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            Abstract
Base editor technology, which uses CRISPRâ€“Cas9 to direct cytidine deaminase enzymatic activity to specific genomic loci, enables the highly efficient introduction of precise cytidine-to-thymidine DNA alterations1,2,3,4,5,6. However, existing base editors create unwanted C-to-T alterations when more than one C is present in the enzyme's five-base-pair editing window. Here we describe a strategy for reducing bystander mutations using an engineered human APOBEC3A (eA3A) domain, which preferentially deaminates cytidines in specific motifs according to a TCR>TCY>VCN hierarchy. In direct comparisons with the widely used base editor 3 (BE3) fusion in human cells, our eA3A-BE3 fusion exhibits similar activities on cytidines in TC motifs but greatly reduced editing on cytidines in other sequence contexts. eA3A-BE3 corrects a human Î²-thalassemia promoter mutation with much higher (>40-fold) precision than BE3. We also demonstrate that eA3A-BE3 shows reduced mutation frequencies on known off-target sites of BE3, even when targeting promiscuous homopolymeric sites.
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                    Figure 1: Engineering and characterization of an A3A-BE3 base editor that selectively edits Cs preceded by a 5â€² T.[image: ]


Figure 2: Off-target editing activities of BE3 and eA3A-BE3 variants.[image: ]


Figure 3: On- and off-target activities of eA3A-BE3 variants at a Î²-thalassemia-causing mutation HBB â€“28 (A>G) sequence in human cells.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Base editing activities of engineered A3A-BE3 variants with mutations designed to disrupt non-specific interactions with substrate ssDNA.
Graphs illustrating the frequencies of C to T editing by a series of A3A-BE3 variants containing various pairs of mutations in A3A on bystander and cognate cytidines at four endogenous human gene target sites in single replicate. The reference sequence of each target site is shown at the top of each graph.


Supplementary Figure 2 Comparison of product purities and indel mutation frequencies for BE3 and eA3A-BE3 on endogenous human gene target sites.
(a) Graph showing normalized frequencies of cognate Cs edited to A, T, or G for twelve endogenous human gene target sites from Fig. 1d when targeting with BE3 or A3A (N57G)-BE3. (b) Graph showing indel mutation frequencies for BE3, the YE BE3s, and different engineered A3A-BE3 variants at the same 12 sites shown in (a). All data shown represent the mean of three biological replicates with error bars representing SEMs.


Supplementary Figure 3 eA3A-BE3-mediated editing of bystander cytidines typically occurs on the same allele as editing of cognate cytidines.
Allele frequency tables for four sites on which eA3A-BE3 exhibits cognate-to-bystander editing ratios less than five. Arrows with red outlines indicate bystander cytidines in the editing window, while black arrows indicate the target cytidine. The predicted nicking site by nSpCas9 is indicated by black dashed line.


Supplementary Figure 4 Mutations designed to decrease the catalytic rate of eA3A can increase the cognate-to-bystander editing ratio of eA3A-BE3.
Heat maps showing C-to-T editing efficiencies for eA3A-BE3 and three eA3A-BE3 variants bearing the indicated mutations at three endogenous human gene target sites, each bearing a cognate cytidine preceded by a 5â€² T and one or more bystander cytidines within the editing window. Editing efficiencies shown represent the mean of three biological replicates. Graph showing cognate-to-bystander editing ratios for all three target sites with eA3A-BE3 and each of the three eA3A-BE3 variants. Data points shown represent ratios of the means of the three biological replicates performed for each base editor. Mean values are indicated by a line and error bars represent the SEM.


Supplementary Figure 5 SpCas9 nuclease off-targets discovered by GUIDE-seq for the CTNNB1 and HBB -28 (A>G) gRNAs.
GUIDE-seq plots depicting the target site for both gRNAs (top of each figure panel) and off-target sites discovered by GUIDE-seq shown below with base positions containing mismatches to the on-target site highlighted with a colored box and RNA bulges indicated with a dash. Sites with more than one potential alignment (i.e. where either an RNA bulge or additional mismatches are both plausible target sites) are shown with brackets. GUIDE-seq read counts for each site discovered are shown in the right column. The on-target site for the CTNNB1 gRNA and the single mismatched on-target site for the HBB -28 (A>G) gRNA are indicated with a small black square to the left.


Supplementary Figure 6 On-target C to T editing efficiencies for each C in the editing window for sites in Figure 2a-c.
Bar plots showing the C-to-T editing efficiencies for each C in the editing windows of the on-target sites for the three gRNAs depicted in Figure 2a-c. The target sequence for each gRNA is depicted above each plot. Editing efficiencies shown represent the mean of n = 3 biologically independent samples. Center values represent the mean of n = 3 biologically independent samples and error bars represent SEM.


Supplementary Figure 7 The N57G mutation is important for decreased off-target activity of eA3A-BE3.
Editing frequencies for EMX1 site 1 and FANCF site 1 gRNAs with BE3, eA3A-BE3, and untransfected cells (from Figs. 2a â€“ 2b) are re-plotted with editing frequencies with these same gRNAs observed with A3A-BE3 from a separate experiment. Sequences of the on- and off-target sites are shown to the left of the bar plot below the target sequence with mismatches relative to the on-target site highlighted with colored boxes and bulges with a grey highlighted dash. The on-target sites for the EMX1 site 1 and FANCF site 2 gRNAs are indicated with a small black square to the left. Editing efficiencies shown represent the mean of n = 3 biologically independent samples. Center values represent the mean of n = 3 biologically independent samples and error bars represent SEM.


