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Materials and Methods:

Plasmids and oligonucleotides

Brief descriptions of plasmids used in this study can be found in Table S2, and new plasmids have been

deposited with Addgene (https://www.addgene.org/Benjamin_Kleinstiver/). Target site sequences for sgRNAs and

oligonucleotide sequences are available in Tables S1 and S3, respectively. The SpCas9 nuclease human expression
plasmid was generated by subcloning the SpCas9 open reading frame from pX330 (Addgene plasmid 42230) into
the Notl and Agel sites of JDS246 (Addgene plasmid 43861). Nuclease constructs harboring a C-terminal
BP(SV40)NLS-3xFLAG-P2A-EGFP sequence were utilized for all human cell experiments unless otherwise
indicated. Cytidine base editor (CBE) constructs were generated by subcloning the open reading frame of BE4max
(Addgene plasmid 112099) into the Notl and Agel sites of pPCAG-CFP (Addgene plasmid 11179). Adenine base
editor (ABE) variants were generated by modifying ABEmax (Addgene plasmid 112101). All modifications to
plasmids, including generation of point mutations, altered nuclear localization architectures, and the addition of
P2A-EGFP were generated through standard molecular cloning and isothermal assembly. Human cell expression
plasmids for U6 promoter-driven SpCas9 sgRNAs were generated by annealing and ligating duplexed
oligonucleotides corresponding to spacer sequences into BsmBI-digested BPK1520(8). Plasmids for in vitro
transcription of SpCas9 sgRNAs were generated by annealing and ligating oligonucleotides corresponding to spacer
sequence duplexes into Bsal-digested MSP3485 for T7 promoter-driven transcription of sgRNAs.

Plasmid libraries with 8 nt randomized PAM sequences on the 3’ end of the target sites were generated
from two oligonucleotides encoding separate spacer sequences (Table S3), similar to as previously described(39).
Briefly, Klenow(-exo) (New England Biolabs, NEB) was used to generate the bottom strand of the dsDNA
sequence, and the product was digested with EcoRI prior to ligation into EcoR1 and Sphl digested p11-lacY-wtx1
(Addgene plasmid 69056). Ligated plasmids were transformed into electrocompetent XL1-Blue E. coli, recovered in
9 ml of super optimal broth with catabolite repression (SOC) at 37 °C for approximately 60 minutes, and then grown
for 16 hours in 150 mL of Luria-Bertani (LB) medium with 100 pg/mL carbenicillin. The complexity of each library
was estimated to be greater than 10° unique PAMs based on the number of transformants. Plasmid libraries were

linearized with Pvul (NEB) prior to use in the in vitro cleavage reactions.
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Structural modeling of SpCas9

The crystal structures of WT SpCas9 (PDB:4UN3)(20), SpCas9-VQR (PDB:5B2R)(25), and SpCas9-

VRER (PDB:5B2T)(25) were visualized using PyMOL version 2.3.3 (for commands see 10).

Human cell culture

Human HEK 293T cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% heat-inactivated FBS (HI-FBS) and 1% penicillin/streptomycin. The supernatant media

from cell cultures was analyzed monthly for the presence of mycoplasma using MycoAlert PLUS (Lonza).

Transfection of human cells

All experiments were performed with at least 3 independent biological replicates. For all human cell
experiments, transfections were performed between 20 and 24 hours following seeding of 2x10* HEK 293T cells per
well in 96-well plates. For nuclease experiments, 29 ng of nuclease and 12.5 ng of sgRNA expression plasmids
(unless otherwise indicated) were mixed with 0.3 pL of TransIT-X2 (Mirus) in a total volume of 15 pL Opti-MEM
(Thermo Fisher Scientific), incubated for 15 minutes at room temperature, and added to HEK 293T cells. For CBE
and ABE experiments, 70 ng of base-editor and 30 ng of sgRNA expression plasmids were mixed with 0.72 L of
TransIT-X2 in a total volume of 15 puL Opti-MEM, incubated for 15 minutes at room temperature, and added to
HEK 293T cells. Nuclease and CBE experiments were halted after 72 hours, and ABE experiments after 120 hours.
Genomic DNA was collected by discarding the media, resuspending the cells in 100 pL of quick lysis buffer (20
mM Hepes pH 7.5, 100 mM KCI, 5 mM MgCl,, 5% glycerol, 25 mM DTT, 0.1% Triton X-100, and 60 ng/ul
Proteinase K (NEB)), heating the lysate for 6 minutes at 65 °C, heating at 98 °C for 2 minutes, and then storing at -
20 °C.

For GUIDE-seq experiments, 29 ng of nuclease and 12.5 ng of sgRNA expression plasmids, 1 pmol of the
GUIDE-seq double-stranded oligodeoxynucleotide (dsODN; 0SQT685/686) tag(31), and 0.3 pL of TransIT-X2
(Mirus) were mixed in a total volume of 16 pL Opti-MEM, incubated for 15 minutes at room temperature, and
added to HEK 293T cells. Genomic DNA was extracted ~72 hours post-transfection by discarding the media,
resuspending the cells in 100 pL of overnight lysis buffer (L00 mM Tris pH 7.5, 100 mM NaCl, 5 mM EDTA,

0.05% SDS, 5 pL PK (NEB), and 25 mM DTT), and incubating lysate at 55°C for 15-18 hours shaking at
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approximately 200 rpm. Following incubation, genomic DNA was purified using a 0.7x ratio of paramagnetic beads

prepared as previously described(39, 42).

Assessment of nuclease and base editor activities in human cells

The efficiency of genome modification by nucleases, CBEs, and ABEs were determined by next-generation
sequencing using a 2-step PCR-based Illumina library construction method. Briefly, genomic loci were amplified
from approximately 100 ng of genomic DNA using Q5 High-fidelity DNA Polymerase (NEB) and the primers listed
in Table S3. PCR products were purified using paramagnetic beads prepared as previously described(39, 42).
Approximately 20 ng of purified PCR product was used as template for a second PCR to add Illumina barcodes and
adapter sequences using Q5 and the primers listed in Table S3. PCR products were purified prior to quantification
via capillary electrophoresis (Qiagen QlAxcel), normalization, and pooling. Final libraries were quantified by gPCR
(IMumina Library gPCR Quantification Kit, KAPA Biosystems) and sequenced on a MiSeq sequencer using a 300-
cycle v2 kit (Illumina).

