
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 4

:3
3:

49
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
A universal meth
aChemical Biology and Therapeutics Science

Main Street, Rm 3012, Cambridge, MA 0

harvard.edu; Fax: +1 617 715 8969; Tel: +1
bDepartment of Medicine, Harvard Medical
cDivisions of Renal Medicine and Engineering

MA 02115, USA
dDepartment of Mechanical Engineering,

Riverside, CA – 92521, USA. E-mail: efranco

† Electronic supplementary informa
10.1039/c8sc03426e

‡ These authors contributed equally to th

Cite this: Chem. Sci., 2019, 10, 2653

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 1st August 2018
Accepted 28th December 2018

DOI: 10.1039/c8sc03426e

rsc.li/chemical-science

This journal is © The Royal Society of C
od for sensitive and cell-free
detection of CRISPR-associated nucleases†

Kurt J. Cox, ‡abc Hari K. K. Subramanian, ‡d Christian Cuba Samaniego, d

Elisa Franco *d and Amit Choudhary *abc

A multitude of biological applications for CRISPR-associated (Cas) nucleases have propelled the

development of robust cell-based methods for quantitation of on- and off-target activities of these

nucleases. However, emerging applications of these nucleases require cell-free methods that are simple,

sensitive, cost effective, high throughput, multiplexable, and generalizable to all classes of Cas nucleases.

Current methods for cell-free detection are cumbersome, expensive, or require sophisticated

sequencing technologies, hindering their widespread application beyond the field of life sciences.

Developing such cell-free assays is challenging for multiple reasons, including that Cas nucleases are

single-turnover enzymes that must be present in large excess over their substrate and that different

classes of Cas nucleases exhibit wildly different operating mechanisms. Here, we report the development

of a cell-free method wherein Cas nuclease activity is amplified via an in vitro transcription reaction that

produces a fluorescent RNA:small-molecule adduct. We demonstrate that our method is sensitive,

detecting activity from low nanomolar concentrations of several families of Cas nucleases, and can be

conducted in a high-throughput microplate fashion with a simple fluorescent-based readout. We

provide a mathematical framework for quantifying the activities of these nucleases and demonstrate two

applications of our method, namely the development of a logic circuit and the characterization of an

anti-CRISPR protein. We anticipate our method will be valuable to those studying Cas nucleases and will

allow the application of Cas nuclease beyond the field of life sciences.
Introduction

CRISPR-associated (Cas) nucleases are furnishing trans-
formative technologies for genome editing and functional
genomics. The commonly employed Cas nucleases that cleave
DNA include Cas9 and Cpf1 (or Cas12).1 These nucleases
recognize their substrate sequence via a Protospacer Adjacent
Motif (PAM) sequence and base-pairing of the target sequence
by a guide RNA (gRNA) borne by the nuclease. Upon target
recognition, Cas nucleases induce a double-strand break,
following which the cell's repair machinery can be co-opted to
alter the genomic sequence. Catalytically inactive or impaired
Cas-nuclease-bearing effector domains allow loci-specic
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genome manipulation.2–5 For example, a fusion of catalytically
impaired Cas9 to base-modifying enzymes has produced “base-
editors” that allow base conversion (e.g., C / T) at specic
genomic sites, while a fusion of catalytically-inactive Cas
nucleases to transcriptional activators or repressors has
enabled gene transcription and repression.6

There are a slew of sensitive, orthogonal, and high-
throughput methods that can quantify the on- and off-target
activities of these nucleases in cellular and even organismal
settings.7,8 Paradoxically, the development of general and high-
throughput cell-free assays for Cas nucleases has lagged despite
several obvious applications.9 For example, while the most-
studied Cas9 is from Streptococcus pyogenes (SpCas9), an
active search is ongoing for next-generation nucleases as well as
anti-CRISPR molecules to control their activity, and these
pursuits will benet from such assays. Chemically modied
gRNAs are becoming preferred reagents over natural gRNAs as
they provide higher specicity, stability, and lower immunoge-
nicity.10,11 Cell-free assays could be used to screen synthetic
gRNAs to identify ideal candidates for further cell-based
studies, as such screens cannot be directly performed in cell-
based assays because of the large amount of input material
required and high associated costs. The availability of low-cost
and efficient assays will also impact several areas of synthetic
Chem. Sci., 2019, 10, 2653–2662 | 2653
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biology involving the development of synthetic nucleic acid
circuits and diagnostics. Circuits using nucleic-acid elements
can perform complex logical computations,12–14 exhibit dynamic
behavior,15 or potentially create biological controllers16 by
leveraging the ability of catalytically impaired SpCas9 to inter-
fere with or regulate transcription. Finally, the availability of
cell-free assays will guide the mechanistic understanding of
extant and emerging nucleases.

