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Abstract:We report here the rational design and optimization
of an antibody-responsive, DNA-based device that enables
communication between pairs of otherwise non-interacting
proteins. The device is designed to recognize and bind a
specific antibody and, in response, undergo a conformational
change that leads to the release of a DNA strand, termed the
“translator,” that regulates the activity of a downstream target
protein. As proof of principle, we demonstrate antibody-
induced control of the proteins thrombin and Taq DNA
polymerase. The resulting strategy is versatile and, in
principle, can be easily adapted to control protein–protein
communication in artificial regulatory networks.

The complex, tightly regulated networks[1,2] through which
DNA, RNA and proteins interact underly the functioning of
living systems.[3–5] One of the aims of synthetic biology is to
create artificial pathways in which DNA, RNA and proteins
interact with each other via analogously “programmed”
reaction patterns to create new tools for sensing, drug-
delivery, cell imaging.[6–14] A widely used approach to this
end is the rational design of synthetic DNA/protein
communication that takes advantage of the many naturally
occurring proteins that recognize and bind specific oligonu-
cleotide sequences to, for example, regulate transcription or
translation.[15–21] Such sequence-specific recognition has been
employed in synthetic systems to regulate the load/release of
molecular cargos from DNA-based devices,[22] the assembly/
disassembly of DNA-based structures[23] and DNA-based
reactions.[24]

The chemical versatility of synthetic nucleotides makes it
possible to tailor the chemistry by which they can “commu-
nicate” with proteins, offering opportunities to expand the
above-described regulatory approaches to proteins that do
not normally bind DNA or RNA. Peptide nucleic acid
(PNA)-polypeptide chimeras, for example, have been used
to combine the recognition capability of nucleobase se-
quence and the structural and functional versatility of
proteins and peptides into a single molecule.[25, 26] Synthetic
oligonucleotides can also be conjugated with other recog-
nition elements responding to a wide range of proteins and
biomolecules, further broadening the potential interface
between the world of synthetic nucleic acids and proteins.
Recently, we and others have, for example, employed
antigen-conjugated synthetic DNA strands to allow pro-
grammable interactions with specific antibodies[27–31] that
control the assembly and disassembly of DNA-based
molecular structures.[32]

In the above-described examples, the communication is
limited to protein-to-DNA interactions in which a specific
protein (e.g., a transcription factor, an enzyme, or an
antibody) triggers a functional event in a structure built of
DNA. An important step towards the broader applicability
of these systems, however, would be the ability to exploit
synthetic DNA-based systems as an interface between two
normally non-communicating proteins (i.e., protein-DNA-
protein communication).[33] A step in this direction was
demonstrated by Margulies and co-workers, who employed
oligonucleotide-small molecule conjugates to mediate com-
munication between platelet-derived growth factor (PDGF)
and glutathione-S-transferase, such that the former controls
the catalytic activity of the latter.[34]

Motivated by the potential power of DNA devices that
modulate protein–protein interactions here we report a class
of antibody-responsive, DNA-based synthetic devices that
can mediate the regulation of a range of target proteins via
two related mechanisms. In the first, antibody binding to an
antigen-conjugated DNA device releases a DNA strand
(i.e., translator, green Figure 1, left) that acts as an inhibitor
of a downstream target protein (Figure 1, left). In the
second, antibody-induced release of the translator strand
disrupts the device’s inhibition of a downstream protein,
activating it (Figure 1, right).

Our first antibody-responsive device is comprised of a
single strand of DNA that forms a hairpin and is modified
on each end with an antigen (blue hexagons, Figure 1).[35]

Through the formation of Watson–Crick and Hoogsteen
base pairing, this hairpin recognizes and sequesters a second
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strand of DNA, called the “translator” (green in Figure 1).
The bivalent binding of the antibody to the antigen-

conjugated strand opens the hairpin, releasing the translator,
which is then available to interact with, and thus regulate, a
target protein.