On-target genome editing activities were determined from sequencing data using CRISPRess02(40) in
pooled mode with custom input parameters for nucleases: --min_reads_to_use_region 100; for CBEs: --
min_reads_to_use_region 100 -w 20 --cleavage_offset -10 --base_editor_output; for ABEs:
min_reads_to_use_region 100 -w 20 --cleavage_offset -10 --base_editor_output --conversion_nuc_from A --
conversion_nuc_to G. For quantifying GUIDE-seq on-target dsSODN tag integration, CRISPResso2 was run in non-
pooled mode by supplying the target site spacer, the reference amplicon, and both the forward and reverse dsODN-
containing sequences as ‘HDR’ alleles with custom parameters: -w 25 -g GUIDE --plot_window_size 50. Total
dsODN capture was calculated by dividing the sum of the fwd-dsODN modified and unmodified reads + the rev-
dsODN modified and unmodified reads by the total number of reads; cumulative on-target editing by was calculated
by dividing the sum of the wild-type modified reads, the fwd-dsODN modified and unmodified reads, and the rev-
dsODN modified and unmodified reads by the total number of reads for each replicate sample.

GUIDE-seq samples were prepared for sequencing as previously described(31) and sequenced on an
Illumina NextSeq sequencer in manual mode for custom Index2 read length. Binary base call files were converted to
fastg format using bcl2fastq v2.17.1.14. GUIDE-seq data was analyzed using guideseq v1.0.2

(https://github.com/aryeelab/guideseq) with custom input parameters: demultiplex_min_reads 500,000 for all
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nucleases; max_mismatches 6 and an NGG PAM for WT SpCas9 samples; max_mismatches 7 and an NGN PAM
for SpG samples; and max_mismatches 8 and an NNN PAM for SpRY samples; cell-type specific SNP correction
was not performed.

Summaries of genome editing nuclease and GUIDE-seq on-target dsODN tag integration data are found in
Table S4; summaries of CBE and ABE data are found in Table S5; and summaries of GUIDE-seq data are found in
Table S6. The edit window for base editor constructs was defined as PAM-distal spacer positions 3-9 for CBEs and

positions 5-7 for ABEs.

in vitro transcription of SgRNAs

SpCas9 sgRNAs were in vitro transcribed at 37 °C for 16 hours from roughly 1 pg of Hindlll linearized
SgRNA T7-transcription plasmid template (cloned into MSP3485) using the T7 RiboMAX Express Large Scale
RNA Production Kit (Promega). The DNA template was degraded by the addition of 1 uL RQ1 DNase at 37 °C for
15 minutes. sgRNAs were purified with the MEGACclear Transcription Clean-Up Kit (ThermoFisher) and refolded

by heating to 90 °C for 5 minutes and then cooling to room temperature for 15 minutes.

Expression of SpCas9 and base editor proteins in human cells and normalization of lysates

To generate SpCas9 and variant proteins from human cell lysates, approximately 20-24 hours prior to
transfection 1.5x10° HEK 293T cells were seeded in 24-well plates. Transfections containing 500 ng of human
codon optimized nuclease expression plasmid (with a -P2A-EGFP signal) and 1.5 pL TransIT-X2 were mixed in a
total volume of 50 pL of Opti-MEM, incubated at room temperature for 15 minutes, and added to the cells. The
lysate was harvested after 48 hours by discarding the media and resuspending the cells in 100 ul of gentle lysis
buffer (LX SIGMAFAST Protease Inhibitor Cocktail, EDTA-Free (Millipore Sigma), 20 mM Hepes pH 7.5, 100
mM KCI, 5 mM MgCl,, 5% glycerol, 1 mM DTT, and 0.1% Triton X-100). The amount of SpCas9 or base editor
protein was approximated from the whole-cell lysate based on EGFP fluorescence. SpCas9 nuclease and base editor
lysates were normalized to 150 and 300 nM Fluorescien (Sigma), respectively, based on a Fluorescein standard
curve. Fluorescence was measured in 384-well plates on a DTX 880 Multimode Plate Reader (Beckman Coulter)

with A¢x = 485 nm and A= 535 nm.
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High-throughput PAM Determination assay for nucleases

The high-throughput PAM determination assay (HT-PAMDA) was performed using linearized randomized
PAM-containing plasmid substrates that were subject to in vitro cleavage reactions with SpCas9 and variant
proteins. First, SpCas9 ribonucleoproteins (RNPs) were complexed by mixing 4.375 pL of normalized whole-cell
lysate (150 nM Fluorescien) with 8.75 pmol of in vitro transcribed sgRNA and incubating for 5 minutes at 37 °C.
Cleavage reactions were initiated by the addition of 43.75 fmol of randomized-PAM plasmid library and buffer to
bring the total reaction volume to 17.5 pL with a final composition of 10 mM Hepes pH 7.5, 150 mM NaCl, and 5
mM MgCl,. Reactions were performed at 37 °C and aliquots were terminated at timepoints of 1, 8, and 32 minutes
by removing 5 L aliquots from the reaction and mixing with 5 pL of stop buffer (50 mM EDTA and 2 mg/ml
Proteinase K (NEB)), incubating at room temperature for 10-minutes, and heat inactivating at 98 °C for 5 minutes.
For all variants characterized, time courses were completed on both libraries harboring distinct spacer sequences for
n = 2; several variants were characterized with additional replicates to evaluate reproducibility of the assay (e.g. Fig.
S2C), where for those variants the final data is an average of all replicates.

Next, approximately 3 ng of digested PAM library for each SpCas9 variant and reaction timepoint was
PCR amplified using Q5 polymerase (NEB) and barcoded using unique combinations of the i5 and i7 primers listed
in Table S3. PCR products were pooled for each time point, purified using paramagnetic beads, and prepared for
sequencing using one of two library preparation methods. Pooled amplicons were prepared for sequencing using
either (1) the KAPA HTP PCR-free Library Preparation Kit (KAPA BioSystems), or (2) a PCR-based method where
pooled amplicons were treated with Exonuclease I, purified using paramagnetic beads, amplified using Q5
polymerase and the primers listed in Table S3 with approximately 250 pg of pooled amplicons at template, and
again purified using paramagnetic beads. Libraries constructed via either method were quantified using the
Universal KAPA Illumina Library gPCR Quantification Kit (KAPA Biosystems) and sequenced on a NextSeq
sequencer using either a 150-cycle (method 1) or 75-cycle (method 2) NextSeq 500/550 High Output v2.5 kits
(IMumina). Identical cleavage reactions prepared and sequenced via either library preparation method did not exhibit
substantial differences.

