
SC I ENCE ADVANCES | R E S EARCH ART I C L E
MICROB IOLOGY
1Center for Bits and Atoms, Massachusetts Institute of Technology, Cambridge, MA,
USA. 2Media Lab, Massachusetts Institute of Technology, Cambridge, MA, USA.
*These authors contributed equally to the work.
†Corresponding author. Email: pranam@mit.edu

Chatterjee et al., Sci. Adv. 2018;4 : eaau0766 24 October 2018
Copyright © 2018

The Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

originalU.S. Government

Works. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).
D
o

Minimal PAM specificity of a highly similar
SpCas9 ortholog
Pranam Chatterjee1,2*†, Noah Jakimo1,2*, Joseph M. Jacobson1,2

RNA-guidedDNA endonucleases of the CRISPR-Cas system arewidely used for genome engineering and thus have
numerous applications in a wide variety of fields. CRISPR endonucleases, however, require a specific protospacer
adjacent motif (PAM) flanking the target site, thus constraining their targetable sequence space. In this study, we
demonstrate the natural PAM plasticity of a highly similar, yet previously uncharacterized, Cas9 from Streptococcus
canis (ScCas9) through rational manipulation of distinguishing motif insertions. To this end, we report affinity to
minimal 5′-NNG-3′ PAM sequences and demonstrate the accurate editing capabilities of the ortholog in both bac-
terial and human cells. Last, we build an automated bioinformatics pipeline, the Search for PAMs by ALignment Of
Targets (SPAMALOT), which further explores the microbial PAM diversity of otherwise overlooked Streptococcus
Cas9 orthologs. Our results establish that ScCas9 can be used both as an alternative genome editing tool and as a
functional platform to discover novel Streptococcus PAM specificities.
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INTRODUCTION
RNA-guided endonucleases of the CRISPR-Cas system, such as Cas9
(1) and Cpf1 (also known as Cas12a) (2), have proven to be versatile
tools for genome editing and regulation (3), which have numerous
implications in medicine, agriculture, bioenergy, food security, nano-
technology, and beyond (4). The range of targetable sequences is
limited, however, by the need for a specific protospacer adjacentmotif
(PAM), which is determined by DNA-protein interactions, to im-
mediately follow the DNA sequence specified by the single-guide
RNA (sgRNA) (1, 5–8). For example, the most widely used variant,
Streptococcus pyogenes Cas9 (SpCas9), requires a 5′-NGG-3′ motif
downstream of its RNA-programmed DNA target (1, 4–8). To relax
this constraint, additional Cas9 and Cpf1 variants with distinct PAM
requirements have been either discovered (9–13) or engineered (12–15)
to diversify the range of targetable DNA sequences. In total, these
studies have provided only a handful of CRISPR effectors with mini-
mal PAM requirements that enable wide targeting capabilities.

