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Genome-wide target specificity of CRISPR
RNA-guided adenine base editors

Daesik Kim'?#, Da-eun Kim'?#, Gyeorae Lee??, Sung-lk Cho"? and Jin-Soo Kim

Adenine base editors’ enable efficient targeted adenine-to-
guanine single nucleotide conversions to induce or correct
point mutations in human cells, animals, and plants™*. Here
we present a modified versi Digenome-seq, an in vitro
method for identifying clustered regularly inter-
spaced short palindromic repeats)-induced double-strand
breaks using whole-genome sequencing®%, to assess genome-
wide target specificity of adenine base editors. To produce
double-strand breaks at sites containing inosines, the prod-
ucts of adenine deaminatio treat human genomic DNA
with an adenine base editor protein-guide RNA complex
and either endonuclease V or a combination of human alkyl-
adenine DNA glycosylase and endonuclease VIII in vitro.
Digenome-seq detects adenine base editor off-target sites
with a substitution frequency of 0.1% or more. We show that
adenine base editor 7.10, the cytosine base editor BE3, and
unmodified CRISPR-associat i -

sing targeted sequencing, we also show that use of preas-
sembled adenine base editor ribonucleoproteins, modified
guide RNAs>", and Sniper/Cas9 (ref. '?) reduces adenine
base editor off-target activity in human cells.

CRISPR RNA-guided programmable deaminases, so-called
base editors, enable clean and efficient single nucleotide conver-
sions in cultured cells"'>'* and whole organisms**'* without induc-
ing unwanted small insertions or deletions (indels) at target sites
and without requiring donor DNA templates. They do not produce
DNA double-strand breaks (DSBs) and, as a result, do not rely on
error-prone nonhomologous end-joining or template-dependent
homology-directed repair of DSBs.

Two types of programmable deaminases have been developed:
cytosine base editors (CBEs) inducing C-to-T conversions'*'* and
adenine base editors (ABEs) inducing A-to-G conversions in a
guide RNA-dependent manner'. To translate base editing to the
clinic and biotechnological applications, it is essential to define the
genome-wide target specificity of base editing in an unbiased man-
ner. Recently, we were able to use a modified Digenome-seq proto-
col to detect CBE off-target sites in the human genome®. Here we
sought to profile ABE off-target activity in the human genome.

We first investigated whether off-target activities of ABE7.10,
BE3 (a CBE), and CRISPR-associated protein 9 (Cas9) are dif-
ferent from each other by testing a series of mismatched single
guide RNAs (sgRNAs) targeted to endogenous genomic loci (Fig.
1, Supplementary Fig. 1, and Supplementary Table 1). To this end,
we transfected HEK293T cells with plasmids encoding sgRNAs
having one- to four-nucleotide mismatches and plasmids encoding

1,2,3%

human codon-optimized ABE7.10, BE3, or SpCas9 and measured
frequencies of single nucleotide substitutions or small insertions
and deletions (indels) using high-throughput DNA sequencing.
As expected, base editors and Cas9 nucleases tolerated most of the
single or double mismatches in the sgRNAs but were poorly active
when combined with most of the sgRNAs having triple or quadru-
ple mismatches. Notably, the tolerance of Cas9, ABE7.10, and BE3
for mismatched sgRNAs was often different from each other. For
example, at the HEK? site, several sgRNAs with about two to four
mismatches (indicated with asterisks in Fig. 1) were well tolerated
by ABE7.10 but were poorly active or inactive with Cas9 or BE3.
At the HEKS3 site, Cas9 complexed with an sgRNA having tandem
mismatches at positions 3-4 (numbered 1-23 in the 5" to 3’ direc-
tion) was highly active, showing a relative activity of 66% compared
with the fully matched sgRNA, whereas ABE7.10 complexed with
the same sgRNA was poorly active, showing a relative activity of
15% (Supplementary Fig. 1a). These results suggest that ABE7.10,
BE3, and Cas9 could recognize separate sets of off-target sites in the
human genome, calling for a method to determine genome-wide
ABE specificity in an unbiased manner.

