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Abstract

Clustered regularly interspaced short palindromic repeat (CRISPR) loci and their flanking
CRISPR-associated (cas) genes make up RNA-guided, adaptive immune systems in prokaryotes
whose effector proteins have become powerful tools for basic research and biotechnology. While
the Cas effector proteins are remarkably diverse, they commonly rely on protospacer-adjacent
motifs (PAMS) as the first step in target recognition. PAM sequences are known to vary
considerably between systems and have proven to be difficult to predict, spurring the need for new
tools to rapidly identify and communicate these sequences. Recent advances have also shown that
Cas proteins can be engineered to alter PAM recognition, opening new opportunities to develop
CRISPR-based tools with enhanced targeting capabilities. In this review, we discuss the properties
of the CRISPR PAM and the emerging tools for determining, visualizing, and engineering PAM
recognition. We also propose a standard means of orienting the PAM to simplify how its location
and sequence are communicated.
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Introduction

Over the past 11 years, CRISPR (Clustered Regularly Interspaced Palindromic Repeats) loci
and their associated Cas (CRISPR-associated) proteins have transitioned from curious
prokaryotic immune systems to revolutionary tools for fundamental biomolecular research,
biotechnology, agriculture, and medicine [1-5]. A key driver has been the ease by which the
effector proteins of these systems can be utilized as programmable nucleases to specifically
bind and/or cleave selected DNA or RNA sequences. Because these proteins and their guide
RNAs are easier and cheaper to implement than all comparable technologies, CRISPR
technologies have become a standard for applications in genome editing, gene regulation,
and DNA imaging and are being explored for gene drives and sequence-specific
antimicrobials [6-16]. CRISPR-Cas immune systems have also proven to be remarkably
diverse, with new and emerging systems poised to further advance existing applications or
drive entirely new ones [17-20]. Despite this diversity, CRISPR-Cas systems rely on a
common set of rules for target recognition: complementary between the guide RNA and the
target sequence, and a protospacer-adjacent motif (PAM) flanking the target [21-29]. This
review details the nature of the PAM and recent efforts to identify, disseminate, and alter the
recognized PAM sequences for different CRISPR-Cas systems. We describe the field’s
current understanding of what defines a PAM as well as available methods to identify and
communicate these sequences. We also discuss efforts to re-engineer PAM recognition and
generate CRISPR-Cas systems with altered or improved DNA recognition capabilities.

CRISPR Biology

CRISPR-Cas systems naturally function as adaptive immune systems that protect bacteria
and archaea from foreign genetic material such as bacteriophages or plasmids. The ability to
uniquely recognize foreign sequences stems from the CRISPR array, a short stretch of DNA
composed of alternating conserved repeats and target-specific spacers [1,30-32]. Each
spacer is directly acquired from a fragment of the foreign genetic material called the
protospacer, allowing the CRISPR array to possess heritable memory of the infection [30].
The CRISPR array is transcribed and subsequently processed into individual units called
CRISPR RNAs (crRNAs) [33-35]. These RNAs associate with the system’s Cas effector
proteins to form a ribonucleoprotein surveillance complex. Once assembled, the complex
scans the cell for PAM sequences. Upon binding, the complex interrogates the extent of base
pairing between the downstream sequence and the spacer portion of the crRNA. Extensive
base pairing leads to the Cas proteins cleaving or degrading the target sequence, resulting in
the clearance of the foreign invader.

CRISPR-Cas systems possess a diverse compilation of genes and are found throughout the
prokaryotic world. Current estimates place CRISPR-Cas systems within ~50% of bacterial
genomes and ~90% of archaeal genomes [18], although recent metagenomics sequencing
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analyses have suggested that the frequency of CRISPR-Cas systems in nature could be much
lower [36]. Furthermore, only a subset of the identified systems may be active. Roughly 100
protein families have been associated with these systems, where the varying prevalence and
co-occurrence of these genes has spurred the development of numerous classification
schemes [18,19,37,38]. The most recent scheme breaks the systems into two classes, six
types, and 19 subtypes [18,19]. The two classes are differentiated by whether a protein
complex (Class 1) or individual protein (Class 2) serves as the effector of immune
surveillance. The six types (I — V1) are defined by the presence of a signature gene encoding
a protein responsible for nucleic-acid cleavage (e.g. Cas3 for Type | systems, Cas9 for Type
Il systems). The types also differ in their mechanisms of crRNA processing and target
recognition, as well as whether the target is DNA (Types I, 11, V), RNA (Type V1), or both
(Type 111) [39,40]. The subtypes are named by addition of a letter to the type (e.g. I-A, 11-C)
and are defined based on the specific cas genes and their configuration. As the vast expanse
of CRISPR-Cas systems in the prokaryotic world remain poorly characterized, more unique
functions and systems are expected to be discovered and will ultimately yield new CRISPR
tools and technologies.