Tohelp augment this list, we characterize an orthologousCas9 pro-
tein from S. canis (ScCas9; UniProt I7QXF2), having 89.2% sequence
similarity to SpCas9. We find that, despite this homology, ScCas9
prefers a more minimal 5′-NNG-3′ PAM. To explain this divergence,
we identify two notable insertions within its open reading frame
(ORF) that differentiate ScCas9 from SpCas9 and contribute to its
PAM-recognition flexibility. We show that ScCas9 can efficiently
and accurately edit genomic DNA in mammalian cells and investigate
possible explanations for PAM divergence between Streptococcus
orthologs. Last, we construct a bioinformatics pipeline to explore
the PAM specificities of other Streptococcus orthologs.
RESULTS
Identification of SpCas9 homologs
While numerous Cas9 homologs have been sequenced, only a hand-
ful of Streptococcus orthologs have been characterized or functionally
validated. To explore this space, we curated all StreptococcusCas9 pro-
tein sequences from UniProt (16), performed global pairwise align-
ments using the BLOSUM62 scoring matrix (17), and calculated
percent sequence homology to SpCas9. From them, ScCas9 stood
out, not only because of its remarkable sequence homology (89.2%)
to SpCas9 but also due to a positive-charged insertion of 10 amino
acids within the highly conserved REC3 domain, in positions 367 to
376 (Fig. 1A). Exploiting both of these properties, we modeled the
insertion within the corresponding domain of PDB 4OO8 (18) and,
when viewed in PyMOL, noticed that it formed a “loop”-like structure,
of which several of its positive-charged residues come in close prox-
imity with the target DNA near the PAM (Fig. 1B). We further iden-
tified an additional insertion of two amino acids (KQ) immediately
upstream of the two critical arginine residues necessary for PAM
binding (19) in positions 1337 and 1338 (Fig. 1A). We thus hypothe-
sized that these insertions may affect the PAM specificity of this en-
zyme. To support this prediction, we computationally characterized
the PAM for ScCas9 by first mapping spacer sequences from the
Cas9-associated type II CRISPR loci in the S. canis genome (20) to
viral and plasmid genomes using BLAST (21), extracting the se-
quences 3′ to the mapped protospacers, and subsequently generating
a WebLogo (22) representation of the aligned PAM sequences. Our
analysis suggested 5′-NNGTT-3′ PAM (Fig. 1C). Intrigued by these
novel motifs and motivated by the potentially reduced specificity at
position 2 of the PAM sequence, we selected ScCas9 as a candidate
for further PAM characterization and engineering.

Determination of PAM sequences recognized by ScCas9
Because of the relatively low number of protospacer targets, we vali-
dated the PAM binding sequence of ScCas9 using an existent positive
selection bacterial screen based on green fluorescent protein (GFP)
expression conditioned on PAM binding, termed PAM-SCANR (23).
A plasmid library containing the target sequence, followed by a ran-
domized 5′-NNNNNNNN-3′ (8N) PAM sequence, was bound by a
nuclease-deficient ScCas9 (and dSpCas9 as a control) and an sgRNA
both specific to the target sequence and general for SpCas9 and ScCas9,
allowing for the repression of lacI and expression of GFP. Plasmid
DNA from fluorescence-activated cell sorting (FACS)–sorted GFP-
positive cells and presorted cells were extracted and amplified, and
enriched PAM sequences were identified by Sanger sequencing and
visualized using DNA chromatograms. Our results provide initial
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Fig. 3. ScCas9 PAM specificity in human cells. (A) T7E1 analysis of indels produced at VEGFA loci with indicated PAM sequences. The Cas9 used is indicated above
each lane. All samples were performed in biological duplicates. As a background control, SpCas9, ScCas9, and ScCas9 DLoop DKQ were transfected without targeting
guide RNA vectors [(� ) guide control]. (B) Quantitative analysis of T7E1 products. Unprocessed gel images were quantified by line scan analysis using Fiji (41), the total
intensity of cleaved bands were calculated as a fraction of total product, and percent gene modification was calculated. All samples were performed in duplicates, and
quantified modification values were averaged. SD was used to calculate error bars, and statistical significance analysis was conducted using a two-tailed Student’s t test
as compared to the negative control. (C) ScCas9-mediated A� G base editing. GFP+ cells were calculated as a percentage of mCherry+ (RFP+) cells for indicated PAM
sequences using the TLR (25) with an early stop codon. All samples were performed in duplicates, and quantified percentages were averaged. SD was used to calculate
error bars, and statistical significance analysis was conducted using a two-tailed Student’s t test. RFP+, red fluorescent protein–positive.
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with activity for all base iterations at each position, ScCas9 DLoop
DKQ demonstrates significant binding at 5′-NGG-3′ PAM sequences
and at some, but not all, 5′-NNGNN-3′ motifs, indicating an inter-
mediate PAM specificity between that of SpCas9 and ScCas9 (Fig. 2B).

