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A B S T R A C T

The characterization of CRISPR-Cas immune systems in bacteria was quickly followed by the discovery of anti-
CRISPR proteins (Acrs) in bacteriophages. These proteins block different steps of CRISPR-based immunity and, as
some inhibit Cas nucleases, can offer tight control over CRISPR technologies. While Acrs have been identified
against a few CRISPR-Cas systems, likely many more await discovery and application. Here, we report a rapid
and scalable method for characterizing putative Acrs against Cas nucleases using an E. coli-derived cell-free
transcription-translation system. Using known Acrs against type II Cas9 nucleases as models, we demonstrate
how the method can be used to measure the inhibitory activity of individual Acrs in under two days. We also
show how the method can overcome non-specific inhibition of gene expression observed for some Acrs. In total,
the method should accelerate the interrogation and application of Acrs as CRISPR-Cas inhibitors.

1. Introduction

Bacteria and bacterial viruses called bacteriophages have been en-
gaged in an ongoing arms race for billions of years, resulting in each
side developing offensive and defensive capabilities to gain an upper
hand over the other [1–3]. These capabilities have gifted biotechnology
with an important battery of biological tools. Notably, bacteria evolved
phylogenetically and functionally diverse adaptive immune systems,
called CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic
Repeats and CRISPR-associated) systems, to recognize and eradicate the
genetic material of bacteriophages and other foreign invaders [4–7].
This sequence-specific adaptive immunity is based on the acquisition of
small fragments derived from the DNA of invading plasmids or bac-
teriophages into the system. These so-called spacers are separated by
identical repeats in the CRISPR array. The array is transcribed and
processed into individual CRISPR RNAs (also called guide RNAs,
gRNAs) that complex with a Cas nuclease. The guide portion of the
CRISPR RNA then directs the nuclease to bind complementary se-
quences flanked by a short but distinct genetic signature such as a
protospacer-adjacent motif (PAM) [8]. Because the guide sequence
derives from the spacer and therefore the invader’s genetic material, the

nuclease is programmed to seek out and destroy the same genetic ma-
terial if found in the bacterium’s cytoplasm. These same nucleases have
been co-opted for programmable DNA and RNA binding and cleavage in
many organisms, opening new opportunities for genome editing and
many other applications [9–13].

As part of the arms race between bacteria and bacteriophages,
bacteriophages have mounted their own countermeasures against
CRISPR-Cas systems in the form of anti-CRISPR proteins (Acrs)
[14–17]. These proteins inhibit different steps of adaptive immunity
and vary in mechanism, such as inhibiting the proteins responsible for
acquiring new spacers, competitively blocking DNA binding, or pre-
venting the nuclease domains from cleaving the bound DNA [18–20].
The inhibitory effect appears to be altruistic, even for the nuclease-
targeting Acrs: the bacteriophage encoding the Acr still succumbs to
rapid attack by the CRISPR-associated (Cas) nuclease, but the Acr
blocks the nuclease from attacking a second wave of bacteriophage
infections [21,22]. Aside from the natural roles of Acrs in bacteria-
bacteriophage interactions, the nuclease-targeting Acrs also hold tech-
nological potential to tightly control the temporal and spatial activity of
Cas nucleases in applications ranging from gene editing and gene drives
to synthetic gene circuits and optogenetics [23,24].
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Since the discovery of Acrs in 2013 [25], a growing number of Acrs
have been reported that inhibit CRISPR-Cas systems from subtypes I-C,
I-E, I-F, II-A, and II-C [16,25–32]. Each subtype further boasts a col-
lection of genetically and structurally distinct Acrs (e.g. currently five
distinct Acrs that inhibit Type II-C CRISPR-Cas systems) [33–35]. These
Acrs have lacked any universal defining features aside from a tendency
to sit adjacent to genes harboring helix-turn-helix motifs [33], con-
founding their identification. Furthermore, as over 30 subtypes of
CRISPR-Cas systems have been identified and Acrs can inhibit a given
system through different mechanisms of action, we have likely only
observed the proverbial tip of the iceberg for Acrs in nature. There is
thus a pressing need for rapid and scalable methods to characterize
putative Acrs.

We recently reported the use of an E. coli-derived, cell-free tran-
scription-translation (TXTL) system to characterize Cas nucleases and
synthetic guide RNAs [36]. This TXTL system comprises a lysate en-
ergized by an ATP regeneration system and supplemented with the
necessary building blocks (ribonucleosides and amino acids) to re-
capitulate translation and transcription through promoters specific to
the E. coli core RNA polymerase and sigma factor 70 [37,38]. Adding
linear or plasmid DNA encoding expression constructs leads to active
transcription and translation of functional biomolecules within minutes
to hours – all without protein purification or live cells [39,40]. As a
lysate, the reaction conditions can be exquisitely controlled, whether by
varying the amount of each DNA construct, adding different chemicals,
or varying the incubation temperature. Finally, TXTL reactions can be
conducted in a few microliters in microtiter plates, allowing scalable
measurements such as when measuring expression of a fluorescent re-
porter on a fluorescence plate reader. In our recent work, we showed
that expressing different Cas nucleases and guide RNAs targeting an
added GFP reporter plasmid allowed us to quantify nuclease activity
over time [36]. Furthermore, co-expressing established or putative Acrs
allowed us to quantify the ability of each Acr to inhibit nuclease ac-
tivity, where a similar approach was separately used to identify novel
Acrs that inhibit Type V-A Cas12a nucleases [36]. Through these ex-
periments, we observed that co-expressing some Acrs partially or fully
inhibited GFP expression, confounding our ability to measure inhibitory
activity. Therefore, further improvements to the method were needed
to overcome this non-specific inhibitory effect and expand our ability to
assess a broader set of putative Acrs.

Here, we report an enhanced method to characterize Acrs and their
inhibitory activity against different Cas nucleases with TXTL that cir-
cumvents the non-specific inhibitory effect of expressing some Acrs.
The modification involved pre-expressing each Acr separately from the
Cas nuclease and the guide RNA and then adding the pre-expressed Acr
and nuclease:gRNA complex along with the targeted GFP reporter
construct to a fresh TXTL reaction. By varying the added amount of the
pre-expressed Acr, we could eliminate the non-specific inhibition of
GFP expression while preserving inhibition of nuclease activity.
Furthermore, to facilitate testing, we showed that the pre-expressed
nuclease:gRNA complex or the Acr could be frozen for at least a week
without substantially impacting the measured inhibitory activity of the
Acr. The findings came from testing six different Acrs against the Cas9
nucleases from Streptococcus pyogenes and Campylobacter jejuni. In total,
this method is expected to accelerate the discovery and characterization
of Acrs to expand our knowledge of CRISPR-Cas immune systems and
advance the capabilities of CRISPR technologies.

2. Methods

Below we detail the TXTL-based method to measure the inhibitory
activity of Acrs while eliminating non-specific loss of GFP expression.
Note that the method specifically detects activities that block DNA
cleavage by Cas nucleases (Fig. 1A), although inhibition of DNA
binding would also be detected. As part of the method, the nuclease and
guide RNA are pre-expressed separately from the Acr to ensure that the

ribonucleoprotein is fully formed. For this work, we used single-guide
RNAs (sgRNAs) that fuse a processed CRISPR RNA and tracrRNA from
Type II CRISPR-Cas systems [41]. These two reactions are then diluted
into a subsequent fresh TXTL reaction, and the targeted GFP reporter is
added as a readout of cleavage activity (Fig. 1B). Measuring reporter
levels over time in a fluorescence plate reader then allows the quanti-
fication of the inhibitory activity of the tested Acr. A key aspect of the
method is using different dilutions of the pre-expressed Acr, as small
dilutions can prevent GFP expression non-specifically while large di-
lutions may not lead to any measurable inhibition of nuclease activity.

