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ABSTRACT: Here we describe molecular implementations of
integrated digital circuits, including a three-input AND logic gate, a
two-input multiplexer, and 1-to-2 decoder using allosteric ribozymes.
Furthermore, we demonstrate a multiplexer−decoder circuit. The
ribozymes are designed to seek-and-destroy specific RNAs with a
certain length by a fully computerized procedure. The algorithm can
accurately predict one base substitution that alters the ribozyme’s
logic function. The ability to sense the length of RNA molecules
enables single ribozymes to be used as platforms for multiple
interactions. These ribozymes can work as integrated circuits with the functionality of up to five logic gates. The ribozyme design
is universal since the allosteric and substrate domains can be altered to sense different RNAs. In addition, the ribozymes can
specifically cleave RNA molecules with triplet-repeat expansions observed in genetic disorders such as oculopharyngeal muscular
dystrophy. Therefore, the designer ribozymes can be employed for scaling up computing and diagnostic networks in the fields of
molecular computing and diagnostics and RNA synthetic biology.

KEYWORDS: allosteric ribozymes, RNA length biosensors, molecular electronics, integrated molecular circuits, molecular computation,
self-assembly, nanodevices, molecular diagnostics, triplet-repeat expansion diseases

Information processing is essential for any living cell as well as
for any computing device. Therefore, engineering molecular
computing systems may help us better understand and
appreciate the information processing in the cell. Furthermore,
this may allow us to create integrated nanodevices that can
sense diverse signals and respond to them in a programmed
mode. To design such devices, we have to integrate many
functions into self-assembly structures built of various
molecules. This is the way the cell executes information
processing. The most complex information-processing structure
in the cell is the ribosome built of various RNA molecules and
proteins. Solving the three-dimensional structure of the
bacterial ribosome provided us with ultimate details on the
molecular function of this unique cellular machine.1 In fact, the
ribosome turned out to be a ribozyme since its enzymatic
function is executed only by RNA molecules.1,2 Nature has set
RNA in the catalytic core of its most advanced cellular machine.
That inspired us to research whether we can engineer
nanodevices based on a self-assembly of RNA molecules.
Such devices can work as integrated digital circuits and can be
used for molecular electronics and diagnostics. The self-
assembly of nucleic acids has been already employed for
molecular computing.3 However, the results of nucleic acids
self-assembly are usually difficult for readout. Here, we aim to
couple the nucleic acids self-assembly with producing of an
output signal easy for readout.
The logic gate is the elementary building block of any digital

circuit that is the backbone of modern electronics.4 At any
given time, every terminal of an electronic logic gate is in one of

the two binary states either “0” or “1”. Complex information-
processing operations can be performed by building combina-
tions of logic gates. According to the computational theory,
there is no limit to the number of gates that can be arrayed
together into a single device. In practice, however, the number
of gates that can be assembled in a given physical space is
limited.
In the past, the engineers faced the difficulties of building

complex computing circuits by manually connecting single logic
gates. This problem has been solved by the invention of the
integrated circuit (IC) and its current development: the very
large integrated circuit (VLIC). As a result, the required space
for any type of digital circuit decreases enormously.4 It is now
believed that the silicon-etched technology will reach its
physical limits within the next two decades.5

The first molecular computing was demonstrated by Leonard
Adleman in 1994 using DNA strands to solve the seven-point
Hamiltonian path problem.6 Since then, one of the main fields
of DNA computing is the development of nucleic acid-based
electronics built by single logic gates that communicate to each
other.7−16 A landmark device was recently demonstrated with
the functionality of a four-bit square root circuit that comprises
130 DNA strands.17 The circuitry employed single DNA logic
gates based on a reversible strand displacement. This provides,
once again, strong evidence that nucleic acids can be used as
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logic gates for building complex computing circuits that work in
parallel.
At the same time, such research raises questions about the

feasibility of building integrated molecular circuits (IMCs) with
the complexity of electronic ones. The main building block of
chemical circuitry can be the IMC similar to the IC. Despite the
significant progress achieved recently in assembling various
molecular circuits, no one has demonstrated any IMC like to
silicon-based ICs in terms of functionality, reliability and
complexity. Therefore, our abilities to build complex IC still
need more research to improve their functionality as well as to
expand their applications.
We demonstrate the feasibility of designing IMCs with

allosteric riboswitches based on the hammerhead ribozyme
(HHR). Ribozymes are natural RNA molecules with a catalytic
function.18 In nature, the HHR catalyzes its self-cleavage,
although under single turnover conditions. Most hammerhead
ribozymes are subsets of two classes of plant infective RNAs
such as satellite RNAs of RNA viruses and viroids. Hammer-
head ribozymes are also found in animals like the human
pathogenic worm Schistosoma mansoni.19 Designer HHR can be
made to cleave external RNAs under multiple turnover
conditions in response to ligand binding.
Allosteric ribozymes can be obtained by various methods,

including in vitro selection,20 rational,21 and computational
design.22 We employ a proven and highly accurate algorithm
for designing oligonucleotide-sensing allosteric switches.22−24

Applying this technique in conjunction with the established
RNA-length sensing feature, we demonstrate that it is possible
to shrink a digital circuit with a functionality of five individual
logic gates into a single catalytic RNA molecule. These RNA
switches are used as a self-assembling platform for interactions
with other DNA and RNA oligonucleotides.
This paper demonstrates that IMC can be built around single

functional RNA molecules used as a platform for multiple
interactions. Such assemblies can be used not only as
nanodevices for scaling up molecular computation but also as
convenient tools for molecular diagnostics. The RNA-length
sensing features of these ribozymes can be used as an efficient
method for diagnostics of a growing number of genetic
disorders associated with various triplet-repeat expansions.25,26

Designer ribozymes presented can distinguish between RNA
molecules with a normal and mutant number of triplet-repeats
observed in oculopharyngeal muscular dystrophy (OPMD)
disorder.