To identify genome-wide off-target sites of ABE7.10 via
Digenome-seq, which relies on DNA DSBs produced in vitro®, we
first sought to produce DSBs at sites containing inosine, which
result from adenine deamination. Note that we had previously used
the recombinant BE3AUGI protein (BE3 with no UGI domain) and
uracil-specific excision reagent (USER), a mixture of Escherichia coli
uracil DNA glycosylase and DNA glycosylase-lyase endonuclease
VIII (Endo VIII), to generate DSBs in vitro at sites containing uracil,
a deamination product of cytosine, to identify genome-wide BE3 off-
target sites comprehensively in an unbiased manner®. Likewise, we
reasoned that E. coli endonuclease V (Endo V) or a combination of
human alkyladenine DNA glycosylase (hAAG) and Endo VIII could
be used to cleave a phosphodiester bond at inosine-containing sites
(Fig. 2a and Supplementary Fig. 2). Endo V recognizes inosine in
DNA and catalyzes the cleavage of the second phosphodiester bond
3’ to the inosine, whereas hAAG excises hypoxanthine to yield an
AP site (apurinic-apyrimidinic site), which is then recognized and
processed by Endo VIII to induce a single-strand break. To test this
idea, we first treated a polymerase chain reaction (PCR) amplicon
containing a target DNA sequence with the recombinant ABE7.10
protein expressed in and purified from E. coli (Supplementary Fig. 3)
and its sgRNA to catalyze adenine deamination in one DNA strand
and to produce a nick in the other DNA strand (Fig. 2a), and then
with Endo V (Fig. 2a) or with hAAG/Endo VIII (Supplementary
Fig. 2b) to yield a composite DSB. As expected, the PCR amplicon
was cleaved by ABE7.10 plus Endo V (Fig. 2b) or by ABE7.10 plus
hAAG/Endo VIII (Supplementary Fig. 4a).
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Fig. 1| Tolerance of ABE7.10, BE3, and Cas9 for mismatched sgRNAs. Mismatched sgRNAs that differed from the HEK2 site by one to four nucleotides
were tested in HEK293T cells. Base editing or indel frequencies were measured using targeted deep sequencing. Mismatched nucleotides and the PAM
sequence are shown in red and blue, respectively. Asterisks indicate mismatched sgRNAs whose relative activity (mismatched sgRNA/matched sgRNA)
with one enzyme is more than three times higher than that with the other two enzymes. Means +s.e.m. were from three independent experiments.

Having confirmed that DSBs can be produced at ABE-targeted
sites containing inosine using inosine-specific DNA repair
enzymes, we next investigated whether human genomic DNA
isolated from HEK293T cells could be processed in vitro with
ABE7.10 plus Endo V or with ABE7.10 plus hAAG/Endo VIII for
Digenome-seq analysis to identify genome-wide ABE off-target
sites. Human genomic DNA was incubated with ABE7.10 ribo-
nucleoprotein (RNP) (300nM ABE7.10 and 900nM sgRNA) tar-
geted to an endogenous chromosomal site (known as HEK2) for
8 hours and then with the repair enzymes for 2 hours. We used
Sanger sequencing to confirm ABE-mediated adenine-to-inosine
conversion (inosine is changed to guanine during PCR amplifica-
tion) at the target site (the opposite strand with a nick cannot be
sequenced) and Endo V-catalyzed DNA cleavage at the inosine-
containing site (a nicked DNA strand cannot be amplified) (Fig. 2¢).
When genomic DNA is treated with both ABE7.10 and Endo V,
the DNA strand containing inosine is cleaved by Endo V. Note that
the DNA strand cleaved by Endo V cannot be amplified by PCR,
whereas the DNA strand with no inosine is amplified. As a result,
only adenine (and no guanine) is observed at the editing site by
Sanger sequencing (Fig. 2c). We also used quantitative real-time
PCR to verify targeted DNA cleavage using ABE7.10 plus Endo
V (Fig. 2d). Similar results were obtained when hAAG and Endo
VIII were used instead of Endo V (Supplementary Fig. 4b,c). The
resulting digested genomic DNA samples were subjected to whole-
genome sequencing (WGS). After mapping sequencing reads to
the human reference genome (hgl9), we monitored alignments
of sequence reads at the on-target site using Integrative Genomics
Viewer (IGV) and observed uniform rather than random align-
ments of sequencing reads, characteristic of a DSB (Fig. 2e

and Supplementary Fig. 4d). No such alignments were seen with
untreated genomic DNA or genomic DNA treated with ABE7.10
alone (Fig. 2e and Supplementary Fig. 4d). These results suggest
that Digenome-seq can be used for comprehensively mapping
genome-wide ABE on-target and off-target sites.