2.1. Design of the DNA expression constructs

The DNA used to express the Cas nuclease, guide RNAs, putative
Acrs, and the GFP reporter can be in the form of a plasmid or linear
DNA (e.g. gBlock from IDT). In either case, the constructs should allow
strong expression in E. coli under exponential-growth – the conditions
in which the lysate for TXTL is prepared – using strong constitutive
promoters and, when expressing proteins, highly efficient ribosome-
binding sites (RBS). For instance, the reporter plasmid (P70a-deGFP)
used here relies on the consensus Sigma 70 promoter P70a to drive
expression of a variant of eGFP that was optimized for TXTL [37]. Al-
ternatively, genes can be expressed from a T7 promoter, although the
TXTL reaction must be supplemented with a plasmid expressing the T7
RNA polymerase (e.g. P70a-T7RNAP). A transcriptional terminator is
included at the end of the construct; we typically use the T500 termi-
nator (see SI Table 1), although any rho-independent terminator from
E. coli should be sufficient. If linear DNA is used (as we do to express
Acrs), the TXTL reaction requires GamS protein or linear DNA encoding
chi sites that block rapid degradation of linear DNA by RecBCD [39,42].

We recommend including some unstructured sequence between the
end of the construct and the terminator, as a proximal rho-independent
terminator was shown to inhibit processing of a transcribed array by
Cas12a [43]. The guide RNAs can be encoded in different forms de-
pending on the associated nuclease. The most important consideration
is whether any additional processing factors need to be added. For in-
stance, sgRNAs are sufficient to guide DNA targeting by Cas9, because
they represent the processed version of CRISPR RNAs. By contrast,
CRISPR arrays would require co-expression of the tracrRNA, while the
RNase III native to E. coli and already present in the TXTL lysate would
be responsible for cleaving the hybridized repeat:tracrRNA [43]. In
general, other CRISPR nucleases (e.g. Cas12a, Cas13a) and effector
complexes (e.g. Cascade) can process a transcribed array without ac-
cessory factors. In these cases, guide RNAs can be encoded as arrays or
processed CRISPR RNAs. A number of techniques are available for
constructing CRISPR arrays [43–50].

There are different ways to generate the expression constructs for
anti-CRISPR proteins. One way is to amplify the target region from the
originating DNA. A Sigma 70 or T7 promoter can be added, although
residual transcription from the native promoter may also suffice
[36,40]. Another approach is to synthesize the putative Acr as a linear
gene fragment that can be used as-is in TXTL or cloned into a plasmid
construct. We recommend using the gene fragment as-is, based on
challenges we encounter when cloning Acrs into E. coli. When the Acrs
are expressed under a strong constitutive promoter, one issue in parti-
cular is toxicity. These problems could also be resolved by using a
promoter that is inducible or not normally active in E. coli (e.g. T7) or
by exchanging the promoter after introduction into a plasmid. We use a
standard expression construct encoding the strong, constitutive J23119
promoter, a strong ribosome-binding site, and the T500 terminator. The
specific sequence for this construct is shown in Fig. 2, where the en-
coded Acr (AcrIIA4) can be replaced with the coding region of a pu-
tative Acr codon-optimized for expression in E. coli. The sequence
flanking the RBS may also need to be optimized using online tools such
as the RBS calculator [51,52], to ensure efficient translation. The con-
struct also encodes flanking primer sites so the synthesized DNA can be
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amplified.
We applied similar approaches to encode Cas nucleases and guide

RNAs. In this work, each was encoded on an individual plasmid based
on prior published work [36,39]. However, the nuclease and guide
RNAs could be encoded in linear DNA. Note that the same promoter or
plasmid backbone can be used for these constructs, as plasmid main-
tenance and stability are irrelevant in TXTL. When designing the guide
sequence, we generally recommend targeting the P70a promoter
driving expression of deGFP, as any Acrs that inhibit DNA cleavage but
not binding will still yield loss of deGFP expression through transcrip-
tional inhibition. To differentiate between binding and cleavage, a site
upstream of the promoter can be targeted such that cleavage leads to
RecBCD-dependent degradation of the plasmid and loss of deGFP ex-
pression [36]. However, this approach is incompatible with the use of
RecBCD inhibitors and therefore requires all constructs to be cloned
into plasmids.

In this article, GFP refers to deGFP, a truncated version of eGFP with
the same fluorescent properties [40]. All oligonucleotides, plasmids,
and gene-fragment sequences used to demonstrate the method can be
found in the Appendix.

2.2. Preparation of DNA

In our experience, DNA used in TXTL must be highly pure, as re-
sidual salts and other components can interfere with gene expression in
TXTL. We normally prepare plasmid DNA first using a midiprep kit
followed by a second purification using a PCR clean-up kit (DNA clean
and concentrator, #D4014, Zymogen). PCR products can be purified in
one step using a PCR clean-up kit. This step is also useful to re-con-
centrate DNA. DNA concentrations were measured with standard
techniques, such as the spectrophotometer/fluorometer by DeNovix
(DeNovix, DS-11 FX+). As a specific amount of DNA is used for every
reaction, the stock concentration has to be set accordingly (Tables 1–3).
If the concentration of the DNA was too low to meet these require-
ments, the corresponding plasmid was concentrated using a DNA pur-
ification kit.

2.3. RNA and protein production using TXTL

The TXTL mix we use is based on an E. coli lysate, which can be
prepared through well-established protocols [53] or purchased com-
mercially (e.g. myTXTL® mix available through Arbor Biosciences). The
reaction lasts ∼16 h for the constructs and template concentrations we

Fig. 1. Overview of the enhanced TXTL-based method for assessing the inhibitory activity of putative Acrs against Cas nucleases. (A) The assay is designed to
specifically measure inhibition of a Cas nuclease binding and cleaving its target. The target is placed within the promoter or transcribed region of a deGFP reporter
gene, providing a direct, fluorescent readout of binding and cleavage activity. (B) Individual steps of the inhibition assay. The Cas nuclease and guide RNA (gRNA)
are pre-expressed together separately from the putative Acr by adding linear or plasmid DNA encoding each component to a TXTL reaction. The reactions are then
mixed in a fresh TXTL reaction with the reporter plasmid, and deGFP fluorescence is monitored over time in a fluorescence plate reader. Different dilutions of the pre-
expressed Acr can be made to rule out potential non-specific inhibition of deGFP expression. The extent of inhibition is quantified based on the end-point fluorescence
levels for reactions conducted with a targeting or non-targeting gRNA with or without an added Acr.

Fig. 2. Schematic of the linear DNA template for expressing Acrs in TXTL. The construct includes a strong constitutive promoter for expression in E. coli, a strong
ribosome-binding site (RBS), the coding region of the putative Acr, and a rho-independent terminator. Flanking primer sites (brown arrows) are included to amplify
the construct. The coding region of the displayed acr gene (encoding AcrIIA4) can be replaced with any putative acr, although the RBS may need to be altered to
maintain the translation strength. The sequence can be readily ordered as a gene fragment from most commercial supplies. See the Appendix for an editable version of
the sequence.
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used, so all experiments reported here were conducted for 16 h. How-
ever, shorter times can be used, particularly when assaying cleavage
activity of the Cas nuclease. We also conduct all reactions at 29 °C, the
optimal temperature for deGFP production, although the temperature
can be varied between 25 °C and 42 °C [36,37]. Measurements are
performed in a fluorescence plate reader (e.g. BioTek NeoG2 plate
reader) by recording GFP fluorescence every three minutes. If the TXTL
reaction is being used only for end-point measurements or for protein/
RNA pre-expression, then the reactions can be incubated in a thermo-
cycler or an incubator. We pre-express the individual components in 12-
µl reactions in PCR tubes, and we conduct the cleavage assays in 3-µl
reactions in 96-well plates seeded using a Labcyte Echo 525 acoustic
liquid dispensing system. The cleavage assays can also be pipetted
manually, as described in Section 2.6.

