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The RNA-guided nucleases derived from the CRISPR-Cas systems in bacteria and archaea have found
numerous applications in biotechnology, including genome editing, imaging, and gene regulation.
However, the discovery of novel Cas nucleases has outpaced their characterization and subsequent
exploitation. A key step in characterizing Cas nucleases is determining which protospacer-adjacent motif
(PAM) sequences they recognize. Here, we report advances to an in vitro method based on an E. coli cell-
free transcription-translation system (TXTL) to rapidly elucidate PAMs recognized by Cas nucleases. The
method obviates the need for cloning Cas nucleases or gRNAs, does not require the purification of protein
or RNA, and can be performed in less than a day. To advance our previously published method, we incor-
porated an internal GFP cleavage control to assess the extent of library cleavage as well as Sanger
sequencing of the cleaved library to assess PAM depletion prior to next-generation sequencing. We also
detail the methods needed to construct all relevant DNA constructs, and how to troubleshoot the assay.
We finally demonstrate the technique by determining PAM sequences recognized by the Neisseria menin-
gitidis Cas9, revealing subtle sequence requirements of this highly specific PAM. The overall method offers
a rapid means to identify PAMs recognized by diverse CRISPR nucleases, with the potential to greatly
accelerate our ability to characterize and harness novel CRISPR nucleases across their many uses.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)-CRISPR-associated (Cas) systems have become wide-
spread biomolecular tools. In nature, these systems act as an adap-
tive immune system that protects prokaryotes frommobile genetic
elements such as plasmids and bacteriophage [1–5]. In addition to
their fascinating role in microbial ecology and evolution, these
systems have proved to be remarkably useful, and have been
repurposed for numerous applications such as gene regulation,
imaging, and, notably, genome editing [6–9].

CRISPR-Cas systems are unique in that targeting them to cleave
or bind to a new DNA sequence requires only the expression of a
new non-coding guide RNA (gRNA). Upon expression, a Cas nucle-
ase and its gRNA form a ribonucleoprotein complex (RNP). This
RNP targets and cleaves near DNA sequences (called protospacers)
that are complementary to the specificity-determining region
(called the spacer) of the gRNA and are flanked by a protospacer-
adjacent motif (PAM) (Fig. 1A) [10]. Because the specificity of tar-
geting derives from the spacer sequence of the gRNA base-pairing
with the sequence of interest, re-engineering the target site simply
involves the modification of the gRNA. In contrast, protein engi-
neering was required to change the targeting specificity of other
prior genome-editing technologies [11–13].

The vast majority of CRISPR-based technologies have utilized
DNA-targeting Type II Cas9 nucleases [14,15] or Type V-A Cas12a
(Cpf1) nucleases [16]. However, these two systems are a small sub-
set of the stunningly diverse array of CRISPR-Cas systems found in
nature. CRISPR-Cas systems are currently divided into two classes,
six types, and over 30 subtypes [17], and are estimated to be present
in approximately 50% and 90% of bacteria and archaea, respectively
[18]. The characterization of some of these systems has revealed
nucleases containing the ability to degrade (rather than simply
cleave) DNA, recognize diverse PAM sequences, recognize fewer
off-target sequences, and efficiently process their own gRNA arrays
for multiplexing in eukaryotic systems [19–23]. Furthermore, the
recent discovery of the Type VI Cas nuclease, Cas13a, was found to
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Fig. 1. An overview of TXTL and its application for PAM determination. (A) Targeting by Cas nucleases. Targeting relies on a ribonucleoprotein complex composed of the Cas
nuclease(s) and a guide RNA (gRNA) targeting DNA flanked by a PAM. Sequences lacking a PAM are ignored by the complex, even if the protospacer is perfectly
complementary to the spacer portion of the gRNA. (B) Image showing the basic concept of TXTL. DNA encoding genes or non-coding RNA can be expressed in a single TXTL
reaction. (C) The flow of a PAM characterization assay using TXTL. A plasmid library containing the randomized PAM sequence as well as DNA encoding a Cas nuclease and its
gRNA can be added to a TXTL mix. After expression of the Cas nuclease and its gRNA, a ribonucleoprotein complex will be formed. Then the PAM libraries containing PAMs
will be cleaved, while those containing a non-PAM PCR amplified with appropriate adapters and indices for analysis through a NGS platform. The PAM of the Cas nuclease will
then be deciphered through a depletion analysis.
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target RNA instead of DNA and has opened new technological
opportunities based on RNA targets [19,24]. However, despite these
advances, most CRISPR-Cas systems remain to be characterized
and/or adapted for use in biotechnology.

Determining the PAM requirements of a CRISPR-Cas system is a
critical step in its characterization. All characterized CRISPR-Cas
systems, except for Type III, have required a PAM or PAM-related
sequence for efficient cleavage of target DNA [14,25–27]. Con-
versely, identifying sequences flanked by PAMs is critical for pre-
dicting and minimizing off-target effects [28]. The PAM sequence
required by a particular system varies widely in sequence length,
content, and position relative to the protospacer. This variation
occurs not only across higher-level (Class, Type) divisions of
CRISPR-Cas systems, but also within subtypes among the species
from which the Cas nuclease was isolated [23]. Furthermore, some
Cas nucleases are able to utilize multiple PAM sequences with
complicated relationships between the nucleotides required at
different positions in the PAM [29]. Therefore, methods to charac-
terize the PAM requirements of particular Cas nucleases play a vital
role in studying their properties.

1.1. Previous methods to characterize PAMs of CRISPR-Cas systems

Previous methods have been developed to identify PAMs of
various Cas nucleases. These methods include the original in silico
method used to demonstrate the existence of PAMs [26], as well
as the development of more recent high-throughput in vivo
[16,30–34] and in vitro [16,35–38] assays. Here, we briefly describe
each method. In-depth descriptions of each method have been
provided elsewhere [10,39].

