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CRISPR-associated (Cas) DNA-endonucleases are remarkably effective tools for genome en-
gineering, but have limited target ranges due to their protospacer adjacent motif (PAM)
requirements. We demonstrate a critical expansion of the targetable sequence space for a
Type-IIA CRISPR-associated enzyme through identification of the natural 5’°-NAA-3’ PAM
specificity of a Streptococcus macacae Cas9 (Smac Cas9). We further recombine protein do-
mains between Smac Cas9 and its well-established ortholog from Streptococcus pyogenes (Spy
Cas9), as well as an ““increased'’ nucleolytic variant (iSpy Cas9), to achieve consistent medi-
ation of gene modification and base editing. In a comparison to previously reported Cas9
and Casl12a enzymes, we show that our hybrids recognize all adenine dinucleotide PAM se-

quences and possess robust editing efficiency in human cells.
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Biotechnologies based on RNA-guided CRISPR systems have enabled precise and pro-
grammable genomic interfacing.!' However, CRISPR-associated (Cas) endonucleases are also col-
lectively restrained from localizing to any position along double-stranded DNA (dsDNA) due to
their requirement for targets to neighbor a protospacer adajacent motif (PAM).** Current gaps in
the PAM sequences that Cas enzymes are known to recognize prevent access to numerous genomic
positions for powerful methods like base editing, which can only operate on a narrow window of
nucleotides at fixed distances from the PAM > Many AT-rich regions, in particular, have been ex-
cluded from compelling CRISPR applications because previously reported endonucleases, such
as Cas9 and Casl2a (formerly known as Cpfl), require targets to neighbor GC-content or more

restrictive motifs, respectively.®®

In this work, we introduce a Cas9 ortholog derived from Streptococcus macacae NCTC
11558 that can instead recognize a short 5-NAA-3’ PAM? These sequences constitute 18.6%
of the human genome, making adjacent adenines the most abundant dinucleotide (Supplementary
Figure S1A-B). The importance of this alternative PAM recognition for a Cas9 enzyme is rein-
forced by recent work exposing that many Casl2a orthologs, while targeting dsDNA at AT-rich
PAM sites with intrinsic high fidelity, will indiscriminately digest single-stranded DNA (ssDNA)
once bound to their targets ' Such collateral activity may introduce unwanted risks around par-
tially unpaired chromosomal structures, such as transcription bubbles, R-loops, and replication
forks. Here we present engineered nucleases derived from Smac Cas9 and characterize their novel
specificity and utility by means of transcriptional repression in bacterial culture, in vitro digestion

reactions, and both gene and base editing in a human cell line.
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To modify the ancestral 5’-NGG-3" PAM specificity of Spy Cas9, early and new reports have
employed directed evolution (e.g., “VQR", “EQR", and “VRER" variants) and rational design in-
formed by crystal structure (e.g., “QQR" and “NG" variants).'*"1¥ These reports focused on the
PAM-contacting arginine residues R1333 and R1335 that abolish function when exclusively mu-
tated. While those studies identified compensatory mutations resulting in altered PAM specificity,
the Cas9 variants that they produced maintained a guanine preference in at least one position of the
PAM sequence for reported in vivo editing. We aimed to lift such GC-content pre-requisites via
a custom bioinformatics-driven workflow that mines existing PAM diversity in the Streptococcus
genus. Using that workflow we homed in on Smac Cas9 as having the potential to bear novel PAM
specificity upon aligning 115 orthologs of Spy Cas9 from UniProt (limited to those with greater
than a 70% pairwise BLOSSOMG62 score). From the alignment we found Smac Cas9 was one of
two close homologs, along with a Streptococcus mutans B112SM-A Cas9 (Smut Cas9), with diver-
gence at both of the positions aligned to the otherwise highly conserved PAM-contacting arginines
(Figure 1A-B; Supplementary Figure S2A). We thus hypothesized that Smac Cas9 had naturally
co-evolved the necessary compensatory mutations to gain new PAM recognition. A small sample
size of 13 spacers from its corresponding genome’s CRISPR cassette prevented us from confi-
dently inferring the Smac Cas9 PAM in silico. However, the possibility for Smac Cas9 requiring
less GC-content in its PAM was supported by sequence similarities to the “QQR" variant that has
5’-NAAG-3’ specificity, in addition to the AT-rich putative consensus PAM for phage-originating
spacers in CRISPR cassettes associated with highly homologous Smut Cas9, which were identified

with the aid of our computational pipeline called SPAMALOT (Figure 1C; Supplementary Figure
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S2B; Supplementary Figure S3).1¢

We proceeded to experimentally assay the PAM preferences of several Streptococcus or-
thologs that change one or both of the critical PAM-contacts. Based on demonstrated examples
of the PAM-interaction (PI) domain and guide RNA (gRNA) having cross-compatibility between
Cas9 orthologs that are closely related and active, we constructed new variants by rationally ex-
changing the PI region of catalytically-"dead" Spy Cas9 (Spy dCas9) with those of the selected or-
thologs (Supplementary Figure S2A-B.171® Assembled variants, including Spy-mac dCas9, were
separately co-transformed into E coli cells, along with guide RNA derived from S. pyogenes and an
8-mer PAM library of uniform base representation in the PAM-SCANR genetic circuit, established
by others.™ The circuit usefully up-regulates a green fluorescent protein (GFP) reporter in propor-
tion to PAM-binding strength. Therefore, we collected the GFP-positive cell populations by flow
cytometry and Sanger sequenced them around the site of the PAM to determine position-wise base
preferences in a corresponding variant’s PAM recognition. Spy-mac dCas9, more so than Spy-mut
dCas9, generated a trace profile that was most consistent with guanine-independent PAM recog-
nition, along with a dominant specificity for adenine dinucleotides (Figure 2A; Supplementary

Figure S2C).