While the E. coli-based TXTL mix will be used throughout this
protocol, many other TXTL mixes can be made or are commercially
available. The protocol would need to be modified (e.g. solely using T7
promoters), although the general procedures outlined here should
apply to any TXTL mix. We also use the Cas9 nucleases from
Streptococcus pyogenes and Campylobacter jejuni, corresponding sgRNAs
targeting the GFP reporter, and previously reported Acrs as examples
within the protocol and experiments conducted to illustrate the
method. However, the protocol can be readily adapted to test other Cas
nucleases.

2.4. Pre-expression of Cas9 and sgRNA

Cas9 and a sgRNA are initially pre-expressed in the same TXTL re-
action to enable the formation of an active Cas9-sgRNA complex
without potential inhibition of gene expression by an Acr. As part of the
reaction, plasmids encoding Cas9 and the sgRNA are added to the TXTL
premix, and the reaction is incubated at 29 °C for 16 h to ensure max-
imal generation of the complex.

- Material
• myTXTL® Sigma 70 Master Mix Kit (Arbor Biosciences myTXTL®
Sigma 70 Master Mix Kit, Cat # 507096)
• plasmid encoding Cas9 (e.g. SpCas9 no tracr Cm p15a)
• plasmid encoding a targeting sgRNA (e.g. sgRNA-pos9 SpCas9) or a
non-targeting sgRNA (e.g. sgRNA-non-targeting SpCas9)
• PCR tubes (e.g. Multiply® – μStrip Pro, Sarstedt, Cat # 72.991.002)
• Thermocycler or general purpose incubator
- Protocol
1. Calculate the volume of myTXTL® that is needed according to the
number of reactions. If a master mix is prepared, it has to be taken
into account that about 10% more reaction volume than actually
needed should be prepared due to inaccuracies during pipetting. The
master mix was usually prepared containing either the targeting or
non-targeting sgRNA plasmid.

2. Thaw the appropriate volume of myTXTL® on ice. Briefly centrifuge
if necessary to ensure that all liquid is at the bottom of the tube. If
more than one tube is used, combine them before other reaction
agents are added.

3. Prepare the reaction by adding the components listed in Table 1 into
a fresh PCR tube. Mix gently by lightly vortexing and then spin
down the contents using a table-top centrifuge.

4. Place the 12-µl reactions in a thermocycler or incubator and in-
cubate them for 16 h at 29 °C (see Note 1).

5. The final pre-expression reactions can be stored frozen at −20 °C for
later use.

2.5. Pre-expression of Acrs

The Acrs are encoded on linear DNA and pre-expressed without any
additional components. Therefore, GamS is added to the TXTL premix
to block degradation of the linear DNA by RecBCD.

- Material
• myTXTL® Sigma 70 Master Mix Kit (Arbor Biosciences myTXTL®
Sigma 70 Master Mix Kit, Cat # 507096)
• Gene fragment encoding the anti-CRISPR protein (e.g. construct
encoding AcrIIA4 shown in Fig. 2)
• GamS Purified Nuclease Inhibitor Protein (Arbor Biosciences, Cat #
501096)
• Thermocycler or general purpose incubator
- Protocol
1. Calculate the volume of myTXTL® that is needed according to the
number of reactions. If a master mix is prepared, it has to be taken
into account that about 10% more reaction volume than actually
needed should be prepared due to inaccuracies during pipetting. In

Table 1
Components for pre-expression of Cas9 and a sgRNA in TXTL. The table states
the reaction volume needed for one experiment. For the preparation of multiple
pre-expression mixes for different nucleases or sgRNAs, prepare a master mix.
Consider that about 10% more total volume should be calculated when pre-
paring a master mix, due to inaccuracies during pipetting. The master mix for
this reaction was usually prepared containing either the targeting or non-tar-
geting sgRNA plasmid. If linear DNA is used instead of plasmids, add GamS in
place of water to prevent degradation (see Table 2). We usually added the
highest volume first. For identical volumes it is not important what component
is added next, with the exception of GamS and linear DNA. If linear DNA is
added to a reaction, make sure to add GamS first to prevent any degradation.

Component Volume (µl) Initial concentration
(nM)

Final concentration
(nM)

myTXTL® 9 – –
Cas9 plasmid 1 12 1
sgRNA plasmid 1 12 1
Water 1 – –

Table 2
Components for pre-expression of Acrs. The table states the reaction volume
needed for one experiment. If multiple Acrs are pre-expressed, prepare a master
mix without DNA. Consider that about 10% more total volume should be cal-
culated when preparing a master mix, due to inaccuracies during pipetting. In
this case it has shown to be useful to prepare a master mix without the DNA
encoding the respective Acr. Make sure to add GamS before adding any linear
DNA to prevent degradation by RecBCD.

Component Volume (µl) Initial concentration
(nM)

Final concentration (nM)

myTXTL® 9 – –
Acr 1.2 40 4
GamS 0.8 30,000 2,000
Water 1 – –

Table 3
DNA cleavage assay in TXTL. Final reaction to characterize Cas nuclease spe-
cificity by analyzing GFP expression over time. When performing experiments
with different amounts of Acrs, dilute the samples beforehand with nuclease-
free water. For the preparation of multiple reactions, prepare a master mix.
Consider that about 10% more total volume should be calculated when pre-
paring a master mix, due to inaccuracies during pipetting. Always add the
deGFP plasmid last, to make sure that the nuclease doesn’t cleave the target
DNA before the Acr can inhibit the nuclease.

Component Volume (µl) Initial
concentration (nM)

Final concentration
(nM)

myTXTL® 9 – –
pre-expressed Cas9 &

sgRNA
1 – –

pre-expressed Acr 1 – –
P70a-deGFP plasmid 1 12 1
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this case it has shown to be useful to prepare a master mix without
the DNA encoding the respective Acr.

2. Thaw the appropriate volume of myTXTL® on ice. Briefly centrifuge
if necessary to ensure that all the liquid is at the bottom of the tube.
If more than one tube is used, combine them before other compo-
nents are added.

3. Prepare the reaction by adding the components listed in Table 2 to a
fresh PCR tube. Mix gently by lightly vortexing and spin down using
a table-top microcentrifuge.

4. Place the 12-µl reactions in a thermocycler or incubator and in-
cubate them for 16 h at 29 °C (see Note 1).

5. The final pre-expression reactions can be stored frozen at −20 °C for
later use.

2.6. DNA cleavage assay

Once the pre-expression reactions are completed for Cas9, the
sgRNA, and the Acr, the next step is measuring the inhibitory activity of
the Acr using a GFP reporter construct targeted by the sgRNA. As part of
the assay, the pre-expressed components are mixed with the reporter
plasmid in a fresh aliquot of TXTL, and GFP production is measured
over time using a fluorescence plate reader. A targeting sgRNA and a
non-targeting sgRNA are used in the presence and absence of the Acr to
quantify inhibitory activity and determine the extent to which the Acr
inhibits GFP expression.

- Material
• myTXTL® Sigma 70 Master Mix Kit (Arbor Biosciences myTXTL®
Sigma 70 Master Mix Kit, Cat # 507096)
• P70a-deGFP plasmid
• Reactions with pre-expressed Cas9, sgRNA and Acr
• 96-well plate (e.g. Corning® 96-well Clear V-Bottom, Cat # 3363)
• Fluorescence plate reader (e.g. Biotek Synergy Neo2 plate reader)

• Cover mat (e.g. Fisher Scientific, Corning™ Storage Mat III, Cat #
10428571)

- Protocol
1. Calculate the volume of myTXTL® that is needed according to the
number of reactions. If a master mix is prepared, it has to be taken
into account that about 10% more reaction volume than actually
needed should be prepared due to inaccuracies during pipetting.

