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Abstract: Oligonucleotide-based molecular circuits offer the
exciting possibility to introduce autonomous signal processing
in biomedicine, synthetic biology, and molecular diagnostics.
Here we introduce bivalent peptide–DNA conjugates as
generic, noncovalent, and easily applicable molecular locks
that allow the control of antibody activity using toehold-
mediated strand displacement reactions. Employing yeast as
a cellular model system, reversible control of antibody target-
ing is demonstrated with low nm concentrations of peptide–
DNA locks and oligonucleotide displacer strands. Introduction
of two different toehold strands on the peptide–DNA lock
allowed signal integration of two different inputs, yielding logic
OR- and AND-gates. The range of molecular inputs could be
further extended to protein-based triggers by using protein-
binding aptamers.

Their synthetic accessibility and highly predictable binding
properties make oligonucleotides (ODNs) ideal building
blocks to construct molecular logical circuits.[1, 2] The principle
of toehold-mediated strand exchange[3, 4] has proven partic-
ularly versatile, allowing the construction of robust circuits
with a broad range of functionalities, including logic gates,
signal amplification, signal thresholding, feedback control,
and consensus gating.[5–10] Oligonucleotide-based circuits can
also be integrated in biological systems, enabling the intro-
duction of autonomous decision making in biomedicine,
synthetic biology, and molecular diagnostics.[11–14] However,
such applications are still limited by a lack of generic
approaches to interface ODN circuits with protein activ-
ity.[15, 16] So far, most examples to control protein activity using
ODN-based circuits are based on the streptavidin–biotin
interaction[17, 18] or use a limited number of protein-binding
aptamers.[19–23] Here we introduce a generic and easily
applicable approach to use the output of DNA/RNA-based
logic operations to control the activity of antibodies.

Antibody-based molecular recognition plays a dominant
role in the life sciences ranging from applications in diag-
nostics and molecular imaging to antibody-based therapy and
targeted drug delivery. To increase the specificity of antibody-
based molecular recognition, new strategies are required to

make antibody activity controllable by the presence of other
biomarkers such as microRNAs, enzyme activity, and cell
surface receptors.[24,25] In an impressive display of molecular
engineering the group of Church used DNA origami to
construct a locked DNA barrel (NanoRobot) to shield
specific antibodies. Binding of platelet-derived growth
factor and several receptor-based biomarkers to aptamer-
based locks on the NanoRobot, resulted in the opening of the
DNA box, allowing the antibodies to bind to cell surface
receptors.[21] Our group recently reported a generic and
noncovalent strategy to block antibody targeting by making
use of bivalent peptide–DNA conjugates. These self-assem-
bling bivalent ligands can effectively bridge the two antigen
binding sites present in monoclonal antibodies, which allowed
control of antibody-based targeting in a protease-reversible
manner.[24] We realized that the use of dsDNA as a linker in
bivalent peptide ligands provides an excellent opportunity to
use the output of DNA-based logic operations to control the
activity of antibodies (Scheme 1).

To explore the design principles for DNA-based control of
antibody activation, we used an IgG1-type monoclonal anti-
body against the hemagglutinin (HA) epitope YPYDVPDY.
This peptide epitope is derived from the influenza virus and
binds to an anti-HA antibody with a monovalent affinity of
5 nm.[26] Bivalent peptide–dsDNA conjugates were synthe-
sized with DNA linkers consisting of 20 or 35 bp, with one of
the strands containing an additional 8 base toehold sequence
to facilitate strand displacement (Figures S1–S3). Bi- or
monovalent peptide–dsDNA ligands were obtained by
hybridization of complementary (peptide-functionalized)
ODN strands (Figure 1a). Analysis using size exclusion
chromatography showed that addition of one equivalent of

Scheme 1. Blocking antibodies using bivalent peptide–dsDNA conju-
gates allows reversible control of antibody targeting using toehold-
mediated strand displacement. Disruption of the dsDNA linker gen-
erates more weakly binding monovalent peptide ligands, which disso-
ciate to allow target binding.
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bivalent peptide–dsDNA ligand to the antibody resulted in
the formation of a cyclic 1:1 complex, as expected for strong
bivalent binding (Figure S4).

To verify efficient blocking of antibody targeting by the
bivalent peptide–DNA locks, yeast cells were used that
display the HA epitope fused to the yellow fluorescent
protein Citrine (Figure S5). This system allows quantitative
monitoring of cell-surface antibody binding by flow-cytomet-
ric analysis of the amount of fluorescently labeled antibody
binding to Citrine-positive (and thus HA-displaying) yeast
cells. Monitoring the amount of cell-bound Alexa647-labeled
anti-HA antibody as a function of antibody concentration
yielded a Kd of 6.3� 0.3 nm (Figure 1b), which is in good
agreement with titration experiments using fluorescently
labeled peptide.[26] Next, the concentration of anti-HA anti-
body was kept at 1 nm, while changing the amount of bivalent