Sequencing reads were analyzed using custom Python scripts (41) to determine cleavage rates for all
SpCas9 nucleases on each substrate with unique spacers and PAMs, similar to as previously described(39). Briefly,

reads were assigned to specific SpCas9 variants based on based on custom pooling barcodes (see Table S3),
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assigned timepoints based on the combination of i5 and i7 primer barcodes, assigned to a plasmid library based on

the spacer sequence, and assigned to a 3 (NNNN) or 4 (NNNN) nt PAM based on the identities of the DNA bases

adjacent to the spacer sequence. Counts for all PAMs were computed for every SpCas9 variant (Table S7), plasmid
library, and timepoint, corrected for inter-sample differences in sequencing depth, converted to a fraction of the
initial representation of that PAM in the original plasmid library (as determined by an untreated control), and then
normalized to account for the increased fractional representation of uncut substrates over time due to depletion of
cleaved substrates (by selecting the five PAMSs with the highest average fractional representation across all time
points to represent the profile of uncleavable substrates). The depletion of each PAM over time was then fit to an
exponential decay model (y(t) = Ae™, where y(t) is the normalized PAM count (Table S7), t is the time (seconds), k
is the rate constant, and A is a constant), by nonlinear regression. Reported rates are the average across both spacer
sequences and across technical replicates when performed. Nonlinear least squares curve fitting was utilized to
model Cas9 nuclease and CBE activities, whereas linear least squares curve fitting was previously used for our

Casl2a PAMDA assay(39).

CBE-HT-PAMDA

The cytosine base editor high-throughput PAM determination assay (CBE-HT-PAMDA) was performed
using a linearized randomized PAM-containing plasmid library that was subjected to in vitro reactions with base
editor variants. First, base editor proteins were complexed with sgRNAs by mixing 8.75 pL of normalized whole-
cell lysate (300 nM Fluorescien) with 14 pmol of in vitro transcribed sgRNA and incubating for 5 minutes at 37 °C.
Cleavage reactions were initiated by the addition of 43.75 fmol of randomized-PAM plasmid library and buffer to
bring the total reaction volume to 17.5 pL with a final composition of 10 mM Hepes pH 7.5, 150 mM NaCl, and 5
mM MgCl,. Reactions were performed at 37 °C and aliquots were terminated at timepoints of 4, 32, and 256
minutes by removing 5 pL aliquots from the reaction and mixing with 5 pL of stop buffer (50 mM EDTA and 2
mg/ml Proteinase K (NEB)), incubating at room temperature for 10-minutes, and heat inactivating at 98 °C for 5
minutes. Deamination and nicking events were converted to double strand breaks through the addition of 1 unit of
USER enzyme (NEB) in 5 pL of 1x NEB buffer 4 to each reaction, bringing the total volume to 15 pL. After an
hour incubation at 37 °C, reactions were stopped by adding of 5 ul of 4 mg/mL Proteinase K in 1 mM Tris pH 8.0,

incubating at room temperature for 10-minutes, and heat inactivating at 98 °C for 5 minutes. Reactions were carried
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out on a single plasmid library for each base editor. Samples were subsequently processed as described above for
HT-PAMDA for nucleases, with the exception that depletion rates are for a single spacer sequence for CBE-HT-

PAMDA, rather than the average of two spacer sequences as in the nuclease analysis. The CBE-HT-PAMDA data is

included in Table S7.
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Supplementary Text

1. Rationale for targeted engineering of SpCas9 PAM preference

Crystal structures of wild-type (WT) SpCas9 have elucidated the molecular mechanism of PAM
recognition by SpCas9, which occurs via bidentate hydrogen bonds between R1333 and R1335 residues in the
PAM-interacting (P1) domain and dG, and dG; of the NGG PAM, respectively(20) (Fig. S1A). We and others have
previously shown that modifications to R1333 or R1335 abrogate nuclease activity(8, 20), confirming their
indispensable roles for SpCas9 PAM recognition and activity. These observations suggested that other residues must
be altered in concert with changes to R1333 and R1335 to retain SpCas9 function while altering PAM specificity.
Our previous work to evolve SpCas9 variants that target non-canonical PAMs utilized an unbiased mutagenic
approach and identified other PAM-proximal amino acids whose substitution were critical to for altering activity
(including D1135, S1136, G1218, E1219, and T1337)(8, 21). The SpCas9-VOR (D1135V/R1335Q/T1337R),
VRER (D1135V/G1218R/R1335E/T1337R), and VRQR (D1135V/G1218R/R1335Q/T1337R) variants achieve
efficient targeting of non-canonical PAMs through the coordinated substitution of R1335 (to alter the 3" PAM
position preference) along with other amino acids mutations in these neighboring positions(8, 21).

Structural studies of SpCas9-VQR and VRER revealed the mechanisms of non-canonical PAM recognition
by these variants(24, 25). The formation of new base-specific contacts through the R1335Q and R1335E mutations
are essential, but not sufficient, for altering recognition of the 3" position of the PAM. For example, structures of
SpCas9-VOR bound to an NGAG PAM revealed bidentate hydrogen bonds between R1335Q and dA; of the non-
target strand (NTS) (Fig. S1B). However, the shortened sidechain length of R1335Q necessitates a 1.5 A
displacement of the PAM DNA essential for this interaction (Fig. S1C), a molecular rearrangement supported by the
D1135V substitution in the minor groove(8, 24, 25). Additionally, the T1337R substitution of SpCas9-VQR can
form base-specific hydrogen bond contacts with dG, of the NTS, contributing to PAM DNA displacement (Fig.
S1D). Crystal structures of SpCas9-VRER, an SpCas9 variant that we previously engineered to target NGCG PAM
sequences, suggest that the G1218R mutation can form electrostatic interactions with the DNA phosphate group
between the third and fourth nucleotides of the NTS(8, 24, 25) (Fig. S1E). We speculate that the G1218R

substitution of SpCas9-VRQR might perform a similar function.
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Importantly, for both SpCas9-VQR and SpCas9-VRER no single substitution altered PAM preference
while maintaining potent activity, suggesting a strong interdependence and co-evolutionary relationship of the
residues surrounding the PAM DNA bases for PAM recognition(8). Together, our previous engineering studies and
subsequent structural work on SpCas9 PAM variants suggest three important considerations and mechanisms for
engineering SpCas9 PAM preference: (1) amino acid substitutions that create novel base-specific contacts, (2)
substitutions that displace the PAM DNA bases to accommodate novel base-specific contacts, and (3) the addition of
non-specific contacts to stabilize PAM binding. Furthermore, the observation that individual substitutions did not
generate functional variants with altered PAM preferences foretold the necessity of a higher-throughput method to

analyze larger collections of variants bearing more complex combinations of substitutions.