Next, we purified nuclease-active enzymes to continue probing the DNA target recognition
potential and uniqueness of Spy-mac Cas9 (Supplementary Figure S4A)2%2! We individually in-
cubated the ribonucleoprotein complex enzymes (composed of Cas9 + crRNA + tracrRNA) with

double-stranded target substrates of all 5°/3’-neighboring base combinations at an adenine dinu-
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cleotide PAM (5’-NAAN-3’; Figure 2B; Supplementary Table T1). Brief 16-minute digestion indi-
cated both wild-type Smac Cas9 and the hybrid Spy-mac Cas9 cleaved adjacently to 5’-NAAN-3’
motifs more broadly and evenly than the previously reported QQR variant. Spy-mac Cas9 distin-
guished itself further with rapid DNA-cutting rates that resemble the fast digest kinetics of Spy
Cas9 (Figure 2C-D).%* We ran reactions that used varying crRNA spacer lengths and tracrRNA
sequence, as the latter differs slightly between the S. macacae and S. pyogenes genomes (Supple-
mentary Figure S4B-E). Neither of these two parameters compensated for the slower cleavage rate
of Smac Cas9, but we did notice marginal improvement in the activity of the wild-type form with
its native tracrRNA, which comports with the interface of the guide-Cas9 interaction being mostly

outside of the PI domain.

To verify that an adenine dsDNA dinucleotide is sufficient for Cas9 PAM recognition and
target cleavage, we assembled target sequences that switch the next four downstream bases to the
same nucleotide (e.g. 5’-TAAGXXXX-3’, for X all fixed to A, C, G, or T; Supplementary Figure
S3F). We confirmed Spy-mac Cas9 remains active across this target set, albeit with some variation
in cutting rate. Additionally, we observed moderate yield of cleaved products on examples of
5’-NBBAA-3’, 5’-NABAB-3’, 5’-NBABA-3" PAM sequences (where B is the IUPAC symbol
for C, G, or T; Supplementary Figure S4G), revealing an even broader tolerance for increments
to the dinucleotide position or adenine adjacency. We anticipate future measurements of guide-
loading, target-dissociation and R-loop expansion/contraction will provide more insights on the
serendipitous catalytic benefit over Smac Cas9 from grafting its PI domain onto a truncated Spy

Cas9.


https://doi.org/10.1101/429654
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/429654; this version posted September 27, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

Encouraged by the nucleolytic performance of Spy-mac Cas9, we investigated its capacity
for gene modification in human cells (Supplementary Figure S5A). First, we transfected a hu-
man embryonic kidney (HEK293T) cell line with plasmids that encode Smac Cas9 or Spy-mac
Cas9, and co-expressed single-guide RNA molecules that target the VEGFA gene locus at sites
representing a breadth of 5’-NAAN-3" PAM diversity (Supplementary Table T2). Consistent with
in vitro observations, we found Spy-mac Cas9 was more efficient than Smac Cas9 at mediating
enzymatically-detected (T7 Endonucleasel) genomic insertion/deletion (indel) mutations. Spy-
mac Cas9 also proved capable of generating indels with variable efficiency on instances of any di-
rectly 5’- or 3-neighboring base for 5’-NAAG-3’ or 5’-CAAN-3" PAM sequences (Supplementary
Figure S5B). To address sites with low modification rates, we introduced two mutations (R221K
and N394K) into Spy-mac Cas9 that can raise gene knock-out percentages and had been previously
identified by deep mutational scans of Spy Cas9.%* We refer to this variant as an “increased" editing

Spy-mac Cas9 (iSpy-mac Cas9) due to its similarly elevated modification rates on most targets.

We then benchmarked the gene editing performance of the nucleases derived from Strep-
tococcus macacae Cas9 against orthologs of Casl2a by making use of their common AT-rich
PAM specificity.2*2> We included Cas12a orthologs known for efficient gene editing from Aci-
daminococcus sp. BV3L6 (AsCas12) and Lachnospiraceae bacterium ND2006 (LbCas12)2® Our
selection of target sites permits overlapping PAM recognition between these Cas9 and Cas12a nu-
cleases by guiding the Cas12a variants with the reverse complemented spacer sequences of those
guiding Cas9 variants (Figure 3A). The Cas9 and Casl2a thereby targeted opposite strands, yet

were constrained to recognize the same PAM site and preserve important features for guide RNA
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effectiveness (e.g. distribution of purines/pyrimidines, directionality of target-matching in relation
to the PAM, and GC-content; Supplementary Table T2)222® We believe this is the first report of
Casl2a and Cas9 activity being compared so explicitly on an endogenous genomic locus. For
each site we examined, iSpy-mac Cas9 consistently generated a larger indel percentage than either
AsCasl12a or LbCas12a - never exhibiting less activity than the lower-editing of the two Cas12

proteins - if not generating the largest overall percentage (Figure 3B).