peptide–dsDNA lock. Only a slight excess of the bivalent
peptide–DNA lock already completely blocked the binding of
fluorescence-labeled antibody to HA-tag-displaying yeast
cells, showing that the interaction between the bivalent
peptide–dsDNA ligand and the antibody is very strong
(Figure 1c,d). To test whether the bivalent interaction can
be disrupted by toehold-mediated strand displacement, a fully
complementary oligonucleotide strand was titrated to the
blocked antibody (1 nm antibody and 1.1 nm bivalent-pep-
tide–dsDNA) and the reactivation of antibody targeting was
monitored using fluorescence-activated cell sorting (FACS).
To ensure complete thermodynamic equilibration, the dis-
placement reaction was incubated for 2 h prior to FACS
analysis. Figure 1e and 1 f show that antibody binding can be
completely restored by addition of low nm concentrations of
the displacer strand. The final binding level is comparable to
that obtained using the same concentrations of antibody and
monovalent peptide–dsDNA. Similar results were obtained
for locks containing 20 bp and 35 bp dsDNA linkers, which
shows that the flexibility in the hinge region allows the
antibody to accommodate different lengths of dsDNA linker
(7 and 12 nm, respectively), as previously observed for an
anti-HIV1-p17 antibody.[24] This flexibility is important,
because it allows more design freedom when targeting
different oligonucleotide inputs or more complicated logic
gates. In subsequent experiments we continued with the 20 bp
dsDNA linker.

The experiments above show that an eight nucleotide
toehold provides sufficient thermodynamic driving force to
overcome the favorable bivalent interaction between the
antibody and the bivalent peptide–dsDNA lock. To assess
whether the kinetics of the strand displacement reaction are
affected by binding to the antibody, a fluorophore-quencher
pair was introduced in the bivalent-dsDNA lock (20FQ2x) to
allow direct monitoring of strand displacement using fluores-
cence (Figures 2 and S9). The pseudo first order rate constant
of the displacement reaction was measured as a function of
toehold length and displacer strand concentration. Surpris-
ingly, very similar reaction rates were observed in the absence
and presence of antibody (Figure 2). When using short
toehold lengths and/or low concentrations of the displacer
strand, the rate is determined by formation of the toehold
complex, whereas the DNA-displacement reaction itself
becomes rate-limiting at a toehold size of > 8 nt and/or high
concentrations of the input strand.[6, 27] The similar kinetics
thus suggest that invasion of the displacer strand is not
hampered by binding of the peptide–DNA lock to the
antibody and can freely rotate around the dsDNA linker
during the strand displacement reaction.

Having established the principle of antibody activation
using a single input strand, we next rendered antibody
activation conditional on the presence of two oligonucleo-
tides. To this end we constructed DNA-based bivalent ligands
containing a 10 nucleotides single strand toehold at each side
of a 20 bp dsDNA linker (Figure 3a). Depending on the
length of the overlapping sequences, this architecture could
act as either an AND- or an OR-gate. As expected, addition
of one of the fully complementary 30 bp input strands was
sufficient to fully restore antibody targeting, representing an

Figure 1. Antibody activation by toehold-mediated DNA strand dis-
placement. a) Native 15 % polyacrylamide gel showing formation of
non-, mono- and bivalent peptide–DNA ligands (35DS0x, 35DS1x, and
35SMD2x) consisting of a 35 bp dsDNA and an 8 base toehold.
b) Titration experiment monitoring the binding of Alexa647-labeled
anti-HA antibody to yeast cells displaying the HA-epitope. c) Histo-
gram showing Alexa647 fluorescence for yeast cells incubated with
1 nm Alexa647-labeled anti-HA antibody in the presence or absence of
1 nm 35SMD2x. d) Titration experiment showing binding of anti-HA
antibody (1 nm) as a function of the concentration of the bivalent
peptide–DNA ligand 35SMD2x. e,f) Titration experiments showing
restoration of antibody binding as a function of displacer strand
concentration. Different concentrations of displacer strands (43 or 28
nucleotides, resp. ODN-11 or -12) were added to 1 nm anti-HA
antibody and 1.1 nm bivalent ligand [35SMD2x (e) or 20SMD2x (f)]
and incubated for 2 h prior to FACS analysis. The mean fluorescence
was normalized by dividing it by the mean fluorescence observed in
the presence of 1.1 nm of the corresponding monovalent ligand
(35DS1x or 20DS1x).
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OR-gate (Figure 3b). OR-gate behavior was also observed
for 25 nucleotides input strands, but only a small amount of
activation was observed using a single 20 nucleotides strand
(complementary to the 10 nucleotides toehold and 10 bp in
the linker) even in the presence of a 20-fold excess of the
input strand (Figure 3b). The background of 0.2 fluorescence
units that was observed even in the absence of displacer
strands is a consequence of the small excess of bivalent
peptide–DNA lock that was used (1.1 nm versus 1 nm anti-
body), which results in a small amount of non-blocked
antibody (see also Figure 1d). To identify the regime in which
the system shows AND-gate behavior, we systematically
varied the lengths of the two input strands between 15 and
20 nucleotides in steps of 1 nt. Figure 3c shows that addition
of two 15 nucleotide strands is not sufficient to disrupt
antibody blockage. In this case, strand invasion probably
occurs, but the 10 bp that remain between the two linker
strands are sufficient to preserve the bivalent ligand. How-
ever, increasing the number of nucleotides further rapidly
increases the amount of antibody activation, showing partial
antibody activation by two 16 nucleotide strands and nearly
complete activation using two 17 nucleotide strands. The
sharp transition between inhibition and activation is attractive
because it allows the design of AND-gates with minimal