2. Hypotheses for engineering an SpCas9 variant with a relaxed PAM preference

To engineer a more broadly targeting SpCas9 variant, we focused on modifying six PAM-proximal
residues (D1135, S1136, G1218, E1219, R1335, and T1337). We utilized SpCas9-VRQR as a scaffold for our
engineering approach to relax PAM preference since it already possessed a somewhat relaxed PAM preference of
NGA>NGNG, it displayed improved activities relative to SpCas9-VQR, and because we could leverage the
structural studies of SpCas9-VQR and VRER to infer potential mechanisms of PAM recognition(8, 21, 24, 25).

Through structure-motivated substitutions of the six PAM-proximal amino acids, we determined how their
alteration could lead to variants with relaxed PAM preferences. Because SpCas9-VRQR had demonstrated the
ability to target NGNG PAMSs (and thus possessed a relaxed tolerance in the 3™ position of the PAM), we elected to
maintain the R1335Q substitution of SpCas9-VRQR while varying the other five positions. Since a D1135V
substitution contributes to the displacement of the PAM DNA bases, we hypothesized that we could tune the
displacement of the PAM bases with a combination of hydrophobic substitutions at D1135 and S1136 and that
modulating this displacement could facilitate interactions within the major groove (Fig. S1C). We also sought to
form non-specific contacts to the DNA by varying the identity of G1218, similar to those formed by G1218R in
SpCas9-VROR and -VRER (Fig. S1E). In SpCas9-VQR the E1219 side chain forms hydrogen bonds that stabilize
the R1335Q-dA; interaction (Figs. S1B and S1F), suggesting that E1219 may prevent R1335Q from adopting
alternate conformations capable of accommodating different bases in the 3 position of the PAM. We hypothesized

that a more electrostatically neutral E1219Q substitution might support alternative conformations of R1335Q that
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could lead to a more relaxed tolerance within the 3 PAM position (Figs. S1F-S11). Finally, we hypothesized that
positively charged arginine or lysine substitutions at position T1337 might form compensatory contacts to stabilize

PAM DNA binding and contribute to the displacement of the DNA towards R1335Q.

3. Optimization and validation of HT-PAMDA

To facilitate a large-scale rational engineering approach to develop SpCas9 variants capable of targeting
NGN PAM sequences, we required a high-throughput PAM determination assay (HT-PAMDA) that could rapidly
and comprehensively profile the PAM preferences of dozens or even hundreds of SpCas9 variants. A scalable assay
to fulfill these criteria would: (1) preclude protein expression and purification (as we and others have previously
done for Casl12a variants(39, 43)), (2) would optimally be performed in vitro with conditions approximating a
human cell context, and (3) would not be performed in bacteria or bacterial lysates (as we had done previously for
SpCas9 and SaCas9 variants(8, 44)). To enable our studies, we developed the HT-PAMDA that relies on the
expression of SpCas9 variants in human cells, a step that can be easily arrayed and thus performed in high-
throughput (Fig. S2A). The variable expression of SpCas9 proteins across different transfections is measurably
linked to the expression of a 2A-EGFP fluorescence, permitting the normalization of SpCas9 protein concentrations
by using a defined amount of EGFP-expressing lysate based on a fluorescein standard curve. A constant amount of
SpCas9 human cell lysate is then subject to a time-course in vitro cleavage reaction of two separate libraries
harboring distinct spacer sequences and 8 nucleotide randomized PAM sequences (Fig. S2A). Targeted sequencing
of the libraries at various time points allowed guantitation of the rate of depletion of each PAM from the population
over time; the rate constant for each PAM therefore enables us to calculate comprehensive PAM preferences for
each SpCas9 variant. In general, we found that the HT-PAMDA profiles for WT SpCas9 and SpCas9-VQR were
highly reproducible across two different spacer sequences (Fig. S2B) and across technical replicates (Fig. S2C).
Furthermore, the HT-PAMDA profiles of WT SpCas9, SpCas9-VQR, and SpCas9-VRER were consistent with their
previously described PAM preferences(7, 8) established using alternate methods (Fig. S2D). These results
demonstrate that HT-PAMDA recapitulates known PAM preferences and can in principle be scaled to large numbers

of SpCas9 variants.

4. Engineering of SpG for targeting sites with NGN PAMs
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To relax the PAM preference of SpCas9, we generated a series of variants bearing structure-motivated
substitutions in residues D1135, S1136, G1218, E1219, R1335, and T1337 using SpCas9-VRQR as a scaffold.
Based on our hypotheses outlined above, we sequentially tested hydrophobic substitutions at D1135, substitutions
bearing different charges at E1219, and hydrophobic substitutions at S1136. The PAM preferences for variants
bearing these substitutions were determined by HT-PAMDA, revealing differential contributions to PAM
recognition by substitutions at D1135, S1136, and E1219 (Figs. 1C and S2E). Examination of the activities of this
collection of variants against sites bearing NGAT, NGCC, NGGG, and NGTA PAMs in human cells recapitulated
our HT-PAMDA observations and demonstrated that the concurrent substitution of several amino acids enables high
activity targeting of non-canonical PAMs (Fig. S4A). The D1135L/S1136W/G1218R/E1219Q/R1335Q/T1337R
variant improved human cell editing relative to SpCas9-VRQR by 2- to 53-fold on the sites with NGCC, NGGG,
and NGTA PAMs, and maintained 87% of the activity on the NGAT site (Fig. S4A). While this variant displayed
robust activity, our method of sequential mutagenesis to this point did not allow us to examine the more complete
interdependence of the amino acid substitutions. We proceeded to assess all combinations of wild-type residues and
the substitutions S1136W, E1219S/V/H/Q, G1218R/K/S, and T1337R/K. The forty-eight variants bearing
combinations of the wild-type and substituted residues were profiled by HT-PAMDA (Figs. 1C and S2E) and
assessed for on-target editing using the same four sites in human cells with NGAT, NGCC, NGGG, and NGTA
PAMs (Fig. S4B). The combined HT-PAMDA and human cell analysis revealed that the variant encoding
D1135L/S1136W/G1218K/E1219Q/R1335Q/T1337R substitutions (henceforth named SpG) displayed the most

even PAM tolerance and the highest average activity across the four sites in human cells.

