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Abstract

Manipulation of DNA by CRISPR-Cas enzymes requires the recognition of a protospacer adjacent
motif (PAM), limiting target site recognition to a subset of sequences. To remove this constraint,
we engineered variants of Streptococcus pyogenes Cas9 (SpCas9) to eliminate the NGG PAM
requirement. We developed a variant named SpG capable of targeting an expanded set of NGN
PAMSs, and further optimized this enzyme to develop a near-PAMIess SpCas9 variant named
SpRY (NRN>NYN PAMsS). SpRY nuclease and base-editor variants can target almost all PAMs,
exhibiting robust activities on a wide range of sites with NRN PAMs in human cells and lower but
substantial activity on those with NYN PAMSs. Using SpG and SpRY, we generated previously
inaccessible disease-relevant genetic variants, supporting the utility of high-resolution targeting
across genome editing applications.

One Sentence Summary:

Engineered SpCas9 variants nearly eliminate the PAM requirement for DNA-targeting CRISPR
enzymes, enabling precision nuclease and base editing applications.

The requirement for DNA-targeting CRISPR-Cas enzymes to recognize a short sequence
motif adjacent to target sites in foreign DNA is a critical step for CRISPR systems to
distinguish self from non-self(1, 2). For genome editing applications, however, the necessity
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of protospacer-adjacent motif(3-6) (PAM) recognition by Cas9 and Cas12a proteins
constrains targeting and affects editing efficiency and flexibility. The prototypical Cas9 from
Streptococcus pyogenes (SpCas9) naturally recognizes target sites with NGG PAMSs(5, 7,
8), making it one of the most targetable CRISPR enzymes characterized to-date. While other
naturally occurring Cas orthologs can in principle expand targeting by recognizing divergent
non-canonical PAMs, the vast majority of Cas9 and Cas12a enzymes(9-12) require extended
motifs that limit their utility for genome editing. Thus, the PAM requirement prevents the
accurate positioning of CRISPR target sites and is a major barrier for genome editing
applications that command high resolution target site positioning (e.g. targeting small
genetic elements, base editing, generating efficient HDR-mediated alterations, performing
tiling screens, etc.(13-19)).

One method to improve the targeting range of genome editing technologies is to
purposefully engineer CRISPR enzymes that can target previously inaccessible PAMs.
SpCas9 primarily recognizes its optimal NGG PAM by direct molecular readout of the
guanine DNA bases via the amino acid side chains of R1333 and R1335(20) (Figs. 1A, 1B
and S1A). Modification of either arginine alone ablates SpCas9 nuclease activity against
sites with NGG, NAG, or NGA PAMSs(8, 20), necessitating the use of molecular evolution to
alter PAM preference by mutation of other amino acids in the PAM interacting (PI) domain.
Several protein engineering strategies have been pursued towards expanding targeting with
SpCas9, including using directed evolution or structure-guided engineering to develop
variants with altered PAM profiles(8, 21) (e.g. SpCas9-VQR, VRQR, and VRER) or relaxed
PAM preferences(22, 23) (e.g. SpCas9-NG and xCas9). While these variants expand the
potential targeting space of SpCas9, target sites encoding the majority of non-canonical
PAMs still remain inaccessible for genome editing.

Here we utilized structure-guided engineering to nearly completely relax the PAM
requirement of SpCas9. This approach enabled the generation of a highly enzymatically
active NGN PAM variant (named SpG), and subsequent optimization of SpG led to a variant
capable of editing nearly all PAMs (named SpRY). We demonstrate that SpG and SpRY
improve editing resolution and offer new genome editing capabilities. More broadly, the
molecular strategy described herein should in principle be extensible to a wide diversity of
Cas orthologs, paving a path towards the development of a suite of editing technologies no
longer constrained by their inherent targeting limitations.