■ METHODS
Computational Design of Oligonucleotide-Sensing

Allosteric Ribozymes. The ribozyme designs employed in
this paper were obtained by a computational algorithm for
designing allosteric oligonucleotide-sensing ribozymes. The
approach predicts the secondary structures based on the
partition function of RNA folding in the presence and absence
of effector molecules.22 The partition function, in contrast to
the minimal free energy function, computes the entire
ensemble of all possible secondary structures as a function of
temperature.27 For this goal, the Vienna RNA folding package28

and thermodynamic parameters29 were used.
We employ the sequence of the AND gate (see point 1

below) to convert it into an OR gate by a single base
substitution in stem II of the ribozyme using the algorithm
described below. Four different states, namely, in the absence of
any effector (an OFF state) and in the presence of one or both

effectors (three ON states), were computed for each ribozyme.
When the effector oligonucleotide is present, the comple-
mentary oligonucleotides of the ribozymes are excluded of the
ribozyme folding because they are defined to have no binding
properties. The procedure employs a random search algorithm
as already described.32 The computational steps were as follows
(Figure S1, Supporting Information (SI)): (1) Substitute
randomly one of the nucleotides shown below in the capital
letters over the alphabet of A, U, C, G. 5′ggcgacccugaugag-
CUUGGUUuaguauuuacagcuccauacaugagguguuaucccuaugcaa-
guucGAUCAGGcgaaacggu. (2) Fold the sequence obtained
and calculate the free energy at 37 °C of the structure using the
partition function. (3) Determine whether nucleotides (from 8
to 14) of the hammerhead core participate in base pair
formation in the dominant OFF state secondary structure using
the probability dot matrix plot derived from the partition
function. If one or more nucleotides 8 through 14 remain
unpaired, reject the sequence and go to 1. (4) Replace the
oligonucleotide binding site (OBS) 1 from the structure with
the same number of artificial nucleotides that are defined to
have no binding properties. (5) Fold the sequence and
compute the free energies of this state based on the partition
function. If a dominant ON state is not formed, go to 1. (6)
Replace the OBS2 from the structure with the same number of
artificial nucleotides that are defined to have no binding
properties. (7) Fold the sequence and compute the free
energies of this state based on the partition function. If a
dominant ON state is not formed, go to 1. (8) Replace the
OBS1 and OBS2 from the structure with the same number of
artificial nucleotides that are defined to have no binding
properties. (9) Determine if the resulting ON structure is
dominating more than 80% and carries stem II that is required
for function of the HHR by using the probability dot matrix
plot derived from the partition function. If there is not a
dominant structure, reject the sequence and go to 1. (10)
Compute the free energy of the dominant OFF state secondary
structure based on the partition function and determine the gap
between the OFF and ON state free energies. If the energy gap
is more than 15.0 kcal mol−1, reject the sequence and go to 1.

Preparations of Nucleic Acids. The DNA oligomers were
purchased from Integrated DNA Technology (Leuven,
Belgium). The oligomers up to 40 nt in length were purified
by HPLC. The longer oligomers were purified by denaturing (8
M urea) polyacrylamide gel electrophoresis (PAGE). For in
vitro transcription, two overlapping DNA strands (template and
nontemplate) were made double-stranded (ds) by extension
with SuperScriptII reverse transcriptase (Invitrogen, Carlsbad,
CA) according to the manufacturer′s instructions. The
nontemplate strand carried a T7 RNA polymerase promoter
(TAATACGACTCACTATA). The dsDNAs obtained were
precipitated with ethanol and used as templates for in vitro
transcription with a RiboMax kit (Promega, Madison, WI). The
transcribed RNAs were purified by 6% denaturing PAGE.
Fluorescent labeling at the 5′-terminus was achieved during
transcription in the presence of 5′-FAM-ApG, purchased from
IBA (Göttingen, Germany).