PAM Characteristics

The PAM wias first observed in 2008, when Horvath and coworkers noticed conserved
sequences that flanked protospacers acquired by Streptococcus thermophilus after being
challenged with a lytic bacteriophage [21,22]. The following year, Mojica and coworkers
uncovered similar motifs for multiple CRISPR-Cas systems through bioinformatics
analyses, which established PAMs as generalized features of these systems [23]. Each report
coined different names for these motifs—CRISPR motifs or protospacer-adjacent motifs
(PAMS), respectively--where the latter became the accepted terminology.

The first insights into the function of these motifs first came from studies of the Type Il
CRISPR-Cas system in Staphylococcus epidermidis by Marraffini and Sontheimer, who
demonstrated that these flanking sequences are essential for self/non-self discrimination
(Figure 1) [41]. They specifically showed that the system uses these flanking sequences to
differentiate between the CRISPR array (self) and the foreign invader (non-self), which both
harbor a sequence perfectly complementary to the CRISPR RNA spacer. While the
mechanism of discrimination appeared to rely on base pairing between the flanking regions
of the spacer and protospacer [41], it established the theme that flanking sequences such as
PAMs are critical for protospacer selection and target recognition. This insight was upheld
as others showed that the PAM was an essential element for target recognition and cleavage
[9,42].

Extensive structural and biochemical analyses have helped reveal how the PAM participates
in target recognition [43-47]. Cas effector proteins directly bind the PAM sequence through
protein-DNA interactions and subsequently unzip the downstream DNA sequence. The
effector proteins then interrogate the extent of base pairing between one strand of the DNA
target and the spacer portion of the CRISPR RNA. Sufficient complementarity between the
two drives target cleavage. Critically, if a PAM sequence is absent, the effector proteins do
not interrogate the downstream sequence even if it is perfectly complementary to the spacer.
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We refer to this unrecognized sequence as a non-PAM. Aside from its function in immune
recognition, the PAM also plays an integral role on spacer acquisition. In this case, the
acquisition proteins alone or in coordination with effector proteins recognize defined PAM
sequences while acquiring new spacers, ensuring that each new spacer can recognize the
invading DNA [48-53]. As PAMs for acquisition and interference can be different
[29,54,55], the associated sequences have been respectively termed spacer acquisition motifs
(SAMs) and target interference motifs (TIMs) [56,57]. While this distinction is important,
we refer to both motifs as PAMs given our primary focus on immune defense and the limited
adoption of the terms SAMs and TIMs.

Despite the common role of the PAM in target recognition, its characteristics vary between
the different types of CRISPR-Cas systems. One major difference is the location of the
PAM. Using the non-target strand of the protospacer as a reference, the PAM is located on
the 5" of the protospacer for Type | and V systems and on the 3" end of the protospacer for
Type Il systems. Note that the target strand also has been used to specify the PAM
[29,43,58,59], creating some confusion about the exact location and sequence of any
reported PAM; see Box 1 and Figure 2 for more information on these orientations and why
we recommend the guide-centric orientation used in this review. Figure 3 illustrates the
location of the PAM for different CRISPR-Cas system types given this orientation. In the
case of Type Il and Type VI systems, limited evidence suggests that the PAM is located
within the target RNA [39,40]. Because of this unique location, the PAM for these systems
was renamed the RNA PAM (rPAM) or the protospacer-flanking sequence (PFS),
respectively. Given that Type 111 systems are thought to rely on base pairing between the
crRNA 5" handle and the region flanking the target DNA sequence [41], more work is
needed to determine whether this mechanism or the rPAM is normally implemented and
whether they occur separately or together.