Supplementary Figure 8 Effects of adding a second UGI domain and HF1 or Hypa high-fidelity mutations eA3A-BE3 on base editing product purities and indel frequencies at four endogenous human gene target sites.
Graph in top panel shows normalized frequencies of cognate Cs edited to A, T, or G for the four endogenous human gene target sites of Figures 2a â€“ 2d when targeting each site with BE3, eA3A-BE3, or eA3A-BE3 variants incorporating HF1 or Hypa mutations and a second UGI domain. Graph in bottom panel shows indel frequencies induced by the same base editors at the same sites. All data shown represent the mean of three biological replicates and error bars represent SEMs.


Supplementary Figure 9 Efficient correction of the HBB -28 (A>G) pathogenic SNP in patient-derived erythroid precursor cells.
(a) Coomassie-stained SDS-PAGE gel showing titrations of purified eA3A-BE3 and A3A (N57Q)-BE3 protein next to a protein ladder. Molecular weights are indicated to the left of the image. Purification was performed for n = 3 biologically independent samples. (b) C-to-T, -G or -A editing frequencies at the -25 and -28 positions of the HBB -28 (A>G) allele in patient-derived erythroid precursor cells. Sequencing reads were bioinformatically separated according to whether they contained the -CTTT deletion in exon 2 that is present only in the allele without the HBB -28 (A>G) mutation. Editing efficiencies shown represent the mean of n = 3 biologically independent samples. Center values represent the mean of n = 3 biologically independent samples and error bars represent SEM. (c) RT-qPCR data examining HBB and HBG1/2 globin mRNA expression normalized to expression of HBA1/2 from the edited populations shown in panel (b) following terminal erythroid differentiation. Center values represent the mean of n = 3 biologically independent samples and error bars represent SEM. (d) Off-target editing by A3A (N57Q)-BE3 or eA3A-BE3 RNPs from the edited populations shown in panel (b) at six off-target sites. Percentage edits represent the sum of all C-to-D (D = A, G or T) editing frequencies in the editing window and represent the mean of n = 3 biologically independent replicates with error bars representing SEMs. Intended target sequence is shown at the top. On-target site is marked with a black diamond to the left and mismatches or bulges in the various off-target sites are shown with colored boxes or a dash in gray boxes, respectively. Off-target sites that lose the cognate TC motif within the editing window and thus might be expected to show lower off-target editing by eA3A, are noted with empty circles to the left. Asterisks indicate statistically significant differences in editing efficiencies observed between the indicated samples at each site (* p < 0.05, ** p < 0.005, *** p < 0.0005). All statistical testing was performed using two-tailed Student's t-test according to the method of Benjamini, Krieger, and Yekutieli without assuming equal variances between samples.


Supplementary Figure 10 eA3A-BE3 bearing VRQR or xCas9 mutations that alter PAM recognition specificity can be used to edit sites bearing NGA or NGT PAMs for highly precise single nucleotide editing.
Heat maps showing C-to-T editing efficiencies for VRQR BE3, eA3A-VRQR BE3, xCas9 BE3, and eA3A-xCas9 BE3 at 14 endogenous human gene target sites. VRQR target sites all bear NGAN PAM sequences, while xCas9 target sites bear NGN PAM sequences. Each site bears a cognate cytidine preceded by a 5â€² T and one or more bystander cytidines within the editing window. Editing efficiencies shown represent the mean of three biological replicates. Graph shows cognate-to-bystander C to T editing ratios for VRQR BE3, eA3A-VRQR BE3, xCas9 BE3 and eA3A-xCas9 BE3. Data points shown represent ratios calculated from the mean values shown in the heat maps. Median values are indicated by a red line and error bars represent interquartile ranges. Values shown represent the mean of n = 3 biologically independent replicates.


Supplementary Figure 11 eA3A retains high genome-wide fidelity when used with VRQR SpCas9.
Off-target editing frequencies of two gRNAs targeted to PPP1R12C VRQR site 1 or 3 with BE3 or eA3A-BE3. Percentage edits represent the sum of all edited Cs in the editing window and represent the mean of three biological replicates with error bars representing SEMs. Intended target sequence is shown at the top of each graph. Mismatches or bulges in the various off-target sites are shown with colored boxes or a dash in gray boxes, respectively. Off-target sites that lose the cognate TC motif within the editing window and thus might be expected to show lower off-target editing by eA3A, are noted with empty circles to the left. Asterisks indicate statistically significant differences in editing efficiencies observed between the indicated samples at each site (* p < 0.05, ** p < 0.005, *** p < 0.0005). All statistical testing was performed using two-tailed Student's t-test according to the method of Benjamini, Krieger, and Yekutieli without assuming equal variances between samples.


Supplementary Figure 12 Incorporating a self-cleaving hammerhead ribozyme on the 5â€² end of the gRNA preserves perfect matching of the spacer and target site and rescues the activities of the eA3A-BE3 variants bearing HF1 and Hypa high-fidelity mutations.
Heat maps showing C-to-T editing efficiencies for eA3A variants incorporating HF1 or Hypa mutations targeting HBB -28 (A>G) using a gRNA with a 5â€² mismatched guanine (top), a self-cleaving hammerhead ribozyme with 6 nucleotides of self-complementarity (middle), or a self-cleaving hammerhead ribozyme with 8 nucleotides of self-complementarity (bottom). The 5â€² mismatched guanine or the ribozyme sequence is shown in red, while the spacer sequence is shown in black. Editing efficiencies shown represent the mean of three biological replicates.
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