An ideal cell-free assay for Cas nucleases should meet the
following criteria. First, the assay should be sensitive enough to
continuously detect low nanomolar amounts of nuclease and,
ideally, be implementable in a microplate format with an easy
readout. This is challenging as Cas nucleases are single-
turnover enzymes that tightly bind to their DNA substrates
and products,17,18 and a large excess of enzyme relative to the
substrate (typically >10-fold) is needed for adequate detection of
activity. Second, the assay must be modular and adaptable to
accommodate the complex and diverse attributes of Cas
nucleases, such as their enormous diversity of PAM sequences
and their relative binding orientation – for example, Cas9
recognizes a 30-PAM, while Cpf1 recognizes a 50-PAM. Third, the
assay should work well in a broad range of temperatures, as the
activity of many Cas nucleases is temperature dependent,19 and
genome editing may be performed in organisms with varying
body temperatures. Fourth, the assay should allow multiplexed
and simultaneous quantitation of several nucleases for the
standardized measurement and direct comparison of novel
nucleases, allowing one to benchmark and directly compare
nuclease activities under several reaction conditions. Finally,
such assay should be cost-effective and not require specialized
instruments or data-analysis methods.

Current in vitro methods for nuclease-activity detection,
including gel-based DNA cleavage assays, PCR and isothermal
amplication reactions,20–22 next-generation sequencing
methods,23 and cell-free transcription–translation assays,24 do
not meet the aforementioned criteria. The use of radiolabeled
nucleotides in standard gel-cleavage assays can increase the
nuclease detection limit, but such approaches require specic
radiation protocols, specialized imaging equipment, and are
tedious and time-consuming. Furthermore, continuous kinetic
monitoring of reaction rates is challenging using gel-based
workows. Sensitivity can be boosted using the products of
nuclease cleavage as templates for DNA-polymerase-based
exponential amplication reactions, whereby increasing the
amplication cycle time increases the detection limit.20–22

However, these assays involve multiple liquid-handling steps,
including the necessity for heating and denaturing the Cas
nuclease before amplication. Furthermore, these assays
involve endpoint measurements and preclude real-time moni-
toring of cleavage, prohibiting their use in a continuous
CRISPR-based circuit. Electrochemiluminescent assays, while
highly sensitive, also suffer from these two drawbacks.25 Next-
generation sequencing approaches are expensive and require
specialized equipment and knowledge not easily accessible to
many laboratories. Cell-free translation/transcription strategies
meet some of the criteria, but they are expensive, require
multiple components and steps, and are operational in
2654 | Chem. Sci., 2019, 10, 2653–2662
a narrow temperature range.24 Recent work using uorophore/
quencher pairs to assay Cas9-mediated DNA-cleavage has
resulted in powerful high-throughput screening platforms,
although these assays still required high concentrations of
enzyme (�200 nM).26 The FRET-based “Cas beacon assay” also
satises many of these criteria, but it has been optimized to
detect DNA-binding interactions with the nuclease/gRNA
complex and not cleavage events.27

Towards this end, we developed a sensitive, quantiable, and
continuous cell-free assay that can be generalized to numerous
Cas nucleases. We hypothesized that coupling the nuclease
activity to an in vitro RNA transcription readout would yield an
assay with the aforementioned attributes. Because transcription
yields multiple RNA transcripts, the signal stemming from the
single-turnover activity of Cas nuclease will be amplied. We
report the use of the GFP-mimetic Spinach RNA28,29 as a uo-
rescent transcription reporter,30 which allowed us to perform
the assay in a microplate format using easily accessible plate
readers. Furthermore, the uorescent readout made it possible
to measure the activities of multiple Cas nucleases at nano-
molar concentrations. This effective amplication of the signal
with the Spinach RNA reporter allowed the dynamic range of the
assay to be tuned according to experimental needs, a feature
that is absent in gel-based assays. To enable benchmarking of
Cas nucleases, we present a mathematical model to quantify the
activities of different nucleases. While our Spinach assay reads
Cas nuclease activity in a “signal-off” fashion, the assay detects
nuclease inhibition (e.g., by anti-CRISPR proteins) in a “signal-
on” fashion and can facilitate the discovery and validation of
anti-CRISPR molecules. To demonstrate this utility, we used the
Spinach assay to detect SpCas9 inhibition by an anti-CRISPR
protein. Finally, we demonstrated a simple conditional switch
using SpCas9 activity as a proof-of-concept for logic and
dynamic circuits. Such conditional switches are key elements in
many nucleic-acid-based synthetic circuits and can potentially
turn a gene ON or OFF using internal transcriptional signals.

Results and discussion
Development of a cell-free assay for measuring the activity of
Cas nucleases

To enhance the detection limit of Cas nuclease activity, we
coupled the output of this activity to an in vitro transcription (IVT)
reaction that produces the RNA aptamer Spinach (Fig. 1a). We
used a synthetic gene-like construct (a ‘genelet’) consisting of
a bacteriophage T7 RNA Polymerase (T7 RNAP) promoter
upstream of the region that codes for the Spinach RNA. Upon
binding to the small molecule 3,5-diuoro-4-hydroxybenzylidene
imidazolinone (DFHBI), a stable uorescent complex is produced
only in the presence of intact RNA.28 Our goal was to identify
optimal assay conditions to minimize the production of uo-
rescent transcripts upon disruption of the genelet by the Cas
nuclease, making it possible to easily detect Cas nuclease activity
by comparing uorescence measurements.