Box 1

Standardizing the orientation of the CRISPR PAM. The PAM sequence flanks the
protospacer within the target DNA. Because of the double-stranded nature of DNA, only
one strand needs to be reported along with its location relative to the protospacer. To date,
both strands have been used to report PAM sequences, where the selected strand often
trends with the particular type of CRISPR-Cas system. The problems are that consensus
PAM sequences are reported without the orientation, and the use of either strand creates
confusion about the exact location of the PAMs. Here, we describe both orientations,
which we term target-centric and guide-centric, and argue for the guide-centric
orientation to be universally adopted. Both orientations are illustrated in Figure 2. Under
the target-centric orientation, the PAM is located on the same strand that base pairs with
the guide RNA. In many cases, the PAM on this strand is specifically recognized by the
Cas effector proteins [43,58], lending a mechanistic argument to this orientation. The
target-centric orientation is regularly employed for Type | systems [29,43,58,59]. Under
the guide-centric orientation, the PAM is located on the strand that matches the sequence
guide RNA. This match lends to guide-RNA design, where the sequence flanking the
identified PAM is used to create the guide portion of the RNA. This orientation is used
for Type Il and V systems [21-23,61,69]. While the two orientations are equivalent, we
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propose the universal adoption of the guide-centric orientation: the Cas9 effector proteins
from Type Il systems are the most widely recognized and published, and the PAMs for
these proteins are always reported in the guide-centric orientation. Adopting this
orientation would therefore have a smaller impact on the existing body of CRISPR
literature.

Aside from location, the composition of the PAM can vary widely. The composition includes
the sequences comprising the PAM, the length of the linker (represented by N’s, where N
any one of the four possible bases) separating the protospacer and the sequence-specific
portion of the PAM, and the promiscuity in deviating from a defined consensus sequence. As
one example, the widely used Type II-A system from Streptococcus pyogenes recognizes a
NGG PAM, and to a lesser extent, an NAG PAM [9,23,60]. Separately, one Type II-A
system from Streptococcus thermophilus recognizes an NNAGAA PAM but has the ability
to recognize other sequences such as NNGGAAA and may accommodate changes in its
linker length of 2 nucleotides [21,22,61,62]. Finally, the Type I-E system from Escherichia
coli has one of the most promiscuous PAM recognition capabilities, with at least nine
recognized PAM sequences (NAAG, NAGG, NATG, NGAG, NTAG, NAAC, NAAA,
NAAT, NATA) and a strong nucleotide preference at the N position for some of these PAMs
[29,58,63,64]. Table 1 contains representative consensus sequences for the most active
PAMs for each characterized subtype. Given that PAMs can vary widely even within a given
subtype [21-23,65], more work is needed to fully interrogate the diversity of PAMs in
nature.

PAM Determination

The PAM is an essential feature of CRISPR-Cas systems, whether for the biological function
of the system or for harnessing the system as a biomolecular tool. Determining the full set of
functional PAM sequences, however, has proven difficult. This challenge has spurred the
development of multiple methods to determine PAMs (Figure 4). Below we describe the
available methods along with their particular advantages and disadvantages. While all of
these methods reproduce the same highly active PAM sequences, they can often identify
differing sup-optimal PAMSs, which can impact target selection and off-target predictions.
Thus, the best option for PAM determination will likely depend on the particular CRISPR-
Cas system and its end use.

Protospacer identification in silico

Mojica and coworkers introduced the first means of identifying PAMs as part of their
original observation of this motif [23]. Under this method, each spacer sequence from a
natural CRISPR array is subjected to a nucleotide BLAST search for homologous sequences
[66]. Strong matches that appear to be derived from bacteriophages or plasmids are
compiled, and the flanking sequences are aligned to discern a general motif. This method
offers a rapid means of identifying potential functional PAM sequences that can be evaluated
experimentally. With the recent development of automated online tools such as
CRISPRTarget [67], the analysis can be completed in less than a day. One disadvantage is a
strong dependence on available sequencing information, which may not contain the

J Mol Biol. Author manuscript; available in PMC 2018 January 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leenay and Beisel

Page 6

associated invader sequences. Another is the challenge of deciding whether a BLAST hit
represents the true source of the spacer, particularly when mismatches are present between
the spacer and the putative protospacer sequence. Third, even if the protospacer is the source
of the spacer, some of the protospacers may have accumulated mutations in the PAM.
Finally, the PAMs associated with acquisition can represent a subset of those that elicit
targeting [48,49,68], giving a narrow impression of the PAMs that elicit interference. For
these many reasons, the /n silico method represents a convenient starting point but often
lacks sufficient sequence information and is less suited to obtain a comprehensive picture of
the PAM for a given system.

