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Fig. S7. gRNA model predicts exchangeability of RNAs between orthologous Cas9s. a-c) crRNA:tracrRNA pairs were obtained
for 1,591 distinct natural Cas9 sequences not used to train the gRNA model. The gRNA model was used to score native RNA:protein
and non-native RNA:protein interactions. Additionally, pairwise identity was computed between RNA and protein sequences. a) RNA
sequences diverge along with Cas9, but at a slower rate. b) RNA edit distance is correlated with the gRNA model score. c) gRNA
model scores remain high for gRNAs exchanged between Cas9 proteins that display >70% identity. d) In 2013, Fonfara et al. tested
the exchangeability of dual guide RNAs in vitro between eight diverse Type Il CRISPR-cas systems (81). DNA cleavage rates from
Fonfara et al. are displayed in the figure as: +++: 75-100%, ++: 50-75%, +: 25-50%. We applied the gRNA model to score each pair of
Cas9:RNA sequence pairs. The gRNA model outputs a log likelihood for each protein:RNA pairing. The matrix shows a relative gRNA
compatibility score, quantified as the softmax over the RNA log likelihoods for each protein. Note: Fonfara et al. also tested F. novicida
Cas9 and RNA molecules; however, because the tracrRNA for this and related proteins were not found in our training set, we excluded F.
novicida from this analysis.
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Fig. S8. Constrained generation strategy for design of Cas9-like proteins. Sequences were generated conditionally based on
the PID domain or N-terminal (non-PID) segments of SpCas9 (269 and 1,099 residues, respectively) using the Cas9 PLM. To select
sequences for testing that would be compatible with SpCas9’s sgRNA and NGG PAM preference, we trained two sequence classifier
models to use as interoperability filters. Sequences were ultimately selected for experimental characterization according to an ensemble
of pre-trained and fine-tuned language model log likelihoods.
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Fig. S9. Language model scores predict enzyme activity. 209 Cas9-like proteins were screened for nuclease activity at the HEK3
target site. Boxplots indicate the distribution of various model scores and other statistics between active and inactive enzymes. Language
model scores are indicated by y-axis labels: progen.xl, progen.ft.xl, progen.ft.base, and progen.base (key: xl=extra-large, ft=fine-tuned,
base=base-model). Y-axis labels with prefix “edits_" indicate the Levenshtein distance to SpCas9 for a given domain. Y-axis labels
“tracr.oracle.is.spcas9.tracer” and “pam.oracle.ngg.sim” indicate scores from models designed to determine whether a protein would be
compatible with SpCas9’s tracrRNA or PAM.
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Fig. S10. Comparison of SpCas9 immunogenic epitopes with OpenCRISPR-1. Ferdosi et al. discovered four SpCas9 epitopes that
elicit pre-existing B cell and T cell immune responses in healthy donors (36). Alignments to SpCas9 and OpenCRISPR-1 revealed one or

more mutations in each of these epitopes.
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Fig. S11. Structural analysis of OpenCRISPR-1. The structure of the OpenCRISPR-1 protein was predicted with AlphaFold2 (29) using
multiple-sequence alignments from ColabFoldDB (79) and template structure of SpCas9’s catalytic state (PDB: 7Z4J). The predicted
protein structure was aligned to complex with the sgRNA and DNA. a) Structural model of OpenCRISPR-1 effector complex in catalytic
state. Insertions in the HNH and REC1 domains with potential functional implications are highlighted. b) Analysis of OpenCRISPR-1
mutational distribution relative to SpCas9 according to residue burial (top) and whether a residue is in contact (<4.0A) with nucleic
acids (bottom). Residue burial was not a significant determinant of mutational distribution, while nucleic-acid contacting residues were
significantly depleted in mutations (chi-squared contingency test, p<0.05). c) Nine-residue positively charged insertion in the REC1
domain of OpenCRISPR-1, which introduces stabilizing interactions with the phosphate backbone of the guide RNA'’s repeat:anti-repeat
segment and the target DNA’s PAM-proximal region. d) Four-residue insertion in the HNH domain of OpenCRISPR-1 modeled in the
checkpoint state (PDB: 7Z4L), which may serve to stabilize the cleavage checkpoint state.

S12 | Ruffolo et al.


https://doi.org/10.1101/2024.04.22.590591
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.04.22.590591; this version posted April 22, 2024. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

a

40.0% (233446)
~ 32.0% (186757)
24.0% (140068)

16.0% (93379)

Sequences % (no.

8.0% (46689)

SpCas9 @ chr3:169,482,616

0.0% (0)
" 0

OpenCRISPR-1 @ chr3:169,482,616

45.0% (384712)

36.0% (307770)

27.0% (230827)

18.0% (153885)

Sequences % (no.)

