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A Molecular Translator that Acts by Binding-Induced DNA Strand
Displacement for a Homogeneous Protein Assay**
Feng Li, Hongquan Zhang, Chong Lai, Xing-Fang Li, and X. Chris Le*

Recent advances in DNA nanotechnology, including DNA
nanostructures,l'! nanomachines,” logic gates,””’ and catalytic
circuits,”! have shown great potential as signal outputs for
molecular imaging and disease diagnostics.”’! To achieve the
detection of a specific target molecule with the DNA
nanostructure, translation of the input target molecule into
a unique output DNA to trigger the following assembly is one
of the key steps.”! Thus, many efforts have been directed to
molecular translators based on nucleic acids.™* For example,
Ghadiri and co-workers have designed universal molecular
translators that were able to convert any target nucleic acids
to a predesigned output DNA for signal generation.” This
approach was based on the previous discovery that DNA
strand-exchange reactions can be accelerated by 10°-fold
using toehold-mediated strand displacement.”®! Turberfield
and co-workers further showed the potential of “remote
toehold” systems to be used as control for molecular trans-
lators.”’] By incorporating structure-switching aptamers to
molecular translators, Liu and co-workers were able to use
small molecules, for example, adenosine, to trigger changes in
DNA structures.'”) However, applications of molecular trans-
lators have been limited to nucleic acids and a few small
molecules. We aim to broaden the scope to include proteins.

Recent studies have shown that binding of two affinity
ligands to the same target molecule was able to enhance the
stability of DNA duplexes by increasing their local concen-
trations, thus resulting in binding-induced DNA assemblies.!"!!
We reason that the increased local concentration should be
able to accelerate DNA strand-displacement reactions, which
can potentially be applied to design a molecular translator for
protein detection. We show herein a molecular translator that
acts by binding-induced DNA strand displacement (abbre-
viated: binding-induced molecular translator) and demon-
strate its application to an assay for proteins.

Our binding-induced molecular translator (Scheme 1) is
composed of target-recognition and signal-output elements.
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Target recognition is achieved by two specific affinity ligands
binding to the target protein. One affinity ligand is linked to
DNAL1 (blue in Scheme 1) and is conjugated to the gold

Fluorescence off Fluorescence on

Q 7’2 >
Affinity S ) &A
Ligand , Target
< 3
I~ C o
SANGONS” —= > /XRBNEROC
PEG/'S 3= /W Tg*
Competing DNA
Spacer < \ (DNA2) <
O s
DNA Duplex
(DNA1/DNA3)
| \ Output DNA3
<= G g
DNA1/DNA3 90 S R 3
duplex 88 8 Target 8 8 8
oo ] P 3
I TR
og g 82 3
=% S _> 0o &
| )
I |
AuE AuNP

Scheme 1. Schematic illustration of the principle of the binding-
induced molecular translator. The molecular translator is composed of
a DNAT1-functionalized gold nanoparticle scaffold (DNA1 is depicted in
blue) and a competing DNA (DNA2, red); both DNAT and DNA2 are
conjugated to a specific affinity ligand for the target recognition. The
fluorescently labeled output DNA3 (green) is initially hybridized to
DNA1 on the AuNP, and thus its fluorescence is quenched by the
AuNP. Binding of the two affinity ligands to the same target assembles
DNA2 onto the AuNP scaffold, and thus triggers strand displacement
between DNA2 and DNA3. Release of the output DNA3 from the
duplex and from the AuNP scaffold results in a fluorescent signal.

PEG = poly(ethylene glycol).

nanoparticle (AuNP, 20 nm), which serves as the scaffold for
the molecular translator. The second affinity ligand is
conjugated to DNA2 (red), which serves as the competing
DNA. An output DNA (DNA3, green) is initially hybridized
to DNA1 to form a stable DNA1/DNA3 duplex. The three
DNA sequences are designed in such a way that the
complementary sequences between DNA1 and DNA3 are
2—4 nucleotides (n.t.) longer than the complementary sequen-
ces between DNA1 and DNA2. Thus, in the absence of the
molecular target and the absence of affinity binding, displace-
ment of output DNA3 by competing DNA2 is minimal.
However, in the presence of the target molecule, the binding
of the target molecule to the two affinity ligands that are
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linked to DNA1 and DNA2 brings DNA2 into close
proximity to the DNA1/DNA3 duplex. This binding-induced
assembly of DNA2 around the AuNP scaffold greatly
increases the local concentration of DNA2 and accelerates
the strand-displacement reaction between DNA2 and DNA3.
As a consequence, the output DNA3 is released from the
scaffold. The subsequent detection signal can be generated by
directly monitoring the displaced output DNA3 or by using
the output DNA to trigger further DNA assembly.