2. Thaw the appropriate volume of myTXTL® on ice. Briefly centrifuge
if necessary, to ensure that all the liquid is at the bottom of the tube.
If more than one tube is used, combine them before other reaction
agents are added.

3. Prepare the reaction by adding the components listed in Table 3 to a
fresh PCR tube. Mix gently by vortexing and spin it down after-
wards.

4. Load 5-µl duplicates of each reaction in the bottom of a 96-well V
bottom plate (see Note 2). Be careful not to introduce any bubbles.

5. Seal the plate with a cover mat to prevent evaporation over the
course of the reaction.

6. Place the sealed plate in a plate reader to measure GFP fluorescence
(Ex 485 nm, Em 528 nm). The plate reader should be pre-warmed to
29 °C (see Note 1).

7. Incubate the reactions for 16 h at 29 °C (see Note 1) and measure
GFP fluorescence every three minutes.

2.7. Data processing

The fluorescence data collected by the plate reader is next processed
to extract the extent to which the Acr inhibited DNA binding and
cleavage by Cas9.

- Protocol
1. Export the data in an Excel spreadsheet after the plate reader run is
finished. It should include time points, temperature and

Fig. 3. Applying the enhanced method to measure inhibition of DNA cleavage by SpCas9 and CjCas9. (A) Time courses of DNA cleavage assays using different
dilutions of the pre-expressed AcrIIA4. Each assay included the deGFP reporter plasmid, SpCas9 pre-expressed with a targeting (T, blue) or non-targeting (NT, green)
sgRNA, and the pre-expressed AcrIIA4 diluted up to 10,000-fold. The dark line and light regions indicate the mean and S.D. of three independent cleavage assays. (B,
C) Quantified inhibition (top) and GFP expression (bottom) based on the end-point measurements. Experiments were conducted with (B) SpCas9 and AcrIIA4 or with
(C) CjCas9 and AcrIIC1. Values at the end of the 16-h reaction were used to calculate the extent of inhibition of DNA cleavage by either nuclease. The bars in the top
plot represent the mean and S.D. of three independently mixed TXTL reactions, while each set of dots in the bottom plot represents the final fluorescence values used
to calculate the % inhibition of nuclease activity. The colored bar indicates the mean value for each set of fluorescence measurements. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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fluorescence intensity values for each well and each time point.
2. Subtract the background fluorescence. Background fluorescence was
measured for each plate reader separately using a TXTL reaction
containing a plasmid that doesn’t encode deGFP. Fluorescence va-
lues were measured for 16 h at 29 °C, identical to the measurement
settings of the cleavage assay.

3. If needed, calculate the deGFP concentration for each timepoint by
using a deGFP standard curve (see Note 3).

4. Calculate the average of the replicates and visualize the data on a
graph by plotting the fluorescence over time.

5. Calculate standard deviations for the replicates and use them to
show error bars for each time point in the graph.

6. Calculate the fold-reduction for the reporter construct using the
ratio of deGFP concentrations after 16 h of the reaction containing
non-targeting sgRNA over the reaction containing targeting sgRNA.

7. Percent inhibition of DNA cleavage by the nuclease can be calcu-
lated using the following formula:

=%Inhibition of nuclease activity 100%
-

1-

GFPt, Acr
GFPnt, Acr

GFPt-
GFPnt-

GFPt-
GFPnt-

where the values are for the measured GFP fluorescence with a tar-
geting or non-targeting sgRNA (t/nt) and in the presence or absence of
an Acr (Acr/−). By taking the ratio of fluorescence values for the

targeting and non-targeting sgRNAs, any non-specific inhibition of GFP
expression by the Acr would be assumed to equally impact the two
samples and would therefore cancel out.

2.8. Troubleshooting

If cleavage of the reporter plasmid cannot be observed even in the
reaction without any Acr, we recommend first confirming that the ex-
pression constructs are unmutated. In our experience, the nuclease
construct can sometimes collect mutations in E. coli, eliminating clea-
vage activity in TXTL. The expression of the nuclease can also be de-
termined by Western blotting analysis if an affinity tag is included,
although we have encountered instances in which no expression was
observable by Western blotting analysis despite robust GFP silencing.
Similarly, expression of the guide RNA can be detected by Northern
blotting analyses [54]. Otherwise, there are multiple ways to poten-
tially enhance cleavage activity. The concentration of the DNA com-
ponents can be varied, such as increasing the concentration of the nu-
clease plasmid or reducing the concentration of the deGFP reporter
plasmid. Separately, the temperature of the reaction can be varied be-
tween 25 °C and 42 °C (see Note 1) or the reaction can be supplemented
with Mg2+ previously shown to improve the expression of some pro-
teins [37]. It is also possible to vary the pre-expression time.

As mentioned earlier, the DNA has to be highly pure if it is to be
used in a TXTL reaction. When no expression or cleavage of the deGFP
plasmid can be observed, impurities in the DNA of one of the con-
stituents may be inhibiting transcription and/or translation. Therefore,
it is advisable to perform an additional DNA cleaning step in case of an
error during the reaction. Also, too much anti-CRISPR protein can in
some cases lead to inhibition of GFP expression, which can be adjusted
by using a higher dilution of those Acrs.

2.9. Notes

Note 1: The TXTL reactions can be conducted at temperatures be-
tween 25 °C and 42 °C [37]. While 29 °C is optimal for deGFP produc-
tion, some CRISPR nucleases exhibit higher expression and activity at
other temperatures (e.g. MbCas12a) [36]. Therefore, it may be helpful
to vary the reaction temperature to optimize nuclease activity prior to
testing any Acrs. The duration of the reaction and the number of
fluorescence measurements can also be adjusted.

Note 2: The protocol assumes that the DNA cleavage reaction will be
prepared by manual pipetting. If a liquid handling system that can
accurately transfer small volumes is used (e.g. the Labcyte Echo 525
used as part of the presented experiments), the reaction volumes can be
scaled down to 2–3-µl.

Note 3: Generating a calibration curve to calculate the concentra-
tion of deGFP protein from the fluorescence measurements [40] can
ease comparisons between plate readers and research groups. The curve
can be readily generated by obtaining purified recombinant eGFP (e.g.
Hölzel Diagnostika, STA-201) and adding different concentrations to a
final TXTL reaction with either no DNA or DNA that does not produce
deGFP.

3. Results and discussion

We had previously used TXTL to characterize twenty Acrs against a
panel of five Cas9 nucleases. As part of these assays, the Acrs were co-
expressed with Cas9, a targeting or non-targeting sgRNA, and the tar-
geted deGFP reporter. While these assays allowed us to characterize the
inhibitory range of most of the Acrs, we encountered Acrs that seemed
to directly impact deGFP expression, independent of CRISPR-Cas ac-
tivity. Two of the Acrs completely inhibited and three partially in-
hibited an increase in the fluorescence even in the presence of a non-
targeting sgRNA [36]. Follow-up work demonstrated that the Acrs were
not inhibiting the fluorescence output of pre-expressed deGFP,

Fig. 4. Limited impact of freezing and storing pre-expressed AcrIIA4 and
SpCas9:sgRNA complex. (A) Freezing and storing the TXTL pre-expression re-
actions. The reactions are frozen and stored at −20 °C. At a later time, they can
be thawed and used in the DNA cleavage assays. (B) Assessing the impact of
freezing pre-expressed AcrIIA4 and SpCas9:sgRNA complex. The same pre-ex-
pression mix was used immediately (not frozen) or stored frozen for one day (1
d frozen) or seven days (7 d frozen) prior to conducting the DNA cleavage assay.
Reactions were conducted with different dilutions of the unfrozen or frozen
samples of pre-expressed AcrIIA4. The calculated inhibition is based on the end-
point fluorescence measurements from a 16-h cleavage assay. Values represent
the mean and S.D. of three independent cleavage assays.
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suggesting that the Acr expression was inhibiting gene expression. Be-
cause this effect could extend to expression of Cas9 and the targeting
sgRNA, it confounded our ability to measure inhibition of nuclease
activity. We therefore reasoned that pre-expressing the Cas9 and sgRNA
separate from the Acr could prevent this confounding effect (Fig. 1B).
Furthermore, diluting the amount of pre-expressed Acr could help us
reach a regime in which the Acr can selectively inhibit nuclease activity
without impacting deGFP expression.