5. Energetic supplementation via non-specific contacts

To further improve the on-target activity of SpG, we wondered whether SpG could tolerate other
substitutions intended to form non-specific DNA contacts and thus improve the overall interaction energy of SpG
with the PAM. A similar strategy was previously described for SpCas9-NG, which harbors L1111R and A1322R
substitutions hypothesized to form DNA backbone contacts to compensate for the loss of base-specific interactions
to the 3" position of the PAM caused by the R1335V substitution(22). To investigate this hypothesis, we first
determined whether the L1111R and A1322R substitutions are essential for the activities of SpCas9-NG. We

compared the on-target editing of SpCas9-NG to the R1111L, R1322A, and R1111L/R1322A derivative variants

39



10

15

20

25

S(jlence Submitted Manuscript: Confidential

AVAAAS

that lack the supplementary energetic contacts across 16 sites harboring NGNN PAMs in human cells (Figs. S4C
and S4D). We found that the inclusion of both arginine substitutions is necessary for the activities observed with
SpCas9-NG.

We then determined whether the same substitutions could improve the editing efficiencies of SpG by
generating derivative variants harboring L1111R, A1322R, or both substitutions. When we assessed the activities of
these variants across the same 16 sites harboring NGNN PAMs in human cells, we surprisingly observed a reduction
in the on-target activities for 14 of 16 sites with most variants (Figs. S4E and S4F). These results suggest that the
substitutions in SpG that result in expanded PAM recognition do not require energetic supplementation, or possibly
that the L1111R and A1322R substitutions are not compatible with SpG residues. HT-PAMDA experiments to
determine the PAM profiles of these variants showed that the presence or absence of L1111R and A1322R in either
variant did not appear to alter their PAM preferences (Figs. S2F and S2G), supporting the hypothesis that the major

roles of L1111R and A1322R substitutions are energetic rather than PAM preference altering.

6. Sequence preferences of WT, xCas9, SpCas9-NG, and SpG

We utilized our HT-PAMDA and human cell datasets (Figs. S2 and S5 respectively) to more thoroughly
characterize the sequence preferences of WT SpCas9, xCas9(3.7)(23), SpCas9-NG(22), and SpG. We observed
correlations between average human cell editing efficiencies on NGNN PAMs and the log,o PAMDA rate constants,
verifying that the preferences revealed in HT-PAMDA were replicated in human cells (Fig. S5F). Our
characterization of WT SpCas9 PAM preference is consistent with prior reports(5, 7, 8), revealing that sites
encoding NGG PAMs were most efficiently targeted followed by a minor preference for sites with NAG>NGA
PAMs (Fig. S2D). For WT SpCas9, xCas9, SpCas9-NG, and SpG, we observed minimal evidence of a 1¥ PAM
position preference (Figs. S2D, S2F, and S5B) and minor influence of the 1 position of the spacer (Fig. S5D).

Based on our HT-PAMDA and human cell editing data (Figs. S2F and S5A, respectively), we examined
the 3" PAM position preferences for each NG variant. We found that xCas9 preferred NGG>>NGA=NGT>NGC,
and that SpCas9-NG and SpG exhibited more even tolerances of NGN PAMs (see Figs. 1E and S2F). When
considering the 4™ PAM position, xCas9 preferred NGNC>NGND where once again SpCas9-NG and SpG were
capable of more even targeting of NGNN PAMs (see Figs. S2F and S5C). Our human cell-based cytosine and

adenine base editor (CBE and ABE, respectively) PAM characterizations of xCas9, SpCas9-NG, and SpG were
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consistent with our nuclease observations, with differences likely attributable to the fact that we performed fewer
CBE and ABE experiments (22 and 21 sites, respectively) compared to our nuclease datasets (78 sites; Figs. 1E, 1G

and 11).

7. PAM profile for xCas9

While the initial description of xCas9 reported targeting capabilities including NGN PAMSs in human
cells(23), our data suggests the targeting range of xCas9 to be more narrow. Across 78 sites in human cells, xCas9
averaged lower modification rates than WT SpCas9 and did not surpass 20% mean modification of sites encoding
NGA, NGC, or NGT PAMs (Fig. 1E). HT-PAMDA also revealed that xCas9 can only appreciably target NGAC,
NGTC, and NGGN PAMs (Fig. S2F). Interestingly, xCas9 also exhibited reduced activity on NGG PAMs compared
to WT SpCas9, SpCas9-NG, and SpG, despite the retention of both critical R1333 and R1335 residues for NGG
PAM recognition (Figs. 1E and S2F). Of the substitutions in xCas9, only E1219V is in close proximity to the PAM,;
this substitution might disrupt the E1219-R1335-dG3 hydrogen-bonding network that stabilizes NGG PAM
recognition, consistent with prior structural analysis(45). We characterized the PAM preference of the
SpCas9(E1219V) single mutant and found that the PAM preference of xCas9 was attributable to this single mutation
(Fig. S2G). Analysis of our human cell data corroborated HT-PAMDA findings that xCas9 has a preference for
cytosine in the 4™ position of the PAM, both in the context of NGG and NGH PAM s that nearly completely
explained non-canonical PAM targeting with xCas9 (Figs. S5C and S5E). A preference for cytosine in the 4™
position of the PAM is not observed with WT SpCas9, SpCas9-NG, and SpG (Figs. S5C and S5E). Collectively,
our human cell (Figs. S5C and S5E), HT-PAMDA (Figs. S2F and S2G), and CBE-HT-PAMDA (Fig. S6D; see

below) characterizations of xCas9 are more consistent with a PAM preference of NGGC>NGGD~NGWC.

8. Optimization and validation of CBE-HT-PAMDA

The PAM requirements of base editor protein fusions have generally been assumed to be consistent with
the PAM requirements of CRISPR nucleases, yet it remains possible that they exhibit distinctive preferences. To
determine whether or not SpCas9 nucleases and base editors (BEs) exhibit consistent PAM profiles, we adapted the
HT-PAMDA assay to function in the absence of SpCas9-mediated DNA cleavage. The PAM profiles generated by

HT-PAMDA are dependent on the depletion of library members over time due to plasmid cleavage, yet base editors
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do not intentionally cleave DNA (rather, DNA binding events are followed by nicking and deamination events). To
directly address this question, we adapted HT-PAMDA to develop a cytosine base editor high-throughput PAM
determination assay (CBE-PAMDA-HT; Fig. S6C). CBE-HT-PAMDA is similar to HT-PAMDA, but instead of
double-strand DNA cleavage, the assay relies on SpCas9-based nicking and deamination of a cytosine by the
tethered rAPOBEC1 domain. The combination of a target strand nick and deamination of the non-target strand is
later converted to a double strand break via USER enzyme to remove the uracil base and cleave the non-target strand
backbone, depleting CBE-targetable PAM-containing substrates from the library (Fig. S6C). With CBE-PAMDA-
HT, we observed comparable CBE-based PAM profiles for WT-SpCas9, xCas9, SpCas9-NG, and SpG (Fig. S6D)
relative to the nuclease-based PAM profiles for the same proteins (Figs. S2D and S2F). We also observed agreement
the between HT-PAMDA and CBE-HT-PAMDA log,, rates for the PAMs of the same four variants (Fig. S6E).