To determine ABE7.10 off-target sites in the human genome,
we assigned a DNA cleavage score to each base pair position across
the entire genome (Supplementary Fig. 5), using the WGS data,
and listed all the sites with high scores (the initial cutoff score was
set to 2.5 as done previously (Digenome 1.0)), corresponding to in
vitro cleavage sites®. Note that the Digenome 1.0 program does not
consider sequence homology. We obtained 17 in vitro cleavage sites
using Endo V or 18 such sites using hAAG/Endo VIII (Fig. 2f-h).
Importantly, 16 sites, including the on-target site, were commonly
identified by the two different experimental methods, showing
that Digenome-seq is highly reproducible and reliable (Fig. 2f,g).
Sequence logos, obtained by comparing DNA sequences at these
sites, showed that almost every nucleotide position contributed to
the specificity of the ABE7.10 deaminase (Fig. 2h).

We next performed Digenome-seq with each of six additional
ABE7.10 RNPs. A total of seven sgRNAs in complex with ABE7.10
plus Endo V cleaved human genomic DNA at 1-28 (8+4 per
sgRNA, on average) sites including on-target sites (Supplementary
Fig. 6 and Supplementary Tables 2 and 3). Note that we had shown
previously that Cas9 nucleases and BE3AUGI deaminases (plus
USER) cleave genomic DNA at 70 + 30 sites® and 8 + 3 sites®, respec-
tively, in the human genome. Among the seven sgRNAs analyzed
in this study, two sgRNAs had been combined with BE3AUGI and
Cas9, and subjected to Digenome analysis previously®®, allowing
direct comparisons between adenine and cytosine BEs and Cas9
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Fig. 2 | Digenome-seq workflow for the identification of genome-wide ABE7.10 off-target sites. a, Overview of Digenome-seq using ABE7.10. ABE7.10 catalyzes
the conversion of guanine to inosine. Endo V recognizes inosine and cleaves the second phosphodiester bond 3’ to the inosine. Arrowheads indicate the
positions of phosphodiester bonds cleaved by the ABE7.10 nickase and Endo V. b, The PCR product containing an ABE7.10 target sequence was cleaved when
treated with both ABE7.10 and Endo V. We obtained similar results more than three times when the gel electrophoresis was repeated independently. ¢, Sanger
sequencing results showing A-to-G conversion (red arrows) by ABE7.10 and DNA cleavage by Endo V. d, Quantitative real-time PCR with reverse transcription
(gRT-PCR) results showing DNA cleavage by the ABE7.10 nickase and Endo V. Means + s.e.m. were from three independent experiments. e, IGV images
showing the alignments of sequence reads at the HEK2 target site obtained using WGS data. f, Genome-wide Circos plots represent DNA cleavage scores
obtained via WGS using intact genomic DNA (gray) and genomic DNA treated with ABE7.10 plus Endo V (blue) or with ABE7.10 plus hAAG and Endo VIII (red).
The red arrow indicates the on-target site. g, A Venn diagram showing the number of in vitro cleavage sites in the human genome, identified using ABE7.10 plus
Endo V or ABE7.10 plus hAAG and Endo VIII. h, Sequence logos were obtained using WebLogo by comparing DNA sequences at Digenome-captured sites.
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Fig. 3 | Genome-wide specificities of ABE7.10, BE3, and Cas9. a,b, Genome-wide Circos plots for HEK2 (a) and RNF2 (b) sites obtained with intact
genomic DNA (gray) and genomic DNA treated with ABE7.10/Endo V (blue), BE3AUGI/USER (red), or Cas9 (green). Arrows indicate the two on-target
sites. ¢,d, Sequence logos were obtained using WeblLogo by comparing DNA sequences at Digenome-captured sites. e, Base editing efficiencies at ABE7.10
off-target sites measured using targeted deep sequencin“\msmatched bases are shown in red. Dashes indicate

