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Abstract

The RNA-guided endonuclease Cas9 is a versatile genome editing tool with a broad range of
applications from therapeutics to functional annotation of genes. Cas9 creates double-strand
breaks (DSBs) at targeted genomic loci complementary to a short RNA guide. However, Cas9 can
cleave off-target sites that are not fully complementary to the guide, which poses a major
challenge for genome editing. Here, we use structure-guided protein engineering to improve the
specificity of Streptococcus pyogenes Cas9 (SpCas9). Using targeted deep sequencing and
unbiased whole-genome off-target analysis to assess Cas9-mediated DNA cleavage in human
cells, we demonstrate that “enhanced specificity” SpCas9 (eSpCas9) variants reduce off-target
effects and maintain robust on-target cleavage. Thus, eSpCas9 could be broadly useful for genome
editing applications requiring a high level of specificity.

The RNA-guided endonuclease Cas9 from microbial CRISPR-Cas adaptive immune
systems is a powerful tool for genome editing in eukaryotic cells (1, 2). However, the
nuclease activity of Cas9 can be triggered even when there is imperfect complementarity
between the RNA guide sequence and an off-target genomic site, particularly if mismatches

lCorresponding author: zhang@broadinstitute.org.

These authors contributed equally to this work.
SUPPLEMENTARY MATERIALS
www.sciencemag.org/cgi/content/full/science.aad5227/DC1
Materials and Methods
Figs. S1 to S12
Tables S1 to S3
Supplementary DNA sequences
References



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Slaymaker et al.

Page 2

are distal to the protospacer adjacent motif (PAM), a short stretch of nucleotides required for
target selection (3, 4). These off-target effects pose a challenge for genome editing
applications. Here, we report the structure-guided engineering of Streptococcus pyogenes
Cas9 (SpCas9) to improve its DNA targeting specificity.

Several strategies to enhance Cas9 specificity have been reported, including reducing the
amount of active Cas9 in the cell (3, 5, 6), using Cas9 nickase mutants to create a pair of
juxtaposed single-stranded DNA nicks (7, 8), truncating the guide sequence at the 5’ end (9),
and using a pair of catalytically-inactive Cas9 nucleases, each fused to a Fokl nuclease
domain (10, 11). Although each of these approaches reduce off-target mutagenesis, they
have a number of limitations: Reducing the amount of Cas9 can decrease on-target cleavage
efficiency, double nicking requires the concurrent delivery of two sgRNAs, and truncated
guides can increase indel formation at some off-target loci and reduce the number of target
sites in the genome (12, 13).

Cas9-mediated DNA cleavage is dependent on DNA strand separation (14, 15). Mismatches
between the sgRNA and its DNA target in the first 8—-12 PAM-proximal nucleotides can
eliminate nuclease activity; however, this nuclease activity can be restored by introducing a
DNA:DNA mismatch at that location (16—19). We hypothesized that nuclease activity is
activated by strand separation and reasoned that by attenuating the helicase activity of Cas9,
mismatches between the sgRNA and target DNA would be less energetically favorable,
resulting in reduced cleavage activity at off-target sites (fig. S1).

The crystal structure of Streptococcus pyogenes Cas9 (SpCas9) in complex with guide RNA
and target DNA (14, 15) provides a basis to improve specificity through rational
engineering. The structure reveals a positively-charged groove, positioned between the
HNH, RuvC, and PAM-interacting domains in SpCas9, that is likely to be involved in
stabilizing the non-target strand of the target DNA (Fig. 1, A and B, and fig. S2). We
hypothesized that neutralization of positively-charged residues within this non-target strand
groove (nt-groove) could weaken non-target strand binding and encourage re-hybridization
between the target and non-target DNA strands, thereby requiring more stringent Watson-
Crick base pairing between the RNA guide and the target DNA strand.