We first asked if a pre-expressed Acr would still inhibit nuclease
activity in TXTL. We selected as a test case AcrIIA4, a potent and well-
characterized inhibitor of the S. pyogenes Cas9 (SpCas9) [15]. The Acr
was encoded in linear DNA as shown in Fig. 2 and pre-expressed in
TXTL for 16 h. In parallel, SpCas9 and a non-targeting sgRNA or a
sgRNA targeting the non-template strand of the degfp gene were en-
coded on separate plasmids and were pre-expressed together for the
same period of time. The pre-expressed AcrIIA4 was then diluted up to
1:10,000 in water and mixed with the pre-expressed SpCas9:sgRNA
complex and the deGFP reporter plasmid in fresh TXTL mix using an
acoustic liquid handling system (see SI Method Echo 525 Cleavage
Assay). Production of deGFP was then monitored over time. The re-
sulting fluorescence output is shown in Fig. 3.

We found that, in the absence of added AcrIIA4, GFP production
ceased after approximately one hour with the targeting sgRNA (Fig. 3).
In contrast, in the presence of AcrIIA4, GFP production was similarly
high for both targeting and non-targeting sgRNAs. Therefore, AcrIIA4

actively inhibited Cas9 nuclease activity without non-specifically im-
pacting GFP production, as we found previously [36]. We also found
that GFP production with a non-targeting sgRNA was lowest for the
1:10,000 dilution, although the explanation for this decrease remains
unclear.

Interestingly, the pre-expressed AcrIIA4 completely inhibited clea-
vage by SpCas9 even when diluted by a factor of 100. Given that
AcrIIA4 is known to act stoichiometrically by directly binding SpCas9
[15,55], these findings would suggest that the levels of pre-expressed
AcrIIA4 are at least 100-fold higher than those of either SpCas9 or the
sgRNA. More practically, these findings suggest that a pre-expressed
Acr can be substantially diluted without compromising the observed
inhibition of a Cas nuclease, offering a simple means to circumvent any
non-specific inhibition of reporter expression.

As a further demonstration, we repeated the assay using the Cas9
from Campylobacter jejuni (CjCas9) based on our prior work [36,56].
Specifically, we tested the inhibitory activity of AcrIIC1 against this
nuclease (Fig. 3C). Our TXTL-based assay revealed strong inhibitory
activity (58% for the 1:1 dilution). However, inhibition was lost for any
dilutions larger than 1:10, potentially representing differences in ex-
pression and/or inhibitory activity compared to AcrIIA4.

One ramification of pre-expressing Cas9, the sgRNA, and the Acr is
that the pre-expressed components could be stored prior to conducting
the DNA cleavage assays. If so, then nuclease or potential Acrs could be
mass-produced, aliquoted, frozen, and then used at later times

Fig. 5. Measuring the inhibitory activity of five Acrs against two Cas9 nucleases. DNA cleavage assays were conducted using the indicated Cas9 and Acr pre-
expressed for 16 h and immediately used in the DNA cleavage assay. See Fig. 3B for more details. The bars in the top plot represent the mean and S.D. of three
independently mixed TXTL reactions, while each set of dots in the bottom plot represents the final fluorescence values used to calculate the % inhibition of nuclease
activity.
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(Fig. 4A). To investigate this possibility directly, we stored the pre-ex-
pressed SpCas9:sgRNA complex and AcrIIA4 at −20 °C. At this tem-
perature, the TXTL mix is frozen. Each mix was then thawed after
storage for one day or seven days and tested in the DNA cleavage assay
using up to a 1:10,000-fold dilution of AcrIIA4 (Fig. 4B). Freezing the
pre-expressed mixes had at most a minor impact on the measured in-
hibition of cleavage by SpCas9, with the largest difference in inhibitory
percentage of 14.7% (50.5% versus 65.2% for unfrozen and 1-day
frozen AcrIIA4 diluted 1:1000) and p-values for statistical significance
ranging between 0.016 and 0.94 (two-tailed T-test, n= 3). Therefore,
pre-expressed nuclease:guide RNA complexes as well as Acrs can be
stored at −20 °C without substantially impinging on their activity, al-
though more testing will be required to determine whether this possi-
bility extends to different Cas nucleases and Acrs.

With the method firmly established, we next focused on Acrs that
partially or completely inhibited GFP expression in our prior assays
even in the presence of a non-targeting sgRNA. Specifically, we selected
AcrIIA3 and two homologs (AcrIIA3-2 and AcrIIA3-4). We also selected
a homolog of AcrIIA4 (AcrIIA4-1) that appeared to partially inhibit the
activity of Cas9’s from Campylobacter jejuni, Streptococcus thermophilus,
and Neisseria meningitidis but not SpCas9 [36]. Given that many of these
appeared to inhibit the CjCas9, we included in the assays this Cas9 with
an associated non-targeting sgRNA or sgRNA targeting upstream of the
gfp target gene. We selected three dilutions of each pre-expressed Acr
(1:1, 1:10, 1:100) because AcrIIA4 completely inhibited the activity of
SpCas9 for all three dilutions (Fig. 3). We also used the pre-expressed
Acrs and Cas9:sgRNA complexes directly in the cleavage assays without
freezing. The resulting output of the cleavage assays are shown in
Fig. 5.

At the lowest dilution (1:1), AcrIIA3 partially and AcrIIA3-2 and
AcrIIA3-4 strongly inhibited GFP expression (9%, 81%, and 55%, re-
spectively, compared to no Acr in the presence of the non-targeting
sgRNA), in line with the results from co-expressing all components at
one time [36]. However, at the larger dilutions (1:10 and 1:100), deGFP
levels returned to those in the absence of the Acr. The calculated in-
hibition of SpCas9 activity also diminished at these larger dilutions. The
inhibition of SpCas9 activity appears to be real, though, as negligible
inhibition was registered for these same Acrs against CjCas9. AcrIIA3,
AcrIIA3-2, and AcrIIA3-4 therefore likely act weakly against SpCas9 or
are poorly expressed in TXTL. We also speculate that the non-specific
inhibition of GFP expression may represent a biological function of
these putative Acrs, although more work is needed to explore this
possibility.

We also assessed the inhibitory activity of the AcrIIA4 homolog
AcrIIA4-1. Interestingly, this Acr at most marginally inhibited the ac-
tivity of SpCas9 at the lowest dilution (8% compared to no Acr) and
negligibly inhibited the activity of CjCas9 at all dilutions. We had
previously evaluated the inhibitory activity of this Acr against SpCas9
and CjCas9 using a prior version of the method in which the nuclease,
sgRNA, Acr, and GFP reporter were expressed together [36]. Interest-
ingly, we previously did not observe any inhibition of SpCas9, but we
did observe notable inhibition of CjCas9. The differing output between
our prior results and those reported here may be due to the impact of
expressing the Acr separately from or together with the nuclease and
sgRNA. Given the sequence similarity between AcrIIA4 and AcrIIA4-1,
the poor inhibition of SpCas9 and negligible inhibition of CjCas9 better
fits the ability of AcrIIA4 to only inhibit SpCas9, providing further
evidence for the benefits of pre-expressing the Acrs separately from the
nucleases and guide RNAs as part of the TXTL assay.

