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ABSTRACT: The programmability of CRISPR-derived Cas9
as a sequence-specific DNA-targeting protein has made it a
powerful tool for genomic manipulation in biological research
and translational applications. Cas9 activity can be program-
mably engineered to respond to nucleic acids, but these efforts
have focused primarily on single-input control of Cas9, and
until recently, they were limited by sequence dependence
between parts of the guide RNA and the sequence to be
detected. Here, we not only design and present DNA- and
RNA-sensing conditional guide RNA (cgRNA) that have no
such sequence constraints, but also demonstrate a complete
set of logical computations using these designs on DNA and
RNA sequence inputs, including AND, OR, NAND, and NOR. The development of sequence-independent nucleic acid-sensing
CRISPR-Cas9 systems with multi-input logic computation capabilities could lead to improved genome engineering and
regulation as well as the construction of synthetic circuits with broader functionality.
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Since its advent, CRISPR (clustered regularly interspaced
short palindromic repeats) has shown great versatility in

analyzing, controlling, and editing genomes.1 The most
common CRISPR-Cas (CRISPR-associated) system studied
and used in applications consists of the S. pyogenes Cas9
protein, which uses two RNA species (crRNA and tracrRNA)
to guide its endonuclease activity. Conveniently, crRNA and
tracrRNA can be linked together and expressed as a single
guide RNA (gRNA) species, and in either case the same
“guide” region of the crRNA determines the complementary
DNA sequence that it targets.2 Due to its simplicity and
programmability as a DNA-targeting protein, CRISPR-Cas9
has been applied successfully to epigenetic regulation, live-cell
imaging, gene drives, cancer immunotherapy, and many
others.3−6

Given the broad utility of Cas9 in applications, spatiotem-
poral control is important for its specificity. In addition to
enabling the specification of a particular setting and timing for
its on-target activity, having a conditionally controllable Cas9
would also limit its off-target activity, a side-effect which
increases with exposure duration.7 Toward this end, several
methods for post-translational control of Cas9 have been
developed, including photoactivation and chemical activation
by small molecules.8−11 However, these methods require

engineering a new Cas9 variant for sensing and responding to
each distinct stimulus.
Engineering guide RNA species for conditional control of

Cas9 activity presents an attractive alternative to engineering
Cas9 protein itself, and many have demonstrated the success
and utility of switchable or conditional gRNA (cgRNA), a term
recently proposed.12−22 These efforts were aided by the fact
that predictable structures and programmable interactions of
nucleic acids lend themselves to rational design approaches to
achieve desired functionality.23,24 gRNA has proven relatively
amenable to modification: for example, incorporation of RNA
aptamers into gRNA enables the modified gRNA to target
fluorescent proteins or transcriptional modulators to specific
DNA loci and control Cas9 activity via ligand bind-
ing.12,13,23,25,26 One strategy for designing cgRNA that can
sense and respond to other nucleic acids introduces antisense
protectors which bind to the guide region of a gRNA and
repress Cas9 activity until it is released by endonuclease or
photocleavage.14,15 This strategy of using repressing comple-
mentary strands for cgRNA design can be taken further by
making use of toehold-mediated strand displacement: attach-
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ing a toehold domain to the antisense protector allows it to be
easily removed by an activating single-stranded DNA or RNA
trigger, and the protector can also be linked to the gRNA to
form a single switchable cgRNA species.16,17,20,22 cgRNA has
been shown to sense endogenous RNA species in living cells as
well.18,19,21,22 This presents the exciting prospect of detecting
endogenous biological signals (e.g., mRNA, noncoding RNAs)
with information about cell identity and state. Being able to
sense specific RNA signatures could potentially limit CRISPR
activity to only the desired biological contexts (e.g., cell types,
cell states) and minimize undesired off-target effects outside of
these contexts. Indeed, much success has been demonstrated
in forward-engineering of programmable RNA-based regu-
lators that control transcription or translation in vivo and
perform complex logic computations.27−29