We initiated our studies by designing gRNAs that bind to
and/or cleave PAM-containing sites within the Spinach DNA
template (Fig. 1b), allowing preliminary optimization of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Proof of principle of a Spinach assay for detecting Cas nuclease activity. (a) Schematic of a Spinach-based assay for monitoring the activity
of Cas nucleases. In the absence of nuclease, T7 RNA polymerase is recruited to a T7-promoter-containing DNA template to transcribe the
Spinach RNA aptamer, which can bind to the fluorogenic molecule 3,5-difluoro-4-hydroxybenzylidene imidazolinone (DFHBI). DNA binding or
cleavage by the nuclease results in the complete termination of transcription or production of unproductive RNA, resulting in the loss of
fluorescence. Cas nucleases can recognize PAM sites native to the T7 and Spinach sequences or variable PAMs that are proximal and distal to the
T7 promoter. (b) Schematic of the DNA template detailing gRNA sites, both engineered and native. (c) SpCas9-gRNA targeting site Sp g-1 causes
dose-dependent loss of Spinach fluorescence. ApoSpCas9 at 5 nM did not result in cleavage, indicating that this loss is due to cleavage of the
Spinach DNA template. Error bars represent the standard deviation from n¼ 3 technical replicates. (d) SpCas9-gRNA-mediated fluorescence loss
is dependent on the position of the gRNA, with PAM sites closer to the T7 promoter (in order: Sp g-1, g-2, g-3, and g-4) being more efficient.
ApoSpCas9 at 2 nM did not result in cleavage. Error bars represent the standard deviation from n ¼ 3 technical replicates. (e) Generalization of
Cas nuclease-mediated inhibition of IVT to SaCas9. Active SaCas9-gRNA (5 nM) can be used at both an endogenous PAM site (Sa g-1) and an
installed GGGT proximal PAM site (Sa g-2). ApoSaCas9 (5 nM) did not result in cleavage. Error bars represent the standard deviation from n ¼ 3
technical replicates.
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assay with SpCas9. Indeed, we were able to titer the amount of
DNA template used (0.1 nM, Fig. S1†) to detect nanomolar levels
of SpCas9 activity using a gRNA-targeting site Sp g-1 (Fig. 1c).
This activity was dependent on both the SpCas9 concentration
and on the cleavage site. Scanning the length of the Spinach
sequence with four different gRNAs (Sp g-1 through Sp g-4)
revealed that binding events 50 to the region coding for the
DFHBI-binding L12 loop31 resulted in uorescence loss, while
binding aer this loop still produced capable uorogenic RNA
products (Fig. 1d).

These results indicated that no modications would be
needed to assess this assay in the context of SpCas9, although it
did not guarantee assay generalizability to Cas nucleases with
more complex PAM recognitions. Indeed, the Spinach gene
contained only one NNGGGT and TTTN site each, which are the
PAM recognition sequences for SaCas9 (ref. 32) and AsCpf1/
LbCpf1,33 respectively. To overcome this limitation, we inserted
additional sequences in our reporter gene that could accom-
modate arbitrary PAM sites – one between the T7 promoter and
This journal is © The Royal Society of Chemistry 2019
the Spinach gene (30-PAM site, intended for 30-PAM-binding Cas
nucleases), and one upstream of the T7 promoter (50-PAM site,
intended for 50-PAM-binding Cas enzymes such as Cpf1). The 30-
PAM site contained a TAGGGT SaCas9 PAM, and the 50-PAM site
contained a TTTC Cpf1 PAM (Fig. 1b). Because early termina-
tion of Spinach transcription resulted in optimal uorescence
loss, we reasoned that these sites would allow direct targeting of
the T7 promoter to completely abolish transcription. When
comparing the activity of SaCas9 with a gRNA targeting an in-
ternal Spinach site (Sa g-1) and the 30-PAM variable site (Sa g-2),
we observed a comparable loss of DFHBI uorescence with
nanomolar levels of SaCas9 (Fig. 1e).

To assess the generalizability of our assay, we tested the
activities of three different Cpf1 orthologs: AsCpf1, LbCpf1, and
FnCpf1. In general, the Cpf1 orthologs had a lower activity
compared to the Cas9 nucleases, as was previously reported,34