RNA bulges. Means + s.e.m. were from three independent experiments. f.g, Scatterplots showing correlations between ABE7.10-mediated substitution
frequencies and BE3-mediated substitution frequencies (n=23) (), or between ABE7.10-mediated substitution frequencies and Cas9-mediated

substitution frequencies (n=32) (g). Pearson's correlation coefficient was used to determine the correlation. The blue and red dots indicate off-targets
validated for Cas9 or BE3, but not for ABE7.10, and those validated for ABE7.10, but not for Cas9 or BE3, respectively.

(Fig. 3a,b). The HEK2 sgRNA vyielded 17, 2, and 35 in vitro cleavage my contrast, in vitro
sites when combined with ABE7.10, BE3, and Cas9, respectively cleavage sites obtained wit .10 and Cas9 were largely differ-
(Fig. 3c). The RNF2 sgRNA yielded 5 i i ent. Thus, 10 out of 17 (59%) sites obtained with the HEK2 ABE7.10

were not identified using Cas9. Two out of five (40%) sites obtained
with the RNF2 ABE7.10 were not identified using Cas9. These
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Fig. 4 | Reducing ABE7.10 off-target effects with modified sgRNAs, Sniper ABE7.10, and RNP delivery. a, Target DNA-complementary RNA sequences of
conventional (GX,,), truncated (gX;s or gX;,), and extended (gX,, or ggX,,) sgRNAs. b, ABE7.10-mediated base editing frequencies determined by targeted
deep sequencing at the HPRT-exon 6 on- or off-target sites in HEK293T cells. The heatmap shows relative specificities of modified sgRNAs, compared
with that of the GX,, sgRNA. Truncated sgRNAs reduced both ABE on-target and ABE off-target activity at most sites and exacerbated off-target effects

at sites with mismatches at or near the 5’ terminus (asterisk). Specificity ratios were calculated by dividing the specificity of sgRNA of interest (on-target
frequency/off-target frequency) by the specificity of the GX;; sgRNA (on-target frequency/off-target frequency). ¢,d, ABE7.10 specificity was improved

by transfecting plasmid DNA encoding Sniper ABE7.10 rather than that encoding ABE7.10 (c), or by delivery of ABE7.10 RNP rather than plasmid DNA
encoding ABE7.10 (d). The heatmap shows relative specificities of Sniper ABE7.10 (¢) or ABE7.10 RNP (d), compared with that of plasmid DNA encoding

ABE7.10. Means +s.e.m. were from three independent experiments.

results suggest that ABEs are in general more specific than Cas9 but
can recognize different sets of off-target sites.

We validated ABE off-target base editing at these 57 in vitro
cleavage sites identified above using the seven sgRNAs via tar-
geted amplicon sequencing. In addition, we used the Digenome 2.0
program to identify many additional candidate off-target sites with a
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cutoff score > 0.1, which contained PAM-like sequences (5'-NGN-3'
or 5'-NNG-3’) and had 10 or fewer mismatches, compared with the
respective on-target sequences. A total of 12-152 such sites (60 + 20,
on average) were obtained with the seven sgRNAs complexed with
ABE7.10, which included all of the 7 on-target sites and 57 in vitro
cleavage sites obtained with Digenome 1.0 (Supplementary Tables 2
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and 3). We measured base editing frequencies of the seven ABE7.10
deaminases at a total of 193 sites, including those with high sequence
homology or with a cleavage score of at least 1.0, via deep sequencing
(Fig. 3e and Supplementary Table 4). Single nucleotide substitutions
were not measurably detected with frequencies above noise levels
(typically in the range of ~0.1-1%) caused by sequencing errors at
173 sites. Among the other 20 validated sites, the seven on-target sites
were base edited at frequencies that ranged from 29% to 72%. The
other 13 validated off-target sites were edited much less efficiently,
at frequencies that ranged from 0.1% to 7.8%. This result shows that
Digenome-seq is sensitive enough to capture ABE off-target sites
with very low editing frequencies that are near detection limits.