Plasmid clearance in vivo

The second and most common method screens for functional PAM sequencing using the
natural ability of CRISPR-Cas systems to clear foreign genetic material. This method
utilizes an effector protein that is either already present in its native host [59] or is imported
into a convenient host such as Escherichia coli[60,61,69]. To generate potential PAM
sequences, a randomized nucleotide library is inserted next to a target sequence within a
plasmid. Plasmids harboring the PAM library are transformed into the host and then
subjected to next-generation sequencing. Any plasmids harboring functional PAM sequences
would be cleared by the Cas effector proteins, resulting in a substantially lower frequency in
the library. This method has been the most widely used because it recapitulates the natural
function of CRISPR-Cas systems and has the potential to comprehensively determine all
functional PAM sequences. One disadvantage is that the method employs a negative
selection, which requires extensive library coverage to identify the missing sequences.
Furthermore, because the screen is /in vivo, there is a general limit on the library size, and the
Cas proteins must be functionally expressed in a non-native host. Finally, the readout of this
method is the frequency of PAM escape, whether by mutating the target or by promoting
DNA repair. This is problematic particularly for less-active PAM sequences that may
translate poorly to other CRISPR-based applications, such as genome editing or gene
regulation [54,64,70].

One recent variation on this method generates a library of guide RNAs that tile along the
genome of a lytic bacteriophage [39]. The host harboring the CRISPR-Cas system is
transformed with the plasmids harboring the guide-RNA library and is then infected with the
bacteriophage. Cells survive if the target location on the bacteriophage genome is flanked by
a PAM, resulting in the enrichment of guide RNASs targeting functional PAM sequences.
This strategy was applied to elucidate the PFS for the RNA-targeting Type VI effector
protein C2c2 using the single-stranded RNA bacteriophage MS2 [39]. By selecting for cells
targeting protospacers flanked by a functional PFS, the screen provided a positive selection.
The major limitations of this variation are that the guide-RNA library is much smaller than
the equivalent PAM library, not all possible PAMs may be sufficiently represented within the
bacteriophage genome, and guide-RNA libraries will be much more expensive to generate
than PAM libraries. Therefore, this strategy offers some unique advantages over the
traditional method if a sufficiently large library can be generated and the associated costs are
acceptable.
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DNA cleavage in vitro

In contrast to the /n vivo plasmid-clearance methods described above, methods have been
developed to determine PAMSs under /n vitro conditions. These methods involve an /n vitro
cleavage reaction that combines purified Cas effector proteins, the /n vitro-transcribed guide
RNAs, and a target DNA library of potential PAM sequences. Following the cleavage
reaction, the PAM library is subjected to next-generation sequencing. The reaction can be
conducted as a positive screen by ligating adapters to the ends of cleaved library members
[70,71], or as a negative screen by sequencing the intact library members [69]. /n vitro
methods generally offer numerous advantages particularly over /n vivo methods. For
instance, the screened library can be multiple orders-of-magnitude larger for /n vitro screens
than for /n vivo screens because there are no limitations from transformation efficiencies or
cloning /n vitro. Furthermore, /n vitro reactions grant exquisite control over the assay
conditions, such as component concentrations, reaction temperature, and the reaction time.
Finally, the ability to sequence the cleavage products represents a positive screen that can
reliably identify functional PAM sequences. One downside is that reconstituting the
complete system requires complete knowledge of the required components as well as a
protein purification. Another is that the ligation step requires a double-stranded break, which
excludes Type | systems that cleave and degrade the target. Finally, assay conditions can
deviate from the cellular environment, whether it is the buffer conditions, the relative
stoichiometry of Cas effector proteins and targets, or the reaction times. This deviation can
yield artificial PAM assignments as recently highlighted when Karvelis and coworkers
varied the stoichiometry of Cas9 and the target DNA [71]. These /n vitro methods thus
provide powerful screens to comprehensively determine PAMs for many CRISPR-Cas
systems, although the resulting PAMs may not translate well /n vivo.