1.1.1. In silico PAM determination
PAMs were originally identified using bioinformatics [26]. Once

it was realized that CRISPR spacers were derived from mobile
genetic elements, alignments of the spacers to plasmids and phage
genomes revealed the existence of a motif that flanked the
Please cite this article in press as: C.S. Maxwell et al., Methods (2018), https:/
protospacers. This method continues to be used to identify PAMs.
By aligning incorporated spacer sequences from a prokaryotic gen-
ome containing a CRISPR array to bacteriophage or plasmid
sequences, PAMs of various CRISPR-Cas systems can be deciphered.
However, this method is limited by the availability of identifying
matching sequences; many spacers appear to recognize ‘dark mat-
ter’ [40–47]. Furthermore, the relatively small number of spacers
(tens to hundreds) that can be examined this way may not be suf-
ficient to identify weakly recognized PAMs. Finally, this method
conflates the PAM requirements for acquiring a spacer and using
a spacer for interference despite differences in these sequences
[48]. These limitations have been overcome by assaying the ability
of libraries of randomized sequences to act as PAMs.

1.1.2. In vivo PAM determination
The first in vivo PAM assay took advantage of the ability of

CRISPR-Cas systems to cure bacteria of plasmids [16,30–33]. To
assay for functional PAMs, E. coli cells were co-transformed with
(1) a plasmid containing a randomized PAM library flanked by a
unique protospacer and plasmids encoding (2) a Cas nuclease
and (3) a gRNA targeting the protospacer. Cells were then selected
for all three plasmids by recovering them on media containing
appropriate antibiotics. Plasmids containing a PAM are cleaved
and the cells that contain them could not grow, while cells contain-
ing plasmids with non-PAMs were able to propagate. By comparing
the frequency of a sequence in the library before and after selec-
tion, individual PAM sequences could be identified. While this
assay has been used to successfully determine the PAMs of various
Cas nucleases, it is limited by the requirement of high library
coverage and the potential for cells containing mutated Cas or
gRNA plasmids but functional PAMs to be amplified during cell
outgrowth.

Soon after, another in vivo assay, named ‘‘PAM screen achieved
by NOT-gate repression” (PAM-SCANR), was developed [34]. This
assay was the first to involve the binding of catalytically inactive
Cas nucleases to a target sequence containing a PAM. To assess
/doi.org/10.1016/j.ymeth.2018.02.016
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the binding event, a genetic circuit involving the LacI repressor and
GFP reporter was engineered to ensure a positive, fluorescent read-
out of PAMs. The cells expressing GFP were sorted through
fluorescence-activated cell sorting (FACS), and with subsequent
plasmid preparations, library prep, and a next-generation sequenc-
ing (NGS) run, functional PAMs were identified. While this assay
reduced the limitations from the previous in vivo assay, PAM-
SCANR is limited by the requirement of cloning in the Cas nuclease
and its gRNA of interest into the PAM-SCANR plasmid system,
identifying and mutating the catalytic domains of the Cas nuclease
of interest, as well as in vivo limitations to library coverage.
1.1.3. In vitro PAM determination
Previously developed in vitro assays are based on cleaving PAM

library plasmids within in vitro conditions followed by either a pos-
itive [35,36,38] or negative [16,37] screen for cleavage. Negative
screens involve incubating a PAM library with purified Cas nucle-
ases and in vitro transcribed gRNAs. After an appropriate reaction
time, plasmids containing PAMs were cleaved, while plasmids with
non-PAMs remained intact. This depletion of PAMs was measured
by preparing a high-throughput sequencing library using PCR,
which does not amplify cleaved sequences. Positive screens pro-
ceed similarly, except that adapters are ligated to the free ends
of cleaved sequences for NGS. While these assays give the user
more control of reaction conditions and place fewer restriction
on library size, they require the cloning and protein purification
of each Cas nuclease in the system and in vitro transcription of
gRNAs, limiting their throughput.
1.2. TXTL-based PAM determination

While the previously developed systematic (as opposed to
bioinformatic) PAM assays each have their own limitations, a com-
mon disadvantage is the time required to perform them. Be they
transformations, cultures, or protein purification, all of the previ-
ously developed assays involve time-intensive protocols, requiring
weeks to months to complete.

To contribute to the characterization of CRISPR-Cas systems, we
developed a PAM assay based on an E. coli cell-free transcription-
translation system (TXTL) [49,50]. TXTL systems are generally cap-
able of in vitro expression of RNA and proteins in a single reaction
(Fig. 1B). Our TXTL platform has the added advantage of containing
the native transcriptional and translational machinery (i.e. E. coli
core RNA polymerase, r70, and ribosomes) as well as all proteins
(e.g. RNase III) found in E. coli, which allows for flexible use of var-
ious expression constructs and proper prokaryotic RNA processing.
DNA that encodes for non-coding RNA and proteins can be added
to TXTL and expressed within a few hours [51]. Compared to the
previous PAM assays, this system has two key benefits: (1) expres-
sion of the necessary protein and RNA components for the PAM
assay and cleavage by the RNP complex occur in the TXTL reaction,
which removes the need for protein purification; and (2) linear
DNA can be used to express the necessary components, which lar-
gely eliminates the need for cloning.

To perform the PAM characterization assay with TXTL, plasmid
or linear DNA expressing the necessary Cas nucleases and gRNAs
are added to the TXTL mix. RNA expression and protein translation
by the TXTL mix result in the formation of the RNP complex
(Fig. 1C). If linear DNA is used, a RecBCD inhibitor must be added
to protect the DNA from degradation [52]. The gRNA is designed
to target a library of plasmids containing a conserved sequence
flanked by a randomized set of potential PAM sequences. Depletion
of PAM sequences from the library is measured by adding the
adapters and indices necessary for high-throughput sequencing
Please cite this article in press as: C.S. Maxwell et al., Methods (2018), https:/
using PCR to both the cleaved library and to a control library
expressing a non-targeting gRNA.

Here, we used this TXTL-based assay to rapidly characterize the
PAM of a Cas9 originating from the bacteriumNeisseria meningitides
(NmeCas9). Our assay is improved relative to the assay described in
Marshall and Maxwell et al. (2018) by the following: (1) using ten
variable nucleotides flanking the protospacer in the randomized
PAM library, (2) describing how to generate an internal control
for Cas protein activity using a fluorescent reporter plasmid, and
(3) describing how to use Sanger sequencing to verify Cas protein
activity. The PAM of NmeCas9 was previously characterized
[31,53,54]. We chose to demonstrate our assay using this system
since it has an exceptionally long PAM (consensus NNNNGATT),
which represents a ‘worst-case scenario’ for characterizing a new
Cas nuclease. Because the PAM of NmeCas9 is known, we also
showed additional control experiments that can be used tomeasure
the kinetics of cleavage by the nuclease in TXTL, which is possible
only when a PAM for the nuclease is known.