Thus, nuclease and CBE versions of different SpCas9 variants exhibit comparable PAM profiles.

9. Characterization of sequence preferences of SpRY

We explored if the range of activities displayed by SpRY across sites bearing NR and NY PAMs could be
explained by aspects of PAM preference or sequence context. Our HT-PAMDA characterization of SpRY revealed a
NR>NY PAM preference, and suggested a number of preferences at other positions (Fig. S8D). When comparing
the HT-PAMDA log, rate constants to the mean human cell editing efficiencies on NNN PAMSs, we found that
while HT-PAMDA accurately characterized the PAM preference of wild-type SpCas9 in human cells, the assay was
less effective for SpRY (Fig. S9F). We expect that this discrepancy is due to the vastly different PAM
compatibilities of WT SpCas9 and SpRY, leading to almost an order of magnitude difference in the number of
targetable library members in the HT-PAMDA assay for each nuclease. Because HT-PAMDA infers PAM
preference based on the rate of depletion of targetable PAMs by sequencing library members harboring non-
compatible PAMs, there is a stoichiometric difference between WT SpCas9 and SpRY when considering targetable
and non-targetable library members.

We also analyzed our human cell modification data to determine whether SpRY displayed PAM or PAM-
proximal sequence preferences. In addition to the NR>NY preference in the 2™ position of the PAM, we observed
varying degrees of sequence tolerance in 1%, 3", and 4™ positions of the PAM as well as the 1% position of the spacer

(Figs. S9G-S9J). Given the moderate number of sites that we examined (32 endogenous sites bearing NANN
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PAMs, 32 with NGNN PAMs, and 31 with NYNN PAMs; Figs. S9A, S9B, and S9E, respectively) additional

experiments may be required to more completely assess the in cellulo or in vivo PAM requirements of SpRY.

10. Commands for crystal structure visualization in PyMOL

cmd.set("bg_rgb", ‘white')
cmd.set("ambient", '0.21000"
cmd.set("direct", '0.40000")
cmd.set("reflect", '0.43000"
cmd.set("power", '2.00000")
cmd.set("'spec_reflect"”, '-0.01000")
cmd.set("line_width", '3.00000")
cmd.set(""cache_display”, 'off)
cmd.set(""shininess™, '30.00000")
cmd.set(""cartoon_sampling", '7")
cmd.set("cartoon_loop_radius"”, '0.15000")
cmd.set("cartoon_oval_length", '1.00000")
cmd.set("auto_color_next", '1")
cmd.set("max_threads", '4")
cmd.set(""specular_intensity", '0.30000")

cmd.set("button_mode_name", '3-Button Viewing')

cmd.set("'seq_view", 'on")

cmd.set(""cartoon_ring_mode", '3")
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Fig. S1. Structural models of PAM recognition by SpCas9 and engineered variants.

(A, B) Molecular mechanisms of NGG PAM recognition by WT SpCas9 (panel A) and NGA PAM recognition by
SpCas9-VOQR(8) (panel B) with key residues shown. (C) Overlay of the non-target strand PAM DNA from WT
SpCas9 (blue) and SpCas9-VQR (maroon) crystal structures with key residues labeled. The 3" base of the PAM in
the SpCas9-VQR structure is displaced towards R1333Q on the major groove side of the duplex relative to the wild-
type structure. (D) In the context of SpCas9-VQR, the T1337R substitution forms a base-specific contact with dG,
of an NGAG PAM. (E) In the context of SpCas9-VRER(8), the G1218R substitution interacts with the PAM DNA
phosphate backbone. (F-1) Structural predictions for how the addition of E1219Q to SpCas9-VQR might enable
recognition of NGN PAM sequences, modeled on NGA (panel F), NGC (panel G), NGG (panel H), and NGT
(panel 1) PAMs. For all panels, structures were visualized in PyMOL (v 2.3.3) using PDB IDs 4UN3(20) (WT
SpCas9), 5B2R(25) (SpCas9-VQR), and 5B2T(25) (SpCas9-VRER); certain protein and nucleic acid residues were

omitted for clarity.
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Fig. S2. Optimization and application of a high-throughput PAM determination assay (HT-PAMDA).

(A) Schematic of the HT-PAMDA workflow. SpCas9 proteins are expressed in human cells and harvested by gentle

lysis, with SpCas9 concentrations normalized by EGFP fluorescence. Two libraries harboring randomized PAMs

with separate spacer sequences are subjected to timecourse in vitro cleavage reactions using SpCas9 lysate
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complexed with sgRNAs. PAM depletion over time is monitored by deep sequencing and modeled to generate rate
constants for each PAM. (B) Correlation of HT-PAMDA log,, rates (k) for NNNN PAMs across two randomized
PAM libraries with distinct spacer sequences (wild-type SpCas9: r(256) = 0.9574, p < 0.0001; SpCas9-VQR: r(256)
=0.9521, p <0.0001). (C) Correlation of HT-PAMDA rates for NNNN PAMs across two technical replicates,
where each technical replicate is the average of experiments on the two libraries harboring distinct spacer sequences
(wild-type SpCas9: r(256) = 0.9955, p < 0.0001; SpCas9-VQR: r(256) = 0.9819, p < 0.0001). In panels B and C,
HT-PAMDA logy,(K) were set to a minimum value of -4; reported correlations are Pearson correlation coefficients
with statistical significance evaluated with a two-tailed t-test. (D) HT-PAMDA NNNN profiles of the well-
characterized WT SpCas9, SpCas9-VQR, and SpCas9-VRER nucleases(5, 7, 8). (E) HT-PAMDA NGNN profiles
of WT SpCas9 and engineered variants; some variants are shown twice for completeness. (F) HT-PAMDA NNNN
PAM profiles of SpG, SpCas9-NG, and xCas9(3.7). (G) HT-PAMDA NNNN PAM profiles of SpG with L1111R
and A1322R substitutions, SpCas9-NG without the requisite L1111R and A1322R substitutions, and xCas9(3.7)
without the A262T, R324L, S4091, E480K, E543D, and M6941 substitutions. For panels D-G, HT-PAMDA logio(k)

are the mean of at least two replicates against two distinct spacer sequences.
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Fig. S3. Nuclear localization signal (NLS) architecture assessment for SpCas9.
(A) Schematics of the thirteen NLS architectures tested with wild-type SpCas9. Constructs 7 and 13 are similar to as
previously described(27, 46). (B-D) Modification of two sites in HEK 293T cells bearing NGG PAMs using WT