Allosteric Ribozyme Assays. Allosteric ribozymes (200
nM) were incubated in a solution containing 50 mM Tris-HCl
with pH 8.5 at 37 °C), 50 mM KCl, and 20 mM MgCl2.
Ribozyme reactions were initiated by adding target RNA
molecules (typically to a final concentration of 80 nM) at 37
°C. In some cases, the target RNAs were previously melted at
93 °C for 1 min in the presence of cDNA oligomers (200 nM)
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Figure 1. Allosteric ribozymes that can sense the length of their substrate RNA molecules. (a) Minimal version of the parental hammerhead
ribozyme (HHR) used in the current study. Stems I through III (red) have to be formed for self-cleavage of the ribozyme at the position indicated by
the black arrowhead. (b) Embedding two oligonucleotide binding sites (OBS 1 and 2) into stem II of the parental HHR. (c) The oligonucleotide-
sensing HHR is modified to cleave external RNA molecules. (d) Allosteric ribozymes designed to cleave external RNA molecules carry two OBS 1
and 2 (blue). The ribozymes differ in one base indicated by the red arrow (Y = U or C). In the absence of effector, the ribozymes fold into an
inactive conformation by forming stem IV. The ribozyme with a U base has AND logic function, while that with a C base is an OR gate. (e) The
target RNA molecules have two effector domains (E1 and E2, blue nucleotides), complementary to the OBS1 and 2 of the ribozymes, a substrate
domain (S, red), and a variable spacer built of a different number (N) of adenine residues (AR). The target RNAs are 5′-FAM-ApG labeled as
indicated by the star (*). (f) If the spacer of the target RNA is too short, the core of the ribozyme is not formed, and the substrate RNA is uncleaved.
(g) When the variable spacer is long enough, all three stems (in red) are formed, and the substrate RNA is cleaved at the position indicated by the
arrowhead. (h) Gel images of cleavage kinetics of 5′-FAM-ApG labeled RNA molecules with five different numbers (A = 3, 9, 15, 27, and 40) of ARs
are cleaved by the AND-ribozyme under single turnover conditions. The fragments cleaved (Clv) are separated from the precursors by denaturing
PAGE. A plot, using data derived from the gels, depicts the natural logarithm of the remaining fraction of noncleaved RNA versus time for the target
RNAs. (i) The same contents like this presented in (h) but for the OR-ribozyme instead of the AND-ribozyme. (j) Log10 of the cleavage kinetics as a
function of different number adenine residues of the variable spacer for both ribozymes. There is about a 200-fold difference in the rate constants of
cleavage between the target molecules with 9 AR and those with 15 for the OR-ribozyme and about 250 fold difference between 15 and 27 AR for
the AND-ribozyme. (k) A gel image of cleavage of a target molecule without any spacer under various concentration ratios between the target RNA
and the AND-ribozyme is demonstrated.
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and incubated at a room temperature for 5 min. In the case to
the multiplexer−decoder circuit, the S1 or S2 target molecules
were incubated first in the OR-ribozyme for 30 min. After that,
the labeled NOT or YES ribozymes were added each at
concentration of 200 mM and incubated for the additional 30
min.
The ribozyme reactions were stopped by adding an equal

volume of gel loading buffer containing 100 mM EDTA, pH
8.5. The reaction products were run on 6% denaturing
polyacrylamide gel electrophoresis (PAGE). The 5′-FAM-
labeled RNAs from the gels were detected using a blue-light
transilluminator, DarkReader-195 M (light length from 400 to
500mn) from Clare Chemical Research, Inc. (Dolores, CO)
and Nikon D5100 digital camera (Nikon Imaging Japan Inc.,
Tokyo, Japan) equipped with a 520 nm optical filter. The
images were analyzed with the ImageJ software (NIH,
Bethesda, MD).

■ RESULTS AND DISCUSSION
Design and Experimental Validation of RNA Length

Sensing Ribozymes. Proteins and RNAs can exhibit not only
catalytic but also a complex allosteric function alike. All
molecular switches presented throughout this work are based
on the HHR. The minimal version of the HHR, required for its
catalytic function, is depicted in Figure 1a. All three stems
(from I to III) have to be properly formed to propagate the
ribozyme’s self-cleavage. Thus, the HHR has to fold into
specific secondary (Figure 1a) and tertiary structures to
function as an enzyme. Variants in primary sequence that
preclude formation of this secondary structure will result in
reducing enzymatic activity or complete inactivity.
In this study, we design allosteric ribozymes by embedding

two OBSs into stems II or III of the HHR. The allosteric
ribozymes presented throughout this paper are designed to
undergo a swift folding change that alters the ribozyme’s
function in response to ligand binding by a highly accurate
computational algorithm described in the Methods and
depicted in Figure S1 (SI). The ribozymes can be engineered
either to cleave themselves (Figure 1b) or to cleave an external
RNA (Figure 1c). The allosteric ribozyme has two main
functions: molecular recognition, and conformational and
functional switching between OFF and ON states depending
on their logic properties. The ribozyme design presented is
general since the allosteric and substrate sites can be altered in
regard to a particular application. The ribozymes were
computationally designed to carry two OBSs, which can bind
two effector oligomers. In the absence of any effectors, the
ribozymes are predicted to fold into a dominant secondary
structure that is an enzymatically inactive (OFF) state (Figure
1d). The allosteric ribozymes, shown in this paper, have an
additional feature to sense the length of their target RNA
molecules. These ribozymes are capable of simultaneously
recognizing four predefined domains of a target RNA molecule:
two allosteric, one substrate, and one spacer domain (Figure
1e).
The AND-ribozyme was previously designed to serve as a

two-input AND gate that cleaves itself. In the absence of any or
in the presence of one of the effectors, this AND-ribozyme is
predicted to fold into dominant inactive state in which stem IV
is formed instead of stem II. This is thermodynamically
projected by the dot matrices of the partition function (Figure
S2a,b,c (SI)). The ribozyme is designed to adopt an active state
with a formation of stem II only in the presence of both

effectors, which makes it a two-input AND logic gate (Figure
S2d (SI)). Here, this ribozyme is designed to cleave external
RNA molecules instead of cleaving itself and to sense their
lengths (Figure 1f and d).
We used the sequence of the AND-ribozyme as a template

for a computational selection of a ribozyme with an OR logic
function by a single base substitution in stem II. All possible
combinations of base substitutions in stem II were computa-
tionally tested by the algorithm described in the Methods and
schematically depicted in Figure S1 (SI). The algorithm
computes four different states using the partition function for
RNA folding. It weights up all possible secondary structures. It
aims to find dominant structures of at least 80% for all four
states. In contrast to the AND-HHR, the OR-ribozyme was
computed to have three dominant ON states in the presence of
either (Figure S2f,g (SI)) or both effectors (Figure S2h (SI)),
and one dominant OFF state in the absence of any effector
(Figure S2e (SI)).
According to the algorithm employed, there was the best

substitution of the U base at the 17th position with a C base
(Figure 1d). The single point mutation was predicted not only
to convert the AND logic function of the ribozyme into an OR
function but also to increase the efficiency of cleavage by
stabilizing the ON state (stem II, red nucleotides, Figure 1f,g)
in the presence of either or both effectors (Figure S2 (SI)). The
thermodynamic stability of the AND-ribozyme based on the
partition function (Ep = −25.79 kcal mol−1) is only 12% higher
than that of OR-ribozyme (Ep = −22.69 kcal mol−1) in the OFF
state (Figure 1d). However, this has a significant effect on the
cleavage efficiency as demonstrated below in this paper.
We demonstrate experimentally how the length of the target