9.0% (76942)

0.0% (0) |

0

== No indel
== Indel

10 20 30 40
Indel size (bp)

-10

0

== No indel
== |ndel

10 20
Indel size (bp)

30 40

Insertion rate (%)

Average insertion size

b

25

15

14

|

p-value = 0.29
—

' -

' '

1 1

' '

1 1

N 1

T
—_— —_—

T T
OpenCRISPR-1  SpCas9

p-value = 0.55

—0— | —0—

T T
OpenCRISPR-1  SpCas9

Deletion rate (%)

Median deletion size

40 60

20

15

10

p-value = 0.94
—
: -_T
\ '
1 1
'
. .
' '
—_— —_—

OpenCRISPR-1  SpCas9

p-value = 0.62
—

—_ T

' [

' 1

' 1

1 1

: 1

' '
—_— —_—

T T
OpenCRISPR-1  SpCas9

Median insertion size

06 08

Average deletion size

12 14

1.0

15 20

10

p-value = 0.75

OpenCRISPR-1  SpCas9
p-value = 0.83
—
:
—_ '
) [
e
— 1
—
T T
OpenCRISPR-1  SpCas9

Fig. S12. DNA repair outcomes for SpCas9 and OpenCRISPR-1. a) Comparison of the distribution of DNA repair outcomes
between SpCas9 and OpenCRISPR-1 at one genomic site with CRISPResso02 (74). b) At each site, we summarized the distribution of
insertions and deletions, and compared these statistics between proteins across 92 sites. Across the 92 sites, editing with SpCas9 and
OpenCRISPR-1 result in similar DNA repair outcomes.
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Fig. S13. Converting OpenCRISPR-1 to a nickase via the D10A mutation. OpenCRISPR-1 was converted to a putative nickase
via the D10A mutation. OpenCRISPR-1 and SpCas9 nuclease and nickases were used to target the HEK2 genomic site in HEK293T
cells. Editing outcomes were assayed via Sanger sequencing. The plot above shows Sanger sequencing traces for a no enzyme
negative control, OpenCRISPR-1-nickase ABE8.20 base editor, SpCas9-nickase ABE8.20 base editor, OpenCRISPR-1 nuclease, and
SpCas9 nuclease. Indel rates were measured using the Inference of CRISPR Edits (ICE) program (31). As assayed via the ICE tool, the
OpenCRISPR-1 nickase does not result in detectable double strand breaks.
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Fig. S14. Base editing profiles of evolved and generated deaminases with OpenCRISPR-1. Deaminases were linked to an
OpenCRISPR-1 nickase (D10A) using an N-terminal linker and tested in triplicate for base editing at three sites. All base editors displayed
maximum A-to-G editing at position five, but constructs using generated deaminases produced significantly fewer (if any) bystander edits
as compared to those using ABE8.20.
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Fig. S15. Comparison of generated and SpCas9 gRNA scaffolds. a) sgRNAs were generated for the most performant ML designed
Cas9s. sgRNAs were de-replicated at 95% identity using cd-hit (64). b) Non-redundant sgRNAs were aligned using FAMSA (67) and
visualized using Jalview (82). Blue stars indicate fixed, or nearly-fixed, differences between SpCas9 and generated sgRNA scaffolds.
Terminator sequence for SpCas9 not shown. SpCas9 sgRNA is shown with a 12-nt stem loop, whereas generated sgRNAs were
designed with a 16-nt stem loop. c) Predicted secondary structure of SpCas9s sgRNA with mutations overlaid.
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Fig. S16. Editing efficiency with designed sgRNAs. Single-guide RNAs (sgRNAs) were designed for five generated nuclease proteins
and tested for editing efficiency at the HEKS target site with their cognate generated proteins and SpCas9. a) Editing efficiency with
generated proteins and designed sgRNAs. b) Distribution of outcomes for designed sgRNAs paired with generated proteins. No change
indicates insignificant change (P-value > 0.05) in editing efficiency with designed sgRNA for a given protein as compared to editing
with SpCas9’s sgRNA. Improved and worsened correspond to significant increases and decreases in editing efficiency when a protein
is paired with a designed sgRNA, respectively. ¢) Volcano plot showing significance of editing efficiency changes for each generated
protein when paired with designed sgRNAs rather than SpCas9’s sgRNA. Horizontal line indicates a P-value of 0.05. d) Editing efficiency
of SpCas9 with designed sgRNAs. e) Distribution of outcomes for designed sgRNAs paired with SpCas9. f) Volcano plot showing
significance of editing efficiency changes SpCas9 when paired with designed sgRNAs rather than its naturally derived sgRNA.
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