One desired goal for conditional Cas9 control is to be able
to not only transduce the simple presence or absence of an
environmental signal into ON/OFF behavior, but also perform
computations on these sensory inputs. In order to realize this
potential fully through cgRNA, two conditions need to be
achieved. First, cgRNA should be able to sense multiple
triggers and regulate its activity in response to different
combinations of trigger conditions. Second, there should not
be any sequence constraints on the guide sequence or the
trigger(s): the trigger sequence(s) should be independent of
both the guide sequence and the gRNA scaffold sequence.
Earlier cgRNA designs had partial to significant sequence
dependency with the guide sequence, the gRNA scaffold, or
other endonuclease recognition sequence, and therefore
cannot be programmed to sense arbitrary sequences given a
desired DNA target.14,16−19 This limitation has been overcome
recently by newer designs for repressible and activatable
sequence-independent cgRNA,20,21 and multi-input RNA
AND logic for conditional activation of Cas12a has been
shown.22 However, a unified design for both sequence-
independent agRNA and rgRNA requiring no additional
biological components as well as a complete demonstration
of sequence-independent cgRNA computational capabilities
have both yet to be achieved. A system that could
programmably implement “sense sequences A and B, bind
Cas9 to sequence C”, where A, B, and C are independent
sequences, would make conditionally active Cas9 a more
effective and biologically context-specific tool in synthetic
biology applications.
Here, we present sequence-independent designs for

computation-capable cgRNA in both activatable (agRNA)
and repressible (rgRNA) forms that regulate Cas9 activity by
sensing single-stranded DNA or RNA oligonucleotide triggers
and are programmable for arbitrary sequence combinations of
guide and trigger. These cgRNAs are based on a unified novel
design principle and demonstrate implementation of four
different types of Boolean logic computations on input trigger
species.
We designed agRNA and rgRNA based on our empirical

observation that the formation of a double-stranded structure
5′ upstream of the guide sequence G achieved substantial
inhibition of Cas9 activity (Figure 1). Since this structure did
not have to overlap with G in order to achieve inhibition, this
allowed for full sequence independence between G and any
trigger rT or aT involved in the formation or separation of this
structure in the cgRNA designs. rgRNA is formed by making a
single-stranded 5′ extension a* having arbitrary sequence on
the gRNA, directly adjacent to but not overlapping the guide

sequence G (Figure 1a). This extension does not substantially
reduce activity. rgRNA is repressed by binding a comple-
mentary trigger rT with sequence a to the extension a*,
forming the inhibitory double-stranded structure. agRNA is
formed by linking the 3′ end of gRNA to the repressor in this
double-stranded stem structure using a flexible linker to
alleviate potential conformational constraints, creating a single
RNA species which remains repressed. Adding a toehold
domain x to the repressor a allows activation of the agRNA by
binding an activating trigger aT which is complementary to
both x and a, displacing the inhibitory double-stranded
structure next to G (Figure 1b).
cgRNA designs were verified in vitro, with Cas9 activity

quantified using a denaturing polyacrylamide gel shift assay
based on the amount of fluorophore-labeled dsDNA cleaved.
The results showed that for rgRNA, the single-stranded 5′
extension rT* itself resulted in only a slight decrease in DNA
cleavage in the ON state (Figure 2a, blue columns compared
to violet columns with same guide), with 65−75% of DNA
cleaved by the various unrepressed rgRNAs. Upon binding a
repressing trigger rT, however, rgRNA showed an 8- to 15-fold
decrease in DNA cleavage (Figure 2a), to only 4−9% of DNA
cleaved. Likewise, agRNA by itself, with its domain aT* bound
to its single-stranded 5′ extension to form the inhibitory
double-stranded structure, did not result in substantial DNA
cleavage: the agRNAs alone showed 6−8% DNA cleavage for
G1 and 8−21% for G5 (Figure 2b). Introduction of activating
trigger aT resulted in a substantial increase in DNA cleavage to
55−70%, levels similar to positive control (Figure 2b, orange
columns compared to violet columns with same guide). This