Lastly, we selected a window of four nucleotides in the VEGFA locus in a sequence context
such that any other reported CRISPR endonuclease capable of gene modificiation would not allow
their base editing with a cytidine deaminase-fused enzyme.*” Note, a Spy-mac Cas9 base editor has
a distinct targeting range to implementations that use Casl2a since current base editing methods
directly modify the non-target strand and in order to recognize the same PAM site, the two enzyme
types must target in opposite orientations;**>! Hence, Cas9 base editing architectures utilize their
ability to nick on the guide-pairing target side of the R-loop structure (ribonucleoprotein bound
and matched to DNA) to transfer a base edit in a manner that templates from the modified non-
target strand.** Accordingly, we co-transfected HEK293T cells with a nickase form of Spy-mac
Cas9 derived from the previously reported BE3 architecture for cytosine base editing (Spy-mac
nCas9-BE3) and the gRNA plasmid targeting a PAM downstream of the selected nucleotides.” We
measured robust levels of base editing in harvested cells, which exhibited 20% to 30% cytosine to
thymine conversion at these positions (Figure 3C). Despite previous reports indicating base editing
rates are generally lower than gene modification rates for the same target, we instead noticed a

significant gain compared to the indel formation when we used double-strand breaking enzymes
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for this PAM site.** Such discrepancy is likely explained by scaling to more sites for larger gene
modification experiments, and possibly from differing codon usage outside of the PI domain. Re-
cent work shows that higher editing rates can be achieved by optimizing such codon selection,
nuclear-localization sequences/linkers, protein solubility, delivery methods, and sortable labeling

of transfected cells.2*7

In summary, we have identified a homolog of Spy Cas9 in Streptococcus macacae with na-
tive 5’-NAAN-3’ PAM specificity. By leveraging the substantial background in the development
and characterization of Spy Cas9, we engineered variants of Smac Cas9 that maintain its minimal
adenine dinucleotide PAM specificity and achieve suitable activity for mediating edits on chromo-
somes in human cells.*® This finding sets the path for engineering enzymes like Spy-mac Cas9 with
other desirable properties, control points, effectors, and activities >****!' Spy-mac Cas9 can now
open wide access to AT-content PAM sequences in the ever-growing list of genome engineering

applications with Type-IIA CRISPR-Cas systems.
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Methods

Selection of Streptococcus Cas9 Orthologs of Interest All Cas9 orthologs from the Streptococ-
cus genus were downloaded from the online UniProt database https://www.uniprot.org/.
These were the downselected by pair-wise alignment to Spy Cas9 using a Blosum62 cost matrix
in Genewiz software, discarding orthologs with less than 70% agreement with the Spy Cas9 se-
quence. The remaining 115 orthologs were used to generate a sequence logo (Weblogo http://
weblogo.threeplusone.com/create.cgi), and were manually selected for divergence
at positions aligned to residues critical for the PAM interaction of Spy Cas9. The SPAMALOT
pipeline was implemented as we previously reported'® Briefly, a set of scripts based around
the Bowtie alignment tool (http://bowtie-bio.sourceforge.net) map the spacer se-
quences from CRISPR cassettes to putative targets in phage genomes. The SPAMALOT software

can be downloaded at https://github.com/mitmedialab/SPAMALOT.

PAM-SCANR Bacterial Fluorescence Assay Sequences encoding the PAM-interaction domains
of selected Cas9 orthologs were synthesized as gBlock fragments by Integrated DNA Technolo-
gies (IDT) and inserted via a New England Biolabs (NEB) Gibson Assembly reaction into the
C-terminus of a low-copy plasmid containing Spy dCas9 (Beisel Lab, NCSU). The hybrid pro-
tein constructs were transformed into electrocompetent E. coli cells with additional PAM-SCANR
components as previously established. ™ Overnight cultures were analyzed and sorted on a Becton
Dickinson (BD) FACSAria machine. Sorted GFP-positive cells were grown to sufficient density,
and plasmids from the pre-sorted and sorted populations were then isolated. The region flanking

the nucleotide library was PCR amplified and submitted for Sanger sequencing (Genewiz). The
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choromatograms from received trace files were inspected for post-sorted sequence enrichments

relative to the pre-sorted library.

Purification of and DNA cleavage with Selected Nucleases The gBlock (IDT) encoding the
PAM-interaction domain of S. macacae was inserted into a bacterial protein expression/purification
vector containing wild-type S. pyogenes Cas9 fused to the His6-MBP-tobacco etch virus (TEV)
protease cleavage site at the N-terminus(pMJ915 was a gift from Jennifer Doudna, Addgene plas-
mid #69090). The resulting hybrid Spy-mac Cas9 protein expression construct was sequence-
verified by a next-generation complete plasmid sequencing service (CCBI DNA Core Facility at
Massachusetts General Hospital). The hybrid-protein construct was then transformed into BL21
Rosetta 2TM(DE3) (MilliporeSigma), and a single colony was picked for protein expression, inocu-
lated in 1 L 2xYT media, and grown at 37 Celsius to a cell density of OD600 0.6. The temperature
was then lowered to 18 Celsius and His-MBP-TEV-SpyMac Cas9 expression was induced by sup-

plementing with 0.2 mM IPTG for an additional 18 hours of growth before harvest.