2. Methods

Here, we describe the detailed methods to perform a PAM
determination assay for any Cas nuclease of interest. All DNA used
in this procedure should be suspended in molecular biology-grade,
nuclease-free H2O (e.g. ThermoFisher, 10977-015) and not an elu-
tion buffer provided in DNA preparation kits unless specified. All
plasmid DNA should be prepared using a midiprep (not a mini-
prep) kit, eluting in nuclease-free H2O by following the protocol
associated with the midiprep kit. We have found that preparing
plasmid DNA using midiprep leads to more consistent experimen-
tal results. All oligos, plasmid DNA, and gene fragment sequences
are reported in the Appendix section.

2.1. Creating DNA required for PAM assay

Materials

� Plasmid CSM160
� Gene fragment CSM-GB089
� Oligos CSMpr1308-1311
� Oligos Chi6.FWD/REV
� NEBuilder HiFi DNA Assembly Cloning Kit (NEB, E5520S)
� Midiprep kit (e.g. Zymo Research DNA Clean & Concentrate-5,
D4013)

� Q5 Hot Start High-Fidelity DNA Polymerase (NEB, M0493S)
� DpnI (20,000 units/ml; NEB, R0176)
� LB media (e.g. ThermoFisher, 10855-001)
� LB + chloramphenicol agar plates (e.g. bioWORLD, 30627011-1)
� LB supplemented with 25 mg/ml chloramphenicol
� Chloramphenicol (e.g. MilliporeSigma, R4408)
� DNA purification kit (e.g. Genesee Scientific, 11-302)
� NEB 5-alpha electrocompetent cells (NEB, C2989K)
� DNA ladder (e.g. NEB, N3200S)

Optional materials

� Oligos T7.FWD/REV (optional for expressing Cas nucleases using
linear DNA)

� Oligos to add the PAM-library protospacer flanked by a known
PAM in the reporter plasmid

� Q5 Site-Directed Mutagenesis Kit (NEB, E0554S) to add the
PAM-library protospacer flanked by a known PAM in the repor-
ter plasmid

� Plasmid P70a-deGFP (Addgene, #40019) to create a reporter
plasmid for rate-of-cleavage control reactions
/doi.org/10.1016/j.ymeth.2018.02.016
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Table 1
Thermocycler program used to anneal oligos to create Chi6
DNA.

Temperature (�C) Time (s)

95 300
Reduce temperature by 1 �C 15
REPEAT 79x
4–10 1
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Protocol

2.1.1. Annealing Chi6 DNA
To successfully express linear DNA in TXTL, inhibitors of the

RecBCD complex such as GamS or DNA containing Chi sites must
be added [52]. The latter is particularly useful because it is inex-
pensive and easily obtained. For the experiments described below,
we added Chi6 DNA (DNA containing six v sites) whenever linear
DNA was added to the reaction. To make a 50 mM stock of Chi6
DNA, 50 ml of 100 mM Chi6.FWD and Chi6.REV oligos suspended
in nuclease-free H2O were mixed in a PCR tube and annealed in a
thermocycler using the program in Table 1.

2.1.2. Creating DNA to express Cas nucleases
To prepare DNA for expressing your Cas nuclease of interest,

three options are available.
First, the Cas nuclease can be expressed from a bacterial expres-

sion vector with a constitutive or inducible promoter (pBAD18,
pET, etc.). Use standard cloning techniques to generate these con-
structs. Prepare the plasmid DNA using a midiprep kit. Measure the
concentration of the plasmid using standard techniques. If the con-
centration of the DNA is less than 20 nM, the plasmid can be con-
centrated using a DNA purification kit.

Second, the Cas nuclease can be expressed from linear DNA
encoding the Cas nuclease under the control of a T7 promoter
through gene synthesis or through PCR amplification of the gene
with an extended 50 primer. A T7 promoter is used because: (1)
it is short enough to allow for straightforward PCR amplification,
and (2) the T7 polymerase can transcribe mRNA efficiently from
linear DNA. Cas nucleases could likely be expressed from linear
DNA using a constitutive r70 promoter, but we have not investi-
gated this possibility.

Expressing Cas nucleases from linear DNA is useful for at least
two reasons. (1) We have found that some Cas nucleases are
almost impossible to clone into vectors containing a prokaryotic
promoter suitable for expression in TXTL due to cell toxicity. How-
ever, we have been able to readily clone these proteins into vectors
that lack promoters. (2) This method can also be used to prepare
DNA for expressing the Cas nuclease in TXTL directly from genomic
DNA containing the cas gene-of-interest.

To generate linear DNA with the Cas nuclease being expressed
from a T7 promoter from either genomic DNA encoding the cas
gene or from a plasmid with the cas gene lacking a promoter,
design primers as shown in the Appendix (see TJpr371/372). These
primers add the T7 promoter, Shine-Dalgarno sequence, and a T7
terminator to the 50 and 30 ends of the cas gene. These primers will
need to be adapted by altering their binding sequence for each Cas
nuclease of interest. Use these primers to perform PCR using Taq or
the Q5 polymerase. Verify that the PCR yields a single bright band
at the expected molecular weight using gel electrophoresis using a
small sample of the PCR. Purify the DNA from the remaining PCR
using a DNA purification kit and elute in nuclease-free H2O.

To synthesize linear DNA expressing the Cas nuclease, design
the gene fragment to include: (1) a binding site for CSMpr1105,
(2) the T7 promoter, (3) a strong ribosomal binding site, (4) the
sequence of the cas gene, (5) a transcription terminator (preferably
from T7), and (6) a binding site for CSMpr1106. Lyophilized gene
Please cite this article in press as: C.S. Maxwell et al., Methods (2018), https:/
fragments can be resuspended in nuclease-free H2O to 20–40 nM
and added directly to TXTL. If a large number of reactions are
needed, use CSMpr1105/1106 to PCR amplify the gene fragment
using either Taq or Q5 polymerase. See the sequence ‘‘Cas-GB” in
the appendix for a gene fragment expressing FnCas12a.