5 SpCas9 with the NLS architectures described in (panel A), using 29 ng (panel B), 5.8 ng (panel C), or 1.2 ng
(panel D) of SpCas9-expression plasmid. Percent modified reads in panels B-D assessed by targeted sequencing;
mean, s.e.m., and individual data points shown for n = 3. Constructs harboring a C-terminal BP(SV40)NLS-
3XFLAG-P2A-EGFP sequence (construct #7) were utilized for all human cell experiments unless otherwise

indicated.
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Fig. S4. Engineering SpG for efficient targeting of NGN PAMs.

(A) Modification of endogenous sites in HEK 293T cells bearing NGAT, NGCC, NGGG, and NGTA PAMs by WT
SpCas9, SpCas9-VRQR(21), and derivative variants of SpCas9-VRQR. (B) Modification of endogenous sites in
HEK 293T cells bearing NGAT, NGCC, NGGG, and NGTA PAMs by WT SpCas9 and variants bearing
substitutions at positions D1135, S1136, G1218, E1219, R1335, and T1337. (C-F) Modification of 16 sites in

HEK?293T cells bearing NGNN PAMs by SpCas9-NG(22) and derivatives lacking one or both of the requisite
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L1111R and A1322R substitutions (bar plots of data in panel C; summary of data in panel D), and by SpG and
derivatives harboring one or both of the L1111R and A1322R substitutions (bar plots of data in panel E; summary
of data in panel F). Percent modified reads in panels A-F assessed by targeted sequencing; mean, s.e.m., and

individual data points shown for n = 3.
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Fig. S5. Characterization of SpCas9 nucleases capable of targeting NGN PAMs.

(A) Modification of 78 endogenous sites in HEK 293T cells bearing NGNN PAMs by WT SpCas9, xCas9, SpCas9-
NG, and SpG. Percent modification assessed by targeted sequencing; mean, s.e.m., and individual data points shown
for n = 3. (B-D) Summaries of the results in panel A, but grouped by the base identity of the 1% spacer proximal nt
of the PAM (NGNN; panel B), the 4™ nt of the PAM (NGNN; panel C), or the 1% PAM proximal nt of the spacer
(panel D). (E) Summary of the results in panel A for WT and xCas9, but separated by both canonical NGG PAM
versus non-canonical NGH PAMSs (where H = A, C, or T) and the corresponding 4™ nt base of the PAM for C versus
D (where D = A, G, or T). In panels B-E, mean modification of each site from panel A is shown; mean

modification across each subset of PAMs is shown as a black line), and the grey outline is a violin plot. (F)
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Correlation between HT-PAMDA logo(K) (see Figs. S2E and S2F) and mean human cell modification from panel
A for each NGNN PAM (WT SpCas9: r(16) = 0.9959, p < 0.0001; xCas9: r(16) = 0.9335, p < 0.0001; SpCas9-NG:
r(16) = 0.8038, p = 0.0002; SpG: r(16) = 0.6897, p = 0.0031). HT-PAMDA log;(k) were set to a minimum value of

-4,
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Fig. S6. Characterization of C-to-T base editors capable of targeting NGN PAMs.

(A) C-to-T base editing of 57 cytosines across 20 endogenous sites in HEK 293T cells bearing NGN PAMs with
WT SpCas9, xCas9, SpCas9-NG, and SpG CBE4max contructs. C-to-T editing within the edit window (positions 3
through 9) assessed by targeted sequencing; mean, s.e.m., and individual data points shown for n = 3. (B)
Scatterplots of C-to-T editing of all cytosines in the spacer compared to position in the spacer for sites from panel
A, to define the edit window and the impact of the identity of the preceeding base 5° of each cytosine. Mean and
s.e.m. shown for n = 3. (C) Schemcatic of the cytosine base editor (CBE) HT-PAMDA (CBE-HT-PAMDA)
workflow. CBE4max variants are expressed in human cells and harvested by gentle lysis, with CBE4max
concentrations normalized by EGFP fluorescence. A library harboring randomized PAMs is subjected to timecourse
in vitro reactions using CBE4max lysate complexed with sgRNAs. Following termination of each reaction, USER
enzyme is added to convert C-to-U deamination events to double-strand breaks when they co-occur with SpCas9-
HNH domain mediated DNA nicks. PAM depletion over time is monitored by deep sequencing and modeled to
generate rate constants for each PAM. (D) CBE-HT-PAMDA NNNN profiles for WT SpCas9, xCas9, SpCas9-NG,
and SpG CBE4max constructs. (E) Correlation of HT-PAMDA logj, rate constants (k) with CBE-HT PAMDA logy,
rate constants (WT CBE4max: r(256) = 0.9845, p < 0.0001; xCas9 CBE4max: r(256) = 0.9248, p < 0.0001;
SpCas9-NG CBE4max: r(256) = 0.9134, p < 0.0001; SpG CBE4max: r(256) = 0.9722, p < 0.0001). Reported
correlations are Pearson correlation coefficients with statistical significance evaluated with a two-tailed t-test. HT-

PAMDA log,o(k) and CBE-HT-PAMDA log:(k) were set to minimum values of -4 and -5, respectively.
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Fig. S7. Characterization of A-to-G base editors capable of targeting NGN PAMs. (A) A-to-G base editing of
26 adenines across 21 endogenous sites in HEK 293T cells bearing NGN PAMs with WT SpCas9, xCas9, SpCas9-
NG, and SpG ABEmax constructs. A-to-G editing within the edit window (positions 5 through 7) assessed by
targeted sequencing; mean, s.e.m. and individual data points shown for n = 3. (B) Scatterplots of A-to-G editing of
all adenines in the spacer compared to position in the spacer for sites from panel A, to define the edit window and

the impact of identity of the preceding base 5’ of each adenine. Mean and s.e.m. shown for n = 3.
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and N1317 in the context of R1333A/C/P (panel B). (C) Modification of four endogenous sites in HEK 293T cells

Fig. S8. Engineering SpRY for efficient targeting of NR PAM sequences.