To test the feasibility of our strategy, we first designed
a molecular translator for streptavidin by using biotin as the
affinity ligand (Figure S1 in the Supporting Information).
DNA1 and DNA2 are each conjugated to a biotin molecule.
DNA3 is labeled with a fluorescent dye, tetramethylrho-
damine, and the 11 n.t. sequence of DNA3 is complementary
to DNAI1. Hybridization of DNA3 to DNAI1 results in
fluorescence quenching of the dye by the AuNP. Thus, in
the absence of streptavidin, the fluorescence of the system is
“off”. In the presence of streptavidin, binding of streptavidin
to biotinylated DNA1 and DNAZ2 brings competing DNA?2
onto the AuNP scaffold, thereby enhancing competition of
DNA2 with DNA3. The binding-induced assembly increases
the local concentration of DNA2 and accelerates the kinetics
of the strand displacement. The displaced output DNA3 is
released from the AuNP scaffold and the fluorescence is
turned “on”. By measuring the fluorescence signal from
DNA3, we are able to assess the performance of the binding-
induced molecular translator.

Figure 1 shows the fluorescence intensities of the output
DNA3 as a result of the binding-induced molecular trans-
lation process. Fluorescence intensities from solutions con-
taining streptavidin (10 nm) are readily distinguishable from
the blank (Figure 1 A). The measured fluorescence intensities
are proportional to the concentration of streptavidin in the
range of 0.1-25 nM (Figure 1B), thus providing a quantitative
measure of the protein concentration.

To confirm that the binding-induced translation is
a target-specific process, we tested our system using strepta-
vidin (10 nm) that was fully saturated with biotin (500 um;
control 1 in Figure 1 A). The results are similar to those of the
blank. Likewise, in the absence of the competing DNA2
(control2 in Figure 1A) the observed background fluores-
cence intensity is similar to that of the blank. These results
suggest that specific binding is the triggering process for the
successful binding-induced molecular translation.

A key concept to our success in the efficient molecular
translation of a protein into a predesigned output DNA is the
binding-induced DNA strand displacement that is accelerated
upon target binding and minimized in the absence of target
binding. Among others, the following factors play major roles
in DNA displacement kinetics and can potentially alter the
rate of the DNA strand-displacement reaction: the length of
the DNA1/DNA3 duplex, the concentration and length of the
competing DNA2, and the temperature.”?’ Owing to the
rational design, the primary driving force of the binding-
induced strand-displacement reaction was the dramatic
increase of the local concentration of the competing DNA
upon the binding-induced DNA assembly.'"'l We designed the
DNA1/DNA3 duplex to have 11 base pair complementary
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Figure 1. Evaluation of the binding-induced molecular translator for
streptavidin using a fluorescent turn-on assay. A) The streptavidin test
solution contained DNAT-AuNP conjugates (0.5 nm), competing
DNA2 (40 nm), and streptavidin (10 nm). Control 1 contained the
same amount of reagents as the streptavidin test solution except that
the streptavidin binding sites were saturated with biotin (500 um).
Control 2 was carried out using the same concentrations of DNAT-
AuNP conjugates and streptavidin, but no competing DNA2. In the
blank, all reagents and probes were identical to the streptavidin test
solution, but no streptavidin was added. B) Increases in relative
fluorescence as a function of concentrations of streptavidin. The inset
plot shows increases in relative fluorescence intensity as a function of
streptavidin concentrations using a logarithmic scale.

sequences that have a melting temperature (7,,) of 40°C at
the experimental conditions. The selection of these DNA
sequences was based on two considerations: 1) the melting
temperature has to be high enough to ensure a stable DNA1/
DNA3 duplex at room temperature; and 2) DNA3 can be
displaced quickly by DNA2 upon the target binding.

The strand displacement can potentially be tuned by
varying the length of the competing DNAZ2 (e.g., 7, 8, or 9 n.t.
as shown in Figure S2 A in the Supporting Information). In
principle, a shorter competing DNA2 sequence could reduce
the nonspecific strand displacement. However, shorter com-
peting DNA sequences also lead to lower specific signal
intensities (Figure S2 in the Supporting Information). We
chose a competing DNA?2 that has 9 n.t. complementary to
DNAL. The T, value of the 9 n.t. DNA2/DNA1 duplex is
32.4°C. Upon the target binding that assembles DNA2 and
DNAT1 to form a closed-loop and stem structure (Figure S1 in
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the Supporting Information), the T,, value is increased to
56.4°C. Thus, the dramatic increase in the stability of the
closed-loop structure formed after affinity binding favors the
binding-induced strand displacement over the target-inde-
pendent (nonspecific) strand displacement.