Structure-guided mutagenesis to relax SpCas9 PAM preference

Towards eliminating the PAM requirement of SpCas9, we first developed a variant capable
of recognizing a reduced NGN PAM compared to the canonical NGG sequence. Our
previous efforts to alter SpCas9 PAM preference illuminated several PAM-proximal residues
important for PAM recognition(8) (Fig. 1B), observations supported by structural studies(20,
24, 25) (Figs. SLA-E and (26)). Characterizations of SpCas9-VQR (harboring D1135V/
R1335Q/T1337R substitutions) and the derivative SpCas9-VRQR variant (that additionally
encodes G1218R) suggests that these enzymes target an expanded number of non-canonical
PAMs including those with variable bases in the 3 position of the PAM (NGAN>NGNG)
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(8, 21). We therefore hypothesized that R1335Q-harboring variants with other PI domain
substitutions could recognize an expanded number of PAMs (Figs. S1F-11). Thus, we
utilized SpCas9-VRQR as a molecular scaffold to further relax SpCas9 PAM preference.

To more thoroughly investigate the impacts of amino acid substitutions in Pl domain
residues, we developed a high-throughput PAM determination assay (HT-PAMDA) to
comprehensively profile the PAM preferences of a large number of SpCas9 variants (Figs.
S2A-2D and (26)). HT-PAMDA accurately replicated the PAM profiles of wild-type (WT)
SpCas9 and other previously described variants (Figs. 1C and S2D). To engineer an SpCas9
variant capable of more relaxed targeting, we utilized HT-PAMDA to sequentially determine
the contributions of substitutions at five Pl-critical positions D1135, S1136, G1218, E1219,
and T1337 in the context of SpCas9-VRQR (Fig. S2E and (26)). We identified several
variants bearing combinations of rational substitutions at these five important residues that
exhibited more balanced tolerances for any nucleotide at the 3™ and 4" PAM positions
(Figs. 1C and S2E). One variant bearing D1135L/S1136W/G1218K/E1219Q/R1335Q/
T1337R substitutions, henceforth named SpG, exhibited the most even targeting of NGA,
NGC, NGG, and NGT PAM s (Figs. 1C and S2E).

We then compared the activities of WT SpCas9 to SpG and nearly all intermediate variants
in human HEK 293T cells to corroborate our HT-PAMDA findings. Using an optimal
nuclear localization signal (NLS)(27) (Fig. S3) and non-saturating nuclease expression
conditions in HEK 293T cells, we examined the human cell editing activities of this large
collection of variants on four sites with NGA, NGC, NGG, and NGT PAMs (Figs. S4A,
S4B, and (26)). These experiments revealed high-activity editing on the four NGN PAM
sites with SpG (Figs. 1D and S4B), results that were consistent with the PAM preference of
SpG characterized using HT-PAMDA (Figs. 1C and S2F). We then sought to bolster the
activity of SpG through the addition of non-specific contacts mediated by L1111R and
A1322R substitutions, mutations that are necessary for the NGN PAM tolerance of SpCas9-
NG(22) (Figs. S4C and S4D). However, the L1111R and A1322R substitutions were
detrimental to the human cell editing activities of SpG, albeit without alteration of PAM
preference (Figs. S4E-SAF and S2F-S2G, respectively, and see (26)).

SpG activities as a nuclease, CBE, and ABE

Given the broad compatibility of SpG with NGN PAMs as determined by HT-PAMDA but
across only sixteen target sites in HEK 293T cells, we more thoroughly compared its
nuclease activity in human cells against WT SpCas9, xCas9(3.7), and SpCas9-NG. We
assessed the editing activities of SpG and these three nucleases on 78 sites bearing NGNN
PAM sequences that encompassed an approximately even distribution of nucleotide
identities in the 3" and 4t positions of the PAM (Fig. S5A and Table S1). Our assessment
recapitulated the PAM preference of WT SpCas9(7, 8), with a mean editing activity of
72.8% on sites with NGG PAMs and a reduced 4.7% mean editing across the remaining
NGH sites (where H is A, C, or T; Fig. 1E). SpG exhibited the highest mean editing
activities across all NGN PAM sites, averaging 51.2% on sites with NGG PAMs and 53.7%
on sites with NGH PAMs (Fig. 1E). Finally, of the two variants reported to recognize sites
with NGN PAMs, xCas9 displayed more modest editing (42.2% on NGG and 12.5% across

Science. Author manuscript; available in PMC 2020 August 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Walton et al.

Page 4

NGH), while SpCas9-NG editing activities were even across NGN PAM sites (46.9% on
NGG and 46.0% across NGH) but lower compared to SpG (Fig. 1E).