although nanomolar detection was still observable (Fig. 2). Of
the orthologs tested, FnCpf1 exhibited the widest dose response
range with a similar activity for the two target sites tested. While
Chem. Sci., 2019, 10, 2653–2662 | 2655
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Fig. 2 Comparison of Cpf1 activities using the Spinach assay. (a) Generalization of Cas-nuclease-mediated inhibition of IVT to AsCpf1 (left),
LbCpf1 (middle), and FnCpf1 (right). Active Cpf1-gRNA binds to and/or cleaves the installed 50-TTTC PAM site (Cpf1 g-1) in a dose-dependent
manner. Error bars represent the standard deviation from n ¼ 3 technical replicates. (b) The same assay as in (a) using the native TTTC PAM site.
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successful inhibition of uorescence was observed for both
AsCpf1 and LbCpf1, their efficiencies were lower than FnCpf1
and more dependent on the location of the gRNA site (Fig. 2a,
b). The installed 50-PAM site was generally active toward all Cpf1
orthologs tested (Fig. 2a). Interestingly, ApoAsCpf1 at 50 nM
exhibited markedly higher activity compared to other ApoCpf1
orthologs, which is likely due to nonspecic collateral DNase
activity that has recently been described in both AsCpf1 (ref. 35)
and LbCpf1.36 To our knowledge, this is the rst observation of
this behavior in the absence of a bound gRNA, which was
described as a prerequisite for this activity.36
Mathematical modeling and data tting

We developed a simple mathematical model (described in the
Experimental section) for tracking the transcription of Spinach
aptamer. The model can estimate the normalized transcription
rate of the uorescent reporter from the experimental data
given in Fig. 1 and 2. The slopes of the kinetic traces in these
gures are proportional to the RNA reporter transcription rate.
The transcription rate, in turn, is inversely proportional to the
activity of the Cas nuclease. This model divides the slope
measured in each experiment by the slope of a control tran-
scription experiment lacking the Cas nuclease to obtain
a normalized slope that reects a transcription rate unaffected
by the nuclease and is therefore lower than the rate when
transcription is reduced by the nuclease. The normalized slope
2656 | Chem. Sci., 2019, 10, 2653–2662
of the kinetic traces provides a quantitative measure of the Cas9
and Cpf1 activities under different conditions. Tables S2–S11†
show all the parameters obtained by tting the model, and the
ts are shown in Fig. S4–S13.† Given that the experimental
conditions are the same, the activity of different enzymes can be
easily compared using the calculated slope. As an example, we
compared the activity of different Cpf1 orthologs presented as
‘normalized slope’ (Fig. 3). These results conrm quantitatively
that, as noted earlier, the AsCpf1 prefers an internal PAM site
while LbCpf1 prefers the distal PAM site, particularly at enzyme
concentrations at or above 20 nM.
Monitoring anti-CRISPR inhibition of SpCas9 using the
Spinach assay

Given the interest in discovering inhibitors of Cas nucleases,37,38

it is crucial to have assays that can sensitively screen for such
molecules with sensitive detection of Cas nuclease activity. To
that end, we surveyed the inhibitory effects of the DNA-mimetic
anti-CRISPR protein AcrIIA4 (ref. 39) on SpCas9 using both
a traditional gel-based DNA cleavage assay and our Spinach
assay. We veried that AcrIIA4 could inhibit SpCas9 in a dose-
dependent manner using a DNA cleavage assay using 100 nM
of SpCas9 (Fig. 4a), recapitulating previously observed results.39

Interestingly, we were able to titrate AcrIIA4 using only 5 nM of
SpCas9 in our Spinach assay, corresponding to a 20-fold
increase in sensitivity (Fig. 4b). The observed ndings from our
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Modeling of Cpf1 activities in the Spinach assay. Comparison between the normalized slopes calculated by fitting themathematical model
to the experimental results for various Cpf1 enzymes. A higher value of h implies a higher Spinach transcription, which means a lower activity of
the Cpf1 enzyme. Cpf1 enzymes behave differently when different PAM site locations are used, especially at concentrations of 20 nM and 50 nM.
AsCpf1 prefers an internal PAM site while LbCpf1 prefers the distal PAM site.
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Spinach assay are similar to the results obtained by the DNA
cleavage assay with the added benet of a uorescent readout
that easily quanties the inhibition (IC50 ¼ 9.1 nM) and directly
compares the potencies of potential inhibitors (Fig. 4c).
Furthermore, as we started monitoring the reaction immedi-
ately following the addition of the DNA substrate, we demon-
strated that our assay allows the real-time observation of Cas9
activity in the presence of an inhibitor.
Quantifying conditional activation of SpCas9 with the Spinach
assay

To demonstrate further applications of this assay, we designed
a conditionally activated system using SpCas9. Methods to
rationally control the activity of SpCas9 or catalytically inactive
SpCas9 (dSpCas9) are of interest because these enzymes can be
used to regulate the activity of different genes in a cell40 or an in
vitro system. Conditional activation is intended as a regulatory
mechanism by which inactive SpCas9 is re-activated only in the
presence of a relevant signal. A natural way to achieve this is to
Fig. 4 Validating AcrIIA4-mediated inhibition of SpCas9 using the Spinac
of SpCas9 (100 nM) by variable amounts of AcrIIA4. (b) Spinach assay ap
Spinach assay increases the detection limit of SpCas9 by 20-fold com
directly added to DNA and T7 polymerase, this represents real-time mo
from n¼ 3 technical replicates. (c) Dose curve of AcrIIA4 inhibition of SpC
Fig. S13,† and the normalized slopes are shown in Table S11.† A higher valu
IC50 calculated from this data is 9.1 nM.