Note that if the Cas nuclease is expressed from a T7 promoter,
the plasmid P70a-T7RNAP must be added to the TXTL mixture to
a final concentration of 0.2 nM as described below for expression
from linear DNA. If expressed from an arabinose-inducible pro-
moter, arabinose must be added to the TXTL mix to 20 mM. If
the Cas nuclease is repressed by LacI (as is the case for pET vectors),
IPTG must be added to the TXTL mix to 0.5 mM.

2.1.3. Creating DNA to express gRNAs
Similar to the Cas nucleases, gRNAs can be expressed from

either plasmid or linear DNA. We generally express gRNAs from
linear DNA, so we only describe that method in detail here. Other-
wise, clone a spacer similar to the one in CSM-GB191 into a suit-
able gRNA expression vector of interest and prepare the plasmid
DNA using a midiprep kit as above.

To express the gRNA, order a gene fragment (IDT, Eurofins, etc.)
containing the following required elements: (1) a binding site for
CSMpr1105, (2) a constitutive promoter (e.g. sigma 70 promoter),
(2) a sequence expressing the appropriate ncRNA needed to target
the Cas nuclease to the appropriate sequence in the randomized
PAM library, (3) a transcription terminator, and (4) a binding site
for CSMpr1106. An annotated sequence (CSM-GB191 and CSM-
GB019) is provided in the appendix that was used to target Cas9
and FnCas12a, which use a 50 and 30 PAM, respectively. If it is
unknown whether the Cas protein of interest recognizes a 50 or 30

PAM, gRNA sequences targeting both a 30 and 50 PAM should be
designed.

Resuspend the gene fragment in nuclease-free H2O and normal-
ize to 20 nM. If a large number of reactions are needed, use
CSMpr1105/1106 to amplify the gene fragment using either Taq
or Q5 polymerase, then use a DNA purification kit to resuspend
the amplified DNA in nuclease-free H2O.

Along with the gRNA targeting the PAM library, another gRNA
construct should be ordered as a negative control that does not tar-
get any sequence in the PAM library or the reporter construct. An
annotated sequence (CSM-GB019) expressing a non-targeting Spy-
Cas9 sgRNA is provided in the appendix.

Note that, if required, a tracrRNA can also be expressed in TXTL
using a gene fragment with the same elements as those described
above.

2.1.4. Creating a reporter plasmid
If a PAM that is recognized by a Cas nuclease is known (e.g. if at

least one PAM can be identified bioinformatically), it is helpful to
create a reporter plasmid to monitor the rate of cleavage by the
Cas nuclease and to optimize expression conditions. Cleavage any-
where in a reporter plasmid in TXTL leads to quenching of the
reporter due to RecBCD-mediated degradation [52]. By inserting
the PAM library protospacer flanked by a known PAM upstream
of the promoter driving the expression of GFP, the efficiency and
rate of cleavage by the Cas nuclease can be determined (Fig. 2A).
Note that the reporter plasmid can still be used even if the Chi6
RecBCD inhibitor is added because the inhibitor is eventually
degraded by RecBCD in approximately 5 h [51,52]. Once the Chi6
DNA is degraded, RecBCD can begin degrading cleaved reporter
plasmids. Indeed, Fig. 2A was generated using a gRNA and Cas
nuclease expressed from linear DNA. Although it is likely that the
reporter gene activity lags behind the actual cleavage of DNA
(e.g. library cleavage), it still provides an estimate of cleavage time,
especially for Cas nucleases that cleave DNA slowly in TXTL. In the
method below, a reporter plasmid is added to each reaction in
/doi.org/10.1016/j.ymeth.2018.02.016
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Fig. 2. Data analysis for assessing cleavage by a Cas nuclease in TXTL. (A) A representative GFP cleavage analysis tracking fluorescence of GFP over time is shown. The red and
gray lines indicate TXTL reactions containing a Cas nuclease with a gRNA targeting the GFP reporter or a non-targeting gRNA, respectively. At earlier times, GFP fluorescence is
similar for both reactions. After a few hours, the reaction containing the GFP-targeting gRNA cleaves the reporter plasmid, and GFP production ceased, while in the reaction
containing the non-targeting gRNA GFP continues being produced for �16 h. (B) An example comparison between two trace files obtained from Sanger sequencing. The
images show chromatograms obtained by PCR amplifying directly from two TXTL reactions. Each reaction was conducted with the FnCas12a nuclease, a 5-nt randomized
PAM library, and either the non-targeting (top) or targeting (bottom) gRNA. Cleavage with the targeting gRNA shows noticeable depletion of nucleotides C and T in the �2 and
�3 positions relative to cleavage with the non-targeting gRNA. The inconsistent nt abundance in the non-targeting gRNA sample can be attributed to varying frequencies of
each sequence in the PAM library. (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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order to monitor the activity of the Cas nuclease as it cleaves the
randomized PAM library.

We have used the Q5 Site-Directed Mutagenesis Kit to insert a
protospacer and PAM recognized by the Cas nuclease of interest
into the plasmid P70a-deGFP to create reporter plasmids. An exam-
ple annotated plasmid sequence (pTJ247) that we created to mon-
itor cleavage of NmeCas9 is provided in the appendix. To create
similar plasmids, use the Q5 Site-Directed Mutagenesis Kit to
insert the PAM-library protospacer sequence of the appropriate
length (labeled ‘‘mut protospacer” in pTJ247) at position 247 in
the attached P70a-deGFP plasmid map flanked by a PAM that can
be recognized by the Cas nuclease. The primers used to create
pTJ247 from p70a-deGFP using the Q5 Site-Directed Mutagenesis
Kit are listed in the appendix (TJpr373/374).

2.1.5. Creating the randomized PAM library
To create a randomized PAM library, we used the NEBuilder HiFi

DNA Assembly Cloning Kit. We used restriction-enzyme free clon-
ing to prevent any nucleotide biases in the randomized region that
would result from cleavage by a restriction enzyme.

Note that this is the only step in our protocol that requires clon-
ing, and that it only needs to be performed once in order to assay a
large number of Cas nucleases. Purified 10 N library plasmids are
available from the authors on request, contingent on availability.