Figure 1. (a) Design of rgRNA: a double-stranded structure upstream
of the guide sequence G (20 nt) represses Cas9 activity. Adding an
extra binding domain a* (typically 16 nt, but longer for logic gate
implementation; see Figure 3) allows Cas9 to remain active while
letting a* act as a sensor for repressing trigger rT = a, whose binding
represses Cas9 activity as measured by in vitro cleavage of a
fluorophore-labeled dsDNA target containing sequence G. (b) Design
of agRNA: covalently linking (linker y, 10 nt) the trigger-bound
structure of the rgRNA as a double-stranded stem results in an
agRNA after adding a toehold binding domain x (14 nt). This enables
activation by the appropriate cognate trigger aT = x* a*, again
measured by in vitro Cas9 activity as in (a).
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constitutes a 9- to 10-fold increase for agRNAs with guide G1,
and 3- to 7-fold for G5.
agG1T1 (i.e., agRNA with Guide sequence 1, Trigger

sequence 1, where each trigger sequence number denotes the
same sequence used within agRNA designs or within rgRNA
designs, whereas guide sequence numbers denote the same
sequence across all cgRNA designs; Table S2.1) also showed

some sensitivity to single-nucleotide polymorphisms (SNPs) in
the trigger sequence, with even 1 SNP present in the trigger
sequence resulting in a 40% reduction in target dsDNA
cleavage compared to correct trigger sequence (Figure S1). For
noncognate triggers with higher sequence dissimilarity,
erroneous activation levels were negligible, as shown by
cross-reactivity testing (Figure S2). rgRNA did not show a
similar decrease in repression for repressing triggers with SNPs
(data not shown), as a repressing trigger with a few SNPs still
contains plenty of correctly pairing bases to bind strongly. SNP
detection can in principle be optimized using molecular
competition: for example, a toehold probe setup could be used
to further improve SNP detection sensitivity.30

Investigation of the parameter space surrounding the agRNA
design using agG1T1 revealed some trends for optimizing
domain lengths for the best ON/OFF activity ratio. First, we
observed that the addition of a 15 nt ssRNA extension at the 3′
end of the agG1T1 toehold domain improved its ON/OFF
ratio by both reducing the “leakage” Cas9 activity in the OFF
state (without activating trigger aT) and increasing activity in
the ON state (with trigger present) (Figure S3). In fact, the
same 15 nt sequence added to agRNAs with different guide/
trigger sequences appeared to uniformly improve ON/OFF
ratios in a similar fashion by either reducing leakage or
increasing ON activity (Figure S4).
Next, variation of 3 different sections of agG1T1 gave an

apparent optimal set of domain lengths: stem length of 16 nt,
linker length of 10 nt, and spacer length of 0 nt between guide
and stem (Figure S5). Stem lengths shorter than 16 nt
appeared to increase activity in the OFF state, presumably due
to decreased binding energy of the stem. On the other hand,
increasing the stem to 20 nt eliminated activity in the ON state
(Figure S5a). For the other two domain variations, activity in
the OFF state was relatively unaffected, whereas a 10 nt linker
between gRNA scaffold and stem produced the highest activity
in the ON state (Figure S5b), and any additional distance
between the guide sequence and the double-stranded stem
decreased activity in the ON state (Figure S5c). Given a long
spacer between the guide and stem, the local configuration of
agRNA in the OFF state may resemble the canonical gRNA
with a single-stranded 5′ extension.
In case some sequence dependency of guide and trigger is

allowed, the double-stranded structure can partially overlap the
guide sequence in agRNA (Figure S6a). This agrees with
previous works demonstrating that direct binding of
complementary strands to the guide sequence of gRNAs
inhibits Cas9 activity.15,18 For a sequence-dependent design
tested which placed the 16 bp double-stranded stem directly
overlapping the guide sequence, an ON/OFF activity ratio of
around 20 was observed. This ratio exceeded that of any of the
sequence-independent agRNAs tested (Figure S6b). The
single-stranded extensions on the 5′ end of gRNAs still
appeared to slightly inhibit Cas9 activity: the ON state of a
sequence-dependent agRNA (i.e., with no 5′ extension on the
guide sequence) showed 76% DNA cleavage (Figure S6), on
par with 76% cleavage observed with canonical gRNA (Figure
2), whereas with 16 nt and 26 nt single-stranded 5′ extensions,
the cleavage levels dropped to around 65% (Figure 2a,
rgG1T1) and 60% (Figure 3e, 3f, “0 0” columns), respectively.
Both agRNA and rgRNA can sense multiple trigger species

to evaluate logic expressions based on the presence of other
nucleic acid sequences (DNA, Figure S7; RNA, Figure 3), for
example, detecting two trigger inputs that both must be