DNA binding in vivo

The high-throughput experimental methods described above all relied on target cleavage.
However, the ability to generate catalytically-dead Cas effector proteins affords the
development of PAM determination methods based on DNA binding [8-10]. We recently
reported an /n vivo DNA-binding method that utilizes catalytically-dead effector proteins to
regulate the expression of GFP in E. coli[64]. As part of the screen, binding by the
catalytically-dead effector proteins blocks expression of the Lacl repressor, which would
otherwise block expression of GFP. Based on this configuration, cells harboring a functional
PAM sequence fluorescence, allowing these cells to be isolated by fluorescence-activated
cell sorting and subjected to next-generation sequencing. The unique benefits of this method
include a positive screen based on the expression of GFP only in the presence of a functional
PAM, and the ability to tune the assay stringency by titrating in the Lacl inhibitor IPTG. One
limitation of the method is the need to identify and inactivate the catalytic domains of the
desired CRISPR-Cas systems, particularly if the systems have not undergone initial
characterization. Another is the size of the limited library size that can be screened akin to
any /n vivo screen. Finally, the absence of nuclease activity can yield PAMs that promote
efficient binding but not efficient cleavage, even though the PAMs elucidated to-date using
this method closely aligned with those determined by cleavage-based methods
[61,63,64,69,71-73]. The in vivo DNA binding method thus may be best suited for better
understanding the biophysics of DNA recognition or in applications centered on DNA
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binding or gene regulation. PAM determination methods that rely on DNA binding /n vitro
are also under development that could introduce the advantages of /n vitro screens [74].

PAM Reporting

PAM determination methods often generate a large collection of functional PAM sequences
that vary in their extent of enrichment (for positive screens) or depletion (for negative
screens). The question is how to best report this information without providing the complete
list of all sequences and their associated enrichment or depletion scores. A number of
reporting schemes have been described, where each is illustrated in Figure 5 using published
PAM determination data for the widely used Type 11-A system from S. pyogenes and the
well-characterized Type I-E system from Escherichia coli[64,72]. As illustrated in this
figure, each reporting scheme manages a trade-off between simplicity and information
content.

Sequence logos and consensus sequences have been the most common reporting schemes to
date starting with the original discovery of the PAM [21,22]. Sequence logos display the
conservation of each base within each position: more conserved or highly active bases
appear as larger letters, while less conserved or less active bases appear as smaller letters.
Consensus sequences report a single sequence that captures the most dominant set of
functional PAM sequences. For instance, the consensus sequence for the S. pyogenes Cas9 is
NGG, while the sequence logo shows a small but notable A in the middle position reflecting
partial activity of an NAG PAM [23,60]. Conversely, the consensus sequence for the
promiscuous £. coli 1-E system has been reported as AWG (where W is A or T) while the
sequence logo shows other, smaller letters at each of the three positions [23,58]. Both
schemes are easy to interpret and can be expanded to any sequence length. However, they
also sacrifice individual functional PAM sequences and their relative activity. This loss of
information is manageable if the PAMs are simple or only the most active functional PAM
sequences are required for the final use of the interrogated CRISPR-Cas system, such as for
designing highly active guide RNAs. However, these reporting schemes can obscure the true
number of target sites that can be targeted by the system or the prediction of off-target
effects by discarding or masking less active functional PAMs. One workaround is reporting
multiple consensus sequences that are classified as more or less active [61], although this
scheme still misses the full range of functional PAM sequences and activities. In cases where
the PAM is relatively simple (e.g. NGG for the S. pyogenes Cas9) or the user is only
interested in the most active PAMSs, then sequence logos and consensus sequences are
sufficient.

A separate scheme that better captures individual functional PAM sequences and activities
can be described as a PAM table (Figure 5B,E). The table is similar to a codon table in
which each base of the codon appears along the edges and each of the 64 cells represents a
distinct sequence. In the case of the PAM table, each cell conveys the activity or enrichment/
depletion score for that specific PAM sequence. Cells with similar activities or scores can be
colored, although the groupings are somewhat arbitrary. The upside of the table is that it
displays all PAM sequences and activities in a relatively compact format, as illustrated for
PAMs recognized by the S. pyogenes Cas9 and by multiple CRISPR-Cas systems present in
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Pyrococcus furiosus [59,60]. The major downside is that the table is difficult to expand
beyond three bases, greatly limiting the size of a PAM library that can be reported.