Cells were then lysed with BugBuster MProtein Extraction Reagent, supplemented with 1
mg/ml lysozyme solution (MilliporeSigma), 125 Units/gram cell paste of Benzonase™Nuclease
(MilliporeSigma), and complete, EDTA-free protease inhibitors (Roche Diagnostics Corporation).
The lysate was clarified by centrifugation, including a final spin with a pre-chilled Steriflip M0.45
micron filter (MilliporeSigma). The clarified lysate was incubated with Ni-NTA resin (Qiagen) at
4 Celsius for 1 hour and subsequently applied to an Econo-Pac™chromatography column (Bio-
Rad Laboratories). The protein-bound resin was washed extensively with wash buffer (20 mM Tris

pH 8.0, 800 mM KCl, 20 mM imidazole, 10% glycerol, 1 mM TCEP) and His-tagged Spy-mac
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protein was eluted in wash buffer (20 mM HEPES, pH 8.0, 500 mM KCl, 250 mM imidazole,
10% glycerol). ProTEVT™Plus protease (Promega, Madison) was added to the pooled fractions
and dialyzed overnight into storage buffer (20 mM HEPES, pH 7.5, 500 mM KCl, 20% glycerol)
at 4 Celsius using Slide-A-Lyzer Mdialysis cassettes with a molecular weight cut-off of 20 KDa
(ThermoFisher Scientific). The sample was then incubated again with Ni-NTA resin for 1 hour
at 4 Celsius with gentle rotation and applied to a chromatography column to remove the cleaved
His tag. The protein was eluted with wash buffer (20 mM Tris pH 8.0, 800 mM KCl, 20 mM
imidazole, 10% glycerol, 1 mM TCEP) and fractions containing cleaved protein were verified
once more by SDS-PAGE and Coomassie staining, then pooled, buffer exchanged into storage
buffer, and concentrated. The concentrated aliquots were measured based on their light-absorption
(Implen Nanophotometer) and flash-frozen at -80 Celsius for storage or used directly for in vitro

cleavage assays.

The crRNA and tracrRNA guide components were procured in the form of HPLC-purified
RNA oligos (IDT) and resuspended in 1X IDTE pH 7.5 solution (IDT). Duplex crRNA-tracrRNA
guides were annealed at 1 uM concentration in duplex buffer (IDT) by a protocol of rapid melting
followed by gradual cooling. Target substrates were PCR amplified from assemblies of the PAM-
SCANR plasmid with a fixed PAM sequence. In vitro digestion reactions with 10 nM target and
typically a 10-fold excess of enzyme components were prepared on ice and then incubated in a ther-
mal cyclcer at 37 Celsius. Reactions were halted after at least 1 minute of incubation by subsequent
heat denaturation at 65 Celsius for 5 minutes and run on a 2% TAE-agarose gel stained with DNA-

intercalating SYBR dye (Invitrogen). Gel images were recorded from blue-light exposure and an-
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alyzed in a Python script adapted from https://github.com/jharman25/gelquant/.
Cleavage fraction measurements were quantified by the relative intensity of substrate and product

bands as follows:

. integrated intensity of product bands
% cleaved fraction = £ yOup

integrated intensity of all bands

Gene Modification Analysis and Software The gBlock (IDT) encoding the PAM-interaction do-
main of S. macacae was swapped into the Spy Cas9 mammalian expression plasmid OG5209
(Oxford Genetics). Plasmids for Casl2a protein plus Cas9 and Casl2a guide construction were
gifts from Keith Joung (Addgene plasmid 78741, 78742, 78743, 78744). HEK293T cells were
maintained in DMEM supplemented with 100 units/ml penicillin, 100 mg/ml streptomycin, and
10% fetal bovine serum (FBS). sgRNA plasmid (62.5 ng) and nuclease plasmid (187.5 ng) were
transfected into cells as duplicates (5 x 10*/well in a 96-well plate) with Lipofectamine 3000 (Invit-
rogen) in Opti-MEM (Gibco). After 5 days post-transfection, genomic DNA was extracted using
QuickExtract Solution (Epicentre), and genomic loci were amplified by PCR utilizing the KAPA
HiFi HotStart ReadyMix (Kapa Biosystems). For indel analysis, the T7EI reaction was conducted
according to the manufacturer’s instructions and equal volumes of products were analyzed on a 2%
agarose gel stained with SYBR Safe (Thermo Fisher Scientific). Gel image files were analyzed in a
Python script adapted from https://github.com/jharman25/gelquant /. Boundaries
of cleaved and uncleaved bands of interest were hard-coded for each duplicate set of Cas variants

with a common target, and the areas under the corresponding peaks were measured and calculated
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as the fraction cleaved of the total product. Percent gene modification was calculated as follows:

% gene modification = 100 x (1 — (1 — fraction cleaved)%)