RNAs influences the cleavage efficiency. For this goal, target
RNAs with various numbers (N) of adenine residues (AR)
were enzymatically synthesized and 5′-FAM-ApG labeled as
described in the Methods. The target molecules contain the
same effector and cleavage domains complementary to the
corresponding ribozyme sites (Figure 1e). They only differ in
the space’s length. All adenine-containing intervening sequen-
ces are not predicted to form any secondary structures.
Therefore, the cleavage efficiency of the target RNAs, in this
case, depends primarily on the length (the number of AR) of
their variable spacers.
To establish the minimum spacer length of a target molecule

needed for the most efficient cleavage by the AND-ribozyme in
the presence of both effectors, we used five RNA molecules
with different spacer length (ARs = 3, 9, 15, 27, 40) substrates.
The reactions were carried out under single turnover conditions
as described in the Methods. The gel images obtained for the
cleavage kinetics of the target RNAs are shown in Figure 1h.
The natural logarithm (ln) of fraction remaining of the
ribozyme versus time is plotted in this figure. The curves for the
target molecules with 3 and 9 ARs are completely overlapping
and have the lowest rate constant of cleavage (kobs = 2 × 10−5

min−1). The target molecule with 15 ARs exhibits a rate
constant of cleavage of about 2 × 10−3 min−1. The RNAs with
27 and 40 ARs had the fastest cleavage kinetics of 5 × 10−2

min−1 and 4.5 × 10−2 min−1, respectively, and cleavage
efficiency of ca. 60% (Figure 1h). These results are very
consistent with the predicted ca. 60% probability of forming
ON (stem II) and 40% of OFF state (stem IV) in the presence
of both effectors (Figure S2 (SI)) for the AND-HHR. The
results obtained indicate a clear dependence between the length
and the cleavage efficiency of the target molecules. There is
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about a 250-fold difference in the rate constants of cleavage
between the target molecules with 27 or 40 ARs and these with
three ARs and about a 25-fold difference with target molecules
that had 5 or 9 ARs (Figure 1j).
The same experiments were repeated with the OR-HHR

(Figure 1i), which was predicted to form a dominant ON state
in the presence of either or both effectors (Figure S2 (SI)). The
OR-ribozyme was designed to have higher cleavage efficiency
than that of U-ribozyme because its ON state was predicted to
be ca. 80% dominant over all other possible secondary
structures (Figure S2 (SI)). The same target molecules with
spacers containing different numbers of AR were used. The
images of the cleavage kinetics are shown in Figure 2i. The
curves of the target molecules with 3 and 9 AR are very similar
and indicate rate constants of cleavage kobs = 5 × 10−4 min−1

and kobs = 1 × 10−3 min−1, respectively. In this case, the target
molecule with a spacer of 15 AR exhibits a much higher rate
constant of cleavage (2 × 10−1 min−1) than that with the AND-
ribozyme. Again, the targets with 27 and 40 ARs had the fastest
cleavage kinetics of 3 × 10−1 min−1 and 2.6 × 10−1 min−1,
respectively, with cleavage efficiency of ca. 80% (Figure 2i).
The obtained results correspond very well with the

theoretical predictions for the formation of one dominant
ON state in the presence of both effectors (Figure S2 (SI)). As
observed with the OR-ribozyme, there is a clear dependence
between the length and the cleavage efficiency of the target
molecules, although shifted to shorter spacer lengths. There is
about a 200 fold difference in the rate constants of cleavage
between the target molecules with 9 ARs and these with 15 ARs
(Figure 2j). In addition, the cleavage yield of a molecule
without any spacer between (AR = 0) was investigated under
various concentration ratios between the target molecule and
the AND-ribozyme. A cleavage of 0.4% was observed under
ratio 5:1 in favor of the ribozyme and 2.3% only under ratio 1:1
(Figure 2k). The experimental results obtained by a
fluorescence resonance energy transfer (FRET) method
indicated complete inactivity for both ribozymes in the
presence of 11 nt long DNA effectors compared to full
activation with 16 nt long DNAs (Figure S3 (SI)).
The conclusions that can be drawn from these results are as

follows. First, the hybridization of the target RNA molecule
either to the ribozyme effector domain or to cleavage site is not
sufficient to trigger the cleavage. Second, the lack of a spacer or
the presence of a short spacer does not allow simultaneous
interaction of the target molecule to the allosteric and substrate
sites of the ribozyme. The experimental results are consistent
with the theoretical predictions in terms of cleavage efficiency
and logic function of the ribozymes. As computationally
predicted, the OR-ribozyme with the C substitution makes
the ON state more stable in the presence of both effectors
(faster folding Kon and slower Koff of stem II) than AND-
ribozyme. As a result, the effector molecules have more time to
interact with the cleavage site of the OR-ribozyme forming an
active conformation even with shorter spacers compared to the
AND-ribozyme. The difference in the rate constants of cleavage
for target RNAs with different length can be explained with a
different degree of stability between the ON states of the two
ribozymes.
Ribozyme Detection of RNAs with Triplet Repeats