In parallel, we also measured Cas9-induced indel frequencies
and BE3-induced substitution frequencies at the 193 sites to com-
pare ABE7.10 with BE3 and Cas9. Unexpectedly, ABE7.10 activities
were correlated more strongly with Cas9 activities (R*=0.77) than
with BE3 activities (R?=0.39). Among six sites edited at relatively
high frequencies with ABE7.10 but poorly with BE3 (base edit-
ing frequencies of 0.001% or lower) (shown as red dots in Fig. 3f),
two sites had no cytosine within the BE3 editing window of several
nucleotides. Seven sites were edited efficiently with ABE7.10, but
not with Cas9 (indel frequencies of 0.001% or lower) (shown as red
dots in Fig. 3g). Among these, three sites (43% =3/7) had a single
extra or missing nucleotide compared with their respective on-tar-
get sites, possibly forming a DNA or RNA bulge, respectively, when
hybridized with their respective sgRNAs. We had also reported
previously that such bulge-forming sites are common among BE3
off-target sites® but rare among Cas9 off-target sites’. Among the
193 sites identified via Digenome-seq using ABE7.10, two or four
sites were edited in cells at relatively high frequencies with BE3 or
Cas9, respectively, but poorly with ABE7.10 (substitution frequen-
cies of 0.001% or lower) (shown as blue dots in Fig. 3f,g), showing
again that ABE7.10, BE3, and Cas9 can recognize different sets of
off-target sites in the human genome.

To minimize or avoid ABE off-target activity, we tested three dif-
ferent methods that have been proven useful for reducing Cas9 and
BE3 off-target effects: sgRNA modification®*"'; delivery of RNPs in
lieu of plasmids>'*"; and use of Sniper-Cas9", an engineered Cas9
variant obtained via directed evolution in E. coli. First, we replaced
our standard GX,, sgRNAs with truncated sgRNAs (termed gX,; or
gX,,) (g and G represent, respectively, a mismatched and matched
guanine) or extended sgRNAs containing one or two extra guanines
at the 5" terminus (termed gX,, or ggX,)), and measured editing
frequencies in HEK293T cells (Fig. 4a and Supplementary Fig. 7a).
Extended sgRNAs reduced ABE off-target activity at almost every
site without sacrificing its on-target activity (Fig. 4b, Supplementary
Fig. 7b, and Supplementary Table 5). Thus, at the four validated off-
target sites identified using a GX,, sgRNA targeted to HPRT-exon 6,
gX,, or ggX,, sgRNAs showed 2- to 26-fold improvement in specific-
ity ratios, compared with the conventional GX,, sgRNA (Fig. 4b). By
contrast, truncated sgRNAs reduced both ABE on-target and ABE
off-target activity at most sites and exacerbated off-target effects at
sites with mismatches at or near the 5’ terminus (shown by aster-
isk and heatmaps in Fig. 4b and Supplementary Fig. 7b). We also
found that use of Sniper ABE7.10, in which Sniper-Cas9 in lieu of
the wild-type SpCas9 was fused to the adenine deaminase moiety
(Fig. 4c, Supplementary Fig. 8, and Supplementary Table 6), or deliv-
ery of ABE7.10 RNPs rather than plasmids improved the specific-
ity of base editing by a factor of up to 7 (Fig. 4d and Supplementary
Fig. 9). Combining Sniper ABE7.10 with modified sgRNAs further
reduced ABE off-target activity at many validated off-target sites
(Supplementary Fig. 10). In this study, we showed, using mismatched
sgRNAs, Digenome-seq, and targeted amplicon sequencing, that
ABE7.10, BE3, and Cas9 can recognize different sets of off-target
sites in the human genome, calling for independent assessments of
each tool. The seven ABE7.10 deaminases were reasonably specific,
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catalyzing A-to-G conversions in vitro at a limited number of sites in
the human genome. We also showed that use of modified sgRNAs,
RNPs, and Sniper ABE7.10 can reduce or avoid ABE off-target activity.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
ciated accession codes are available at https://doi.org/10.1038/
s41587-019-0050-1.
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Methods