To further reduce the nonspecific strand displacement, we
introduced a blocking oligo (B10 to B12, for sequences see
Figure S3A in the Supporting Information) to partially
hybridize with DNA2 (Figures S3 and S4 in the Supporting
Information). The blocking oligo (10-12 n.t.) was designed to
hybridize to a poly(T) sequence of 6-8 n.t. and 4 n.t. of the
competing sequence of DNA2 (Figure S3 A in the Supporting
Information). Hybridized to this blocking oligo, DNAZ2 is left
with a competing sequence of only 5 n.t., thereby making it
unfavorable to compete and displace DNA3 from the DNA1/
DNA3 duplex. The duplex between the blocking oligo and
DNA2 (estimated T, 30.8°C) can be stable under the
annealing temperature of 25°C. The use of a blocking oligo
(e.g., B10) resulted in a reduction of background fluorescence
without adversely affecting the fluorescence signal of the
target (Figure S3B in the Supporting Information).

Because the kinetics of strand displacement are depen-
dent on the temperature,[’! we have examined the effect of
temperature on the performance of the binding-induced
molecular translator (Figure S5 in the Supporting Informa-
tion). The rate of the binding-induced strand-displacement
process can be accelerated by increasing the incubation
temperature (e.g., 37°C) to be near the T, value of the
DNA1/DNA3 duplex. The influence of other parameters, for
example, the ratio between AuNP concentration and com-
peting DNA2 (Figure S6 in the Supporting Information) is
shown in the Supporting Information.

The AuNP scaffold integrated in our binding-induced
molecular translator serves two primary functions: 1) to
quench the fluorescence of the hybridized DNA3 probe,
and 2) to increase the local concentration of the assembled
DNA in a small volume.'®! To demonstrate the general
applicability of this strategy and to confirm the importance of
increasing the local concentrations, we designed three molec-
ular translators for a clinically relevant protein, the platelet-
derived growth factor BB (PDGF BB). An aptamer was used
as the affinity ligand to bind to PDGF BB. The molecular
translator in design 1 (Figure 2A) was constructed in the
same way as for the streptavidin-biotin system. Both DNA1
and DNA2 were extended by including a 44 n.t. PDGF
aptamer (Table S2 in the Supporting Information). The
extended DNA1 was then conjugated to the AuNP and
hybridized with DNA3. Thus binding of PDGF BB to two
aptamers resulted in the binding-induced strand displacement
of DNA3. Detection of the displaced DNA3 showed a quan-
titative relationship between the fluorescence and the con-
centrations of PDGF BB (red curve in Figure 2D).

We further examined the influence of the density of the
DNA1/DNA3 duplex on the AuNP (Figure S7 in the Sup-
porting Information). The observed increases in fluorescence
intensity with the increase of DNA density on the AuNP are
consistent with the role of the increased local concentration
on the performance of the binding-induced molecular trans-
lator.
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Figure 2. A—C) Schematic illustrations of three design strategies to
construct the molecular translators for PDGF BB. D) Performance of
the three molecular translator designs, as assessed by detecting
PDGF BB (0-50 nm). The total concentration of the fluorescently
labeled output DNA was kept at 40 nm for all samples.

In design2 (Figure 2B, Figure S8 in the Supporting
Information), the PDGF aptamer and DNA1 were each
directly conjugated to the AuNP, at an equal ratio. The AuNP
served as a scaffold to facilitate binding of PDGF BB to two
aptamers and the binding-induced strand displacement. As
compared to design 1, DNAL1 in design 2 was not extended
with a 44 n.t. aptamer. Therefore, the volume of the DNA1-
functionalized AuNP in design 2 is smaller than in design 1. A
higher local concentration is expected for the binding-induced
assembly in a smaller volume. The results from testing
PDGF BB using design2 indeed showed higher signal
intensities than those obtained using design 1 (Figure 2D).

As a comparison, we also constructed a third molecular
translator using a dark quencher instead of a AuNP (Fig-
ure 2C). The fluorescence of the output DNA was as much as
fourfold lower than of the other two designs (Figure 2D).
These results are consistent with the notion that the local
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concentrations of the DNA assembly are substantially
increased on the AuNP scaffold.

In conclusion, we have successfully constructed a binding-
induced molecular translator that is able to convert the input
protein information to readily detectable output DNA.
Binding of the specific protein to affinity ligands on both
the output DNA duplex and the competing DNA assembled
them on the AuNP scaffold and lead to increased local
concentrations, thereby resulting in binding-induced strand
displacement. The displaced output DNA was easily detect-
able with fluorescent dyes as labels. Other molecular trans-
lator formats, for example, catalytic DNA circuits, could be
achieved by incorporating functional DNA domains instead
of fluorescent dyes in the output DNA and by using the
principle of toehold-mediated strand displacement. Further-
more, many proteins can bind to two affinity probes and are
amenable to sandwich assays (e.g., enzyme-linked immuno-
sorbent assays (ELISAs)). Thus, the concept and strategy
reported herein can also be applied to construct binding-
induced molecular translators for these and other molecular
targets to which two or more affinity probes can bind.
Potential applications range from assays for specific molec-
ular targets, to imaging and point-of-care diagnostics, and
binding-induced nanodevices.
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