To better understand the PAM requirements of each of the NGN-PAM variants, we utilized
HT-PAMDA to profile SpG, xCas9, and SpCas9-NG (Fig. 1F and Fig. S2F). These
experiments demonstrated that SpG exhibited the most even and robust targeting of all NGN
PAMs (ranking SpG > SpCas9-NG > xCas9; Fig. 1F), consistent with the results of our 78-
site human cell experiment (Fig. 1E). Closer inspection of our HT-PAMDA and human cell
data did not reveal substantial 15t PAM, 41 PAM, or 15t spacer position preferences for WT
SpCas9, SpG, or SpCas9-NG (Figs. S5B-S5D and (26)). This analysis also attributed the
decreased activities observed with xCas9 to a preference for a C in the 4t position of the
PAM, which likely makes targeting of sites with NGND PAMs (where D is A, G, or T) less
efficient (Fig. S5E; for a more complete analysis of xCas9 PAM preference, see (26)). For
the four nucleases, HT-PAMDA values for each NGNN PAM class correlated with mean
editing activities in HEK 293T cells (Fig. S5F). Together, these results indicate that SpG is
an efficient and broadly targeting nuclease across sites bearing NGN PAMs.

Given the ubiquitous use of base editor (BE) technologies to mediate single nucleotide
substitutions in various organisms(17, 18, 28), we investigated whether the improved
activities of SpG could enhance BE activities across sites with NGN PAMs. We compared
C-to-T editing with WT SpCas9, xCas9, SpCas9-NG, and SpG BE4max cytosine base
editor(29) (CBE) constructs across 22 endogenous sites in human cells bearing NGNN
PAMs (Fig. S6A). We observed that whereas WT- and xCas9-CBE exhibited mean C-to-T
editing efficiencies above 15% only on sites with NGG PAMs, both SpG- and SpCas9-NG-
CBE were capable of mean C-to-T editing above 23% across NGN sites (Fig. 1G) and
displayed typical CBE substrate preferences (Fig. S6B). To ensure that the CBE versions of
the PAM variants harbored the same PAM profiles as the nucleases, we developed a
modified CBE high-throughput PAM determination assay (CBE-HT-PAMDA) (Fig. S6C
and (26)). The PAM compatibilities of the CBEs were largely consistent with the
preferences of the nucleases (compare Figs. 1H and 1F, respectively, and see Figs. S6D and
S6E).

Beyond C-to-T editing, adenine base editor (ABE) constructs have also been developed that
mediate A-to-G edits(18). Thus, we also compared the A-to-G editing potencies of WT
SpCas9, xCas9, SpCas9-NG, and SpG in the ABEmax architecture(29) across 21
endogenous sites harboring NGNN PAMs (Fig. S7A). Similar to our observations for CBEs,
WT- and xCas9-ABE could only efficiently perform A-to-G edits on target sites with NGG
PAMs (Fig. 11). However, both SpG- and SpCas9-NG-ABE efficiently edited target sites
with NGNN PAMs, where SpG-ABE exhibited the most robust activity across all NGNN
sites (Fig. 11) with typical ABE substrate preferences (Fig. S7B).

Collectively, these results demonstrate that SpCas9 PAM preference can be relaxed to a
single NGN nucleotide motif by designing a more tolerant PI domain, and that the SpG
variant developed through this strategy exhibits robust nuclease, CBE, and ABE activities
across NGN PAMs.
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Engineering SpCas9 variants capable of targeting NRN PAMs

Notwithstanding the efficient modification of sites with NGN PAMs using SpG, many
genomic regions remain inaccessible to genome editing. Because we observed efficient
modification of sites bearing NGN PAMs with SpG, we speculated that SpG could be
utilized as a molecular scaffold upon which to further relax PAM specificity. To alter
recognition of the 2" position of the PAM, we hypothesized that substitution of R1333 to
glutamine might enable access to sites harboring NAN PAMs by forming a base specific
contact with the adenine base in the second position of the PAM(8, 20, 24) (Fig. 2A).
However, our initial tests of SpG(R1333Q) nearly abolished activity in human cells against
four sites bearing NRN PAMs (where R is A or G) (Fig. 2B), revealing that the R1333Q
alone was insufficient to enable highly active targeting of NAN PAMs (consistent with
observations for WT SpCas9(8, 20)). Interestingly, contrary to our previous finding that
L1111R and A1322R substitutions negatively impacted SpG activity (Fig. S4E and S4F), we
observed that these non-specific DNA contacts were able to rescue some activity of
SpG(R1333Q) across the four sites bearing NRN PAMs in human cells (Fig. 2B).
Concurrent HT-PAMDA experiments to analyze the same variants corroborated a general
relaxation of PAM specificity against NRN PAMs but with a lower overall activity (Fig. 2C).