We recently developed a reporting scheme called the PAM wheel that also captures
individual sequences and activities that can convey larger PAM libraries [64] (Figure 5C,F).
The PAM wheel are derived from interactive Krona plots [75]. Each PAM sequence is read
by moving along a radius of the circle, where the accompanying arrow specifies the location
of each base in relation to the protospacer. The relative activity of each PAM sequence scales
with the size of the radial arc. The outer, black rings designate functional PAM sequences.
As a Krona plot, any sector of the wheel can be expanded to better view a defined subset of
sequences, such as PAMs that begin with a G. The ability to fully interrogate all possible
sequences grants a comprehensive picture of the PAM landscape that is otherwise obscured
by the other available reporting schemes. For instance, the PAM wheel revealed a potential
two-base linker for the S. pyogenes Cas9 or strong base preferences at the —4 position for
some functional PAM sequences for the £. coli Type I-E system (Figure 5). The most
notable disadvantage is that the PAM wheel can be difficult to interpret, particularly in
comparison to the other described methods. There is still room for additional reporting
schemes that effectively capture and convey the higher-order information content of the
PAM, and it will be up to the CRISPR research community to settle on a common scheme or
set of schemes to convey PAM sequences and activities.

PAM Engineering

While the PAM remains an essential feature for self/non-self discrimination, it also restricts
which sequences can be targeted by a given CRISPR-Cas system and impacts the likelihood
of off-target effects. Accordingly, there has been intense interest in modifying Cas proteins
—particularly the widely used Cas9 effector proteins—to change the recognized PAM
[68,72,76,77]. This interest has been fueled by the growing number of structural studies that
have pinpointed the PAM-interacting domains and how these domains interact with the PAM
as part of target recognition [78-80]. The PAM-interacting domains are relatively modular,
allowing Nishimasu and coworkers to swap these domains between the closely related S.
pyogenes Cas9 and S. thermophilus CRISPR3 Cas9 proteins, thereby changing each Cas9’s
PAM recognition (Figure 6) [45]. Rationally mutating the protein residues involved in PAM
binding has proven more difficult as illustrated for the S. pyogenes Cas9 [9], although
Anders and coworkers successfully changed PAM recognition using a variant of this protein
[77].

The most successful PAM engineering efforts to-date combined random mutagenesis of the
DNA binding residues or the entire protein with a high-throughput dual selection.
Kleinstiver and coworkers applied this combination to change PAM recognition for the S.
pyogenes Cas9 and the compact Staphylococcus aureus Cas9. These efforts generated a
variant of the S. pyogenes Cas9 with only three point mutations (Cas9 VQR) that changed
the recognized PAM from NGG to NGA. The new Cas9 exhibited a lower propensity for off-
target effects for the selected targets [72] despite more promiscuous PAM recognition [64].
These efforts also generated a variant of the S. aureus Cas9 that relaxed its recognized PAM
consensus sequence from NNGRRT (where R is A or G) to NNNRRT [76]. Relaxing the
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requirement for a G did not impact the propensity for off-target effects despite the
expectation that a more flexible PAM would reduce its contribution to targeting specificity
[76,81]. Applying similar strategies to other Cas effector proteins such as Cpfl could
generate an expanded set of proteins that are no longer limited to their natural PAM
sequences, thereby expanding the types of sequences that can be targeted for genome editing
and other applications.

Shipman and coworkers recently extended PAM engineering to the acquisition proteins Casl
and Cas2 from the £. coli Type I-E system [68]. These proteins function together to integrate
new spacers into the CRISPR array [82-84]. While the work by Shipman and coworkers
sought to utilize these proteins to incorporate synthetic spacers for long-term memory
storage, the two proteins were also engineered to relax their PAM recognition requirements.
The engineering was performed using error-prone PCR, followed by integrating spacers
from non-canonical PAMs [68]. The resulting variants of Casl and Cas2 still slightly
preferred an AAG PAM, although to a lesser extent than the wild-type versions. Taken
together, these accomplishments highlight the potential for engineering diverse Cas effector
proteins and acquisition proteins for tightened, relaxed, or non-native PAM recognition.