(A, B) HT-
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bearing NRN PAMs by SpG(L1111R/A1322R) derivatives. Percent modification assessed by targeted sequencing;
mean, s.e.m., and individual data points shown for n = 3. (D) HT-PAMDA NNNN PAM profiles of SpG, SpRY, and
selected intermediate variants. For panels A, B, and D, HT-PAMDA log;o(k) are the mean of at least two replicates

against two distinct spacer sequences.
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Fig. S9. Characterization of SpRY nuclease activities.

(A, B) Modification of 32 endogenous sites in HEK 293T cells bearing NANN PAMs with WT SpCas9 and SpRY
(panel A), and 32 sites bearing NGNN PAMSs with WT SpCas9, SpG, and SpRY (panel B). Percent modification
assessed by targeted sequencing; mean, s.e.m., and individual data points shown for n = 3. (C) Summary of the

results in panel B, grouped by 3" nt of the PAM for WT, SpG, and SpRY. (D) Molecular mechanisms for
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recognition of the 2" base of the PAM for WT SpCas9 (left panel) and the R1333P variant (right panel) with key
residues shown. Structures were visualized in PyMOL (v 2.3.3) using PDB ID 4UN3 (WT SpCas9)(20); certain
protein and nucleic acid residues were omitted for clarity. (E) Modification of 31 endogenous sites bearing NYNN
PAMs by WT SpCas9 and SpRY. Percent modification assessed by targeted sequencing; mean, s.e.m., and
individual data points shown for n = 3. (F) Correlation between HT-PAMDA log;o(k) for WT and SpRY (see Figs.
S2E and S8D, respectively) and mean human cell modification from panels A, B, and E for each NNN PAM (WT
SpCas9: r(16) = 0.9934, p < 0.0001; SpRY-Cas9: r(16) = 0.6774, p = 0.0039;). HT-PAMDA logo(k) were set to a
minimum value of -4; reported correlations are Pearson correlation coefficients with statistical significance
evaluated with a two-tailed t-test.. (G-J) Summaries of the results in panels A, B, and E grouped by 1* nt of the
PAM (panel G), 3" nt of the PAM (panel H), 4™ nt of the PAM (panel 1), and 1% PAM proximal nt of the spacer

(panel J) for WT and SpRY. The black line represents the mean and the grey outline is a violin plot.
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Fig. S10. Characterization of SpRY base editor activities.

(A, B) Summaries of the C-to-T editing activities of WT- and SpRY-CBE from Figs. 3C and 3D, respectively. Each
data point represents the mean of the 3 replicates; the black line signifies the mean), and the grey outline is a violin
plot. (C) Scatterplots of C-to-T editing of all cytosines in the spacer compared to position in the spacer for sites from
Figs. 3C and 3D, to define the edit window and the impact of the identity of the preceding base 5° of each cytosine
for WT- and SpRY-CBE, respectively. Mean and s.e.m. shown for n = 3. (D, E) Summaries of the A-to-G editing
activities of WT- and SpRY-ABE from Figs. 3E and 3F, respectively. Each data point represents the mean of the 3
replicates; the black line signifies the mean), and the grey outline is a violin plot. (F) Scatterplots of A-to-G editing
of all adenines in the spacer compared to position in the spacer for sites from Figs. 3E and 3F, to define the edit
window and the impact of the identity of the preceding base 5° of each adenine for WT- and SpRY-ABE,

respectively. Mean and s.e.m. shown for n = 3.
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Fig. S11. Evaluation of on-target editing with WT, SpG, SpRY, and their respective HF1 variants.

(A, B) Modification of endogenous sites in HEK 293T cells by WT SpCas9, SpCas9-NG, SpG, SpRY, and their
respective high-fidelity (HF1)(21) derivatives from transfections without (panel A) or containing (panel B) the
GUIDE-seq double-stranded oligodeoxynucleotide (dsODN) tag(31). Percent modification assessed by targeted
sequencing; mean, s.e.m., and individual data points shown for n = 3. (C) Summary of the mean relative nuclease
activity of the HF1 derivatives of WT, SpG, and SpRY (from panel B). The black line represents the mean of 3-10
sites for each pair of variants), and the grey outline is a violin plot.. (D) GUIDE-seq dsODN capture at on-target
sites by WT SpCas9, SpG, SpRY, and their respective HF1 variants. Percent modification assessed by targeted
sequencing; mean, s.e.m., and individual data points shown for n = 3. (E) Summary of the mean relative dSODN
capture of the HF1 derivatives of WT, SpG, and SpRY (from panel D). The black line represents the mean of 3-10
sites for each pair of variants), and the grey outline is a violin plot.. (F) Ratio of GUIDE-seq dsODN tag capture
(panel B) to overall mutagenesis (panel D) for WT SpCas9, SpG, SpRY, and their respective HF1 variants. The
black line represents the mean of 3-10 sites for each pair of variants), and the grey outline is a violin plot; HF1

variants encode N497A, R661A, Q695A, and Q926A substitutions.
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Fig. S12. Genome-wide specificity assessments of relaxed PAM variants.

(A-C) GUIDE-seq genome-wide specificity profiles of WT, SpG, SpRY and their respective high-fidelity (HF1)
(21) derivatives with gRNAs targets to sites harboring NGG (panel A), NGN (panel B), or NRN (panel C) PAMs.
Mismatched positions in the spacers of the off-target sites are highlighted in color; GUIDE-seq read counts from
consolidated unique molecular events for each variant are shown to the right of the sequence plots; orange diamonds
indicate sites that are only supported by asymmetric GUIDE-seq reads; nucleotides within the PAMs of the on- and

off-target sites are shown for clarity. HF1 variants encode N497A, R661A, Q695A, and Q926A substitutions.
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Tables S1-S7:

Table S1 (attached separately).

List of target sites.

Table S2 (attached separately).

List of plasmids.

Table S3 (attached separately).

List of oligonucleotides.

Table S4 (attached separately).

Nuclease data summary.

Table S5 (attached separately).

Base editor data summary.

Table S6 (attached separately).

GUIDE-seq data summary.

Table S7 (attached separately).

PAMDA data summary.
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