This journal is © The Royal Society of Chemistry 2019
exploit the programmability of the gRNAmolecules that activate
Cas nucleases, so with this in mind, we designed a system in
which toehold-mediated strand displacement controls the
functionality of gRNA.41 This concept is similar to the light-
activated system demonstrated by Jain et al., which uses a pho-
tocleavable gRNA locking strand to activate SpCas9 target
binding and cleavage.42 In our case, we used RNA as a trigger
signal to uncage the gRNA, allowing the input of the conditional
switch to be the output of another gene (such as an RNA tran-
script) to conditionally activate SpCas9 only when the certain
trigger gene is active.

The gRNA was incubated with a strand complementary to the
target-binding region, called the lock strand (Fig. 5a). Upon
binding with the lock strand, the gRNA is inactivated. The lock
strand is designed with an 8-base toehold, which enables
displacement of the lock strand and activation of the gRNA
using a trigger RNA that is fully complementary to the lock
strand (Fig. 5a). Once the gRNA is activated, SpCas9 proceeds to
bind the target DNA. We were able to show conditional
h assay. (a) Gel-cleavage assay showing the dose-dependent inhibition
plied to dose-dependent inhibition of SpCas9 (5 nM) by AcrIIA4. Our
pared to the gel-cleavage assay. As SpCas9/AcrIIA4 constructs were
nitoring of SpCas9 activity. Error bars represent the standard deviation
as9 from amodel fitting the data shown in Fig. 4B. The fits are shown in
e of h implies a higher Spinach transcription and SpCas9 inhibition. The

Chem. Sci., 2019, 10, 2653–2662 | 2657
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Fig. 5 Application of Spinach assay to detect conditional activation of SpCas9. (a) Schematic diagram detailing the steps for conditional acti-
vation of SpCas9. The gRNA is pre-annealed with a complementary strand (the lock strand) that binds to the target-binding region. This
inactivates the gRNA. An RNA trigger can then displace the lock strand through toehold-mediated strand displacement, thereby activating the
gRNA and leading to target cleavage. (b) Demonstration of conditional activation of SpCas9 using the Spinach cleavage assay. The grey trace
shows the build-up of fluorescence over time in the presence of the Spinach genelet and T7 RNAP with NTPs. The red trace shows a positive
control for cleavage where gRNA and SpCas9 were added to the transcription solution (the mix was incubated at 37 �C for 16 hours prior to
measuring); since the genelet is fully cleaved, there is no fluorescence. For the green trace, the gRNAwas pre-annealed with a locking strand and
added to transcription mix along with SpCas9; the production of Spinach aptamer is not much affected in this case, as evidenced by the
fluorescence. The blue trace is a similar setup to the red trace except that there is also a trigger RNA present. The trigger unlocks the gRNA, and
the genelet is fully cleaved, thereby inhibiting Spinach production. The error bars for each trace represent the standard deviation from n ¼ 3
technical replicates.
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activation of a T7 RNAP-driven genelet that produces Spinach
RNA (Fig. 5b). In the absence of the trigger RNA, the locked
gRNA could not engage with the target genelet, leading to an
increase in uorescence upon Spinach transcription (green
trace). In the presence of the trigger RNA, the gRNA was acti-
vated, and the formation of the Spinach transcript was blocked,
leading to no uorescence (blue trace).
Conclusions

We have presented a cell-free assay to characterize Cas nuclease
activity using the in vitro transcription of synthetic DNA
templates (genelets) that produce the RNA Spinach aptamer,
a well-known uorescent reporter. This assay is simple and can
be executed in any standard plate reader. As the number of
available uorescent RNA aptamer/uorophore pairs are
increasing (such as DFHBI-1T,43 Broccoli,29 Corn,44 Mango,45

Malachite Green,46 and Hoechst47), the assay could be made
even more sensitive and be expanded to simultaneously track
multiple Cas nuclease reactions with multiple reporters.

Since Spinach transcription amplies the template into
multiple Spinach transcripts, it is possible to detect Cas9/Cpf1
activity from a very low quantity of the target template (0.1
nM). By identifying the best target locations on the Spinach
genelet for optimal activity, we were able to install arbitrary PAM
sites to study any conceivable Cas nuclease. The ease in the
design of the genelet to suit any type of Cas nuclease makes this
a versatile assay, which we demonstrate by detecting the activ-
ities of ve Cas nucleases from two different CRISPR-types. For
SpCas9 and SaCas9, we showed detection of up to low nano-
molar levels of the enzyme, allowing for more biologically
relevant characterizations of activity without the need for
2658 | Chem. Sci., 2019, 10, 2653–2662
radiolabeled nucleotides. Despite the Cpf1 nucleases having
lower activities than their Cas9 counterparts, we were also able
to prole their activity in the nanomolar range. Interestingly, we
reveal different activities in terms of target site preference and
cleavage efficiency between the different Cpf1 orthologs. Our
simple mathematical model to t the experimental results has
enabled us to quantitatively compare activities of Cas9 and Cpf1
enzymes across experiments, which is particularly important in
high-throughput experiments where activities of various
enzyme inhibitors and enhancers are being probed. Further-
more, we show that this assay can be easily used to titrate anti-
CRISPR molecules and quantitatively access their inhibitory
effects on SpCas9. Due to the low concentrations of SpCas9
needed, this assay would be a useful starting point to screen for
potential inhibitors. Thus, the Spinach assay provides a general,
quantitative, sensitive, and moderate-throughput means to
assess Cas nuclease activity in a general fashion.