To test this hypothesis, we generated SpCas9 mutants consisting of individual alanine
substitutions at 32 positively-charged residues within the nt-groove and assessed changes to
genome editing specificity (Fig. 1C; fig. S3, A and B; and fig. S4). Single amino acid
mutants were tested for specificity by targeting them to the EMX1(1) target site in human
embryonic kidney (HEK) cells using a previously validated guide sequence; indel formation
was assessed at the on-target site and three known genomic off-target (OT) sites (3, 4). Five
of the 32 single amino acid mutants reduced activity at all three off-target sites by at least
10-fold compared to wild-type (WT) SpCas9 while maintaining on-target cleavage
efficiency, and 6 others improved specificity 2 to 5-fold. These mutants also exhibited
improved specificity when tested on a second locus, VEGFA(1) (Fig. 1D).

Although some single amino acid mutants were more specific than WT SpCas9 when
targeting EMX1(1) and VEGFA(1), off-target indels were still detectable (~0.5%) (Fig. 1D).
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To further improve specificity, we performed combinatorial mutagenesis using the top
single amino acid mutants identified in the initial screen. Eight out of 35 combination
mutants retained wild-type on-target activity and displayed undetectable off-target indel
levels at EMX1(1) OT1, VEGFA(1) OT1, and VEGFA(2) OT2 (Fig. 1E and fig. S3, C and
D).

To ensure that the observed decrease in off-target activity was not accompanied by reduced
on-target activity, we measured on-target indel formation at 10 target sites in 3 genomic loci
using the top 14 mutants (fig. S5) and ranked these based on a combination of preserved on-
target activity and decreased off-target activity. We identified three mutants with both high
efficiency (wild type levels of on-target indel formation) and specificity (no detectable indel
formation at EMX(1) and VEGFA(1) off-targets): SpCas9 (K855A), SpCas9 (K810A/
K1003A/R1060A) [also referred to as eSpCas9(1.0)], and SpCas9 (K848A/K1003A/
R1060A) [also referred to as eSpCas9(1.1)]. These three variants were selected for further
analysis.

We expanded this assay to assess whether SpCas9 (K855A), eSpCas9(1.0), and
eSpCas9(1.1) broadly retained efficient nuclease activity, measuring on-target indel
generation at 24 target sites spanning 10 genomic loci (Fig. 2A). All three mutants generated
similar indel levels as WT SpCas9 with the majority of target sites (Fig. 2B). Mutants were
expressed equivalently or at higher levels than WT SpCas9 based on a Western blot (Fig.
2C), indicating that improvements in specificity were not due to decreased protein
expression levels.

We compared the specificity of the three mutants to WT SpCas9 with truncated guide
sequences [18 nt for EMX1(1) and 17 nt for VEGFA(1)], which have been shown to reduce
off-target indel formation (12) (fig. S6). When using full-length (20 nt) guides, all three
mutants reduced cleavage at all off-target sites assessed. Specifically, eSpCas9(1.0) and
eSpCas9(1.1) with 20 nt RNA guides significantly reduced or eliminated cleavage at 22 out
of 24 off-target sites (< 0.2% indel). In contrast, WT SpCas9 with truncated guides (17 nt for
VEGFAS or 18 nt for EMX1) eliminated 14 of 24 sites but also increased off-target activity
at 5 sites compared to WT SpCas9 with 20 nt guides.

To further understand the tolerance SpCas9 (K855A), eSpCas9(1.0), and eSpCas9(1.1) for
mismatched target sites, we systematically mutated the VEGFA(1) guide sequence to
introduce single and double base mismatches at different positions (Fig. 3, A to C).
Compared to WT SpCas9, all three mutants induced lower levels of indels with mismatched
guides. Of note, eSpCas9(1.0) and eSpCas9(1.1) induced lower indel levels even with single
base mismatches located outside of the 7-12bp seed sequence. Given that we did not
observe any difference between eSpCas9(1.0) and eS-pCas9(1.1) in terms of specificity, we
selected SpCas9 (K855A) and eSpCas9(1.1) for further analysis based on on-target
efficiency.

