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CRISPR-Cas9 nucleases have been widely adopted for genome editing applications to knockout genes or to
introduce desired changes. While these nucleases have shown immense promise, two notable limitations of the
wild-type form of the broadly used Streptococcus pyogenes Cas9 (SpCas9) are the restriction of targeting range
to sites that contain an NGG protospacer adjacent motif (PAM), and the undesirable ability of the enzyme to
cleave off-target sites that resemble the on-target site. Scarcity of PAM motifs can limit implementations that
require precise targeting, whereas off-target effects can confound research applications and are important
considerations for therapeutics.

To improve the targeting range of SpCas9 and an orthogonal Cas9 from Staphylococcus aureus (called
SaCas9), we optimized a heterologous genetic selection system that enabled us to perform directed evolution of
PAM specificity. With SpCas9, we evolved two separate variants that can target NGA and NGCG PAMs?, and
with SaCas9 relaxed the PAM from NNGRRT to NNNRRT?, increasing the targetability of these enzyme 2- to 4-
fold. The genome-wide specificity profiles of SpCas9 and SaCas9 variants, determine by GUIDE-seq?, indicate
that they are at least as, if not more, specific than the wild-type enzymel2. Together, these results demonstrate
that the inherent PAM specificity of multiple different Cas9 orthologues can be purposefully modified to improve
the accuracy of targeting.

Existing strategies for improving the genome-wide specificity of SpCas9 have thus far proven to be incompletely
effective and/or have other limitations that constrain their use. To address the off-target potential of SpCas9, we
engineered a high-fidelity variant of SpCas9 (called SpCas9-HF1), that contains alterations designed to reduce
non-specific contacts to the target strand DNA backbone. In comparison to wild-type SpCas9, SpCas9-HF1
rendered all or nearly all off-target events imperceptible by GUIDE-seq and targeted deep-sequencing methods
with standard non-repetitive target sites in human cells*. Even for atypical, repetitive target sites, the vast
majority of off-targets induced by SpCas9-HF1 and optimized derivatives were not detected*. With its
exceptional precision, SpCas9-HF1 provides an important and easily employed alternative to wild-type SpCas9
that can eliminate off-target effects when using CRISPR-Cas9 for research and therapeutic applications.

Finally, on-target activity and genome-wide specificity are two important properties of engineered nucleases that
should be characterized prior to adoption of such technologies for research or therapeutic applications.
CRISPR-Cas Cpfl nucleases have recently been described as an alternative genome-editing platform5, yet their
activities and genome-wide specificities remain largely undefined. Based on assessment of on-target activity
across more than 40 target sites, we demonstrate that two Cpfl orthologues function robustly in human cells
with efficiencies comparable to those of the widely used Streptococcus pyogenes Cas9. We also demonstrate
that four to six bases at the 3’ end of the short CRISPR RNA (crRNA) used to program Cpf1 are insensitive to
single base mismatches, but that many of the other bases within the crRNA targeting region are highly sensitive
to single or double substitutions®. Consistent with these results, GUIDE-seq performed in multiple cell types and
targeted deep sequencing analyses of two Cpfl nucleases revealed no detectable off-target cleavage for over
half of 20 different crRNAs we examined. Our results suggest that the two Cpfl nucleases we characterized
generally possess robust on-target activity and high specificities in human cells, findings that should encourage
broader use of these genome editing enzymes.
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