As a proof-of-concept application of our Spinach assay, we
demonstrated a simple conditional switch to activate SpCas9.
Such conditional switches are critical components in logic and
dynamic regulatory modules using Cas nucleases, including
oscillators and bistable systems.48 The Cas9-based conditional
switch proposed here could be a useful addition to the toolbox
of conditional switches used in synthetic biology. To be prac-
tical for in vivo applications, the trigger sequence should be
independent of the target. In our current design, this is not the
case, but such independence can be achieved using trans-
duction gates that use toehold-mediated strand displacement to
decouple the input signal from the target.12,49

Given the impact Cas nucleases have had in a wide array of
elds, tools to systematically characterize their activity and
kinetic behavior in a variety of conditions are extremely
This journal is © The Royal Society of Chemistry 2019
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valuable. While crystallography and other such techniques can
yield structural insights into the action of Cas nucleases,
studying their kinetic and dynamic mechanisms require high-
throughput assays conducted in a well-controlled environ-
ment. In vitro cell-free methods like the one described herein
are well suited for this purpose. Another advantage of our
approach is that it continuously monitors the operation of the
gene targeted by the Cas nuclease; this suggests that we will also
be able to use our in vitro assays to quantify how small mole-
cules or other enzymes interact with or kinetically regulate the
activity of Cas9 nucleases. For example, it was recently reported
that the procession of RNA polymerase could dislodge Cas9
from bound and cleaved DNA and that this effect is enhanced if
Cas9 has annealed to the template strand.50 Furthermore, this
release of Cas9 allows multiple turnovers to take place. As our
Spinach assay directly assesses Cas nuclease activity as a func-
tion of RNA polymerase transcription and provides a method
for continuous detection, we can directly study the effects of
active transcription for SpCas9 as well as a variety of different
Cas nucleases. Thus, we foresee that our assay will enable
a variety of novel studies on the complex mechanics of Cas
nuclease-mediated genome editing in a controlled
environment.
Experimental
Cas9/Cpf1 and AcrIIA4 protein expression and purication

Streptococcus pyogenes Cas9 (SpCas9), Streptococcus aureus Cas9
(SaCas9), Acidaminococcus sp. Cpf1 (AsCpf1), Lachnospiraceae
bacterium ND2006 Cpf1 (LbCpf1), Francisella tularensis subsp.
novicida Cpf1 (FnCpf1), and AcrIIA4 from Listeria mono-
cytogenes were expressed in E. coli BL21 (DE3) Rosetta cells and
puried as previously described (Fig. S2†).23,33,37
IVT DNA oligonucleotides and gRNA synthesis

All oligonucleotides were purchased from IDT DNA (Coralville,
IA) and were desalted for in vitro transcription experiments. The
oligonucleotides used in the conditional activation experiments
were purchased from IDT with PAGE purication. Oligo-
annealing solutions were prepared by mixing complementary
strands (10 mM nal concentration) together in 1� Cas9 assay
buffer (20 mM of Tris–HCl, pH ¼ 7.5; 150 mM of KCl; 1 mM of
EDTA; 50 mM of MgCl2). The oligonucleotides were annealed by
heating to 95 �C for ve minutes followed by slow cooling to
25 �C at a rate of 0.1 �C s�1 to produce a double-stranded
oligonucleotide. The gRNA templates were generated by
annealing a sequence-specic oligo with either a “universal”
oligo containing the Cas-nuclease-specic tracrRNA backbone
(SpCas9 and SaCas9) or a T7 oligo to yield a double-stranded T7
promoter (all Cpf1 nucleases). See Table S1† for a list of all
sequences. RNA was transcribed using HiScribe T7 Quick High
Yield RNA Synthesis Kits (NEB, E2050S). To assess gRNA quality,
200 ng of puried RNA was heated to 95 �C in loading buffer
(ThermoFisher, LC6876) and 50 mM of EDTA for 10 minutes
and run on a 15% TBE-Urea gel (ThermoFisher, EC68855) for 70
This journal is © The Royal Society of Chemistry 2019
minutes at 200 V. The gels were stained with Sybr Green
(ThermoFisher) and imaged by UV (Fig. S3†).
Fluorescence data acquisition and gel imaging