Figure 2. Demonstration of programmability and sequence
independence for (a) rgRNA and (b) agRNA, each showing Cas9
activity with and without trigger, quantified by percentage of dsDNA
target cleaved, for all combinations of two guide sequences with two
trigger sequences. cgRNA domain lengths are as described in Figure 1,
and a tail was added to agRNA to enhance performance (see main
text for details). Denaturing polyacrylamide gel images below each
graph show cleavage of 10 nM dsDNA target by 125 nM Cas9 and
250 nM cgRNA in the presence of 1 μM repressing or activating
trigger (rT or aT) after 1 h incubation at 37 °C. See Methods and
Table S2.1, Table S3 in Supporting Information for additional details.
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present to evaluate as TRUE, consequently demonstrating a
logical AND expression. All of the logic gate designs presented

here used trigger sequences that had no sequence dependence
on either the gRNA scaffold or the guide sequence.
agRNA can implement 2-input AND with two triggers,

which individually only open up part of the double-stranded
stem, so that both triggers must be present to open the entire
stem (Figure 3a). This was validated by PAGE assay, where
both triggers with agRNA produces Cas9 activity comparable
to standard gRNA positive control (Figure 3b). Similarly, 2-
input OR can be implemented by extending both triggers such
that any single trigger can open the entire stem starting from
separate toeholds on the agRNA (Figure 3a). PAGE results
showed that either trigger produced Cas9 activity comparable
to positive control (Figure 3c).
rgRNA implements 2-input NAND using two triggers where

the binding domain of any single trigger is too short for stable
binding with the rgRNA; self-assembly of the two triggers
forms a trigger complex that can stay bound to the 5′ gRNA
extension (Figure 3d). Two-input NOR was implemented
using nonoverlapping triggers such that each can stably bind to
distinct parts of the 5′ extension (Figure 3d). Again, this was
validated by PAGE assay for both NAND and NOR (Figure
3e, 3f). Note that, for NAND and NOR logic, in order to
provide more space for trigger binding, the 5′ end of the
rgRNA was extended by an additional 10 nt for a total of 26 nt
(Table S2.1). Interestingly, the 2-input NOR design
demonstrated that a double-stranded structure even 10 nt
upstream of the rgRNA’s guide sequence can effectively repress
Cas9 activity (Figure 3f, S7).
These design principles for logic gate implementation are

both generalizable and constitute only part of a rich design
space. The self-assembling trigger design for 2-input NAND
can be generalized to greater numbers of triggers, as 3-input
NAND was implemented similarly with 3 self-assembling
triggers (Figure S9). Moreover, the programmable structure of
nucleic acids provides ample possibility for alternate logic gate
implementations: for instance, the AND gate implementation
could utilize a self-assembling trigger design much as the 2-
and 3-input NAND implementations, as this design with up to
4 self-assembling strands has been successfully used to activate
riboswitches using strand displacement with 4-input AND
logic.29 On the basis of previous literature, the kinetics of
strand displacement from a trigger complex should still be
much faster than Cas9 kinetics, and therefore kinetic
considerations are not of primary significance in determining
cgRNA switching performance with multiple trigger in-
puts.31,32 Beyond the two-input logic gates presented here,
we can also implement other logic such as NIMPLY using
trigger sequestration (Figure 4) and in principle extend to any
multi-input logic by layering gates.33

In addition to demonstrating programmability across a
variety of sequences, rgRNA and agRNA are compatible with
both DNA and RNA triggers. DNA and RNA versions of
activating trigger aT1 both successfully activate agG1T1
(Figure S10), and implementation of four logic gates AND,
OR, NAND, and NOR was achieved using DNA (Figure S7)
and RNA (Figure 3) triggers.
rgRNA can also be used for more specialized applications

involving conditional Cas9 activation: including a toehold on
the repressing trigger enables derepression of the switch using
an activating strand T1Rp* that is the reverse complement of
the extended repressing trigger T1Rp (Figure 4). This mode of
activation can be advantageous where thresholding is required:
with an excess of repressing trigger present, derepressing