Assessment of ScCas9 PAM specificity in human cells
We compared the PAMspecificity of ScCas9 to SpCas9 in human cells
by cotransfecting human embryonic kidney–293T (HEK293T) cells
with plasmids expressing these variants along with sgRNAs directed
to a native genomic locus (VEGFA) with varying PAM sequences
(table S1). We first tested editing efficiency at a site containing an
overlapping PAM (5′-GGGT-3′). After 48 hours posttransfection,
gene modification rates as detected by the T7E1 assay demonstrated
comparable editing activities of SpCas9, ScCas9, and ScCas9 DLoop
DKQ (Fig. 3, A and B). In addition, we constructed sgRNAs to sites
with various nonoverlapping 5′-NNGN-3′ PAM sequences. While
SpCas9’s cleavage activity was impaired at other non–5′-NGG-3′ se-
quences (Fig. 3) (24), ScCas9 maintained comparable activity to that
of SpCas9 on its 5′-NGG-3′ target across all tested targets with 5′-
NNGN-3′ PAM sequences (Fig. 3). Consistent with our bacterial
data, ScCas9 DLoop DKQ was able to cleave at the 5′-NGG-3′ target,
along with significant activity on the 5′-NNGA-3′ target, with reduced
gene modification levels at all other 5′-NNGN-3′ targets (Fig. 3).
Overall, these results verify that ScCas9 can serve as an effective alter-
native to SpCas9 for genome editing inmammalian cells, both at over-
lapping 5′-NGG-3′ and more minimal 5′-NNGN-3′ PAM sequences.

We further assessed the PAM specificity of ScCas9 base editors
using a synthetic traffic light reporter (TLR) (25) plasmid, containing
an early stop codon upstream of a GFP ORF and downstream of an
mCherry ORF. Successful A→G base editing using the ABE(7.10)



SC I ENCE ADVANCES | R E S EARCH ART I C L E

D
ow

nload
architecture, as described in Gaudelli et al. (26), converts an early, in-
frame TAG stop codon to a TGG tryptophan codon, thus restoring
GFP expression. After gating cells based on mCherry expression, we
observed significant base-editing efficiency at all 5′-NNGN-3′ target
PAM sequences for ScCas9-ABE(7.10), as compared to the SpCas9-
ABE(7.10) architecture, which only demonstrates significant A→G
conversion on the standard 5′-NGG-3′ and tolerated 5′-NAG-3′mo-
tifs in this assay (Fig. 3C).

Off-target analysis of ScCas9
Wenext sought to evaluate the accuracy of this enzyme in comparison
to SpCas9. We used previous genome-wide analysis of SpCas9 target-
ing accuracy to select three genomic targets (VEGFA site 3, FANCF
site 2, and DNMT1 site 4) that have multiple off-target sites on which
SpCas9 demonstrates activity (27). Each of these three sites addition-
ally has a single off-target that has beenparticularly difficult tomediate
via engineering of high-fidelity Cas9 variants (28–30). We first ana-
lyzed ScCas9’s activity on these off-targets. After cotransfection of
sgRNAs to the three aforementioned sites alongside both SpCas9
and ScCas9, we amplified genomic DNA flanking, both the on-target
Chatterjee et al., Sci. Adv. 2018;4 : eaau0766 24 October 2018
and difficult off-target sequences, to assess their genomemodification
activities. Consistent with previously reported data (30), SpCas9 de-
monstrated high off-to-on targeting on all three examined targets
(Fig. 4A). ScCas9 demonstrated comparable on-target activities for
the three targets, but exhibited negligible activity on the VEGFA site 3
and DNMT1 site 4 off-targets, and a nearly 1.5-fold decrease in off-
to-on target ratio for FANCF site 2 (Fig. 4A), suggesting improved
accuracy over SpCas9 on overlapping 5′-NGG-3′ targets.