4. Conclusions

In total, we demonstrated a modified method using TXTL to char-
acterize the inhibitory activity of putative Acrs against different Cas
nucleases. The method, which relies on pre-expressing the Cas nuclease
and guide RNA separately from the Acr, allowed us to freeze and store

the pre-expressed components without an appreciable effect on their
activity. Furthermore, by diluting the Acrs prior to conducting the DNA
cleavage assay, we could reduce any non-specific effects on GFP ex-
pression while still quantifying inhibition of the Cas nuclease.
Technically, the original Acr expression construct could have been di-
luted when expressing all components in the same reaction; however, it
would be challenging to distinguish the specific inhibition of nuclease
activity from the non-specific inhibition of nuclease and guide-RNA
expression. We also note that the final concentration of Acr or the nu-
clease:guide-RNA complex cannot be readily quantified in the TXTL
reaction, potentially leading to false negatives due to poor expression.
However, the technique is much faster and scales more readily than any
equivalent cell-based assay or any biochemical assay with purified
components. Finally, we note that Acrs have been discovered that in-
hibit other mechanisms of CRISPR-Cas systems besides target binding
and cleavage [19,20,57], where the method would need to be adapted
to detect these other inhibitory activities. These limitations aside, the
method described here offers a powerful means to screen large sets of
putative Acrs, providing a basis for further biochemical characteriza-
tion and the application of Acrs for controlling CRISPR technologies.

Funding

Funding for this project was provided by DARPA, United States
(contract HR0011-17-2-0042 to C.L.B.) and the Deutsche
Forschungsgemeinschaft, Germany (BE 6703/1-1 to C.L.B.).

Acknowledgments

We thank Chunlei Jiao for providing the plasmids expressing the
Campylobacter jejuni Cas9 (COCjCas9 plasmid) and the associated
single-guide RNAs (CjCas9 targeting sgRNA plasmid, CjCas9 non-tar-
geting sgRNA plasmid).

Competing interests statement

The Noireaux laboratory receives research funds from Arbor
Biosciences, a distributor of the myTXTL® cell-free protein expression
kit.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ymeth.2019.05.014.

References

[1] A. Stern, R. Sorek, The phage-host arms race: shaping the evolution of microbes,
BioEssays 33 (2011) 43–51.

[2] S.J. Labrie, J.E. Samson, S. Moineau, Bacteriophage resistance mechanisms, Nat.
Rev. Microbiol. 8 (2010) 317–327.

[3] K.D. Seed, Battling phages: how bacteria defend against viral attack, PLoS Pathog.
11 (2015) e1004847.

[4] K.S. Makarova, F. Zhang, E.V. Koonin, SnapShot: Class 2 CRISPR-Cas systems, Cell
168 (328–328) (2017) e1.

[5] K.S. Makarova, F. Zhang, E.V. Koonin, SnapShot: Class 1 CRISPR-Cas systems, Cell
168 (946–946) (2017) e1.

[6] E.V. Koonin, K.S. Makarova, F. Zhang, Diversity, classification and evolution of
CRISPR-Cas systems, Curr. Opin. Microbiol. 37 (2017) 67–78.

[7] M.M. Jore, S.J.J. Brouns, J. van der Oost, RNA in defense: CRISPRs protect pro-
karyotes against mobile genetic elements, Cold Spring Harb. Perspect. Biol. 4
(2011) a003657.

[8] R.T. Leenay, C.L. Beisel, Deciphering, communicating, and engineering the CRISPR
PAM, J. Mol. Biol. 429 (2017) 177–191.

[9] G.J. Knott, J.A. Doudna, CRISPR-Cas guides the future of genetic engineering,
Science 361 (2018) 866–869.

[10] J. Champer, A. Buchman, O.S. Akbari, Cheating evolution: engineering gene drives
to manipulate the fate of wild populations, Nat. Rev. Genet. 17 (2016) 146–159.

[11] A. Bao, D.J. Burritt, H. Chen, X. Zhou, D. Cao, L.-S.P. Tran, The CRISPR/Cas9
system and its applications in crop genome editing, Crit. Rev. Biotechnol. 39 (2019)
321–336.

K.G. Wandera, et al. Methods 172 (2020) 42–50

49

https://doi.org/10.1016/j.ymeth.2019.05.014
https://doi.org/10.1016/j.ymeth.2019.05.014
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0005
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0005
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0010
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0010
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0015
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0015
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0020
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0020
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0025
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0025
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0030
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0030
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0035
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0035
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0035
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0040
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0040
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0045
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0045
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0050
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0050
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0055
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0055
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0055


[12] D.R. Simeonov, A. Marson, CRISPR-based tools in immunity, Annu. Rev. Immunol.
37 (2019) 571–597.

[13] W.Y. Wu, J.H.G. Lebbink, R. Kanaar, N. Geijsen, J. van der Oost, Genome editing by
natural and engineered CRISPR-associated nucleases, Nat. Chem. Biol. 14 (2018)
642–651.

[14] A.P. Hynes, G.M. Rousseau, D. Agudelo, A. Goulet, B. Amigues, J. Loehr, et al.,
Widespread anti-CRISPR proteins in virulent bacteriophages inhibit a range of Cas9
proteins, Nat. Commun. 9 (2018) 2919.

[15] B.J. Rauch, M.R. Silvis, J.F. Hultquist, C.S. Waters, M.J. McGregor, N.J. Krogan,
et al., Inhibition of CRISPR-Cas9 with bacteriophage proteins, Cell 168 (150–158)
(2017) e10.

[16] K.E. Watters, C. Fellmann, H.B. Bai, S.M. Ren, J.A. Doudna, Systematic discovery of
natural CRISPR-Cas12a inhibitors, Science 362 (2018) 236–239.

[17] F. He, Y. Bhoobalan-Chitty, L.B. Van, A.L. Kjeldsen, M. Dedola, K.S. Makarova,
et al., Anti-CRISPR proteins encoded by archaeal lytic viruses inhibit subtype I-D
immunity, Nat. Microbiol. 3 (2018) 461–469.

[18] K.L. Maxwell, The anti-CRISPR story: a battle for survival, Mol. Cell 68 (2017) 8–14.
[19] J. Bondy-Denomy, B. Garcia, S. Strum, M. Du, M.F. Rollins, Y. Hidalgo-Reyes, et al.,

Multiple mechanisms for CRISPR–Cas inhibition by anti-CRISPR proteins, Nature
526 (2015) 136–139.

[20] S. Chowdhury, J. Carter, M.F. Rollins, S.M. Golden, R.N. Jackson, C. Hoffmann,
et al., Structure reveals mechanisms of viral suppressors that intercept a CRISPR
RNA-guided surveillance complex, Cell 169 (47–57) (2017) e11.

[21] M. Landsberger, S. Gandon, S. Meaden, C. Rollie, A. Chevallereau, H. Chabas, et al.,
Anti-CRISPR phages cooperate to overcome CRISPR-Cas immunity, Cell 174
(908–916) (2018) e12.

[22] K.L. Maxwell, Phages fight back: inactivation of the CRISPR-Cas bacterial immune
system by anti-CRISPR proteins, PLoS Pathog. 12 (2016) e1005282.

[23] F. Bubeck, M.D. Hoffmann, Z. Harteveld, S. Aschenbrenner, A. Bietz,
M.C. Waldhauer, et al., Engineered anti-CRISPR proteins for optogenetic control of
CRISPR-Cas9, Nat. Methods 15 (2018) 924–927.

[24] M. Nakamura, P. Srinivasan, M. Chavez, M.A. Carter, A.A. Dominguez, M. La Russa,
et al., Anti-CRISPR-mediated control of gene editing and synthetic circuits in eu-
karyotic cells, Nat. Commun. 10 (2019) 194.