Next, to determine whether the R1333Q substitution was the most permissive for recognition
of an expanded number of PAMs, we utilized HT-PAMDA to investigate whether variants
harboring other amino acid substitutions at residue 1333 might be more amenable to highly
active and broad targeting of NRN PAMs. Systematic evaluation of SpG(L1111R/A1322R)
variants harboring all 20 possible amino acids at residue 1333 revealed that the range
substitutions at this position cause different 2" PAM position preferences and overall levels
of activity (Fig. S8A). Surprisingly, variants bearing R1333 substitutions to alanine,
cysteine, or proline conferred the most efficient collective targeting of NRN PAMs.
Experiments in HEK 293T cells against the same four sites harboring NRN PAMs
demonstrated that one SpG(L1111R/A1322R) variant that also harbored the R1333P
substitution exhibited greater activity on NRN PAMSs compared to the precursor R13330Q-
containing variants (Fig. 2B). HT-PAMDA experiments confirmed these observations (Fig.
2C).

Given that the addition of L1111R and A1322R to SpG-R1333Q improved on-target activity,
we determined whether additional analogous substitutions could further enhance editing of
sites with NRN PAMs. We utilized crystal structures of SpCas9(20, 24, 25) to identify other
positions in the Pl domain whose substitution to positively charged residues might be
expected to increase activity by forming novel non-specific DNA contacts (Fig. 2A). We
utilized HT-PAMDA to determine the single or combinatorial effects of three such
substitutions, A61R, G1104K, or N1317R, in the context of SpG(L1111R/A1322R) variants
also bearing R1333A, R1333C, or R1333P substitutions (Figs. 2C and S8B). This analysis
revealed that different combinations of the three non-specific substitutions were well-
tolerated by nearly all variants, and that the NRN PAM-preferences of variants harboring
R1333A, C, or P substitutions were similar by HT-PAMDA.

To determine which variant exhibited the highest activities in human cells, we tested this
large series of variants against four additional sites bearing NRN PAMs (Fig. S8C). We
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observed that the SpG(L1111R/A1322R) variant harboring the R1333P substitution and a
combination of A61R/N1317R offered the greatest mean editing against NRN PAMs (Fig.
2D). Use of HT-PAMDA to examine the sequential effects of the substitutions encoded by
this variant demonstrated a stepwise progression from NGN to NRN PAM preference, and
also revealed the surprising finding that this variant may target some NYN PAMs (where Y
is C or T; Fig. S8D). Together, our human cell and HT-PAMDA data suggest that the
SpG(L1111R/A1322R) derivative containing A61R, N1317R, and R1333P substitutions
(henceforth referred to as SpRY,, for SpCas9 variant capable of targeting NRN>NYN PAMs)
enables targeting of sites with NRN PAMs.

SpRY activities as a nuclease, CBE, and ABE in human cells

Having established the potential of SpRY to widely expand sequence targeting, we more
thoroughly assessed its nuclease activities in HEK 293T cells. We compared the on-target
editing of WT SpCas9 and SpRY across 64 sites, 32 each harboring NANN and NGNN
PAMs (Figs. S9A and S9B, respectively). Consistent with prior reports(7, 8), we observed
that WT SpCas9 preferred NGG>NAG>NGA PAMs with negligible targeting of the
remaining NRN PAMs (Fig. 3A). In comparison, SpRY was more effective than WT at
targeting sites encoding NRN PAMs, except for sites harboring canonical NGG PAMs (Fig.
3A). Across the 32 sites with NGN PAMSs, SpRY often exhibited comparable activities to
SpG, though SpG remained the most effective NGN PAM variant (Figs. S9B and S9C).
Overall, SpRY was capable of efficiently targeting the majority of target sites with NRN
PAMs, where the range of activities could not necessarily be explained by PAM preference
alone. These results demonstrate the ability to effectively target a range of sites with NAN
PAMs using a Cas9 variant.