To examine ScCas9’s accuracy across itswider PAMtargeting range,
we used a mismatch tolerance assay (30) on target sequences with
5′-NAG-3′, 5′-NCG-3′, 5′-NGG-3′, and 5′-NTG-3′ PAMs.We gener-
ated sgRNAs containing both single and adjacent double mismatches
at every other base across each of the four on-target sequences (table S1)
and subsequently measured the genome modification efficiencies for
these mismatched sgRNAs. Our results demonstrate that ScCas9 gen-
erally tolerates single mismatches better than double mismatches for
each analyzed spacer position and is similarly less likely to tolerate
mismatches within the seed region of the crRNA, though with greater
sensitivity than SpCas9 (Fig. 4B). Across all of the four PAM targets,
ScCas9 does, however, tolerate mismatches within the middle of the
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Fig. 4. ScCas9 performance as a genome editing tool. (A) Quantitative analysis of T7E1 products for indicated genomic on- and off-target editing. All samples were
performed in duplicates, and quantifiedmodification values were averaged. SD was used to calculate error bars, and statistical significance analysis was conducted using a
two-tailed Student’s t test as compared to each negative control (table S2). Mismatched positions within the spacer sequence are highlighted in red. (B) Efficiency heatmap
of mismatch tolerance assay. Quantified modification efficiencies, as assessed by the T7E1 assay, are exhibited for each labeled single or double mismatch in the sgRNA
sequence for each indicated PAM (table S1). (C) Dot plot of on-target modification percentages at various gene targets for indicated PAM, as assessed by the T7E1 assay.
Duplicate modification percentages were averaged (table S2). (D) Genomic base-editing characterization. For each indicated PAM, a representative Sanger sequencing
chromatogram is shown, demonstrating themost efficiently edited base in the target sequence. Percent edited values, as quantified by BEEP in comparison to an unedited
negative control, were averaged, and SD was subsequently calculated.
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crRNA sequence, with highest efficiencies reported for the 5′-NTG-3′
target. SpCas9 expectedly demonstrates negligible genome modifica-
tion activity on the 5′-NCG-3′ and 5′-NTG-3′ targets but weakly tol-
erates single and doublemismatches across the entire crRNAsequence,
with reduced tolerance in the seed region for the standard 5′-NGG-3′
target, corroborating previous mismatch tolerance studies (30). Last,
ScCas9 exhibits a mismatch tolerance profile similar to SpCas9 on
the 5′-NAG-3′ target, albeit with a higher reported on-target efficien-
cy (Fig. 4B).

ScCas9 genome editing capabilities
Finally, to establish ScCas9 as a useful genome editing tool, we evaluated
its ability to modify a variety of gene targets for a handful of different
PAM sequences. We constructed sgRNAs to 24 targets within nine en-
dogenous genes in HEK293T cells and evaluated on-target gene mod-
ification using the T7E1 assay. Our results demonstrate that ScCas9
maintains efficiencies comparable to that of SpCas9 on 5′-NGG-3′ se-
quences and on selected 5′-NNG-3′ PAM targets (Fig. 4C), supporting
our previous findings (Fig. 3B). SpCas9 expectedly performs efficiently
on 5′-NGG-3′ and weakly on 5′-NAG-3′ targets but demonstrates
negligible editing capabilities on 5′-NCG-3′ and 5′-NTG-3′ PAM se-
quences (Fig. 4C), as previously demonstrated. Notably, ScCas9 per-
formed less effectively on selected target sequences in the hemoglobin
subunit d (HBD) gene while demonstrating higher efficiencies on 5′-
NNG-3′ sequences inVEGFA andDNMT1, for example. This variation
in efficiency within each PAM group and across different genes indi-
cates that proper target selection within specified genomic regions is
critical for successful ScCas9-mediated gene modification (Fig. 4C).

We subsequently measured the efficacy of ScCas9 integrated with-
in the BE3 (31) and ABE(7.10) (26) base-editing architectures on en-
dogenous genomic loci. To evaluate the efficiency of base-editing
activities, we developed a simple, easy-to-use Python program, termed
the Base Editing Evaluation Program (BEEP), that takes as input both
a negative control ab1 Sanger sequencing file and the edited sample
ab1 file and outputs the efficiency of an indicated base conversion at
a specific position (read from 5′ to 3′) along the target sequence. BEEP
analysis on ab1 files, following transfection of ScCas9 base editors, ge-
nomic amplification, and subsequent Sanger sequencing, demonstrates
that ScCas9 is capable ofmediating C→T andA→Gbase conversion at
both overlapping 5′-NGG-3′ and nonoverlapping 5′-NNG-3′ PAM se-
quences (Fig. 4D).While ScCas9 base editors perform efficiently on the
non–5′-NGG-3′ targets, as compared to SpCas9 (Figs. 3C and 4D),
ScCas9 is less effective at editing 5′-NGG-3′ genomic targets than
SpCas9 for both architectures (Fig. 4D), indicating that further develop-
ment is necessary for broad usage of ScCas9 base editors.