Base Editing Analysis and Software The gBlock (IDT) encoding the PAM-interaction domain
of S. macacae was swapped into a mammalian expression plasmid for cytosine to thymine base
editing, which came as a gift of David Liu (Addgene plasmid 73021). HEK293T (ATCC®CRL-
3216™) cells (MilliporeSigma, Burlington, MA) were maintained in DMEM supplemented with
100 units/ml penicillin, 100 mg/ml streptomycin, and 10% fetal bovine serum (FBS). sgRNA (500
ng) and BE3 plasmids (500 ng) were transfected into cells as duplicates (2 x 10°/well in a 24-well
plate) with Lipofectamine 3000 (Invitrogen) in Opti-MEM (Gibco). After 5 days post-transfection,
genomic DNA was extracted using QuickExtract Solution (Epicentre), and the VEGFA genomic
locus was amplified by PCR utilizing the KAPA HiFi HotStart ReadyMix (Kapa Biosystems).
Amplicons were purified and submitted for Sanger sequencing (Genewiz). For base conversion
analysis, an automated Python script termed BEEP, employing the pandas data manipulation li-
brary and BioPython package, was utilized to align base-calls of an input abl file to first determine
the absolute position of the target within the file, and subsequently measure the peak values for
each base at the indicated position in the spacer. Finally, editing percentages of specified base con-
versions were calculated and normalized to that of an unedited control. Conversion efficiencies are
reported as the average of two independent duplicate reactions + standard deviation. The BEEP

software can be downloaded at https://github.com/mitmedialab/BEEPM®
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Figure 1 : Identification of features from natural PAM divergence through bioinformatics.

(A) Sequence alignment (Genewiz software) of Spy Cas9, its “QQR" variant, and Smac Cas9. The step in the un-
derlining red line marks the joining of Spy Cas9 and Smac Cas9 to construct a Spy-mac Cas9 hybrid. The sequence
logo (Weblogo online tool) immediately below the alignment depicts the conservation at 11 positions around the PAM-
contacting arginines of Spy Cas9. (B) The domain organization of Spy Cas9 juxtaposed over a color-coded structure of
RNA-guided, target-bound Spy Cas9 (PDB ID SF9R). The two DNA strands are black with the exception of a magenta
segment corresponding to the PAM. A blue-green-red color map is used for labeling the Cas9 PI domain and guide
spacer sequence to highlight structures that confer sequence specificity and the prevalence of intra-domain contacts
within the P142 (C) A sequence logo generated online (WebLogo) that was input with putative PAM sequences found

in Streptococcus phage and associated with close Smac Cas9 homologs.
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Figure 2 : Validation of Smac Cas9 recognition for adenine dinucleotide PAM sequences.

(A) Chromatograms representing the PAM-SCANR based enrichment of variant-recognizing PAM sequences from
a 5’-NNNNNNNN-3’ library. (B) SYBR-stained agarose gels showing in vitro digestion of 10 nM 5’-NAAN-3’
substrates upon 16 minutes of incubation with 100 nM of purified ribonucleoprotein enzyme assemblies. Arrows dis-
tinguish banding of the cleaved products from uncleaved substrate (top band). Matrix plots summarize cleaved fraction
calculations, which were carried out in a custom script for processing gel images. (C) Timecourse measurements of
target DNA substrate cleavage for Smac Cas9 and Spy-mac Cas9. (D) DNA substrate cleavage plotted as a function

of 0.25:1, 1:1, and 4:1 molar ratios of ribonucleoprotein to target for wild-type Spy Cas9 and hybrid Spy-mac Cas9.
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Figure 3 : Confirmation of Spy-mac Cas9 as a unique and efficient genome engineering platform.

(A) Schematic diagram for matching Cas9 and Casl2a guides in a manner that enforces their recognition of the
same PAM sequence and therefore facilities their comparison (a "Casl2a vs Cas9 Comparator"). (B) Dot plots of
absolute and relative gene modification efficiency in HEK293T cells by Cas9 and Cas12a variants targeting common
PAM sequences located in the VEGFA gene. Values were quantified in a T7EI-based assay and are consistent with
biological duplicates that were run in parallel. (C) Genomic base editing demonstration for the targeted conversion
of cytosines to thymines with Spy-mac nCas9-BE3. Analysis on the efficiency was carried out in our custom Sanger

sequencing trace file processing script called BEEP.
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Figure S1 (A) Dinucleotide and (B) Trinucleotide occurrences in the human reference genome GRCh38. Tallies
were carried out using the compseq EMBOSS command line software tool. Dashed gray lines mark what the expected

percentages would be for a uniform representation of all sequences of length 2 or 3.
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Spycass ---NGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKH--YLDE | | EQISEFSKRVILADANLDKVLSAYNKHRD-KP IREQAEN I IHLFTLTNLGAPAAFKYFDTT | DREEKESRYTSTKEVL----DATL I HQS I TGLYETR IDLSQLGGD
Smac Casd D1 W Sk A Q K SQIT N W LDS---DLIN TFNE T RCK GRER1Q TENV SNKRNSAS E L SF K LGF @ TSP NFLGVKLNG T KGK DYTLPCTEG R VKT E
Smut Caso I LW SK VH - - ILFNE TS  KCK GKEHIQ IEE S E SAS E L DGF K LGF Q TSP SFLGIKLNG Q GK DY LPCME K
ma2 Cass 1 LW SK VH HH - - ILFNE TS  KCK GKEHIQ IEE S E SAS E L DGF K LGF Q TSP SFLGIKLNQ Q GK DY LPCME K
suoiCass  HKYGTYR FIV NQ KRA QIFVTT QMKLISQYTTLD ---NEH S- -QS WN_FL_ MLATD VNKK-QYDEL ILTNNQTIEEC NIMNRV TTLSF IN GQKKI| D LSLPI RWQFADSDKMVKKIIES K E
Sude2 Cas9 GOR L s |_YHETAL HTQRIN ISEPIHKQ- A QNEF--K LLTT ISL K-VIQKP VESL QOAFEQA YQLS SF S G __FLGVE 5@ SSV. KPNSQF K_E