Observed in OPMD Disorder. At least 22 genetic disorders
are known to be caused by repeat expansions in the human
genome.33 Thirteen of them are assumed to be caused by
codon expansions in different genes. They can be categorized

Figure 2. Ribozyme detection of RNAs with triplet repeats observed in
the OPMD disorder. (a) Two target RNAs were enzymatically
synthesized and 5′-FAM-ApG labeled as indicated by the star (*).
Both targets have two effector sites (E1 and E2, blue), a variable
hairpin (blue), and a substrate domain (red). One RNA has a normal
number of 7 GCG repeats, while the other has 11 triplet repeats
observed in the OPMD disorder. The AND-ribozyme is employed to
interact specifically with both target molecules. However, in the
absence of antisense oligonucleotide that opens the hairpins, the
ribozyme cannot cleave its substrate RNAs because stems I and III are
not formed. (b) The target RNA with the normal number of 7 GCG
repeats is not going to be cleaved even in the presence of a hairpin
antisense oligonucleotide because it is too short to form stems I and
III. (c) The target RNA with the pathological number of 11 GCG
repeats is long enough to form stems I and III in the presence of a
hairpin antisense oligonucleotide. (d) Gel images of cleavage kinetics
for the target RNAs in the presence of the AND-ribozyme and the
hairpin antisense oligonucleotide. Left: As expected, the short RNA
target with the normal number of 7 GCG repeats is not cleaved at all
over 32 min. Right: In contrast, the long RNA target with the
pathological number of 11 GCG repeats is cleaved at about 45% over
32 min. The results are plotted as a natural logarithm of fraction
remaining versus time.
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Figure 3. Integrated three-input AND gate. (a) An electronic three-input AND gate is usually implemented by a cascade connection of two AND
gates each with two inputs. The truth table of three-input AND gate is shown. There are three inputs (blue) and one output (red) signals and 8
possible logic states. The output signal is “1” only when all three input channels have value “1”. Otherwise the output signal is “0”. (b) A RNA
length-sensing AND-ribozyme was used to build a three-input AND-gate. The ribozyme has two oligonucleotide-binding sites (OBS1 and OBS2,
blue). The OBS3 is a hairpin designed to be a part of the target RNA, which is 5′-FAM-ApG labeled as indicated by the red star (*). In the presence
of a S1 target RNA, which carries a substrate domain (in red) and OBS3 (in blue), the ribozyme folds into an inactive conformation in which stem
IV is formed instead of the natural stem III. (c) The ribozyme stays inert in the presence of the S1 target and third effector (E3), which is
complementary to the hairpin structure (OBS3). (d) In addition to the sequence of S1, the S2 RNA carries the E2 effector. As a result, the ribozyme
folds into an idle state. (e) The inactive state of the ribozymes with the S2 RNA is not activated even in the presence of the E3. (f) The S3 RNA
carries E1 and E2 effector domains. In the presence of the E3 DNA oligomer, the AND-ribozyme folds into active conformation in which stems I, II,
and III are formed. Therefore, the S3 target is going to be cleaved. (g) In the absence of E3, however, the S3 RNA cannot be cleaved, the OBS3
hairpin is formed, and stems I and III of the ribozyme are not present. (h) The ribozymes stay in an inactive conformation in the presence of S4
RNA and E3 effector. The S4 target lacks the E2 effector domain. (i) The S4 is not supposed to be cleaved by the ribozyme in the absence of E3 as
well. (j) The target RNAs S1(000 and 001), S2(010 and 011), and S4 (100 and 101) are not cleaved by the ribozyme in various input combinations
over 30 min as indicated by the denaturing PAGE gels. (k) Kinetics of cleavage of the S2 target RNA by the AND-ribozyme are presented in the
absence (110, no cleavage) and in the presence (111) of the E3 oligomer. As expected, the cleavage is about 50% over 30 min.
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into polyglutamine, such as Huntington's disease, and
polyalanine disorders. Many of the repeat expansion disorders
are lethal at a certain age. In addition, most of them are difficult
to diagnose and impossible to cure. The formation of stable
DNA and RNA hairpins observed in most of these diseases
complicates their molecular identification.
Expansion of polyalanine tracts in the gene that encodes the

human polyadenylate-binding nuclear protein 1 (PABPN1) is
the cause for the already mentioned OPMD disorder. The
PABPN1 is an abundant nuclear protein that binds with high
affinity to nascent poly(A) tails of pre-mRNAs. This protein is

required for progressive and efficient polymerization of poly(A)
tails to about 250 nt on the 3′-ends of mRNA. The poly(A) tail
is essential for the stability of any eukaryotic mRNA. An
expansion of the GCG codon from normal 7 to 10−17 at the
5′-end of the coding region of this gene leads to the autosomal
dominant OPMD disease.
Here, we demonstrate that an RNA length sensing ribozyme

can be used to distinguish between a normal and pathological
number of GCG repeats observed in OPMD disease using a
model system that fits to our ribozyme. The OBS of the
ribozyme can be easily adapted to any sequence of interest.