Investigation of sequence conservation between S. canis
and other streptococcus Cas9 orthologs
To further investigate the distinguishing motif insertions in ScCas9,
we inserted the loop (SpCas9 ::Loop), the KQ motif (SpCas9 ::KQ),
or both (SpCas9 ::Loop ::KQ) into the SpCas9 ORF and analyzed
binding on the 8N library using PAM-SCANR. Of these variants, only
SpCas9 ::KQ showed target binding affinity in the PAM-SCANR assay.
Sequencing on enriched GFP-expressing cells demonstrated an un-
affected preference for 5′-NGG-3′ (Fig. 5A). FACS analysis on a fixed
5′-TGG-3′ PAM confirmed these binding profiles, with SpCas9 ::KQ
yielding half the fraction of GFP-positive cells compared to SpCas9
(Fig. 5B). These data, in conjunction with the binding profiles of ScCas9
variants (Fig. 2), suggest that, while these insertions within ScCas9 do
Chatterjee et al., Sci. Adv. 2018;4 : eaau0766 24 October 2018
distinguish its PAM preference from SpCas9, other sequence features
of ScCas9 also contribute to its divergence.

S. canis has been reported to infect dogs, cats, cows, and humans
and has been implicated as an adjacent evolutionary neighbor of
S. pyogenes, as evidenced by various phylogenetic analyses (20, 32, 33).
In addition to sharing common hosts, we identified S. canis CRISPR
spacers that map to phage lysogens in S. pyogenes genomes, which sug-
gests that they are overlapping viral hosts as well. This close evolution-
ary relationship has manifested itself in the sequence homology of
ScCas9 and SpCas9, among other orthologous genes, predicted to be
a result of lateral gene transfer (LGT) (20, 32, 33). Nonetheless, from
the alignment of SpCas9 and ScCas9, the first 1240 positions score with
93.5% similarity and the last 144 positions scorewith 52.8%. To account
for the exceptional divergence in the PID at the C terminus of ScCas9
and the positive-charged inserted loop, we focused on alignment of the
distinguishing sequences of ScCas9 to other Streptococcus Cas9 ortho-
logs (Fig. 5C). Notably, the loop motif is present in certain orthologs,
such as those from S. gordonii, S. anginosus, and S. intermedius, while
the ScCas9 PID is mostly composed of disjoint sequences from other
orthologs, such as those from S. phocae, S. varani, and S. equinis. Addi-
tional LGT events between these orthologs, as opposed to isolated
divergence, more likely explain the differences between ScCas9 and
SpCas9. Our demonstration that two insertion motifs in ScCas9 alter
PAMpreferences, yet do not abolish PAMbinding when removed, sug-
gests other functional evolutionary intermediates in the formation of
effective PAM preferences.