� Set up two separate PCRs using Q5 Hot Start High-Fidelity DNA
Polymerase (Example reaction conditions in Table 2).
Table 2
Compon
High-Fi
polyme

Com

Nucl
5x Q
10 m
10 mM
10 mM
Tem
Q5 H

D

Please
Reaction 1: Template is 1 ng of CSM160, primers
CSMpr1308/1309, Tanneal = 72 �C, text = 41 s, 1.64kB expected
product size.
ents and thermocycler program used for PCR amplification using Q5 Hot Start
delity DNA Polymerase. An in-depth protocol is packaged with the
rase.

ponent Volume (ml) Temperature (�C) Time (s)

ease-free H2O 32.5 98 30
5 reaction buffer 10 98 10
M dNTPs 1 Tanneal 30
FWD primer 2.5 72 text
REV primer 2.5 Repeat 25x

plate DNA 1 72 120
ot Start High-Fidelity
NA Polymerase

0.5 4–10 1
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Reaction 2: 10 ng of CSM-GB089, primers CSMpr1310/1311,
Tanneal = 72 �C, text = 12 s, 0.48kB expected product size.

� Confirm that each reaction has a product of the appropriate size
by running the PCR products on a 1% agarose gel with a DNA
ladder.

� Add 1 ml of DpnI to the PCR product from Reaction 1, gently mix,
and incubate at 37 �C for 1 h to digest the plasmid DNA.

� Use the protocol from the NEBuilder HiFi DNA Assembly Clon-
ing Kit to assemble the PCR products. For a negative control
reaction, omit the PCR product generated from Reaction 2 to
estimate the background.

� Purify the two assembled reactions using a DNA purification kit
and elute in as small of a volume of Tris-HCl pH 8 as possible.
Transform 1mL of the purified reaction into 50 mL of NEB 5-
alpha electrocompetent cells using the associated protocol.
Recover the cells according to the associated protocol.

� After recovery of the cells, make 1:10 serial dilutions of the two
reactions and plate on LB + Chloramphenicol agar to estimate
the number of transformants.

� Incubate the plates at 37 �C and back-dilute the remaining
recovered cells (1:50) in LB + Chloramphenicol media and grow
overnight at 37 �C.

� The total transformants from the assembly should be approxi-
mately 1–2 million and a �30,000:1 plasmid-to-background
ratio is expected.

� Make glycerol stocks of the library as desired.
� Midiprep the remaining overnight culture for subsequent use in
the PAM library cleavage assay described below.

2.2. PAM library cleavage in TXTL

This section describes how to use TXTL to determine the PAM
requirements of Cas nucleases. We assume that four Cas nucleases
will be assayed and that each Cas nuclease is expressed from a pET
vector. If other expression vectors are used, then the master mix
should be adjusted appropriately to ensure that the cas gene is
transcribed (e.g. by adding arabinose if it is expressed from a pBAD
vector). Note that if fewer than four Cas nucleases are being
assayed, the master mix assembled in Step 3 can be re-frozen
and thawed one time without loss of activity.

We assume that a reporter plasmid was constructed in Sec-
tion 2.1.4 in order to provide an internal fluorometric control for
/doi.org/10.1016/j.ymeth.2018.02.016
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Table 3
Recipe for TXTL master mix for PAM determination assay for Cas nucleases expressed
from pET vectors. The master mix does not include DNA encoding the Cas nuclease
and the gRNA. Note that if the PAM of the Cas nuclease of interest is unknown or if no
reporter plasmid was constructed during step 2.1.4, then the reporter plasmid does
not need to be added. Note depending on how the Cas nucleases are expressed, the
IPTG and/or the p70a-T7RNAP may be omitted. *Final concentration accounts for the
extra volume from the addition of the DNA constructs encoding the Cas nuclease and
the gRNA.

Component Volume (ml) Final
Conc.*

Stock Conc.

myTXTL extract 75
Randomized PAM library 1 0.5 nM 50 nM
Reporter plasmid from step 2.1.4 1 0.5 nM 50 nM
p70a-T7RNAP 0.5 0.2 nM 40 nM
IPTG 0.5 0.5 mM 100 mM
Chi6 DNA 2 1 mM 50 mM

Table 4
An example set of reactions to characterize the PAM requirements of four Cas
nucleases prepared using the master mix in Table 3. Each Cas nuclease is incubated
with the PAM library and either a targeting or a non-targeting gRNA.

Reaction condition DNA 1 DNA 2

1 Cas nuclease A Targeting gRNA A
2 Cas nuclease A Non-targeting gRNA
3 Cas nuclease B Targeting gRNA B
4 Cas nuclease B Non-targeting gRNA
5 Cas nuclease C Targeting gRNA C
6 Cas nuclease C Non-targeting gRNA
7 Cas nuclease D Targeting gRNA D
8 Cas nuclease D Non-targeting gRNA
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Cas nuclease cleavage, and we assume that each Cas nuclease being
assayed recognizes a protospacer of the same length and can rec-
ognize the PAM cloned into the reporter plasmid. This is true when
assaying closely related Cas homologs. However, if the Cas nucle-
ases being assayed do not recognize the same PAM, a different
reporter plasmid should be added to each reaction expressing that
Cas nuclease, and the TXTL recipe should be adjusted accordingly.

If a reporter plasmid is not used either because no PAM is
known that is recognized by the Cas nuclease, or for some other
reason, then the assay need not be carried out in a plate reader.
We also assume that the Cas nuclease is active at 30 �C, and that
3 nM of DNA expressing the Cas nuclease is sufficient for expres-
sion. See Section 2.1.4 for troubleshooting Cas nuclease cleavage
in TXTL.

Materials

� myTXTL In vitro TX-TL protein expression kit [55] (Arbor
Biosciences, 507096)

� 50 nM randomized PAM library
� 30 nM pET vector expressing the Cas nuclease of interest
� 20 nM DNA expressing a gRNA targeting the protospacer in the
PAM library

� 20 nM DNA expressing a non-targeting gRNA
� 50 mM Chi6 DNA
� 96 well V-bottom plates (e.g. MilliporeSigma, CLS3357)
� Cap mat (e.g. MilliporeSigma, CLS3080)
� 20 nM p70a-T7RNAP
� 50 nM reporter plasmid
� 50 mM IPTG (e.g. ThermoFisher, R1171)
� Fluorescent plate reader capable of measuring GFP (e.g. BioTek
H1)

Protocol

1. Thaw a tube of myTXTL on ice. Ensure that all the liquid in
the tube is at the bottom of the tube by briefly centrifuging
if necessary.