Figure 4. Integrated two-input molecular multiplexer circuit. (a) An electronic two-input multiplexer is usually implemented by a circuit of five logic
gates. There are two data (1 and 2) and one register (A) inputs (blue) and a single output (red). The truth table of the multiplexer is shown. There
are eight possible states, as half of them have a “1” value and the other half have a “0” value. (b) Denaturing PAGE gel images of 5 RNA target
molecules, in the presence of the OR-ribozyme, are shown after incubation for 30 min. Each target RNA was 5′-FAM-ApG labeled. All logic states of
the multiplexer were tested, as the cleaved and intact RNA targets exactly correspond to the truth table of the multiplexer in terms of input as well as
output (cleaved or intact RNAs) signals. For more details for a particular logic state, see the legend below as well as Figure S4 (SI). (c) The OR-
ribizyme was used to execute the function of the molecular multiplexer. In the presence of S1 RNA, which carries a substrate domain (in red) and a
hairpin (OBS A, in blue), the ribozyme folds into an idle state. (d) The ribozyme stays inactive in the presence of S1 RNA and A DNA oligomer,
which carries complementary domains to the OBS A and E2 effector with a spacer of 22 adenine bases between them. (e) In addition to the
sequence of S1, the S2 target RNA carries an E2 effector domain. The ribozyme cannot cleave the S2 RNA in the presence of the A DNA effector
because its E2 domain is complementary to the antisense site of DNA. (f) The S3 RNA carries E1 and E2 effectors as well as a spacer built of 15
adenine bases. As a result, all three stems required for the ribozyme function are formed, and the S3 RNA has to be cleaved. For the other 4 logic
states of the molecular multiplexer, see Figure S4 (SI).
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Two target RNAs are synthesized and labeled as described in
the Methods. One of the RNAs carries a spacer built of
(GCG)7, while the other RNA has (GCG)11 repeats (Figure
2a). Both substrate RNAs are incubated with the AND-
ribozyme in the presence of hairpin antisense DNA oligomers
over 20 min under standard conditions (Figure 2b,c). As
expected, a small amount of cleavage (7%) was observed with
the (GCG)7 RNA, while the (GCG)11 RNA was cleaved at 50%
(Figure 2d). These results suggest that we can apply RNA-
length sensing ribozymes for molecular detection of OPMD
disorder.
It is well-known that triplet repeats tend to form stable

hairpin structures both in vitro and in vivo. The formation of
such hairpins obscured the length differences of these
molecules and made impossible specific cleavage based on
the number of triplet repeats. However, upon addition of
antisense oligomers, the hairpins can be opened, and the
ribozyme can selectively cleave its target RNAs based on the
number of their repeats. Therefore, the ribozyme design
described here can be employed as a tool for detection of RNAs
with various triplet repeat expansions.
Moreover, we speculate that such ribozymes may be of

interest as a model for developing cellular detection arrays as
well as gene therapy based approaches for specific down
regulation of PABPN1 mRNA with pathological GCG
expansions. A HHR based on the minimal version, similar to
the ribozyme shown in this paper, was already used in cells to
cleave mRNA with triplet repeat expansions, however, without
any length discrimination.30 Although, a variety of approaches
for specific knockdown of mRNAs have been developed based
on antisense, ribozyme, and RNA interference mechanisms,
none of these tools have been used specifically to cleave RNA
depending on its length.
Integrated Three-Input Molecular AND Gate. In

electronics, three-input AND gate is usually implemented by
a digital circuit of two cascade AND gates each having two
inputs (Figure 3a).4 The output signal of the gate is positive
only in the presence of the three input signals as shown in the
truth table in Figure 3a. In this section, we demonstrate an IMC
that executes the logic of three-input AND gate using a single
allosteric ribozyme. We employed the AND-ribozyme (Figure
1) that is a two-input AND gate with two OBSs as already
described. It forms a dominant stem III only in the presence of
both effectors (Figure S2d (SI)). To use this ribozyme as a
three-input logic gate, we employed its RNA length-sensing
feature demonstrated in the previous sections. For this goal,
four target RNA molecules were enzymatically synthesized and
5′-FAM-ApG labeled as described in the Methods. All target
RNAs consist of a hairpin and a substrate domain, in red
(Figure 3). The target S1 does not have any effector domains.
The target molecules S2, S3, and S4 differ in their effector sites,
which can contain either one or both effectors (Figure 3).
We tested all eight logic states of the ribozyme-based tree-

input AND gate (Figure 3). The reactions described in this
section are incubated for 30 min under standard conditions
detailed in the Methods. In the presence of the target S1, which
lacks the second effector site (E2), the ribozyme is designed to
fold into an inactive state even in the presence of the third
effector (E3) that is complementary to the hairpin sequence.
The oligonucleotide E3 opens the hairpin and allows the
formation of stems I and III, but stem IV is still present (Figure
3c) due to the lack of E2 effector. This prediction is
experimentally proven in Figure 3h. If the missing E2 is

added as a separate a DNA sequence (D2, Figure 3a), the S1 is
cleaved as expected (Figure 3h). In this state, all input signals
are present. The S2 target has E2 domain but lacks E1. Even in
the presence of the antihairpin DNA (E3) the stem IV is still
formed (Figure 3d), and the target molecule is not cleaved
(Figure 3h). Only after the addition of DNA oligomer (D1)
that is complementary, the OBS1 the cleavage of S1 is observed
(Figure 3h). If the S3 is present, the ribozyme is supposed to
form stem II (Figure 3e). However, a cleavage of the S3 is
observed only in the simultaneous presence of E3 as shown in
Figure 3g.
All results obtained represent exactly the logic function of a

three-input AND Boolean logic gate. In contrast to the
electronic implementation, we have replaced the two electronic
AND gates with one allosteric ribozyme, which senses the
length of its target molecules. Note that the OBS and the
cleavage site of the ribozyme can easily be changed by a fully
computerized procedure as previously described. These three-
input molecular AND gates can be designed to work in parallel
in contrast to the previously described chemical three-input
AND gate.