Ortholog of Interest NCBI Accession %Agreement to Spy1-1099 %Agdreement to Spy1100-1368 %Adgreement to Smac1100-1368 Spy-Ortholog Hybrid dCas9 PAM-SCANR Post-Sort (GFP+)

ACGT
Smac Cas9 WP_003079701 64.6 379 - Spy-mut1/2 AMQAAM

Smut1 Cas9 BAQ19582 63.5 409 85.4

Smut2 Cas9 WP_024784288 65.7 409 85.4 A/ \ AAA
Sudo1 Cas9 WP_049510439 64.4 30.2 39.9 Spy-udo1

Sudo2 Cas9 WP_049538452 64.8 488 46.8

Spy-udo2 L \ana A

S = Streptococcus, py = pyogens, mac = macacae, mut = mutans, udo = pseudopneumoniae

Figure S2 (A) Sequence alignment (Genewiz software) for selected orthologs of interest that substitute at least
one critical PAM-contacting arginine residue within the region highlighted in red. A blue box marks the C-terminal
component grafted onto truncated Spy Cas9 to form dCas9 hybrids. (B) Table listing the homology shared within
and outside of the box to those regions in the corresponding Spy Cas9 and Smac Cas9 reference sequences. (C)
Chromatograms representing the PAM-SCANR based enrichment of variant-recognizing PAM sequences from a 5’-

NNNNNNNN-3’ library.
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Smac CRISPR Cassette (NCBI: NZ_AEUW02000001)

AATCTTGAGACAAAAAT TGGTCCACGAGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACAGAGAT TTAACTAATCTAGCTAATCGTGTAGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAARACGG
T A— Repeat e

Notable Spacer Mappings

—
(YY(T(;(YYTY(;YAQYY(;(YAAA(AAA”YI(QIYYYA(,A[,(,Y(,Y(,YT(,YYY((,AAY&EYY((AAAA(Y[,(A(YYYAAY(Y(,(,YYAAAA(;A(Y((,(;Y(:,RzAYTYYAbA(;(YbY(,YY(,YYY((;AAY(;(;YY((AAAA(AA Putatlve
— — . .
Protospacer PA Strain/Species Source
r— m—

ATGATGGTCAATAATGAAGCGGAAATCTGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACTAGCTACGTTTACTTTCTTCTATCTTCTGAGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAARACTA
£ =i CTAATCTAGCTAATGGTGTA TCAATTTTTT Macaca fascicularis (Host; Primate)

Repeat Repeat
TGGAACAGGAGCTTACTACAACCTACCCGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACTACGGTTGCTGAAGATATAATAGACGCTATGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACAT AACATTTGAGATACCTCTTT AAAGTAAGGC Macaca fascicularis (Host; Primate)
Repeat Repeat

CTTTTTGGGCGAAATCACCGATTACCTCGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACACTTGGGCCGAAATTGGCGAGGTTGTTGGAGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAARACAG
s T
Repeat Repeat . . .
GGGCAAAAGTAGCCTGAATT CTAAGGATAG Macaca fascicularis (Host; Primate)

TGTTGGCAGATAGTACAGTTGETTGCATGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACAAAACAAGTTTGGTAGCCGTGGTGCTGGTAGTTTTAGAGCTGTGTTGTTTCGAATGGCTTACTTGCTT

Resent Repent TCCATGAAATTTCCAATCTG TAAAGTCTGT Streptococcus phage APCM1/M162/M102AD
Smut1 CRISPR Cassette (NCBI: AB742518) TACGTTCCTAAAACTTGCCC AAATCC---- Parasteatoda tepidariorum (House Spider)
AATGTCGTGACGAAR 1CCACGAGGTTTTAGAGETGTGTTGTTTCGAATGGTTCCAARACCACATTAGCACTTGTCATCTGATAAGETGCGTTTTAGAGCTGTGTTGT TTCGAATGGTTCCARAACAT

e = Repeat GCGATGATTACGCTTGAGTT AATAGAAATG Candidatus Izimaplasma (Bacteria)

AAAGAAAGAGGCAAAAGTAGCCTGAAGGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACGTATTCCATTTCCATGAAAT TTCCAATCTGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAARACAG
Ey A

