
0.75 probability of output continued to increase linearly with
local concentration. Therefore (as in Figure 3), for circuits with
high local concentration, either alternative approximations for
keff should be considered or Detailed mode should be used.
We considered spurious unintended leak interactions

between strands to determine the potential impact of leaks
on circuit performance. Leaks are spurious unprogrammed
reactions that induce errors in computation. An important class
of leaks, called zero toehold leaks, is illustrated in Figure 6a,
where an invading strand displaces the incumbent strand even
in the absence of an exposed toehold. These reactions proceed
many orders of magnitude slower than toehold-mediated strand
displacement reactions.
We analyzed the impact of zero toehold leaks on our

elementary localized circuits using Visual DSD, which can
automatically generate all zero toehold leaks. We compiled the
circuits in Detailed mode with zero toehold leaks enabled. No
leaks were observed for the OR and WIRES circuits; however,
leaks were observed for the AND and FANOUT circuits
(Figure 6b−e). The leak rate was set to kl = 10−9 nM−1 s−1,
which corresponds to a diffusion-based zero toehold leak rate
reported previously.5,26 For all localized reactions, we multi-
plied both the toehold binding rate and the leak rate by the
local concentration c. For the AND circuit, we observed a

difference between the Boolean inputs (X,Y) = (0,1), which
produced a low level of leak (Figure 6c), and the inputs (X,Y) =
(1,0), for which there was no observed leak (Figure 6d). This
was due to the asymmetrical design of the AND gate with
respect to the order of the inputs. As local concentration was
increased, the probability of erroneous output for (X,Y) = (0,1)
increased dramatically (Figure 6c), while the speedup for (X,Y)
= (1,1) eventually reached a plateau due to the rate-limiting
step of branch migration (Figure 6b). We observed a similar
pattern for the FANOUT circuit, which leaked in the absence
of input in a local concentration-dependent manner (Figure
6f). The FANOUT leak was due to the presence of the tethered
fuel strand, which displaced the output even when no input was
present. In general, we find that increasing c can simultaneously
lead to a plateau in circuit speedup and an increase in circuit
leak. Therefore, the design of localized circuits should not
necessarily seek to increase the local concentration arbitrarily.
Rather, optimization of signal-to-noise metrics is more
appropriate.
To demonstrate this point, we calculated the probability of

producing the correct output at a given time t. For the
FANOUT circuit, this was defined as P(correct response) =
P(output|input)·P(input) + P(no output|no input)·P(no
input). We further assumed that the input is present or absent

Figure 7. Composition of elementary logic circuits to design complex circuits. Shown are graphical representations and module definitions in Visual
DSD code for four circuits. (a) The ANDOR circuit computes the Boolean logic function (W ∧ X) ∨ (Y ∧ Z). (b) The ORAND circuit computes
the Boolean logic function (W ∨ X) ∧ (Y ∨ Z). (c, d) The LSB1 and LSB0 circuits report the least significant bit of the function⌊ ⌋x x x x4 3 2 1 where
the xi use dual rail logic in binary to encode integer numbers. For example, as 5 is 101 in binary, it is represented as x11 = 1, x10 = 0, x21 = 0, x20 = 1,
x31 = 1, x30 = 0, x41 = 0, x40 = 1. Accordingly, the circuit output has LSB1 = 1 (LSB0 = 0) if the least significant bit of the square root function is 1 and
LSB0 = 1 (LSB1 = 0) if the least significant bit is 0. The LSB0 circuit assumes that the x40 input has been forked prior to entering the LSB0 module
and equivalently for the x41 input to the LSB1 circuit. (b) Example layout for an ANDOR circuit.
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experimental implementations. Our experiments corroborate that
we can realize complex behaviours previously out of reach of
synthetic molecular systems.

Among the many proposed architectures for strand displacement
computation2,10–13,15–19, ours is unique in that it relies exclusively on
linear, double-stranded DNA complexes (processed by ‘nicking’ one
of the strands)10. Because this structure is compatible with natural
DNA, we are able to produce our computational elements in a

highly pure form by bacterial cloning. Thus, we bypass the practical
limitations in the length and purity of synthetic strands.

Signal transduction mechanism
We identify signals (A, B, C, . . .) with single-stranded DNA mol-
ecules (signal strands, Fig. 1b). Nicked double-stranded DNA
(ndsDNA) gate complexes mediate interactions between these
signal strands with the help of additional auxiliary single-stranded
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Figure 1 | DNA realization of a formal CRN. a, A standardized signalling protocol based on short single strands of DNA enables the components of the
nanocontroller to communicate with each other. The formalism of CRNs serves as a programming language that specifies the desired behaviour for the
computational subsystem. The target behaviour is experimentally realized by the DNA architecture. b, Reaction mechanism. DNA strands are drawn as lines
with arrows at the 3′ end. Functional domains are labelled with lowercase letters; * indicates Watson–Crick complement. Species A, B and C of the formal
reaction are represented by DNA signal strands A (kta al, green), B (ktb bl, orange) and C (ktc cl, red), respectively. Implementation of the bimolecular
reaction Aþ B " C requires two multistranded gate complexes JoinAB and ForkC, as well as the auxiliary strands ktr rl, kc trl and ki tcl. The reaction proceeds
through a sequence of six strand displacement reactions, where each step provides a toehold for initiation of the next. c, Reporting strategy for reaction
kinetics used in this Article. The reporter consists of two strands, one labelled with fluorophore (red dot) and the other with a quencher (black dot).
Fluorescence is quenched when fluorophore and quencher are co-localized. Displacement of the quencher-labelled strand by signal C leads to an increase in
fluorescence proportional to the amount of C detected.
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