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isolation does not lead to an increase in fluorescence (Figure 5, bottom). As expected,
however, activation is observed in the simultaneous presence of both antibodies.

Taking inspiration from naturally occurring receptors, which often signal the presence of
their molecular target via binding-induced conformational changes, we have developed a
new generalizable, highly versatile sensing platform for the one-step detection of
monovalent and multivalent macromolecular targets. More specifically, we have rationally
designed a conformational-switching, optically signaling stem-loop DNA that supports the
introduction of two copies of any of a wide range of polypeptide, small molecule, or
oligonucleotide recognition elements. The binding of one (multivalent) or two (monovalent)
target molecules to these recognition elements opens the stem, producing a fluorescence
signal monotonically related to the target’s concentration. This novel DNA nanoswitch can,
in principle, be adapted to the detection of any macromolecular target for which a
recognition 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 detect all seven targets
sensitively (at low nanomolar levels) and with excellent specificity (we observe no
significant cross reactivity). Finally, the nanoswitches are rapid (less than 10 min) and, due
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 specific macromolecules. For example, although the lack of any
amplification step likely renders our platform less sensitive than ELISAs or methods that use
binding-induced conformational changes to modulate enzyme activity[13¢.26] the
reagentless, binding-induced signaling mechanism underlying our sensors drastically
simplifies detection by eliminating washing steps and reagent additions and by reducing
sensitivity to temperature and other environmental factors that alter catalysis. Our platform’s
performance also compares well with other recently developed, similarly homogeneous
assaysl15:16.26-28] (and reviewed in 13d). Our switch-based approach could nevertheless
benefit from further improvements. Its limited dynamic range, for example, could be further
extented,[29] and the introduction of FRET-based reporters would support ratiometric
measurements that can control for instrumental and sample-to-sample variations.[30]
Irrespective, we believe that the modularity and convenience of our platform suggests it may
be of utility in a range of applications, including point-of-care diagnostics and in-vivo
imaging.[10]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Our protein-targeting sensor is composed of a fluorophore/quencher-modified DNA stem-

loop containing two single-stranded tails. To create a target-responsive sensor, these tails are
hybridized with DNAs conjugated to the 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 macromolecule (here an antibody)
to the two recognition elements opens the stem, allowing for rapid and sensitive protein
detection. As shown later, the binding of two copies of a target is also sufficient to cause
stem opening, allowing for the design of switches that respond to monovalent targets.
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Figure2.
(A) As proof-of-principle we employed digoxigenin (Dig) as a recognition element for the

detection of anti-Dig antibodies. (B) We initially tested sensors varying in stem stability due
to variations in stem GC content (2, 3 and 4 GC) and/or loop length (13 to 20 bases). (C)
Melting curves obtained in the absence of the target illustrate their varying stabilities. (D)
Comparison with curves obtained at 100 nM target (one is shown) provides a means of
measuring the gain of each variant as a function of temperature. (Under these conditions
antibody binding is effectively temperature independent; Figure S7.) (E) Sensors of
intermediate stability exhibit the best compromise 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) Ky, changes with varying
sensors’s concentration in precisely the manner expected for a 1:1 binding stoichiometry,
thus supporting the proposed sensing principle. The experiments 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
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performed in 50 mM NayHPO,4, 150 mM NacCl, pH 7.0, with the nanoswitch at 10 nM
unless otherwise noted.
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Figure 3.

Our modular platform is versatile and can easily be adapted to the detection of new targets
via the expedient of changing the recognition element employed. Here we demonstrate this
by using three different antigens recognized by specific antibodies: (A) dinitrophenol

(DNP), (B) the 8-residue FLAG peptide, and (C) a 13-residue epitope excised from the HIV
protein p17. (D) Using a 35-base aptamer as recognition element the platform can also be
used to detect the bivalent chemokine PDGF. All four sensors respond to their specific target
at low nanomolar concentrations whilst exhibiting no significant response to high
concentrations of the other switches’ targets
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Figure4.

(Top) Our platform can be also used for the detection of monovalent targets. In this case the
signal change arises because the simultaneous binding of two copies of the target causes
steric hindrance, opening the stem. Shown are sensors detecting a monovalent anti-Dig Fab
fragment (bottom left) and the monovalent DNA-binding transcription factor TBP (bottom
right). Both sensors readily detect their specific target at nanomolar concentrations.
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Figure5.

Modular sensors can serve as a molecular AND-logic gate that signals only in the
simultaneous presence of two different macromolecular targets. (Top) To demonstrate this
we modified a sensor with the recognition elements Dig and DNP. (Bottom) Only in the
simultaneous presence of both anti-Dig and anti-DNP antibodies we observe any significant
signal increase.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2016 November 02.