2. Add the contents of Table 3 into a thawed TXTL tube to
assemble the master mix. Mix by gently vortexing.

3. Aliquot 9.6 mL of the master mix to eight separate Eppendorf
tubes for each of the eight reactions described in Table 4.

4. Add 1.2 mL each of the gRNA and Cas nuclease DNA as shown
in Table 4 to each reaction. Mix each reaction by pipetting.
This brings each reaction to a final volume of 12 mL.

5. Carefully load two 5 mL sub-reactions per reaction in the bot-
tom of a 96 well V-bottom plate (A).

6. Seal the plate using a cap mat. Ensure that no well has a
loose seal, which would lead to evaporation of the reactions
or potentially damaging the plate reader.

7. Load the plate into a plate reader pre-warmed to 30 �C and
measure GFP fluorescence (Ex 485 nm, Em 528 nM) kineti-
cally every 10 min.

8. Incubate for up to 16 h in the plate reader. (B)
9. Remove and pool the 5 mL sub-reactions for each condition,

and store the samples at �20 �C until ready for NGS library
preparation.

(A) Differences in the geometry of the TXTL droplet at the bot-
tom of the plate seem to have a large effect on kinetics of the
TXTL reaction. Care should be taken to load the reactions onto
the plate uniformly.
(B) Shorter incubation times can be used, although we have
found that extended incubation does not affect the PAMs iden-
tified by the assay. The internal fluorescent control is helpful to
decide how long to incubate the reaction if a shorter incubation
time is desired. When the fluorescence in the wells containing
the targeting gRNA stops increasing, but the fluorescence in
Please cite this article in press as: C.S. Maxwell et al., Methods (2018), https:/
the wells containing the non-targeting gRNA continues to
increase, cleavage is complete and the TXTL reaction can be
stopped.

2.3. Assessing cleavage of the PAM library

Prior to the NGS library preparation, we recommend Sanger
sequencing to evaluate Cas nuclease cleavage (Fig. 2B). This is a
quick and inexpensive way to verify that the Cas nuclease was
expressed and is active in TXTL. It also can provide an estimate of
which PAMs are recognized by the Cas nuclease. Note that this pro-
vides another method to assess Cas nuclease activity in TXTL if a
reporter plasmid cannot be constructed. If the Cas nuclease was
expressed and active in TXTL, then a depletion of particular nucleo-
tides will be observed in the reaction expressing the targeting gRNA
relative to the reaction expressing the non-targeting gRNA.

Materials

� Q5 Hot Start High-Fidelity DNA Polymerase
� 100 bp ladder (e.g. NEB, N3231S)
� Oligos TJpr416/417
� DNA purification kit

Protocol

� Make a 1:10 dilution of each TXTL reaction in nuclease-free
H2O.

� Set up a PCR reaction for each TXTL reaction using the standard
Q5 Polymerase protocol (see Table 2 for an example) using pri-
mers TJpr416/TJpr417, Tanneal = 67 �C, text = 20 s, using the 1:10
diluted TXTL reaction as the template DNA, and supplemented
with 4% DMSO (e.g. 1 ml for a 25 ml reaction).

� Run the PCR product(s) on a 1% agarose gel by mixing 2 ml 6x
loading dye, 5 ml nuclease-free H2O, and 5 ml PCR product on
parafilm and loading 10 ml on the gel to ensure amplification
(�500 bp product).
/doi.org/10.1016/j.ymeth.2018.02.016
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� Sanger sequence the resulting amplicons using TJpr416 or
TJpr417 as the sequencing primer.

� Align the trace files (.ab1) from the Sanger sequencing of the
TXTL reactions containing the targeting and non-targeting gRNA
with the PAM library using Benchling or similar software.

� Examine the aligned trace files by zooming into the randomized
sequence flanking the protospacer. Successful cleavage leads to
a less random distribution of some nucleotides in the random-
ized area in the targeting gRNA control. An example trace file of
a library cleaved by a Cas12a homolog can be seen in Fig. 2.

If the peaks from each position within the randomized PAM
sequence do not look obviously different between the targeting
and non-targeting gRNA reactions, troubleshooting is likely needed
to increase expression and/or cleavage of the Cas nuclease. Note
that a highly specific PAMwould show negligible depletion by San-
ger sequencing because the PAM represents a small fraction of all
possible sequences.

2.4. Troubleshooting Cas nuclease cleavage in TXTL

If no cleavage is observed using either the reporter plasmid or
Sanger sequencing, first check that all of the expression constructs
are correct. If the expression constructs are correct, there are a few
parameters that can be tuned to improve the expression of the Cas
nuclease. Troubleshooting is greatly facilitated by having a fluoro-
metric readout.

1. Double or quadruple the concentration of the DNA expressing
the Cas nuclease.

2. Double or quadruple the concentration of the DNA expressing
the gRNA.

3. Try increasing the temperature of the reaction to 37 �C or 42 �C.
4. Some enzymes require supplementation with cations such as

Mg2+ or Ca2+. Try supplementing these trace elements to the
TXTL reaction.

Out of the � 20 Cas nucleases we have assayed with this tech-
nique, we have only found two with which we were unable to
observe DNA cleavage in TXTL and that did not respond to the opti-
mization techniques above. It could be that these Cas nucleases
cannot cleave DNA, or it could be that this method is broadly but
not universally applicable.

2.5. NGS library preparation

Materials

� TXTL reaction(s) of interest
� Q5 Hot Start High-Fidelity DNA Polymerase
� Oligos RL133/134/135
� Oligos TJpr418/419/422/423
� Nextera indexing primers
� AMPureXP beads (Fisher Scientific, NC9933872)
� 100 bp DNA ladder
� Magnetic rack (e.g. Thermofisher, AM10027)

Optional Materials

� Additional Illumina index oligos if analyzing more than two
reaction conditions.