For in vitro transcription assays, uorescence was continuously
monitored at 37 �C using an i3x SpectraMax (Molecular Devices;
Spinach-DFHBI – Ex 468/Em 502 nm; black, 384-well plate with
plastic lid and clear bottom; bottom read; Corning, 8794BC).
For conditional Cas9 experiments, uorescence was measured
on an H1m plate reader (Biotek Instruments; Spinach-DFHBI –
Ex 469/Em 501 nm; uorescein – Ex 495/Em 520; 96-well V-
bottom plates; Corning Costar 3357). The 96-well plates were
sealed during measurement using Costar 3080 microplate
storage mats. Gel images were acquired with a C600 (Azure
Biosystems).
Plasmid cleavage and AcrIIA4 inhibition assays

In a typical DNA-cleavage assay, the Cas9:gRNA complex was
formed by mixing each component at a 1 : 1.2 (Cas9 : gRNA)
molar ratio and incubating at room temperature for 5–15
minutes. Cas9:gRNA (100 nM) and AcrIIA4 protein (variable
concentration) were mixed together in 1� assay buffer for ve
minutes at room temperature prior to the addition of 5 nM (100
ng per 20 mL) of linearized plasmid and incubated at 37 �C for
30 min. A T7-promoter containing the Spinach sequence cloned
into pUC57-Kan and linearized with AsiS1 was used as the
plasmid substrate. Loading buffer (6�, NEB) was directly added
to reactions and run on a 1.4% agarose gel containing 0.01%
ethidium bromide and imaged by UV. The IC50 was determined
using GraphPad with tting to the Hill equation.
Cas-nuclease-binding in vitro transcription Spinach assay

HiScribe T7 High Yield RNA in vitro transcription kits were
purchased from NEB (E2040S). The Spinach aptamer template
and non-template oligonucleotides were annealed as described
above. In a typical assay, a Cas9/Cpf1:gRNA complex was rst
formed as described above. Cas9/Cpf1 without gRNA (ApoCas9/
Cpf1) was treated similarly. A typical assay was performed by
mixing the following components together from 10� stocks to
get the indicated nal concentrations: NTPs (6.7 mM), 10� T7
reaction buffer (0.67�), murine RNase inhibitor (1.3 U; NEB,
M0314L), DFHBI (1 mM; Lucerna), DNA template (0.1 nM), and
water to a nal volume of 25 mL. ApoCas9/Cpf1 or Cas9/
Cpf1:gRNA complexes (10�) were added to initiate cleavage
and were incubated at 37 �C for 30 minutes. Transcription was
initiated by adding 2 mL of T7 RNA polymerase or was omitted to
assess the background uorescence. Reactions (27 mL) were
transferred to a 384-well plate and the uorescence was moni-
tored at 37 �C for up to four hours. For AcrIIA4 inhibition
experiments, the Cas9:gRNA complexes were incubated with
AcrIIA4 for ve minutes in the presence of NTPs, reaction
buffer, murine RNase inhibitor, and DFHBI at room tempera-
ture. The DNA template was added followed immediately by T7
RNA polymerase and incubation at 37 �C.
Chem. Sci., 2019, 10, 2653–2662 | 2659
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RNA synthesis and purication for conditional activation
experiments

The trigger RNA and gRNA used for the conditional activation
experiments were synthesized from gene templates and puried
using polyacrylamide gel electrophoresis (PAGE). For gRNA, the
dsDNA template was ordered from IDT DNA (Coralville, IA)
using the ‘gblocks’ option. For trigger RNA, the individual
template and non-template strand were ordered form IDT DNA
with PAGE purication and annealed in 1� NEB transcription
buffer (40 mM of Tris–HCl, 6 mM of MgCl2, 2 mM of spermi-
dine, 1 mM of dithiothreitol, pH 7.9 at 25 �C) prior to tran-
scription. Both gene templates were designed with a T7 RNAP
promoter. RNA strands were individually transcribed in vitro
using the AmpliScribe T7-Flash transcription kit (#ASF3507,
Epicenter, Inc.) from the corresponding DNA templates (Table
S1†). RNA strands were gel extracted using 10% denaturing
polyacrylamide gel electrophoresis (PAGE). Next, the RNA was
eluted using 0.3 M of sodium acetate at pH 5.3. Finally, the RNA
was precipitated using ethanol and glycogen. The samples were
then resuspended in 10–15 mL of Ambion nuclease-free water.
The concentration was measured by absorbance at 260 nm
using a Nanodrop 2000c Spectrophotometer.
Spinach assay demonstrating conditional activation of Cas9