Figure 3. Logic gate implementation using RNA triggers on cgRNA
designs. (a−c) Implementation of 2-input AND (both inputs must be
present for activation) and 2-input OR (either input present results in
activation) with agG1T1. Domain lengths p = 10 nt, q = 4 nt, r = 8 nt,
s = 4 nt, t = 14 nt. (d−f) Implementation of 2-input NAND (both
inputs must be present for repression) and 2-input NOR (either input
present results in repression) with rgG1T1e. Domain lengths u = 21
nt, v = 10 nt, w = 6 nt, x = 10 nt, x1 = 8 nt, x2 = 2 nt. Denaturing
polyacrylamide gel images below each graph show cleavage of 10 nM
dsDNA target by 125 nM Cas9 and 250 nM cgRNA (or standard
gRNA as positive control) in the presence of 1 μM of each trigger
after 1 h incubation at 37 °C. See Figure S8 for uncropped gel image
for (e). See also Methods and Table S2.1, Table S8 in Supporting
Information for additional details.
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triggers cannot achieve significant activation of Cas9 activity
until it titrates out the repressing triggers (Figure S11).
Finally, agRNA likewise demonstrated conditional activity

with dCas9, “dead” Cas9 with no nuclease activity but
retaining its sequence-specific DNA binding activity.34,35 In
vitro activation of dCas9 was demonstrated using agG1T1LS
(long stem) using a gel shift assay (Figure S12). At present, it
is not clear whether dCas9 does not stably bind to the OFF
state cgRNA, or the dCas9-cgRNA complex cannot stay bound
to its DNA target. The applicability of switchable cgRNA to
dCas9 makes cgRNA equally relevant to the plethora of
applications involving dCas9 in addition to those involving
standard Cas9 including genetic or epigenetic regulation and
synthetic circuits. When combined with dCas9-based tran-
scription regulators, cgRNA could enable synthetic biologists
to implement modules with RNA input and RNA output in a
single step.
In summary, we have demonstrated programmable,

computation-capable cgRNA that can conditionally activate
(agRNA) or repress (rgRNA) the activity of Cas9 by
performing logic gate functions on nucleic acid triggers that
have no sequence dependency on the guide and scaffold
domains of gRNA. Moreover, we have shown the novel

empirical result that the formation of a double-stranded
structure adjacent to the guide sequence is sufficient for in vitro
repression of Cas9 activity. Our work utilizes this fact as a
unifying design principle and represents the first demonstration
of both activation and repression of cgRNA within the same
system. It is also the first example of an activatable sequence-
independent cgRNA which does not rely on any other cellular
machinery: recent works showed either sequence-independent
cgRNA repression20 or sequence-independent cgRNA activa-
tion requiring additional cellular endonucleases.21 Toward the
goal of programmable Cas9 with complex sensing and
computational capabilities, the sequence independence of the
sensed triggers from the gRNA target and scaffold sequences
represents a critical feature, but more importantly, the
demonstration of multi-input logical computations represents
a key step forward in this space.
The achievement and refinement of a fully sequence-

independent cgRNA capable of logical computations could
provide substantial utility in further applications. Due to the
low amount of cross-talk between agRNAs, this scheme could
additionally be multiplexed to allow conditional targeting of
Cas9 to multiple loci by multiple distinct RNA triggers and
may be extended to arbitrary DNA- or RNA-guided
endonuclease systems. As the system requires only Cas9,
cgRNA, and the input RNAs without any additional proteins
or ligands, sequence-independent RNA-sensing cgRNAs could
prove useful for implementing complex gene circuits. These
circuits based on similar design principles may work in
biological contexts as well, since the inhibitory double-stranded
structure relies only on Watson−Crick base pairing. Indeed,
sequence-constrained and sequence-independent cgRNAs have
already been described in bacterial and mammalian cells,14,18,21

and concentration-thresholded activation of Cas9/dCas9 with
information-computing capabilities may be useful for a wide
variety of biological applications, potentially enabling genome
editing, genome regulation, or transcription regulation condi-
tional on cellular RNA.
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