Integrated Two-Input Molecular Multiplexer. A multi-
plexer is a digital device with several signal inputs and a single
output. One particular input is selected by the address input to
be sent to the singular output.4 A typical implementation of an
electronic two-input multiplexer and its truth table are depicted
in Figure 4a. This device is also known as a time-division
multiplexer. It features an electronic scheme of five logic gates:
two with NOT and AND logic functions and one with OR
logic. The input A is the addressing register that controls which
one of the two data inputs, either 1 or 2, will be propagated to
the output. If the register input switches forward and backward
at a frequency more than double that of either data inputs, both
data signals can be transmitted in parallel.
In this study, we demonstrate that the OR-ribozyme can be

used as an integrated two-input multiplexer. In contrast to the
electronic version, where an integrated circuit of five gates is
applied (Figure 4a), our molecular version is based on the
function of a single type allosteric ribozyme (Figure 4). For this
aim, we employed the RNA length sensing feature of the OR-
ribozyme described in the previous sections (Figure 1).
To implement the complete functionality of a two-input

molecular multiplexer device, we enzymatically synthesized and
5′-FAM-ApG labeled five target RNA molecules, from S1 to S5
(Figures 4 and S4 (SI)) as described in the Methods. The
ribozyme assays were performed for 30 min under standard
conditions if not stated otherwise. We experimentally tested all
logic states of the multiplexer. All target RNAs have a hairpin
domain that is the binding site for the addressing input, OBS A,
as well as a substrate domain that binds to the ribozyme, in red
(Figures 4 and S4 (SI)).
The S1 target has no effector domains and is not cleaved by

the OR-ribozyme even in the presence of an addressing
oligonucleotide (A) that opens the hairpin (Figure 4b,c,d). In
addition, the A oligonucleotide carries an antisense sequence to
the oligonucleotide effector E2. As a result, the target S2, which
carries the E2 domain, stays intact in the presence of the
addressing effector (Figure 4b,e). The S3 RNA consists, in
addition, of E1 and E2 domains, a spacer built of 15 adenine
bases. It activates the ribozyme due to the formation of stems
from I to III (Figure 4f). As a result, the S1 is cleaved about
91% (Figure 4b). The S4 target RNA differs from the S3 with
the absence of the E1 domain. However, it is cleaved by the
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OR-ribozymes (Figure 4b) both in the absence (Figure S4a
(SI)) and presence (Figure S4d (SI)) of the addressing effector
A. In contrast, the target RNA S5, which lacks effector E2 is

cleaved only in the presence of the effector A (Figure 4b)
because the hairpin structure has to be opened (Figure S4b
(SI)) for the formation of the ribozyme core. In the absence of

Figure 5. Molecular multiplexer−decoder circuit. (a) A two-input multiplexer is coupled with a 1-to-2 decoder. The output signal (E3) of the
multiplexer serves as the input signal for the decoder, which has two output signals. The truth table of the decoder is shown. (b) The OR-ribozyme
was employed as a molecular multiplexer while one NOT and one YES gate served as a decoder. A S1 target RNA, which carries a substrate domain
(in red), OBS A and E3 (in blue) domains, cannot be cleaved be the ribozyme. As a result, the output signal of the multiplexer has a value of “0”.
Therefore, NOT-ribozyme is self-cleaved, which produce a signal for output_1, while the YES-ribozyme is inactive. (c) In addition to the sequence
of S1, the S2 target RNA carries an E2 effector domain as a spacer built of 15 adenine bases. As a result, the S2 molecule is cleaved by the OR-
ribozyme, which releases the E3 effector. Both NOT and YES ribozyme have OBS1 domain that is complementary to the E3. Accordingly, the NOT-
ribozyme is switched off while the YES-gate is turned on. This generates a signal from the output_2 from the decoder. (d) Denaturing PAGE gel
images of the NOT and YES ribozymes are shown after incubation for 30 min. Each ribozyme was 5′-FAM-ApG labeled. All logic states of the
decoder were tested as the cleaved ribozymes exactly correspond to the truth table of the decoder in terms of input as well as output (cleaved and
intact ribozymes) signals.
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the effector A, the hairpin of S5 does not allow the formation of
the ribozyme core (Figure S4c (SI)), and the target molecule is
not cleaved (Figure 4b).
All ribozyme assays described above exactly reassemble the

truth table of a two-input multiplexer circuit (Figure 4a). Note
that the full logic of the device is embedded into a single
allosteric ribozyme in contrast to the electronic version where
five logic gates were employed. This represents a high level of
integration of molecular logic circuits. All effector domains can
easily be altered, which will allow many molecular multiplexers
to work in parallel.
Molecular Multiplexer−Decoder Circuit. One of the

main problems facing both nanoscience and nanotechnology is
the ability to selectively interact with individual nanostructures
at a high density. If this issue is not resolved, many of the
potential benefits of these emerging fields will remain
unutilized. More specifically, this challenge includes problems
such as coupling conventional electronics to novel nanodevices
and building high density biosensor circuits. Within the field of
nanoelectronics, this challenge can be framed as the ability to
fabricate and address integrated molecular circuitry at a high
density. One of the main advantages of nucleic acids-based
computing is the ability to activate or deactivate a particular
gate by a specific nucleic acid sequence in the presence of many
other gates.
In this section, we demonstrate a selective activation of the