Combined with the observation of modest levels of NYN targeting with SpRY in HT-
PAMDA (Fig. S8D), structural analysis of the R1333P substitution in SpRY led us to
speculate that R1333P-containing variants might also enable targeting of any base in the 2"d
PAM position (including thus far unexamined NYN PAMs; Fig. S9D). We examined the
activities of WT SpCas9 and SpRY across 31 sites with NYN PAMs (15 NCNN and 16
NTNN sites; Fig. SOE). Surprisingly, SpRY was able to edit 13 of 31 sites (42%) with NYN
PAMs to levels higher than 20% modification, compared to 0 sites with WT SpCas9 (Fig.
3B). While the mean editing activities on sites with NYN PAMSs were approximately half of
what we observed on sites with NRN PAMs, the activities were greater than the essentially
negligible editing with WT SpCas9 (Fig. 3B). The PAM preference of SpRY as determined
by HT-PAMDA was generally consistent with the mean nuclease editing levels for each
PAM class (Fig. S9F and (26)), although additional experiments are needed to more
thoroughly characterize the substrate requirements of SpRY (Figs. S9G-J). Collectively,
these results demonstrate the ability to target sites with NRN PAMs and some NYN PAMs
using an SpCas9 variant.

Because SpRY enables nuclease targeting of many sites with NNN PAMSs in human cells, we
examined its compatibility with base editors given their dependence on the availability of
PAMs to appropriately position the CBE or ABE edit windows(28). Assessment of SpRY-
CBE across 14 sites bearing NRN PAMs revealed mean C-to-T editing of 38.0% across all
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substrate cytosines (Fig. S10A), with SpRY-CBE achieving greater than 20% modification
of at least one cytosine per site for all but one site (Fig. 3C). Comparatively, WT-CBE most
efficiently modified sites bearing NGG PAMs, and was also capable of modifying sites
bearing NAG and NGA PAMs, albeit at lower efficiency than SpRY (Figs. 3C and S10A).
We also assessed the activities of SpRY-CBE on five high-activity NYN PAM sites from our
nuclease datasets (see Fig. SO9E). For these pre-selected high-activity sites, we observed
robust levels of editing compared to negligible editing with WT-CBE (Figs. 3D and S10B).
Similar to our observations for SpG-CBE, SpRY-CBE exhibited typical CBE substrate
preferences (Fig. S10C).

We then examined the A-to-G editing activities of SpRY-ABE across 13 sites with NRN
PAMSs, and 5 high-activity sites with NYN PAMs (the latter from Fig. SO9E). For the NRN
PAM sites, we observed mean A-to-G editing activities of 34.7% with SpRY-ABE on
substrate adenines (Fig. S10D) and achieved greater than 20% modification on at least one
adenine for 10 of 13 sites (Fig. 3E). With WT-ABE, the most efficient editing was observed
on the NGG PAM site and minor editing was detected on 3 sites with non-canonical PAMs
(Fig. 3E). Across the five pre-selected high activity sites harboring NYN PAMs, A-to-G
editing activities were generally more modest with SpRY but we did observe editing of one
adenine to near 90%; no editing with WT ABEmax was observed on any of the five sites
(Fig. 3F). Overall, SpRY-ABE exhibited greater mean A-to-G editing compared to WT-ABE
across sites containing NRN and NYN PAMs with typical ABE substrate requirements
(Figs. S10D-F).

An important consideration for genome editing is the ability to mitigate potential off-target
effects. To reduce off-target editing observed with WT SpCas9, we and others previously
engineered high-fidelity (HF) variants of SpCas9 with improved genome-wide
specificities(21, 30). Since the relaxed PAM tolerances of SpG and SpRY can, in principle,
lead to recognition of new off-target sites, we first tested whether our new variants were
compatible with the fidelity-enhancing substitutions of SpCas9-HF1(21). Across several
target sites bearing different PAMSs, we observed that WT, SpCas9-NG, SpG, SpRY, and
their HF1 derivatives exhibited comparable levels of on-target modification (Figs. 3G and
S11A).