PERSPECTIVES

Our knowledge of what comprises a PAM has been overwhelmingly shaped by a few well-
characterized Cas effector proteins. However, these few proteins stand in contrast to the
large diversity of systems currently spanning 19 subtypes and thousands of individual
proteins [18,19] (Table 1). Furthermore, characterization of different Cas9 proteins from Il-
A systems revealed large variation in the PAM: for instance, those for Cas9 proteins from S.
pyogenes (NGG PAM), S. thermophilus (NNAGAA PAM), and S. aureus (NNGRRT PAM).
We predict that characterizing multiple systems within other subtypes has the potential to
reveal similarly diverse PAMs. By performing bioinformatics and structural analyses of
these effector proteins, we could learn how PAM recognition domains uniquely recognize
different PAM sequences, informing future efforts to engineer PAM recognition. Elucidating
PAMs within different subtypes could also reveal the full range extent of PAM sequences
and lengths present in nature, highlighting which sequences may be more readily accessible
through PAM engineering.

High-throughput methods have been invaluable tools to determine PAMs for varying
CRISPR-Cas systems. One consistent insight from these methods is the plasticity of the
PAM. Rather than a static sequence that is either correct or incorrect, the PAM comprises a
range of sequences with varying activities. This is highlighted by the Type V-A Cpfl
effector protein from Francisella novicida, which has a reported PAM consensus of NTTN
but exhibits clear bias within the first T and both N’s [64,69,73]. Another unique insight is
the co-dependency between the PAM and the protospacer. Despite the general assumption
that these entities operate independently, separate studies with the Type I-E system from £.
coli have shown that the relative activity of different PAMs depended on the specific target
sequence [54,64]. Whether this co-dependency extends to other systems remains to be
explored and may need to become a standard part of any attempt at high-throughput PAM
determination. Finally, there is evidence that PAM determination methods can predict
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slightly different PAMs for the same CRISPR-Cas system. For instance, characterization of
the Streptococcus thermophilus CRISPR1 Cas9 using an /n vivo plasmid-clearance assay, an
in vitro cleavage assay, and an /n vivo binding assay revealed different suboptimal PAMs
[64,71,72]. While these differences may be attributed to the selected PAM reporting
schemes, they highlight how the available PAM determination methods can yield disparate
results. These differences can be important, as elucidated PAMs may not be universally
relevant across all applications. As a result, it may be best to perform PAM determination
methods that best align with the final application (i.e. /n vitro cleavage assays for genome
editing; binding assays for transcriptional regulation).

The ability to engineer PAM recognition holds great potential for CRISPR technologies.
One potential outcome is revising the process of guide-RNA design. The current process
involves identifying a PAM within a genetic locus and then selecting the flanking sequence
as the target. However, PAM engineering could be used to generate a collection of effector
proteins that together recognize all possible PAM sequences. For instance, the collection
could include 15 derivatives of the S. pyogenes Cas9 that each recognize a variant of the
NGG consensus PAM. Separately, the PAM could be lengthened to recognize a more
specific sequence that is likely to be found across a genome. These mutations could be
combined with those known to better reject mismatches between the guide RNA and the
target [85,86], potentially yielding highly specific Cas effector proteins with negligible off-
target effects.
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Highlights
The PAM is an essential feature for target recognition

PAMs are associated with all characterized types of
CRISPR-Cas systems

Multiple methods are available for PAM determination
and visualization

Cas proteins can be engineered to alter, tighten, or relax
PAM recognition

We propose a standard means of orienting the PAM for
all CRISPR-Cas types
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Function of the CRISPR PAM. CRISPR-Cas systems naturally utilize PAMSs to discriminate

between self and non-self. The spacer portion of the CRISPR RNA is perfectly

complementary to both its own CRISPR array (self) and the protospacer within the foreign
invader’s genetic material (non-self). The systems differentiate between these two through
the flanking PAM that is absent within the CRISPR array (gray) and present within the
invader’s genetic material (red). Because the PAM is essential for target recognition, the
CRISPR-Cas systems will target the invader’s genetic material but not the CRISPR array.
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Figure 2.
Two orientations for reporting PAM sequences. The PAM sequence is located within double-