As the first step in the design of our device we
characterized and optimized the antibody-induced release of
the translator. Our goal here was to ensure that the
translator/device complex is stable enough to limit the
release of translator in the absence of the target antibody
and yet not so stable that antibody binding cannot easily
compete with it. To achieve this, we designed a set of
translator variants in which the length of the region
complementary to the same antibody-responsive device
varied from 8 to 15 bases (Figure S1–S3, see also Supporting
Information). To follow the release of the translator we
employed a fluorophore-and-quencher labelled duplex that,
via a strand displacement reaction, is disrupted upon binding
to the released translator, increasing the fluorescence signal
(Figure 2a). Applying this approach to an antibody-respon-
sive device in which Digoxigenin (Dig) serves as the antigen,
we find that translators with 9 or fewer bases complemen-
tary to the responsive device do not bind efficiently to it
(Figure 2b). Conversely, translators whose complementary
regions are greater than 14 bases remain bound even after
the addition of the anti-Dig antibody target (Figure 2c).
Translators with 10- to 13-base complementary regions, in

Figure 1. Antibody–protein communication mediated by antibody-re-
sponsive DNA devices. Two mechanisms by which a synthetic, antigen-
conjugated DNA strand (antibody-responsive device, grey) can mediate
communication between an antibody and a target protein are explored.
In the first (Mechanism A), the antibody-responsive device releases a
translator strand that inhibits a downstream target protein. In the
second (Mechanism B), antibody-binding-induced loss of the translator
abolishes the inhibitory properties of the device, activating the down-
stream target protein.

Figure 2. a) Anti-Dig induced release of a translator strand measured through a strand displacement reaction with a dual-labelled duplex complex.
b, c) Kinetic traces obtained with the anti-Dig-responsive device for a series of translators differing in the length of the domain complementary to
the antibody-responsive device (from 8- to 15-base) in the absence and presence (300 nM) of anti-Dig antibody. For panel b the arrow indicates the
addition of the translator/device complex to a buffer solution containing the pre-hybridized fluorophore-and-quencher duplex. In panel c the arrow
indicates the addition of the anti-Dig antibody to a solution already containing the translator/device complex and the pre-hybridized fluorophore-
and-quencher duplex. d) Plot of experimental (dots) and calculated (grey line, Scheme S1, details in Supporting Information) released translator
concentration in the presence of anti-Dig antibody. e) Kinetic traces obtained at different concentrations of anti-Dig antibody using the 12-base
translator strand. f) Released translator concentration vs. anti-Dig concentration. g) Released translator concentration at saturating concentration
(300 nM) of anti-Dig antibodies and different no-targeted antibodies. All the experiments in this and the following figures were performed in a
100 μL 50 mM Na2HPO4, 150 mM NaCl, 10 mM MgCl2 pH 6.5 buffer solution at 37 °C employing an equimolar concentration of DNA-based anti-
Dig responsive device, translator and pre-hybridized fluorophore-and-quencher duplex (100 nM) and the indicated concentration of anti-Dig or no-
targeted antibody. In all the sketches, the 3’ are marked with an arrow.
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contrast, are released efficiently only in the presence of anti-
Dig antibodies, with a 12-base complementary region
achieving the greatest change in free translator concentra-
tion upon target binding (Figure 2d).

To characterize our design strategy more quantitatively,
we next developed a competitive equilibrium model. In this
the responsive device binds either to the translator or to the
anti-Dig antibody with dissociation constants of KD(Triplex)

and KD(Ab), respectively (Supporting Information,
Scheme S1). To determine KD(Triplex) for each translator
variant we measured the amount of translator released in
the absence of the target antibody (Figure 2b). As expected,
KD(Triplex) is strongly correlated with translator length (Fig-
ure S4, S5). Using KD(Triplex) values and an estimated KD(Ab)

value of 6 nM (see Supporting Information for a full
discussion of dissociation constants evaluation and the
estimated values), we then calculated the expected concen-
tration of free translator as a function of anti-Dig antibody
concentration.[36] Comparison of these values with our
experimental measurements (see Figure 2d and Supporting
Information for details) indicate good agreement, confirm-
ing the validity of this model.

Translator release is monotonically and quantitatively
related to anti-Dig antibody concentration. To demonstrate
this, we titrated a device loaded with the optimal, 12-base
translator against increasing concentrations of antibody,
finding the expected Langmuir isotherm relationship be-
tween antibody concentration and translator release (Fig-
ure 2e, f). In contrast, no release is observed in the presence
of other, non-targeted antibodies (Figure 2g, S6). By replac-
ing the antibody-binding antigens our antibody-responsive
devices can be adapted to other antibodies. We demonstrate
this using dinitrophenol (DNP) as the antigen and anti-DNP
as input antibody. With this we achieved antibody respon-
siveness and specificity comparable to those observed for
the anti-Dig responsive device (Figure S7–S11). Of potential
future relevance, the two antibody-responsive devices can
be orthogonally controlled: by mixing the two in the same
solution and challenging them with various combinations of
their target antibodies we find that each responds only to its
specific target antibody (Figure S12-S14). As a further
evidence of the proposed release mechanism, we have tested
the system as a function of pH. Because acid pH stabilizes
triplex formation, translator release is less efficient at pHs
below 6.5. Conversely, at pH above 7.0 the triplex is too
unstable and releases the translator even in the absence of
antibody (Figure S15, S16).