We then performed GUIDE-seq experiments(31) to analyze the genome-wide specificity
profiles of these variants. In transfections containing the GUIDE-seq double-stranded
oligodeoxynucleotide (dsSODN) tag, we also observed similar levels of on-target editing
between WT, SpG, SpRY, and their HF1 derivative variants (Figs. S11B-F). Analysis of
GUIDE-seq experiments revealed that SpG and SpRY exhibited a somewhat increased
propensity for off-target editing compared to WT SpCas9, albeit at similar absolute levels
previously reported for WT SpCas9 (21, 31) (Fig. 3H). Nearly all novel off-targets for SpG
and SpRY were attributable to the expanded PAM recognition by these variants (Figs. S12A-
C). Importantly, the HF1 variants were able to eliminate nearly all off-target editing events
(Fig. 3H) and substantially increased the fraction of total editing events observed at the on-
target sites (Fig. 31). These results demonstrate that SpG- and SpRY-HF1 offer improved
fidelity for applications that necessitate high specificity.
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Expanded targeting of SpG and SpRY enables the generation of protective genetic variants

The requirement of DNA-targeting CRISPR enzymes to recognize a PAM fundamentally
limits precision targeting, a constraint that is exacerbated when using base editors whose
activities are restricted to short ‘editing windows’ (17, 18, 28)(Fig. 4A). In a proof-of-
concept application, we leveraged the expanded targeting of SpG and the near-PAMIess
qualities of SpRY to generate biologically relevant substitutions implicated to protect
individuals against coronary heart disease, type 2 diabetes, osteoporosis, chronic pain, and
others(32-38). We first selected two genetic variants (SOS7W124X and MSTN IVS1) with
nearby NGG PAMs that might appropriately position the CBE edit window (Fig. 4B). We
assessed the activities of WT-, SpG-, and SpRY-CBE constructs against target sites with a
variety of PAMs, and as expected observed the most robust editing with WT-CBE on sites
with NGG PAMs. However, for MSTN IVS1 we also observed potentially deleterious
bystander editing of a nearby cytosine with WT-CBE; this collateral edit that was avoided or
reduced when using SpG- and SpRY-CBES constructs targeted to nearby sites bearing an
NGC and NAT PAM (Fig. 4B).

Next, we systematically evaluated the capability to generate 8 additional protective variants
that lack nearby canonical NGG PAMs (Fig. 4C). We examined target sites harboring NRN
PAMSs using WT-, SpG-, and SpRY-CBEs that would position the intended C-to-T edit
within the high-activity CBE edit window (Fig. 4A). With WT-CBE we were unable to
efficiently generate the intended edit for 7 of 8 substitutions, due the absence of nearby
canonical PAMs, reinforcing the need for variants with expanded targeting capabilities. With
SpG- and SpRY-CBEs, we screened additional target sites for each substitution and observed
that we could efficiently introduce the intended C-to-T edit across all eight targets (Fig. 4C).
For the majority of the genetic variants, we were able to avoid deleterious bystander editing
with SpG and SpRY by selecting from multiple targetable sites that produce silent or
tolerable collateral edits instead of those that cause non-synonymous C-to-T changes. These
results demonstrate the utility of SpG and SpRY for higher resolution targeting of previously
un-editable genomic sites and the capability to examine additional target sites to avoid
detrimental bystander edits.

Discussion:

While the PAM requirement of CRISPR systems enables bacteria to distinguish self from
non-self, for genome editing applications the necessity of PAM recognition constrains
CRISPR-Cas systems for use across genomic loci that lack or sparsely encode PAMSs. The
SpG and SpRY variants circumvent this limitation by relaxing or almost entirely removing
the dependence of SpCas9 on a requisite PAM, extending targeting to sites with NGN and
NAN PAMs, and many sites with NCN or NTN PAMs albeit at a reduced relative efficiency.
These variants should enable unconstrained targeting for a variety of applications that
require precise DNA breaks, nicks, deamination, or binding events. Beyond the experiments
presented herein in HEK 293T cells, the utility of SpG and SpRY across different
applications and delivery contexts requires additional investigation (e.g. for tiling putative
regulatory elements in various cell types).
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In principle, the strategy we utilized to reduce or eliminate the PAM requirement should be
applicable to other native or engineered CRISPR-Cas9 and -Cas12a orthologs for which
structural information is available. While future studies are needed to more precisely
elucidate the molecular roles of the amino acid substitutions in SpG and SpRY, we speculate
that SpRY achieves its expanded targeting range through the removal of the canonical base-
specific interactions, displacement of the PAM DNA to facilitate interactions in the major
groove of the PAM, and energetic compensation by the addition of novel non-specific
protein:DNA contacts. More practically, when contemplating which enzyme to utilize for
experiments requiring on-target activity, we suggest utilizing WT SpCas9 for sites harboring
NGG PAMs, SpG for NGH PAMSs, and SpRY for targets encoding the remaining NHN
PAMSs (with NAN > NCN/NTN).

The potential for undesirable off-target effects requires methods to mitigate them. As
observed when developing engineered CRISPR-Cas12a and -Cas9 enzymes with expanded
PAM tolerances, relaxation of the PAM can reduce specificity(22, 39). However, both
enAsCasl12a and SpCas9-NG were compatible with substitutions that enhance genome-wide
specificity. Similarly, SpG and SpRY are compatible with SpCas9-HF1 substitutions to
eliminate nearly all detectable off-target effects as determined by GUIDE-seq, enabling
applications that require higher fidelity.

By developing SpCas9 variants capable of high-resolution editing, we demonstrate that
protein engineering can eliminate biological constraints that limit applications of CRISPR-
Cas enzymes, . With SpRY supporting the editing of many sites containing NRN > NYN
PAMs, the vast majority of the genome is now targetable.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Engineering and characterization of SpCas9 variants capable of targeting NGN PAMs.
(A) Schematic of SpCas9, highlighting the PAM-interacting (P1) domain along with R1333

and R1335 that make base-specific contacts to the guanines of the NGG PAM. (B)
Rendering of a crystal structure of SpCas9 with amino acid side chains proximal to the
second guanine of the NGG PAM shown in yellow. In the zoomed image the non-target
strand (NTS) is hidden for clarity. Image generated from PDB ID 4UN3(20). (C) HT-
PAMDA characterization of wild-type (WT) SpCas9 and engineered variants to illustrate
their NGNN PAM preferences. The logyg rate constants (k) are the mean of at least two
replicates against two distinct spacer sequences (see also Figs. S2A-C, E). (D) Modification
of endogenous sites in human cells bearing a canonical and noncanonical PAMs with WT

SpCas9 and SpG. Editing assessed by targeted sequencing; mean, s.e.m., and individual data

points shown for n= 3. (E) Mean nuclease activity plots for WT, xCas9(23), SpCas9-

NG(22), and SpG on 78 sites with NGN PAMs in human cells. The black line represents the

mean of 19-20 sites for each PAM class (see also Fig. S5A), and the grey outline is a violin
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plot. (F) HT-PAMDA characterization of WT, xCas9, SpCas9-NG, and SpG to illustrate
their NGNN PAM preferences. The logyg rate constants (4) are the mean of at least two
replicates against two distinct spacer sequences. (G) Mean C-to-T editing plots for WT,
xCas9, SpCas9-NG, and SpG cytosine base editors (CBESs) on 57 cytosines within the
editing windows (positions 3 through 9) of 20 target sites harboring NGN PAMs in human
cells. The black line represents the mean of 12-16 cytosines for each PAM class (see also
Fig. S6A), and the grey outline is a violin plot. (H) CBE-HT-PAMDA data for WT, xCas9,
SpCas9-NG, and SpG to illustrate their NGNN PAM preferences. The logyg rate constants
(k) are single replicates against one spacer sequence (see also Figs. S6C, D). (1) Mean A-to-
G editing plots for WT, xCas9, SpCas9-NG, and SpG adenine base editors (ABES) on 24
adenines within the editing windows (positions 5 through 7) of 21 target sites harboring
NGN PAMs in human cells. The black line represents the mean of 3-9 adenines for each
PAM class (see also Fig. S7A), and the grey outline is a violin plot.
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Fig. 2. Engineering and characterization of SpCas9 variants capable of targeting NRN PAMs.
(A) Crystal structure of SpCas9 to illustrate amino acid side chains of R1333 and selected