[25] J. Bondy-Denomy, A. Pawluk, K.L. Maxwell, A.R. Davidson, Bacteriophage genes
that inactivate the CRISPR/Cas bacterial immune system, Nature 493 (2013)
429–432.

[26] A. Pawluk, J. Bondy-Denomy, V.H.W. Cheung, K.L. Maxwell, A.R. Davidson,
R. Hendrix, A new group of phage anti-CRISPR genes inhibits the type I-E CRISPR-
Cas system of Pseudomonas aeruginosa, mBio 5 (2) (2014), https://doi.org/10.1128/
mBio.00896-14.

[27] N.D. Marino, J.Y. Zhang, A.L. Borges, A.A. Sousa, L.M. Leon, B.J. Rauch, et al.,
Discovery of widespread type I and type V CRISPR-Cas inhibitors, Science 362
(2018) 240–242.

[28] A. Pawluk, R.H.J. Staals, C. Taylor, B.N.J. Watson, S. Saha, P.C. Fineran, et al.,
Inactivation of CRISPR-Cas systems by anti-CRISPR proteins in diverse bacterial
species, Nat. Microbiol. 1 (2016) 16085.

[29] C. Dong, G.-F. Hao, H.-L. Hua, S. Liu, A.A. Labena, G. Chai, et al., Anti-CRISPRdb: a
comprehensive online resource for anti-CRISPR proteins, Nucleic Acids Res. 46
(2018) D393–D398.

[30] G.J. Knott, B.W. Thornton, M.J. Lobba, J.-J. Liu, B. Al-Shayeb, K.E. Watters, et al.,
Broad-spectrum enzymatic inhibition of CRISPR-Cas12a, Nat. Struct. Mol. Biol. 26
(2019) 315–321.

[31] D. Dong, M. Guo, S. Wang, Y. Zhu, S. Wang, Z. Xiong, et al., Structural basis of
CRISPR–SpyCas9 inhibition by an anti-CRISPR protein, Nature 546 (2017)
436–439.

[32] L. Dong, X. Guan, N. Li, F. Zhang, Y. Zhu, K. Ren, et al., An anti-CRISPR protein
disables type V Cas12a by acetylation, Nat. Struct. Mol. Biol. 26 (2019) 308–314.

[33] A. Pawluk, N. Amrani, Y. Zhang, B. Garcia, Y. Hidalgo-Reyes, J. Lee, et al., Naturally
occurring off-switches for CRISPR-Cas9, Cell 167 (1829–1838) (2016) e9.

[34] J. Lee, A. Mir, A. Edraki, B. Garcia, N. Amrani, H.E. Lou, et al., Potent Cas9 in-
hibition in bacterial and human cells by AcrIIC4 and AcrIIC5 anti-CRISPR proteins,
MBio 9 (2018) e02321–18.

[35] Y. Zhu, F. Zhang, Z. Huang, Structural insights into the inactivation of CRISPR-Cas
systems by diverse anti-CRISPR proteins, BMC Biol. 16 (2018) 32.

[36] R. Marshall, C.S. Maxwell, S.P. Collins, T. Jacobsen, M.L. Luo, M.B. Begemann,
et al., Rapid and scalable characterization of CRISPR technologies using an E. coli
cell-free transcription-translation system, Mol. Cell 69 (146–157) (2018) e3.

[37] J. Shin, V. Noireaux, Efficient cell-free expression with the endogenous E. coli RNA
polymerase and sigma factor 70, J. Biol. Eng. 4 (2010) 8.

[38] J. Shin, V. Noireaux, E. An, coli cell-free expression toolbox: application to synthetic
gene circuits and artificial cells, ACS Synth. Biol. 1 (2012) 29–41.

[39] R. Marshall, C.S. Maxwell, S.P. Collins, C.L. Beisel, Noireaux V. Short DNA con-
taining χ sites enhances DNA stability and gene expression in E. coli cell-free
transcription-translation systems, Biotechnol. Bioeng. 114 (2017) 2137–2141.

[40] J. Garamella, R. Marshall, M. Rustad, V. Noireaux, The all E coli TX-TL toolbox 2.0: a
platform for cell-free synthetic biology, ACS Synth. Biol. 5 (2016) 344–355.

[41] M. Jinek, K. Chylinski, I. Fonfara, M. Hauer, J.A. Doudna, E. Charpentier, A pro-
grammable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity,
Science 337 (2012) 816–821.

[42] K. Sitaraman, A novel cell-free protein synthesis system, J. Biotechnol. 110 (2004)
257–263.

[43] Liao C, Ttofali F, Slotkowski RA, Denny SR, Cecil TD, Leenay RT, et al. One-step
assembly of large CRISPR arrays enables multi-functional targeting and reveals
constraints on array design. doi: 10.1101/312421.

[44] A.A. Gomaa, H.E. Klumpe, M.L. Luo, K. Selle, R. Barrangou, C.L. Beisel,
Programmable removal of bacterial strains by use of genome-targeting CRISPR-Cas
systems, MBio 5 (2014) e00928–13.

[45] R.B. Vercoe, J.T. Chang, R.L. Dy, C. Taylor, T. Gristwood, J.S. Clulow, et al.,
Cytotoxic chromosomal targeting by CRISPR/Cas systems can reshape bacterial
genomes and expel or remodel pathogenicity islands, PLoS Genet. 9 (2013)
e1003454.

[46] B.F. Cress, Ö. Duhan Toparlak, S. Guleria, M. Lebovich, J.T. Stieglitz,
J.A. Englaender, CRISPathBrick, et al., Modular combinatorial assembly of type II-A
CRISPR arrays for dCas9-mediated multiplex transcriptional repression in E. coli,
ACS Synth. Biol. 4 (2015) 987–1000.

[47] O.O. Abudayyeh, J.S. Gootenberg, P. Essletzbichler, S. Han, J. Joung, J.J. Belanto,
et al., RNA targeting with CRISPR-Cas13, Nature 550 (2017) 280–284.

[48] X. Zhang, J. Wang, Q. Cheng, X. Zheng, G. Zhao, J. Wang, Multiplex gene regulation
by CRISPR-ddCpf1, Cell Discov. 3 (2017) 17018.

[49] B. Zetsche, M. Heidenreich, P. Mohanraju, I. Fedorova, J. Kneppers,
E.M. DeGennaro, et al., Multiplex gene editing by CRISPR-Cpf1 using a single
crRNA array, Nat. Biotechnol. 35 (2017) 31–34.

[50] Y.E. Tak, B.P. Kleinstiver, J.K. Nuñez, J.Y. Hsu, J.E. Horng, J. Gong, et al., Inducible
and multiplex gene regulation using CRISPR-Cpf1-based transcription factors, Nat.
Methods 14 (2017) 1163–1166.

[51] A.E. Borujeni, A.S. Channarasappa, H.M. Salis, Translation rate is controlled by
coupled trade-offs between site accessibility, selective RNA unfolding and sliding at
upstream standby sites, Nucleic Acids Res. 42 (2014) 2646–2659.

[52] H.M. Salis, E.A. Mirsky, C.A. Voigt, Automated design of synthetic ribosome binding
sites to control protein expression, Nat. Biotechnol. 27 (2009) 946–950.

[53] Z.Z. Sun, C.A. Hayes, J. Shin, F. Caschera, R.M. Murray, V. Noireaux, Protocols for
implementing an Escherichia coli based TX-TL cell-free expression system for syn-
thetic biology, J. Vis. Exp. (2013) e50762.

[54] C. Liao, R.A. Slotkowski, T. Achmedov, C.L. Beisel, The Francisella novicida Cas12a
is sensitive to the structure downstream of the terminal repeat in CRISPR arrays,
RNA Biol. 16 (2019) 404–412.

[55] I. Kim, M. Jeong, D. Ka, M. Han, N.-K. Kim, E. Bae, et al., Solution structure and
dynamics of anti-CRISPR AcrIIA4, the Cas9 inhibitor, Sci. Rep. 8 (2018) 3883.