RNA-based multiplexer and passing its output signal to a 1-to-2
decoder (Figure 5a). This indicates that we are able to activate
selectively our circuits. As a two-input multiplexer we employed
the OR-ribozyme described in the previous section. We apply
two target RNAs S1 and S2 (Figure 5b,c). Both molecules carry
a hairpin OBS A, and a substrate domain, which contents an E3
effector, complementary to OBS of two other gates, one with
NOT and one YES logic functions. The S2 carries in addition
effector E2, and a space built of 15 adenine bases (Figure 5).
To construct a molecular 1-to-2 decoder, we employ the two

simple logic gates. The allosteric domain of the NOT ribozyme
was embedded into stem III in contrast to YES the gate, in
which the OBS was introduced into stem II. Note that both
YES and NOT gates were designed to sense the same E3
effector (Figure 5b,c) that is produced after S2 cleavage.
All reactions were incubated for 30 min as detailed in the

Methods. In the presence of S1 molecule, the core of the OR-
ribozyme is not formed (Figure 5b). As a result, the target
molecule is not cleaved, and the E3 effector is not released. In
this case, the NOT gate is self-cleaved, which propagates
output_1 from the decoder while the YES gate is inactive
(Figure 5d). In contrast, the S2 target is cleaved by the OR-
ribozyme, and the E3 effector is released. Therefore, the NOT-
ribozyme is inactive while the YES gate is activated (Figure 5d).
This switches the second output from the decoder. The
demonstrated molecular multiplexer−decoder circuit is very
energy efficient since it is based on nucleic acid hybridization
and transesterification. This makes about 40 kcal mol−1 spent
for generating one output signal of the molecular multiplexer.
Conclusions. Despite the existence of many proof-of-

principle demonstrations of molecular computing devices both
in vitro and in vivo, the routine engineering of complex
nanocircuits34 is still ineffective compared with the silicon
etched technology. This paper presents computational design
and experimental validation of precision IMCs based on single
allosteric ribozymes that can sense the length of their target
molecules. Some of the input and output sequences are

embedded into a single RNA molecule. This is not a problem
since the ribozymes are in excess to the target RNAs. As a
result, the output sequences are able to carry out the signal only
after cleavage.
The implementation of IMC with designer ribozymes is not

only original but also practical because it represents a complete
technology. This technology includes an efficient algorithm for
computational design of synthetic ribozymes that can sense the
presence of specific RNA molecules, as well as simple
biochemical procedures for synthesis and probing. We have
already designed high-speed allosteric ribozymes based on the
extended version of the hammerhead ribozyme taking into
account all tertiary interactions.22 This could be applied to the
RNA length-sensing ribozymes to produce high-speed switches
when needed for some in vivo applications.
The computational algorithm applied is proven to be highly

accurate predicting precisely that a single base substitution will
transform the AND logic function of the ribozyme into an OR
logic gate. These findings demonstrate once again that RNA is
an evolutionarily very flexible molecule34 and can easily adapt
different functionality as a consequence of a single-point
mutation. The abilities to predict such mutations give us the
opportunities not only to understand in detail the function of
these molecules but also to build robust and complex molecular
circuits. In addition, the engineered ribozymes presented
throughout this work can be programed to seek-and-destroy
predefined RNA molecules with a specific length. The ability to
sense the length of RNAs gives a new dimension for utilizing of
molecular biosensors. This knowledge can be used not only for
various computing applications but also for RNA-based
diagnostics of many genetic diseases associated with various
tandem repeat expansions such as OPMD disorder.31

The paper demonstrates that a single allosteric ribozyme can
be programmed to interact with various signal RNA and DNA
molecules and to work as integrated digital circuits. Such
computing devices can have the functionality of electronic
circuits built from up to five logic gates. The achieved
functional integration avoids the need for passing and
amplifying signals within the integrated circuit, which increases
the scalability of this approach compared to schemes based only
on interactions among individual logic gates. In contrast to the
electronic devices in which the in- and outputs have binary
states, the presented ribozymes have a practically unlimited
number of digital signals. Therefore, the application of IMCs
allows the creation of complex molecular devices working in
parallel. The multiplexer−decoder circuit demonstrates our
IMCs can talk to each other. We can selectively activate our
ribozyme-based IMCs and can read out their signals. Since the
target RNAs are separate molecules, the ribozymes can work
under multiple turnover conditions amplifying the output
signals if needed.
In contrast to many other methods for self-assembly of

nucleic acids used for computation, the IMCs presented can
propagate their output signals to other molecular gates. As a
result, these IMCs are easy for readout. The demonstrated
molecular circuits are extremely energy efficient since the
signals are generated by RNA hybridization and trans-
esterification only. This work makes even more evident that
nucleic acids are very suitable media for engineering molecular
switches.34,35 Moreover, it is very easy to reconfigure our
allosteric RNA sensors to execute not only other logic function
but also a completely different integrated circuit.
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Therefore, the presented RNA length sensing ribozymes can
be used for RNA-based diagnostics as well as scaling up
molecular computation including in microflow reactors.36

Moreover, in contrast to the deoxyribozymes, the ribozymes
can be expressed in the cell for targeting specific RNAs. Such
designer ribozymes should be based on the extended version of
the hammerhead ribozyme that can work in the cell. This may
be of interest for developing future gene therapy methods37 as
well as novel applications in the field of RNA synthetic
biology.38
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