PAM-proximal residues. The non-target strand (NTS) is hidden for clarity. Image generated
from PDB ID 4UN3(20). (B) Modification of endogenous sites in human cells bearing
different NRN PAMs with WT SpCas9, SpG, and SpG derivatives. Editing assessed by
targeted sequencing; mean, s.e.m., and individual data points shown for 7= 3. (C) HT-
PAMDA characterizations of WT SpCas9, SpG, and SpG derivatives to illustrate their
NRNN PAM preferences. The logyq rate constants (A) are the mean of at least two replicates
against two distinct spacer sequences (see also Figs. S2A-C). (D) Modification of
endogenous sites in human cells bearing different NRN PAMs SpG(L1111R/A1322R/
R1333P) and derivatives bearing additional substitutions. See Fig. S8C for all variants
tested. Editing assessed by targeted sequencing; mean, s.e.m., and individual data points
shown for 7= 3.
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Fig. 3. Comparison of WT SpCas9 and SpRY nuclease and base editor activities across NNN
PAM sitesin human cells.

. (A, B) Mean nuclease activity plots for WT SpCas9 and SpRY on 64 sites with NRN PAMs
(panel A) and 31 sites with NYN PAMs (panel B) in human cells. The black line represents
the mean of 8 or 3-4 sites (panels a and b, respectively) for each PAM of the indicated class
(see also Figs. S9A-C), and the grey outline is a violin plot. (C, D) C-to-T base editing of
endogenous sites in human cells bearing NRN and NYN PAMs (panels C and D,
respectively) with WT SpCas9 and SpRY-CBE4max constructs. Editing of cytosines in the
edit window (positions 3 through 9) assessed by targeted sequencing; the five NYN PAM
target sites were selected from high-activity sites in panel B; mean, s.e.m., and individual
data points shown for 7= 3. (E, F) A-to-G base editing of endogenous sites in human cells
bearing NRN and NYN PAMs (panels E and F, respectively) with WT SpCas9 and SpRY-
ABEmax constructs. Editing of adenines in the edit window assessed by targeted
sequencing; the five NYN PAM target sites were selected from high-activity sites in panel
B; mean, s.e.m. and individual data points shown for 7= 3. For base editing data in panels
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C-F, see also Table S5. (G) Relative nuclease activity plots for SpCas9-HF1, SpCas9-NG-
HF1, SpG-HF1, and SpRY-HF1 compared to their parental variants across 3-10 sites
endogenous sites in HEK 293T cells. Mean modification from sites in Fig. S11A shown as
dots, with black line representing the mean of those sites, and the grey outline is a violin
plot. The HF1 variants additionally encode N497A, R661A, Q695A, and Q926A
substitutions(21). (H) Histogram of the number of GUIDE-seq detected off-target sites for
SpCas9 variants across sites with NGG, NGN, and NAN PAMs (see Figs. S12A-C,
respectively). (1) Fraction of GUIDE-seq reads attributed to the on- and off-target sites for
WT SpCas9, SpG, SpRY, and their respective HF1 variants across 2-6 targets (see also Figs.
S12A-C and Table S6).
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Fig. 4. Expanded capabilities of C-to-T base editorswith SpG and SpRY to generate protective
genetic variants.

(A) Hlustration of the relative C-to-T edit activity of CBE4max constructs depending on the
position of the cytosine in the spacer (as reviewed in(28)) (B, C) Comparison of the C-to-T
editing activities of WT SpCas9, SpG, and SpRY CBE4max constructs across 22 target sites
covering ten previously described protective genetic variants accessible or inaccessible with
target sites harboring NGG PAMs (panels B and C, respectively). The intended edit
highlighted with an orange arrow; C-to-T editing for cytosines within the spacer that are
edited above 1% by any variant are plotted for all appropriate variant/guide combinations;
SpG was tested only on sites harboring NGN PAMs; editing of cytosines assessed by
targeted sequencing with mean C-to-T editing shown for 7= 3. The intended edit, bystander
synonymous, non-synonymous, and stop codon C-to-T edits are indicated; the PAMs for
each target site are shown in the grey arrow annotation; for raw data see Table S5.
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