GATATTGACTGTGTCGTTTC CAAATTCTCT Streptococcus phage M162AD

Revent Repeat
CAATAAAGTACGTTCCTAAAACTTGCCCGTTTTAGAGETGTGTTGTTTCGAATGGTTCCAAAACGATTGAAAAAACTATTGTCTATAGAATTTTGTTTTAGAGETGTGTTGT TTCGAATGGTTCCARAACAG TTTTCAGTTTCCTTACARAC TAAGATTTTC Streptococcus phage APCMO1
Repest Repent
TTTTCGGTTTCCTTACAAAL CAAGATTTTC Streptococcus phage M162/M162AD
AT GG AT TAGTAACAATAGAAGAGTT TG T TTTAGAGE TGTGTTGTTTEGAAT GG TTCCAAAACCCCARAGATTTTTGECTGTGTTATAGTATGGTTTTAGAGCTGTGTTGTTTCGARTGGTTCCARAACA
- — TAAAAGCTCCTGCTGTGTCT TTAAGGTGCC Danio rerio (Zebrafish)
GACTTAGATGAGATGATTACGCTTGAGTTGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACATAGCACACAAAAGGGCGCAGAAGEGTATCGTTTTAGAGETGTGTTGTTTCGAATGGTTCCARAACT
i a . o ni
Repeat Repest GATAAAGGAAAAGCCATGAC TCAACGCAAA Ovis canadensis (Bighorn Sheep)
ATGAGAGATGATATTGACTGTGTCGTTTCGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACTCAACCATGTTTTTCAGTTTCCTTACAAACGTTTTAGAGETGTGTTGTTTCGAATGGTTCCARAACG
g ann GATAAAGGCAAGGCCATGAC CAAAGCCATC  Streptococcus phage APCMOL
Revent Repet
CTTGCACTT TAAAAGCTCETGCTGTGTC TG TTTAGAGCTGTGTTGTTTCGAATGGTTCCARAACTGGTAATGCGGATAAAGGAARAGCCATGACTTTTAGAGE TGTGTTGTTTCGAATGGTTCCARAACA IGTGCTTGTGTCACAGCTAG AAGGTTCTCT Lepisosteus oculatus (Spotted Gar)
Repeat nepeat

AAAAAGACAGGAGTAATCAG TAAAAGATAC Pieris rapae (Cabbage White Butterfly)

AACGEGTTGATTGCTTGTGTCACAGCTAGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACTAAGGTCGAGARAAAGACAGGAGTAATCAGGTTTTAGAGETGTGTTGTTTCGAATGGTTCCARAACT
erhna erna
Repeat Repeat
o - AAAAABACAGGIGTAATCAG CAAAACACTA Streptococcus phage M162

CCGATTARAATCTTAAACATTTTTCACCTGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACTGCAAAATCAGCAACAGGATACATTATCACGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCARAACA

Repeat Repeat
ATAGAATCAAATTCTCCTAAGTCAGTTAAGTTTTAGAGCCATGTTAGTTACTGATTTACTAAAATGCATTATGCGARAGAT TTTTAAATAAGCAAAAGACACTTGAAGCAATAATTCAAGTGTCTTTTATGG
A ACTAAGACCGCCAACITAAC TAACTTGGAA Streptococcus phage M162/M102AD
Repeat
ACCAAGACCGCAAACITAAC TAACTTAGAA Streptococcus phage APCMO1
Smut2 CRISPR Cassette (NCBI: NZ_ALYX01000034) N I P phag
AT T e T T T TAGAGC 16T 6T LG LT CGAATGGTTCCARAACAATGTGGGGTACTARGACCGCARACC TARC ST TTTAGAGE T TGTTGTTTCGANT GG TTCCARAACCA GCTAMMACCCGTGCAGATGA TAACTTCGTT  Streptococcus phage Mi02
— Repeat
CTAATACTGCTAAAACTCGTGCAGATGAGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACTACAACCAAACACAGGAGACAACCACCAATGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAARACTT GCTAAAACTCGTGCAGATGA TAATTTTGTT Streptococcus phage APCMO1
ety i
Repeat Repeat

TCAAAGTITCTGAGTAGTCA TATATGTAAA Streptococcus phage M102/M162AD

GATTTCTGTCAAAGTCTCTGAGTAATCAGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACGCAGATTATGACTTAGAACGAGCGCAAAAGGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCARAATTG

Repeat Repest TCAGAGTCTCAGAATAGTCA TATATGTAAA Streptococcus phage APCMO1
GCACATATAATCCGTAAAGGCGGCACATGTTTTAGAGCCATGTTAGTTACTGATTTACTAAAACACATTATGCGAAAGATTTTTAAATAAGCAAAAGACACTTGAAGCAATAATTCAAGTGTCTTTTATGGG
A

Repeat

Figure S3 (A) Annotated CRISPR cassettes obtained from the genomes corresponding to orthologs that substi-
tute both PAM-contacting arginine residues to glutamine. (B) Mappings of CRISPR cassette spacers to their putative
target source for listed crRNA, identified via an online BLAST and/or SPAMALOT. SPAMALOT uncovered most
cases of mismatch-tolerated mappings to Streptococcus phage. Underlined bases indicate mismatches that are toler-

ated for the mapping. Additional line spacing separates analysis for each CRISPR cassette.
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Figure S4 (A) SDS-PAGE gel image of Spy-mac Cas9 after purification by affinity chromatography. SYBR-

stained agarose gels running in vitro digestion reactions are shown that assay dependencies on (B) crRNA spacer

length and (C) tracrRNA sequence origin. (D) Sequence alignment (Genewiz software) of tractrRNA from S. pyogenes

and S. mutans highlighted in a color code that reflects the base-pairing in their (E) duplex gRNA secondary structure.