Cell culture and transfection. HEK293T cells (ATCC CRL-11268) were cultured
in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin (Welgene)
and verified using short tandem repeat profiling. HEK293T cells (1.5% 10°) were
seeded into 24-well plates and transfected at 70-80% confluency with plasmids
encoding ABE (1.5 g of plasmid DNA), BE3 (1.5ug), or Cas9 (0.5ug) together
with a plasmid encoding sgRNA (0.5 ug) using Lipofectamine 2000 (Invitrogen;
3pl for ABEs and BE3 and 2 pl for Cas9). For ABE RNP-mediated genome editing,
HEK293T cells (1 X 10°) were electroporated with ABE7.10 protein (10 pg) and in
vitro-transcribed sgRNA (6 ug) or plasmids encoding ABE (0.6 ug) and sgRNA
(0.2 ug) via a Neon Transfection System. Genomic DNA was extracted using a
DNeasy Blood & Tissue Kit (Qiagen) 72 h post-transfection.

Expression and purification of ABE7.10 protein. A plasmid encoding the
human codon-optimized ABE7.10 with an N-terminal His purification tag

was transformed into BL21 Star (DE3)-competent E. coli cells. Following
transformation, a fresh single colony was grown overnight in Luria-Bertani broth
containing 50 ug ml~! kanamycin with shaking at 37 °C. Eight-milliliter precultures
diluted at 1:50 were inoculated into individual flasks containing 400 ml of Luria-
Bertani broth supplemented with 50 ug ml~' kanamycin; these cultures were
incubated with shaking at 37 °C until absorbance Ay, =~0.65-0.70; thereafter, the
cultures were kept on ice. Protein expression was induced with 1 mM isopropyl-b-
D-1-thiogalactopyranoside (IPTG; GoldBio), after which cultures were incubated
for 16 hours with shaking at 18°C.

The subsequent protein purification procedures were carried out at 4 °C. Cells
were harvested by centrifugation at 6,000¢ for 10 min and resuspended in lysis
buffer (50 mM sodium phosphate (Sigma-Aldrich), 500 mM NaCl (Sigma-Aldrich),
10 mM imidazole (Sigma-Aldrich), 1% Triton X-100 (Sigma-Aldrich), 20%
glycerol, 1 mM 1,4-dithiothreitol (DTT; GoldBio), 1 mM phenylmethylsulfonyl
fluoride (Sigma-Aldrich), concentration of 1 mg ml™" lysozyme (Sigma-Aldrich),
10 uM ZnCl, (Sigma-Aldrich), pH 8.0). The suspensions were then alternatively
incubated in liquid nitrogen, and a water bath (37 °C) was repeated three times.
Cells were lysed by sonication for 9min (5s (on), 10s (off)), and the lysates were
cleared by centrifugation at 15,000g for 20 min. The supernatant was incubated
with nickel agarose beads (Ni-NTA; QIAGEN) for 60 min with shaking at 4°C. The
lysate-resin mixture was loaded into a polypropylene column, washed two times
with three column volumes of wash buffer (50 mM sodium phosphate (Sigma-
Aldrich), 150 mM NacCl (Sigma-Aldrich), 35 mM imidazole (Sigma-Aldrich), 20%
glycerol, 1mM DTT (GoldBio), 10 uM ZnCl, (Sigma-Aldrich), pH 8.0), and bound
protein was eluted with elution buffer (50 mM sodium phosphate (Sigma-Aldrich),
150 mM NaCl (Sigma-Aldrich), 250 mM imidazole (Sigma-Aldrich), 20% glycerol,
1mM DTT (GoldBio), 10 uM ZnCl, (Sigma-Aldrich), pH 8.0). The eluted protein
fraction was next loaded into a polypropylene column that contained heparin
agarose beads (Heparin Sepharose 6 Fast Flow; GE Healthcare) and washed two
times with three column volumes of wash buffer (50 mM sodium phosphate
(Sigma-Aldrich), 150 mM NaCl (Sigma-Aldrich), 20% glycerol, 1 mM DTT
(GoldBio), 10uM ZnCl, (Sigma-Aldrich), pH 8.0). Bound protein was eluted with
elution buffer (50 mM sodium phosphate (Sigma-Aldrich), 750 mM NaCl (Sigma-
Aldrich), 20% glycerol, 1 mM DTT (GoldBio), 10 uM ZnCl, (Sigma-Aldrich),
pH 8.0). The resulting protein fractions ware concentrated with a centrifuge
column (Amicon Ultra-4 Centrifugal Filter Devices; Millipore) at 6,000g.