[56] G. Dugar, R.T. Leenay, S.K. Eisenbart, T. Bischler, B.U. Aul, C.L. Beisel, et al.,
CRISPR RNA-dependent binding and cleavage of endogenous RNAs by the
Campylobacter jejuni Cas9, Mol. Cell 69 (893–905) (2018) e7.

[57] T.W. Guo, A. Bartesaghi, H. Yang, V. Falconieri, P. Rao, A. Merk, et al., Cryo-EM
structures reveal mechanism and inhibition of DNA targeting by a CRISPR-Cas
surveillance complex, Cell 171 (414–426) (2017) e12.

K.G. Wandera, et al. Methods 172 (2020) 42–50

50

http://refhub.elsevier.com/S1046-2023(19)30001-5/h0060
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0060
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0065
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0065
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0065
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0070
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0070
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0070
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0075
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0075
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0075
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0080
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0080
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0085
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0085
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0085
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0090
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0095
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0095
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0095
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0100
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0100
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0100
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0105
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0105
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0105
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0110
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0110
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0115
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0115
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0115
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0120
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0120
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0120
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0125
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0125
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0125
https://doi.org/10.1128/mBio.00896-14
https://doi.org/10.1128/mBio.00896-14
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0135
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0135
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0135
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0140
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0140
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0140
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0145
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0145
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0145
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0150
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0150
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0150
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0155
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0155
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0155
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0160
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0160
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0165
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0165
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0170
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0170
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0170
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0175
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0175
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0180
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0180
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0180
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0185
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0185
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0190
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0190
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0195
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0195
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0195
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0200
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0200
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0205
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0205
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0205
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0210
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0210
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0220
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0220
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0220
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0225
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0225
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0225
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0225
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0230
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0230
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0230
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0230
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0235
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0235
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0240
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0240
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0245
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0245
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0245
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0250
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0250
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0250
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0255
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0255
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0255
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0260
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0260
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0265
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0265
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0265
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0270
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0270
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0270
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0275
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0275
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0280
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0280
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0280
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0285
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0285
http://refhub.elsevier.com/S1046-2023(19)30001-5/h0285


1 

SUPPLEMENTARY INFORMATION 

 

An enhanced assay to characterize anti-CRISPR 

proteins using a cell-free transcription-translation system 
 
 

Katharina G. Wandera, Scott P. Collins, Franziska Wimmer, Ryan Marshall, Vincent 

Noireaux, Chase L. Beisel 

 
 
 
TABLE OF CONTENTS 
 

Supplementary Tables ……...……...……...……...……...……… 2 
 

Supplementary Methods ……...……...……...……...……...……… 3 
 
Supplementary References ……...……...……...……...……...……… 5 

 
  



2 

SUPPLEMENTARY TABLES 
 

Table S1. Plasmids and oligos used in this paper. 

Lab Number Description Type Source Link 

pCB663 sgRNA-non-targeting 
SpCas9  plasmid [1] https://benchling.com/s/seq-

OqAfM7vHlaOfDyuU0hkl  

pCB672 sgRNA-pos9 SpCas9  plasmid [1] https://benchling.com/s/seq-
ApSabJv5XAKmGY9GHAjK  

pCB843 SpCas9 no tracr Cm p15a plasmid [1] https://benchling.com/s/seq-
clUsq1SVDNr3EbHlmpi0  

CBS-011 P70a-T7RNAP plasmid Noireaux Lab https://benchling.com/s/seq-
euiov04Zj34mdP6RctWu  

CBS-107 CjCas9 targeted plasmid, 
p70a-deGFP-NT plasmid This study https://benchling.com/s/seq-

YRvmrbZpy3VrHWmAKGBi  

CBS-117 COCjCas9 plasmid plasmid This study https://benchling.com/s/seq-
ThKBJYznZVaiWUayNG0m  

CBS-311 CjCas9 targeting sgRNA 
plasmid plasmid This study https://benchling.com/s/seq-

PVDukn2gHMVMi1WhJr34  

CBS-312 CjCas9 non-targeting 
sgRNA plasmid plasmid This study https://benchling.com/s/seq-

I8FoaBTskhGmLqKyu1hu  

CBS-338 P70a-deGFP plasmid Noireaux Lab https://benchling.com/s/seq-
QOLPWKrpy5ZAaBhQBpp6  

- J23119-AcrIIA4 oligo - https://benchling.com/s/seq-
PsAeT851gLCZ2UJbdZ3l  

- J23119-AcrIIA3 oligo - https://benchling.com/s/seq-
T1sSujUdHPd1frWYeQnD  

- J23119-AcrIIA3-2 oligo - https://benchling.com/s/seq-
Coau54DANm2kOk3GIRK7  

- J23119-AcrIIA3-4 oligo - https://benchling.com/s/seq-
UqAACHh4C8BB865dulWi  

- J23119-AcrIIA4-1 oligo - https://benchling.com/s/seq-
qwq8PhYMq8Y12N3AwOf8  

- Forward primer to amplify 
Acr gBlocks oligo - https://benchling.com/s/seq-

f8O85aAm5zyzZySVtPxi  

- Reverse primer to amplify 
Acr gBlocks oligo - https://benchling.com/s/seq-

DlsyUfOCSBgzjBc0Ls5C  

- T500 terminator - - https://benchling.com/s/seq-
KxF5C2No3aAMnSj6cNWv  
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SUPPLEMENTARY METHODS  
 
Echo 525 Cleavage Assay 

All shown data was produced using the Echo525 Liquid Handling system. The cleavage 

assays were therefore scaled down to 3-µl reactions per replicate, with 4 replicates each. The 

pre-expression reactions were performed manually, as depicted in the manuscript.  

- Protocol 

1. Perform pre-expressions as described in the manuscript. 

2. To program the Echo, use either PlateReformat or CherryPick. 

3. It should be programmed to produce four replicates of each reaction. 

4. Use a 96-well V bottom plate as destination plate. 

5. Prepare cleavage assay, scaled down to 3-µl total volume. To estimate the 

volume of MyTXTL needed for this experiment, consider the dead volume of 

the respective source plate and the number of reactions. 

6. Load the reagents into the source plate. 

7. Let the Echo run the prepared protocol. 

8. Seal the destination plate with a cover mat to prevent evaporation of the 

reactions. 

9. Place the plate in a plate reader to measure GFP fluorescence (Ex 485 nm, 

Em 528 nm). The plate reader should be pre-warmed to 29°C (see Note 1 in 

main text). 

10. Incubate the reactions for 16 h at 29°C (see Note 1 in main text) and measure 

GFP fluorescence every three min. 

- Data Processing 

1. Export the data in an excel spreadsheet after the plate reader run is finished. It 

should include time points, temperature and fluorescence intensity values for 

each well and each time point. 
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2. Subtract the background fluorescence. Background fluorescence was 

measured for each plate reader separately using a TXTL reaction containing a 

plasmid that doesn’t encode deGFP. Fluorescence values were measured for 

16 h at 29°C, identical to the measurement settings of the cleavage assay. 

3. Perform Grubb’s test with the values after 16 h to identify outliers between 

replicates (alpha = 0.1). If no outliers were identified, standardize which three 

of the four replicates you choose, e.g. the first three replicates. 

4. If needed, calculate the deGFP concentration for each timepoint by using a 

deGFP standard curve (see Note 3 in main text). 

5. Calculate the average of the replicates and visualize the data on a graph by 

plotting the fluorescence over time. 

6. Calculate standard deviations for the replicates and use them to show error 

bars for each time point in the graph. 

7. Calculate the fold-reduction for the reporter construct using the ratio of deGFP 

concentrations after 16 h of the reaction containing non-targeting sgRNA over 

the reaction containing targeting sgRNA. 
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