leakage. It also provides maximal flexibility with respect to
the length and sequence of the two input strands, allowing the
integration of the outputs from two different DNA-logic
circuits or two different miRNA sequences as triggers in
AND- or OR-gate designs.

To further expand the type of molecular triggers, we also
explored the possibility to control antibody activity using
protein-binding aptamers.[29–31] A previously reported high-
affinity thrombin aptamer was extended at its 5’-end with six
nucleotides (A) such that it could partially hybridize with the
displacer strand (D), and thus prevent D from binding to the
toehold in the bivalent peptide–DNA lock (20Apt2x). Bind-
ing of thrombin to the aptamer sequence should result in
release of the displacer strand, allowing the displacer strand
to bind to the toehold on the peptide–DNA lock, resulting in
strand displacement and antibody activation. Monitoring the
amount of antibody activation as a function of thrombin
concentration showed a 2-fold increase in antibody targeting

Figure 2. Kinetics of the toehold-mediated strand displacement reac-
tion in the absence (a and c) and presence of 1 nm anti-HA antibody
(b and d) as a function of toehold length (a and b) and displacement
strand concentration (c and d). All displacement reactions were
performed in standard TE-buffer (pH 8.0) including 12.5 mm MgCl2
using 1 nm 20FQ2x by monitoring the increase of fluorescence in time.
The effect of toehold length was studied using 4 nm of the displacer
strand. The effect of displacer strand concentration was studied using
a constant toehold length of eight nucleotides (ODN-34). Pseudo first
order reaction rates derived from these experiments were plotted as
function of toehold length (e) or as function of displacer strand
concentration (f).

Figure 3. a) Control of antibody activity using two inputs yielding logic
OR- or AND-gates. 1 nm anti-HA antibody was blocked by addition of
1.1 nm of a bivalent ligand consisting of a 20 bp linker (20LG2x),
flanked by two 10 nt single-strand overhangs. Following incubation
with 24 nm input strand(s) for 2 h, yeast cells were added and antibody
binding was monitored by measuring the mean cellular Alexa647
fluorescence. b) OR-gate behavior is observed for input strands with
more than 20 nucleotides. c) AND-gate behavior for combinations of
two input strands depends on the length of the strands. All experi-
ments were performed in duplo. A strand length of 0 nt means that no
displacer strand was added. The true/false threshold was defined by
taking the square root of the product of the maximum and the
minimum outputs.[28]

.Angewandte
Zuschriften

2562 www.angewandte.de � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2015, 127, 2560 –2563

http://www.angewandte.de


between 300 nm and 1 mm (Figure 4), whereas no activation
was observed in control reactions with thrombin that lacked
the aptamer–displacer complex or when the aptamer–dis-
placer was made so stable that thrombin binding could not
release the displacer strand (Figures S7 and S8). Addition of
the aptamer–displacer complex in the absence of thrombin
also resulted in a small increase in antibody activation, which
could be partially repressed by using a three-fold excess of
aptamer over displacer strand (300 nmA and 100 nm D,
Figure S8). The modularity of the approach used here should
allow the same locked antibody to be activated by different
aptamers. For future applications the aptamer could also be
directly included in the dsDNA linker, although this may
require extensive reengineering of the peptide–DNA lock for
each new aptamer.

In conclusion, bivalent peptide–dsDNA conjugates pro-
vide effective noncovalent molecular locks that allow control
of antibody activity using toehold-mediated strand displace-
ment reactions. This new approach takes advantage of the
large difference in affinity between a bivalent peptide–DNA
ligand and the monovalent peptide–DNA ligand that forms as
a result of a strand displacement reaction. The most important
design constraint is that the monovalent affinity of the
antibody–epitope interaction should be significantly lower
than the effective concentration provided by the dsDNA
linker, which has been estimated to be approximately
10 mm,[24] but not so low as to block antibody binding to
a cell surface receptor as a monovalent ligand. Our design
compares favorably with strategies based on 3D DNA
origami[21, 32] in its ease of construction and the possibility to
use hydrolytically stable ODN analogues such as phosphor-
othioate oligonucleotides[33] or peptide nucleic acids.[34]

Because it is based on the characteristic Y-shaped molecular
architecture shared by all antibodies, our approach provides
a generic strategy to introduce autonomous signal processing
in antibody-based targeting and exploit the molecular recog-
nition properties of antibodies in the field of DNA-based
computing.
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concentrations of thrombin. All experiments were performed in duplo.
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