This section describes the preparation of the NGS libraries from
the cleaved PAM libraries. Oligos RL133/134 add Illumina Nextera
adapters to the PAM library adjacent to the area of the randomized
PAM sequence. These primers were previously used by Leenay and
Please cite this article in press as: C.S. Maxwell et al., Methods (2018), https:/
co-workers [34]. This method could be improved by incorporating
random barcodes in these primers to enable the identification of
PCR duplicates, but we have not found this to be necessary to yield
accurate results.

Protocol
Add Nextera adapters to the cleaved PAM libraries and controls.

� Set up 50 ml PCR(s) using the standard Q5 Polymerase protocol
(see Table 2 for an example) using primers RL133/RL134, Tanneal
= 62.9 �C, text = 7 s, using the 1:10 diluted TXTL sample as the
template DNA, and supplemented with 2 ml DMSO.

� On parafilm, mix 2 ml 6x loading dye and 10 ml PCR product and
load onto a 1% agarose gel.

� Run the gel with 10 ml 100 bp ladder at 100 V until dye travels
�80% of the gel.

� Image the gel with a standard UV transilluminator. You should
see a strong 200 bp band.

� Clean up the PCR product(s):
1. Vortex the AMPureXP beads.
2. Mix 40 mL beads with the PCR product(s) and mix well by

pipetting up and down.
3. Incubate the mixture(s) at room temperature for 5 min.
4. Place the PCR tube(s) onto a magnetic rack and wait 2 min

or until the supernatant is clear.
5. With the tube(s) remaining on the magnetic rack, use a pip-

ette to remove the clear supernatant.
6. Wash the beads by adding 200 ml of fresh 80% ethanol to the

tube(s) and wait 30 s. Remove the supernatant and repeat
the wash step.

7. After repeating wash step, remove the supernatant and let
the sample(s) air dry for 10 min.

8. Remove the PCR tube rack from the magnetic rack, and elute
the DNA from the beads by adding 45 ml of 10 mM Tris-HCl
pH 8 to the tube(s) and mixing well.

9. Incubate the sample(s) for 2 min, then place the PCR tube(s)
back onto the magnetic tube rack and allow the beads to
separate from the liquid for additional 2 min.

10. Transfer 40 ml of the supernatant to a new tube ensuring
that no beads are transferred.

11. Nanodrop the sample(s). The average concentration should
be �12 ng/ml.

Add Illumina indices and binding domains
With the Nextera adapters on the PAM library, Illumina indices

and binding domains can be attached using PCR. To run more than
one library on a single sequencing lane, a unique pair of primers
must be used for each sample in order to attach a unique pair of
i5 and i7 indices to each sample. A list of the Nextera indices and
the oligos that they are embedded within are provided by Illumina
in their technical support document ‘‘Illumina Adapter sequences”
under the file heading ‘‘Illumina Nextera Adapters.” The two pairs
of indexing oligos from this table that we used to elucidate the
NmeCas9 PAM are provided in the appendix (RL135 (i5) and
TJpr422/423 (i7)).

� Add indices to the library using PCR using the recipe and reac-
tion conditions in Table 5. Use a unique pair of i5 and i7 primers
for each reaction.

� Clean the second PCR product(s) using the same protocol as in
the first cleanup, except for the following changes:
Mix 56 ml beads with the PCR product(s) at step (2)
Elute with 25 ml 10 mM Tris-HCl and transfer 20 ml to a new
tube at steps (8–9)

� Measure the final sample concentration(s) using a Nanodrop or,
for more accurate quantitation, a Qubit (e.g. ThermoFisher,
A30225). The average concentration(s) should be �40 ng/ml.
/doi.org/10.1016/j.ymeth.2018.02.016
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Table 5
Components and thermocycler program used for the final PCR amplification of the
PAM library using Q5 Hot Start High-Fidelity DNA Polymerase. Note the cycle number
is reduced from 25 to 8 to reduce errors during amplification.

Component Volume
(ml)

Temperature
(�C)

Time
(s)

nuclease-free H2O 28.5 98 30
5x Q5 reaction buffer 10 98 10
10 mM dNTPs 1 67 20
10 mM FWD Nextera index (i5) 2.5 72 10
10 mM REV Nextera index (i7) 2.5 repeat 8x
purified PCR product 5 72 120
Q5 Hot Start High-Fidelity DNA

Polymerase
0.5 4–10 1
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� Based on the measured concentrations, run �100 ng of total
DNA on a 1% gel (2 mL 6x loading dye, 100 ng PCR product, up
to 10 mL nuclease-free H2O) with 10 ml 100 bp ladder. Run at
100 V until dye travels �80% of gel.

� Image the gel. The band should be at the 300 bp marker, and the
intensity should be comparable to the band corresponding to
the 100 ng marker.

� Prepare the sample(s) to the concentrations required for
sequencing (e.g. NCSU Sequencing Facility requires 10 nM in
20 mL). Note: To sequence low-complexity libraries, a high-
Fig. 3. Data analysis for the TXTL-based PAM assay performed on the Cas9 from Neisseria
GFP cleavage assay of NmeCas9 using an NNNNGATT PAM. The red and gray lines indica
pTJ247 or a non-targeting gRNA, respectively. Both reactions had similar GFP expression
decrease in GFP production. (B) Plot showing the log2-fold change in the nucleotide
NNNNGATTNN with a slight bias of D in the 9th and 10th positions. Note the inverted y-a
position is shown. While a NNNNGATTNN PAM was strong, having an A in the 9th positio
the 10th position slightly increased cleavage for NNNNGATTNN PAMs. (For interpretatio
version of this article.)
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diversity library must generally be spiked in during sequencing.
Our sequencing libraries were spiked with 15% PhiX libraries
before sequencing.

2.6. Counting PAMs and calculating depletion

We have created a simple Python script to extract the NGS reads
from PAM-SCANR libraries [34] and libraries constructed according
to themethod outlined above. The script looks for reads that contain
the sequence flanking the variable nucleotides in the PAM library
and restricts the counts to reads that have a threshold quality score
at each of the variable nucleotides. The code is available as a public
repository (see appendix). In addition, we have included a copy of
the script in the appendix of this protocol. To use this script, follow
the instructions in the readme file contained in the repository.