stranded DNA, where either strand of the PAM can be reported along with its location
relative to the protospacer. Under the target-centric orientation, the PAM is reported from the
strand that base pairs with the guide RNA. Under the guide-centric orientation, the PAM is
reported from the strand that matches the guide RNA and is used for guide-RNA design.
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Figure 3.
PAM orientation and targets for different types of CRISPR-Cas systems. CRISPR-Cas

systems are subdivided into two classes and six types. Representative illustrations of the
effector proteins for each type are shown. The dsDNA orientation has been flipped from
Figure 2 to accommodate the guide-centric PAM orientation. Note that the effector proteins
for the V-B and V-C subtypes require a tracrRNA similar to Type Il systems. For Type Il
and VI systems, the crRNA binds target RNAs. Type 111 systems cleave transcribed dsDNA
due to its proximity to the RNA target [40]. Note that the mechanism by which Type I1l and
VI systems recognize their nucleic-acid targets are still under investigation. PAM
orientations are presented for all systems except for Type IV systems, which remain
uncharacterized.
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Find matching foreign protospacers Build consensus PAM
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Methods for PAM determination. (A) /n silico PAM determination. A BLAST search of
metagenomic databases identifies potential protospacers. Matches found on foreign nucleic
acid elements from bacteriophages and plasmids are aligned to elucidate a single consensus
sequence. (B) PAM determination through plasmid clearance. Plasmids harboring a library
of potential PAM sequences are transformed into cells expressing the Cas proteins and the
targeting guide RNA, and functional PAM sequences are identified based on their depletion
from the library. (C) PAM determination through bacteriophage clearance. A library of
guide RNAs are designed so their targets tile along a lytic bacteriophage genome. Guide
RNAs targeting a site flanked by a functional PAM protect the bacteriophage attack, as
revealed by sequencing the enriched guide RNAs and mapping their locations and flanking
sequences within the bacteriophage genome. (D) /1 vitro PAM determination through DNA
cleavage. A large PAM library is incubated with purified Cas proteins and transcribed
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crRNAs in a reaction buffer. Functional PAMs within this library are cleaved, and a
sequencing adapter (shown in orange) can then be ligated for high-throughput sequencing.
Alternatively, intact DNA can be sequenced, revealing PAM sequences that were depleted
because of DNA cleavage. (E) /n vivo PAM determination through DNA binding.
Catalytically-dead effector proteins are targeted to a PAM library upstream of the /ac operon
regulating GFP expression. If a functional PAM sequence is present, binding by the
catalytically-dead effector proteins represses expression of Lacl, resulting in de-repression
of GFP. Fluorescence cells are then isolated by fluorescent-activated cell sorting and
sequenced.
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Figure 5.
Reporting the CRISPR PAM. (A-C) Visualizing the PAM for the S. pyogenes Type I1-A

system. The reported PAMs are based on data from the plasmid-clearance method conducted
by Kleinstiver and coworkers [72]. (D-F) Visualizing the PAM for the E. coli Type I-E
system. The reported PAMs are based on data from the DNA-binding method conducted by
Leenay and coworkers [64]. (A) The consensus sequence and sequence logo. The consensus
sequence represents a compilation of all highly-active functional PAM sequences. The
sequence logo displays the sequence conservation of each base at each position in functional
PAM sequences [89]. The red box demonstrates the PAM location assuming a guide-centric
orientation (see Figure 2). (B) The PAM table. The table displays the enrichment or
depletion scores from the conducted screen for each possible sequence. Higher values
represent more active PAMs. PAMs with similar activities are colored. (C) The PAM wheel.
Individual sequences are read following a radius of the circle. The arrow shows the
orientation of each base in relation to the protospacer. The larger the radian occupied by the
sequence, the greater its enrichment or depletion score. The outer ring depicts a common
functional PAM sequence. PAM wheels are also available as interactive .html files [64].
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Figure 6.

Engineering Cas proteins with altered or relaxed PAM recognition. (A) Changing PAM
specificity for the Cas9 effector protein. This protein was engineered to recognizes an
alternative PAM but not the original PAM, thereby changing which sequences can be
targeted by this Cas9. (B) Relaxing PAM specificity for the Casl and Cas2 acquisition
proteins. These proteins still recognize the original PAM as well as additional PAMs,
thereby broadening the sequences that can be acquired with these proteins.
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