First, the locking strand, pre-annealed Spinach gene, and the
gRNA were incubated at room temperature for 15 minutes (the
locking strand was at 3.75� excess of the gRNA and 15� excess
of the Spinach gene) in the presence of 1� NEB transcription
buffer (40 mM of Tris–HCl, 6 mM of MgCl2, 2 mM of spermi-
dine, 1 mM of dithiothreitol, pH 7.9 at 25 �C). The mixture was
then incubated at 37 �C with the trigger RNA strand (at 1.3�
excess of the locking strand) and Cas9 (at a nal concentration
of 0.3 mM; NEB catalog #M0386T) for 10 minutes. To this
mixture, NTPs (5 mM each nal concentration), DFHBI (5 mM
each nal concentration), and MgCl2 (14 mM each nal
concentration) were added. The nal concentrations of the
nucleic acid strands in the solution were: Spinach gene – 0.15
mM; locking strand – 2.25 mM, gRNA – 0.6 mM; trigger RNA – 3
mM. For controls lacking a specic ingredient, the mixture was
prepared by skipping the appropriate ingredient andmaking up
the missing volume with water. This reaction mixture was
incubated at 37 �C for 15 hours. Aer incubation, 2.4 mL of T7
RNAP (200 U mL�1; Cellscript, Catalog # C-T7300K) was added to
37.6 mL of the Cas9 reaction mixture for a nal volume of 40 mL.
Fluorescence measurements were made with 12 mL of the
mixture in one well of the 96-well plate. To average out the
variation between measurements in different wells, three 12 mL
wells were measured per sample.
Mathematical model and data tting

We developed a simple model to quantify the relative changes in
transcription rate of our template variants aer Cas9 incuba-
tion. We denoted with e(t) the concentration of unbound (free)
T7 RNAP and with etot the total concentration of RNAP; g
2660 | Chem. Sci., 2019, 10, 2653–2662
indicated the concentration of unbound (free) Spinach reporter
template, and gtot indicated the total concentration of template.

We assumed that the reactions, including template, gRNA,
and Cas9, reach a steady state prior to the addition of T7 RNAP.
Therefore, when transcription starts, the concentration of
template that has been cleaved by Cas9 is at steady state. The
goal of the model is to quantify how pre-incubation with Cas9
affects the transcription rate of the template sample.

Typically, one would model the RNA transcription velocity as

dR

dt
¼ etotkcat

g

KM þ g

which is the well-known Michaelis–Menten approximation.
However, this is a valid approximation only when gtot [ etot, in
which case g z gtot (we recall that g is the free, unoccupied
concentration of template). If gtot � etot, then we can assume
that e z etot, i.e., that the free concentration of RNAP is
approximately equal to the total concentration of RNAP. In our
case, it is sensible to assume that gtot � etot because the
template concentration used in our experiments is 0.1 nM, and
we used a T7 RNAP volume of 2 mL over a reaction volume of 27
mL (7% v/v). While the concentration of T7 RNAP is not specied
by the vendor (NEB HiScribe kit #E2040S), past experiments
done with similar high-yield transcription kits allowed us to
estimate that a 10% v/v T7 RNAP dilution yields a nal
concentration of 200–300 nM.15 Thus, it is reasonable to assume
that the concentration of T7 RNAP is at least two orders of
magnitude larger than the concentration of template. If g� etot,
the transcription velocity becomes

dR

dt
¼ gtotkcat etot

KM þ etot
:

In this expression, kcat and KM are determined by the
sequence and length of the promoter and the surrounding
template domains; therefore, these parameters are inuenced
by the pre-incubation reaction with Cas9 and by the location of
the PAM sequence. Further, the concentration of template gtot

that is a viable substrate for T7 depends on the efficiency of
Cas9 activity. Finally, during the rst hours of transcription
during which the enzyme activity does not uctuate signi-
cantly, the term

kcat
etot

KMþ etot

does not depend on time and is constant; additionally, gtot is
constant because the Cas9 incubation reaction reached steady
state prior to starting transcription.

Instead of estimating all the parameters of our simple
model, we quantied how the transcription rate varied in
distinct assays by normalizing their outcome in relation to
a control experiment in which the template was not pre-
incubated with Cas9. The Spinach assays provide a uores-
cence signal representing the RNA concentration over time; the
slope of this uorescence signal is proportional to the tran-
scription rate. However, the RNA concentration and transcrip-
tion rate can be directly estimated only via calibration
This journal is © The Royal Society of Chemistry 2019
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experiments mapping Spinach RNA concentrations to the cor-
responding uorescence levels.51 In contrast, the relative
change in the slope can be quantied without a uorescence
calibration by simply dividing the slope of each transcription
experiment by the slope of the corresponding control experi-
ment (in which the template was not pre-incubated with Cas9).

The normalized slope is

dR

dR0

¼ gtot

gtot;0
kcat

k0
cat

ðKM0 þ etotÞ
ðKMþ etotÞ ¼ h ¼ constant;

where R0, g
tot,0, k0, and KM0 denote the RNA concentration and

corresponding template concentration and parameters for the
control sample. Because all the parameters are constant, the
ratio h is also constant and can be computed directly from the
uorescence data collected during the transcription experi-
ments. To calculate h, we rst estimated the transcription rate
for each experiment by tting a linear equation of the form

(F ¼ S � t + b)

to the uorescence data using the MATLAB command “polyt”;
we also computed the correlation coefficient R using MATLAB's
“corrcoef” command. Then, we computed h by dividing each
slope by the slope of the corresponding control experiment.
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