We assessed the genome-wide editing specificity of SpCas9 (K855A) and eSpCas9(1.1)
using BLESS (direct in situ breaks labeling, enrichment on streptavidin and next-generation
sequencing) (20, 21), which quantifies DNA double-stranded breaks (DSBs) across the
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genome (fig. S7A), for both the EMX1(1) and VEGFA(1) targets for both mutants and
compared these results to WT SpCas9. We used a previously established computational
pipeline for distinguishing Cas9 induced DSBs from background DSBs (21) (fig. S7B). Both
SpCas9 (K855A) and eSpCas9(1.1) exhibited a genome-wide reduction in off-target
cleavage and did not generate any new off-target sites (Fig. 4, A to D).

These findings also provide insight into the mechanism of Cas9 targeting and nuclease
activity. We propose that off-target cutting occurs when the strength of Cas9 binding to the
non-target DNA strand exceeds forces of DNA re-hybridization. Consistent with this model,
mutations designed to weaken interactions between Cas9 and the non-complementary DNA
strand led to a substantial improvement in specificity. The model also suggests that,
conversely, specificity can be decreased by strengthening the interactions between Cas9 and
the non-target strand. Consistent with this hypothesis, we generated two mutants, S845K and
L847R, each of which exhibited decreased specificity (fig. S8). Similar strategies described
in this study can also be successfully applied to other Cas9 family proteins such as
Saphylococcus aureus Cas9 (SaCas9) (fig. S9) to engineer nucleases with improved
specificity.

In conclusion, we have demonstrated through structure-guided design that neutralization of
positive charges in the nt-groove can dramatically decrease off-target indel formation while
preserving on-target activity. These data show that eSpCas9(1.1) can be used to increase the
specificity of genome editing applications. Future structure-guided interrogation of Cas9
binding and cleavage mechanism will likely enable further optimization of the CRISPR-
Cas9 genome editing toolbox.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structure-guided mutagenesisimproves specificity of SpCas9

(A) A model of Cas9 unwinding highlighting locations of charge on DNA and the nt-groove.
The nt-groove between the RuvC (teal) and HNH (magenta) domains stabilize DNA
unwinding through non-specific DNA interactions with the non-complementary strand.
RNA:cDNA and Cas9:ncDNA interactions drive DNA unwinding (top arrow) in
competition against cDNA:ncDNA rehybridization (bottom arrow). (B) A crystal structure
of SpCas9 (PDB ID 4UN3) showing the nt-groove situated between the HNH (magenta) and
RuvC (teal) domains. The non-target DNA strand (red) was manually modeled into the nt-
groove (inset). (C) Screen of alanine single mutants for improvement in specificity. The top
five specificity conferring mutants are highlighted in red. (D) Assessment of top single
mutants at additional off-target loci. (E) Combination mutants improve specificity compared
to single mutants. eSpCas9(1.0) and eSpCas9(1.1) are highlighted in red.
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Chr14:106029015(1) | GGTGAGTGAGTGTGTGTGTG
Chr14:106029024(1) | GTGTGTGTGTGAGGGTGTAA
NRG2(1) |GGGCAGTTTGCTCCTGGCAC
CACNA2D4(1) | GGAGAGAGGCTCCCATCACG
ADAMTSL1(1) |GAGAAGAGAAGTGGGGTGGG

Fig. 2. SpCas9 mutants maintain on-target efficiency
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(A) Assessment of mutants for efficient on-target cutting with 24 sgRNAs targeted to 10
genomic loci. (B) Tukey plot of normalized on-target indel formation for mutants. (C)

Western blot of SpCas9 using anti-SpCas9 antibody.
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Fig. 3. SpCas9 mutants exhibited increased sensitivity to single and double base mismatches
between the guide RNA and target DNA

(A) Schematic showing design of mismatched guide sequences against VEGFA(1). (B) Heat
maps showing indel % of guide sequences with a single base mismatch. (C) Indel formation
with guide sequences containing consecutive transversion mismatches.
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Fig. 4. Unbiased genome-wide off-target profile of mutantsusing BLESS
(A and B) Manhattan plots of genome-wide DSB clusters generated by each SpCas9 mutant

using the EMX1(1) and VEGFA(1) targeting guides. (C and D) Targeted deep sequencing
validation of off-target sites identified in BLESS. Off-target sites are ordered by DSB score
(blue heatmap). Green heatmaps indicates sequence similarity between target and off-target

sequences.
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