To calculate the depletion of each sequence in the PAM library
for a Cas nuclease, we first restricted ourselves to measuring
sequences that had at least 50 reads in the non-targeting control.
We then normalized the counts of each sequence by the total num-
ber of reads in each library. We then calculated the quotient of
counts for each sequence in the targeting library and the non-
targeting library. Example R code is included in the repository
along with sample output of the counting script and sample plots
that can be used to represent the output of the script. PAM
depletion data can also be represented using a PAM wheel as
described in [10].
meningitides (NmeCas9) expressed from linear DNA. (A) Fluorescence data from the
te TXTL reactions containing NmeCas9 with a gRNA targeting the reporter plasmid
rates, but after �1 h, the reaction containing the targeting gRNA began to show a

frequency across the 10-nucleotide PAM library. The depletion shows the strong
xis. (C) The average fold-change of 10-mers for selected PAM motifs in the 5th-10th
n increases cleavage efficiency compared to the other nucleotides, and having a T in
n of the references to colour in this figure legend, the reader is referred to the web
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3. Results and discussion

Todemonstrate our assay,wedetermined the PAM requirements
of NmeCas9 expressed from linear DNA. We obtained linear DNA
expressingNmeCas9 by adding a T7 promoter and transcription ter-
minator to the NmeCas9 sequence on the plasmid DS-Nmcas
(Addgene # 48646). The PAM for this particular Cas9 has previously
been characterized [31,53,54]. These studies found a consensus
PAM for NmeCas9 as NNNNGATT. We created a reporter plasmid
for NmeCas9 by placing the, NNNNGATT PAM adjacent to the PAM
library protospacer (see pTJ247 for NNNN sequence). Other PAMs
with similar cleavage efficiency could have been used [29].

The GFP cleavage data from NmeCas9 (Fig. 3A) shows that the
NmeCas9 RNP formed and began cleavage of the reporter plasmid
by �1 h. In contrast to previous Cas nucleases we have character-
ized [51], NmeCas9 did not completely cleave the reporter plas-
mid; fluorescence continued to increase even in the targeting
gRNA condition throughout the experiment. We did not observe
any obvious differences between the targeting and non-targeting
gRNA conditions by Sanger sequencing, which may be due to lim-
ited cleavage or the inability to observe depletion of a highly speci-
fic PAM sequence. While an incubation time of �10 h would most
likely have been sufficient, we opted for a longer reaction time to
ensure adequate cleavage of the PAM library.

We counted the reads mapping to each of the ten variable
nucleotides in the PAM library using the script ‘count_pams.py’
with the flags ‘-n 10’ and ‘-q 10’. The former flag tells the script
to look for ten variable nucleotides. The second relaxes the Phred
score needed at each of the ten variable nucleotides from the
default 30 to 10. We found that by relaxing the quality score we
were able to increase the signal of the canonical NmeCas9 PAM
because otherwise a large number of reads were rejected. This is
because there were twice as many variable nucleotides in the
library we used compared to previous libraries with only five vari-
able nucleotides, which means that a Phred score of 30 was too
strict. We observed similar results with a Phred cutoff score of
20, indicating that this analysis was robust to the cut-off used.

The PAM analyses for NmeCas9 showed the expected
NNNNGATT PAM (see Fig. 3B and C). The fold-change plot
(Fig. 3B) shows the nucleotide frequency at each position of the
10 N library. From this plot, the efficient NNNNGATT PAM was
recapitulated, with the weaker PAMs of Y and W in the 7th and
8th position, respectively [29]. This plot also shows a bias of D in
the 9th and 10th PAM position.

We calculated the average fold-change across all 10-mers
matching selected motifs in the 5th through the 10th position
(Fig. 3C). For the NNNNGATTNN motif, an ‘A’ in the 9th position
increased cleavage efficiency compared to the other nucleotides.
A ‘T’ in the 10th position led to the greatest cleavage for all PAMs
that started with GATT. The NmeCas9 motif was relatively specific;
of the motifs that matched NNNNGAYWNN, only NNNNGACTNN
supported any measurable cleavage. Note that we only performed
a single replicate of this PAM assay. If additional confidence that
these subtle preferences reflect the real preferences of the nucle-
ase, additional replicates would be warranted. Nevertheless, our
results are consistent with previous work that observed similar
PAMs when targeting DNA in mammalian cells [29]. The subtle
PAM preferences for NmeCas9 could be also quantitatively
assessed by cloning different PAMs flanking the NmeCas9 spacer
in the reporter plasmid and repeating the reporter gene cleavage
assay.

Though E. coli TXTL can rapidly characterize CRISPR-Cas sys-
tems, it does have some limitations. First, the temperature require-
ment for TXTL reactions is between 25 and 42 �C. While this range
allowed for efficient cleavage using NmeCas9 and a number of
Please cite this article in press as: C.S. Maxwell et al., Methods (2018), https:/
other Cas nucleases we have worked with, this limit would restrict
the analysis of other CRISPR-Cas systems that may require a higher
temperature for efficient expression and/or cleavage. A TXTL envi-
ronment also restricts the analysis of gRNA functionality in eukary-
otic systems as it lacks the biological machinery native to those
organisms (post-transcriptional/translational modifications, etc.).
Finally, TXTL reactions lose activity after �16 h. This may limit
the use our assay for Cas nucleases that are weakly expressed or
are unstable in TXTL.
4. Conclusions

Previous PAM characterization efforts have been hindered by
the time required to perform existing assays. We have developed
a method to characterize the PAM requirements of Cas nucleases
that is much faster than previous methods. As myTXTL is commer-
cially available for use, any lab or institution has access to use this
powerful tool to characterize CRISPR-Cas systems. TXTL can also be
used for other applications such as protein expression or, poten-
tially, assessing gRNA activity.
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Appendix A

The raw NGS data for the PAM assay with the NmeCas9 can be
found under accession # GSE108357 in the NCBI gene expression
omnibus (https://www.ncbi.nlm.nih.gov/geo/). All DNA sequences
used in this work, as well as the data obtained from the gfp cleav-
age experiments can be found in the supplemental materials. The
code used for the processing of the NGS data is in the Supplemen-
tary information and can also be found in the public repository:
https://bitbucket.org/csmaxwell/crispr-txtl-pam-counting-script/.
Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.ymeth.2018.02.016.
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