Genus-wide prediction of divergent Streptococcus
Cas9 PAMs
Demonstrations of efficient genome editing by Cas9 nucleases with
distinct PAM specificity from several Streptococcus species, including
S. canis, motivated us to develop a bioinformatics pipeline for dis-
covering additional Cas9 proteins with novel PAM requirements in
the Streptococcus genus. We call this method the Search for PAMs
by ALignment Of Targets (SPAMALOT). Briefly, we mapped a 20-nt
portion of spacers flanked by known Streptococcus repeat sequences to
candidate protospacers that align with no more than two mismatches
in phages associatedwith the genus (34).We grouped 12-nt protospacer
3′-adjacent sequences from each alignment by genome and CRISPR
repeat and then generated groupWebLogos (22) to compute presumed
PAM features. Figure 6A shows that resultingWebLogos accurately re-
flect the known PAM specificities of ScCas9 (this work), S. pyogenes,
S. thermophilus, and S. mutans (7, 35, 36). We identified a notable di-
versity in theWebLogo plots derived fromvarious S. thermophilus cas-
settes with common repeat sequences (Fig. 6B), each of which could
originate from any other such S. thermophilusWebLogo upon subtle
specificity changes that traverse intermediateWebLogos among them.
Weobserve a similar relationship between two S. oralisWebLogos that
also share this repeat and unique putative PAM specificities associated
with CRISPR cassettes containing S. mutans–like repeats from the
S. oralis, S. equinis, and S. pseudopneumoniae genomes (Fig. 6C).
DISCUSSION
As the growth and development of CRISPR technologies continue, the
range of targetable sequences remains limited by the requirement for a
PAM sequence flanking a given target site. While significant discovery
and engineering efforts have been undertaken to expand this range
(9–15), there are still only a handful of CRISPR endonucleases with
5 of 10
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Last, because ScCas9 does not require any alterations to the sgRNA
of SpCas9, and because of its significant sequence homology with
SpCas9, we presume that identicalmodifications fromprevious studies
(28–30) can be made to increase the accuracy and efficiency of the en-
donuclease and its variants, although it already demonstrates potentially
improved on-to-off activity as compared to the standard SpCas9 on
5′-NGG-3′ targets. In addition, while we have exhaustively evaluated
the PAMspecificity of ScCas9 onmultiple targets in a variety of genome
editing contexts, we do not rule out the possibility that there may exist
untested 5′-NNG-3′ genomic targets on which ScCas9 does not have
significant activity. When used together with SpCas9 and xCas9(3.7),
however, ScCas9 expands the target range of currently used Cas9 en-
zymes for genome editing purposes. With further development, we an-
ticipate that this broadened Streptococcus Cas9 toolkit, containing both
ScCas9 and additional, uncharacterized orthologs with expanded tar-
geting range, will enhance the current set of CRISPR technologies.
Chatterjee et al., Sci. Adv. 2018;4 : eaau0766 24 October 2018
MATERIALS AND METHODS
Identification of Cas9 homologs and generation of plasmids
The UniProt database (16) was mined for all Streptococcus Cas9 pro-
tein sequences, which were used as inputs to either the BioPython
pairwise2 module or Geneious to conduct global pairwise alignments
with SpCas9, using the BLOSUM62 scoring matrix (17) and subse-
quently calculate percent homology. The ScCas9was codon optimized
for Escherichia coli, ordered as multiple gBlocks from IntegratedDNA
Technologies and assembled using Golden Gate Assembly. The pSF-
EF1-Alpha-Cas9WT-EMCV-Puro (OG3569) plasmid for human ex-
pression of SpCas9 was purchased from Oxford Genetics, and the
ORFs of Cas9 variants were individually amplified by polymerase
chain reaction (PCR) to generate 35–base pair (bp) extensions for sub-
sequent Gibson Assembly into the OG3569 backbone. Engineering of
the coding sequence of ScCas9 and SpCas9 for removal or insertion of
motifs was conducted using either the Q5 Site-Directed Mutagenesis
Fig. 6. SPAMALOT PAM predictions for Streptococcus Cas9 orthologs. Spacer sequences found within the type II CRISPR cassettes associated with Cas9 ORFs from
specified Streptococcus genomes were aligned to S. phage genomes to generate spacer-protospacer mappings. WebLogos (22), labeled with the relevant species,
genome, and CRISPR repeat, were generated for sequences found at the 3′ end of candidate protospacer targets with no more than two mismatches (2 mm). (A) PAM
predictions for experimentally validated Cas9 PAM sequences in previous studies. (B) Novel PAM predictions of alternate S. thermophilus Cas9 orthologs with putative
divergent specificities. (C) Novel PAM predictions of uncharacterized Streptococcus orthologs with distinct specificities.
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