SYBR-stained agarose gels running in vitro digestion reactions are shown that assay dependencies on (F) positions 5-8

in the PAM sequence and (G) increments to the distribution of adenine content in positions 1-5 in the PAM sequence.

26


https://doi.org/10.1101/429654
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/429654; this version posted September 27, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-ND 4.0 International license.

A B VEGFA Smac  Spy-mac iSpy-mac
VEGFA SgRNA PAM Cas9  Cas9 Cas9 sgRNA Scaffold: Spy
PAM Spy Cas9  Spy-mac Cas9 Smac-py Cas9 Smac Cas9  Scaffold
w -
4
p———— S GAARGTGA <
TAAC Spy
w vV v
4
—-— e G S G S G S AAAGTGAG <
TAAC - Spy-mac

4
TAAC - W Wy ey S e e TAAGGCCC
Smac-py
4
— . S G S G e S w
TAAC 5 Smac
GAAGGCGG b |
coor WD e Gy e ) - - 5oy w v v
CAAGCCGT
4
T7E1 Assay
~ N ~
CAACCCCA 1
-~ - [
CAATGTGC 1

Figure S5 Detection of genomic modification in SYBR-stained agarose gels running T7EI digests upon target-
ing (A) a single PAM site with combinations of wild-type plus hybrid variants of Cas9 and guide scaffold (tracrRNA
sequence) from S. pyogenes and S. macacae, and (B) a diversity of PAM sequences with the wild-type and engineered
variants that include the Smac Cas9 PI domain. Arrows point to the banding from products digested by T7EI, which

is used to estimate gene modification efficiencies.
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Table T1 Sequence information for in vitro digest reactions

Name Sequence

crRNA rCrGrArArArGrGrUrUrUrUrGrCrArCrUrCrGrArC...
rGrUrUrUrUrArGrArGrCrUrArUrGrCrU

tracrRNA (Spy) rArGrCrArUrArGrCrArArGrUrUrArArArArU...

PAM Target 5’-NNNN-3’

rArArGrGrCrUrArGrUrCrCrGrUrUrArUrCrA...
rArCrUrUrGrArArArArArGrUrG...
rGrCrArCrCrGrArGrUrCrGrGrUrGrCrUrU
CGAAAGGTTTTGCACTCGACNNNNACCAACGAAAGGGCC
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Table T2 Sequence information for genome editing in human cells

Name Sequence

sgRNA for Cas9 N20(Target) GTTTTAGAGCTATGCTG...
GAAACAGCATAGCAAGTTAAAAT...
AAGGCTAGTCCGTTATCAACTTGAAA...
AAGTGGCACCGAGTCGGTGCTT polyT

gRNA for AsCas12a TAATTTCTACTCTTGTAGAT N20(Target) polyT

gRNA for LbCas12a AATTTCTACTAAGTGTAGAT N20(Target) polyT

Target for CAAATTCC PAM w/ Cas9
Target for CAAATTCC PAM w/ Cas12a
Target for CAACCCCA PAM w/ Cas9
Target for CAACCCCA PAM w/ Casl2a
Target for CAAGCCGT PAM w/ Cas9
Target for CAAGCCGT PAM w/ Casl2a
Target for CAATGTGC PAM w/ Cas9
Target for CAATGTGC PAM w/ Cas12a
Target for TAACCTCA PAM w/ Cas9
Target for TAACCTCA PAM w/ Casl2a
Target for TAAGGCCC PAM w/ Cas9
Target for TAAGGCCC PAM w/ Cas12a
Target for GAAGTCGA PAM w/ Cas9
Target for GAAGTCGA PAM w/ Cas12a
Target for GAAAGTGA PAM w/ Cas9
Target for GAAAGTGA PAM w/ Cas12a
Target for GAAACCAG PAM w/ Cas9
Target for GAAACCAG PAM w/ Cas12a
Target for AAACCAGC PAM w/ Cas9
Target for AAACCAGC PAM w/ Cas12a
Target for AAAGTGAG PAM w/ Cas9
Target for AAAGTGAG PAM w/ Cas12a
Target for AAATTCCA PAM w/ Cas9
Target for AAATTCCA PAM w/ Casl2a

GAACCCGGATCAATGAATAT
ATATTCATTGATCCGGGTTC
GCTCCCCGCTCCAACACCCT
AGGGTGTTGGAGCGGGGAGC
GGGAAGTAGAGCAATCTCCC
GGGAGATTGCTCTACTTCCC
GCCACAGTGTGTCCCTCTGA
TCAGAGGGACACACTGTGGC
GCTCAGGCCCTGTCCGCACG
CGTGCGGACAGGGCCTGAGC
GTTCCATCGGTATGGTGTCC
GGACACCATACCGATGGAAC
GGTAGCAAGAGCTCCAGAGA
TCTCTGGAGCTCTTGCTACC
GATTGGCGAGGAGGGAGCAG
CTGCTCCCTCCTCGCCAATC
GCCTGGAAATAGCCAGGTCA
TGACCTGGCTATTTCCAGGC
GCTGGAAATAGCCAGGTCAG
CTGACCTGGCTATTTCCAGC
GTTGGCGAGGAGGGAGCAGG
CCTGCTCCCTCCTCGCCAAC
GACCCGGATCAATGAATATC
GATATTCATTGATCCGGGTC
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