ABE?7.10-mediated in vitro digestion of a PCR amplicon. A PCR amplicon
containing the HEK2 site was incubated with the ABE7.10 protein and in vitro-
transcribed HEK2-targeting sgRNA in a reaction volume of 100 pl for 1h at 37°C.
The deaminased product was then purified using a PCR purification kit (MGmed).
A total of 2 ug of deaminased product was incubated with Endo V (40 units)

(New England Biolabs) or hAAG (10 units) (New England Biolabs) and Endo VIII
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(20 units) (New England Biolabs) in a reaction volume of 200 pl for 30 min at 37°C,
after which the DNA was purified again using a PCR purification kit (MGmed)
and subjected to analysis with a Bioanalyzer (Agilent) to determine the results of
the in vitro digestion.

ABE?7.10-mediated in vitro digestion of genomic DNA. Genomic DNA was
isolated from HEK293T cells using a DNeasy Blood & Tissue Kit (Qiagen)
according to the manufacturer’ instructions. A total of 8 pg of genomic DNA was
incubated with the purified ABE7.10 protein (300 nM) and an sgRNA (900 nM) in
a reaction volume of 400 pl in reaction buffer (50 mM Tris-HCI (pH 8.0), 25 mM
KCI, 2.5mM MgSO,, 0.1 mM EDTA, 10% glycerol, 2mM DTT, 10 uM ZnCl,) at
37°C for 8 hours. The DNA was then purified with a DNeasy Blood & Tissue Kit
(QIAGEN) after removal of sgRNA using RNase A (50 pgml). A total of 3 ug

of purified DNA was incubated with Endo V (40 units) or hAAG (10 units) and
Endo VIII (20 units) in a reaction volume of 200 pl at 37 °C for 2 hours, after which
it was purified again with a DNeasy Blood & Tissue Kit (Qiagen). Purified DNA
was incubated with KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems) and
analyzed by real-time quantitative PCR to check for ABE7.10- and Endo V- or
ABE7.10-, hAAG-, and Endo VIII-mediated DNA DSBs. The fraction of intact
genomic DNA was measured using the comparative C; method'.

Whole-genome and Digenome sequencing. A total of 1 pg of in vitro-digested
DNA was fragmented to the 400- to 500-base-pair range using the Covaris system
(Thermo Fisher Scientific) and incubated with End Repair Mix (Illumina) to
generate blunt ends. Fragmented DNA was ligated with adapters to produce
libraries and subjected to WGS using a HiSeq X Ten Sequencer (Illumina) at
Macrogen. WGS was performed at a sequencing depth of 30-40x. Isaac aligner
was used to map the genome sequence. DNA cleavage sites were identified using
Digenome 1.0 and Digenome 2.0 programs. The source code of the version of
Digenome 2.0 used in this article is available at https://github.com/chizksh/
digenome-toolkit2.

Targeted deep sequencing. On-target and potential off-target sites were amplified
using KAPA HiFi HotStart PCR polymerase (KK2502). Amplicons were again
amplified using TruSeq HT Dual index-containing primers to generate deep
sequencing libraries. The libraries were sequenced using Illumina MiniSeq with
paired-end sequencing systems. Base editing frequencies indicate the frequencies
of modified target sites with at least one edit within the editing window (position
4-7). The source code of the computer program to calculate substitution and indel
frequencies is available at https://github.com/ibs-cge/maund.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Code availability

The source code used to generate the 2.0 version of Digenome can be accessed

at https://github.com/chizksh/digenome-toolkit2. The source code used to
calculate substitution and indel frequencies can be accessed at https://github.com/
ibs-cge/maund.

Data availability
High-throughput sequencing data have been deposited in the NCBI Sequence Read
Archive database with accession code PRINA515331.
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