The antibody-responsive device supports efficient com-
munication between normally non-interacting proteins. As
our first example we designed a device that achieves
antibody-induced downstream regulation of thrombin, a key
protein in coagulant functions that leads to cleavage of
fibrinogen into fibrin monomers (Figure 3a). For this we
employed as our translator a 15-base DNA aptamer that
binds to thrombin and inhibits its proteolytic activity.[37–39]

We re-engineered this to incorporate a domain that forms a
triplex with our anti-Dig antibody responsive device (grey in
Figure 3a). In the absence of anti-Dig antibodies (black
curve, Figure 3b) or at high concentrations (300 nM) of a

control antibody (grey curve, Figure 3b) this device does not
measurably inhibit thrombin activity. In the presence of
anti-Dig antibodies, in contrast, we observe a significantly
longer coagulation lag-time (time before significant signal
rise), indicating that the released translator is inhibiting
thrombin activity (Figure 3b). As expected, the inhibition
increases monotonically with increasing concentration of the
antibody (Figure 3c, S17).

Our responsive devices are generalizable to the control
of other proteins. To illustrate this we engineered a second
device architecture (Figure 1, right and Figure 4a) in which
the antigen-modified strand of the device itself acts as the
translator. To do this we employed a triplex-forming DNA
aptamer that binds and inhibits Taq DNA polymerase when
is folded into a triplex conformation.40 In this new
architecture we conjugated copies of the antigen digoxigenin
directly to the two ends of the triplex forming aptamer and
employed a 12-base DNA cognate strand that induces
efficient triplex formation, and thus aptamer activity. In the
absence of anti-Dig antibodies (black curve, Figure 4b) or at
saturating concentration of a non-targeted antibody (grey
curve, Figure 4b) the system efficiently inhibits Taq DNA
polymerase activity. Upon antibody binding, however, the
triplex is disrupted, resulting in the recovery of enzymatic
activity (Figure 4b, red curve, Figure S18). Quantitative
regulation of polymerase activity is once again easily
achieved by varying the concentration of the target antibody
(Figure 4c, S19).

Information processing in living cells results from the
communication between DNA, RNA and proteins.[1–3]

Figure 3. a) Antibody–protein communication to regulate the proteo-
lytic activity of thrombin. b) Thrombin-mediated fibrin formation
followed by light scattering increases after addition of fibrinogen
(1 mgmL� 1) to a solution containing an equimolar concentration of
DNA responsive device/thrombin translator (100 nM) and thrombin
(1 nM) in the absence and in the presence of anti-Dig antibody or a
control antibody (300 nM). c) Thrombin activity varies as a function of
antibody concentration. Experimental conditions (buffer, pH, temper-
ature) as indicated in Figure 2.
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Drawing inspiration from these naturally occurring molec-
ular communication systems, we have exploited the desig-
nability of synthetic DNA to create molecular devices that
allow the regulation of one protein by another. Specifically,
we developed antibody-responsive nanodevices able to
release DNA translators in presence of specific antibodies,
thus regulating the activity of downstream target proteins.
This strategy is versatile and, in principle, can be easily
adapted to modulate artificial protein–DNA and protein–
protein communication mediated by DNA-based devices.

Beyond the antibody-responsive DNA systems described
here, other strategies to achieve non-natural protein–protein
communication with DNA-based devices can also be envi-
sioned. An example would be the design of DNA-based
nanodevices that can respond to transcription factors or
synthetic zinc-finger proteins[41, 42] and trigger the release of
nucleic acid strands acting on a second unrelated protein.
Such DNA nanotechnologies could support a wide range of
synthetic tools with which to re-engineer biological networks
in applications such as molecular computing, biochemical
sensing, and nanomedicine.[6,12]
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