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CjCas9 is one of the smallest CRISPR-associated (Cas9) nu-
cleases for mammalian genome editing. However, it requires
a long N\RYAC (R = A or G; Y = C or T) protospacer-adja-
cent motif (PAM), limiting its DNA targeting scope. In this
study, we investigated the PAMs of three CjCas9 orthologs,
including Hsp1Cas9, Hsp2Cas9, and CcuCas9, by performing
a GFP-activation assay. Interestingly, Hsp1Cas9 and CcuCas9
recognized unique Ny,RAA and N,CNA PAMs, respectively.
We further generated an HsplCas9-Hsp2Cas9 chimeric
Cas9 (Hspl-Hsp2Cas9), which recognized a simple N,CY
PAM. Genome-wide off-target analysis revealed that Hspl-
Hsp2Cas9 has very few off-targets compared to SpCas9. By
analyzing the crystal structure of CjCas9, we identified eight
mutations that can improve the specificity and generate a
high-fidelity Hspl-Hsp2Cas9-Y. Hspl-Hsp2Cas9-Y enables
the knockout of B4GALNT2 and CMAH in porcine fetal
fibroblasts (PFFs). Moreover, we developed a high-fidelity
Hspl-Hsp2Cas9-KY which displayed undetectable off-targets
revealed by GUIDE-seq at four tested loci. These natural and
engineered Cas9 nucleases enabled efficient genome editing
in multiple mammalian cells, expanding the DNA targeting
scope.

INTRODUCTION

Clustered regularly interspaced short palindromic repeats (CRISPR)
and the accompanying Cas proteins comprise adaptive immune sys-
tems against invading viruses, plasmids, and other mobile genetic ele-
ments in many bacteria and archaea.' * The type II CRISPR system
has been studied extensively. In this system, a CRISPR RNA (crRNA):-
transactivating crRNA (tracrRNA) hybrid is combined with a Cas9
nuclease to cleave invading DNA targets that contain (1) a complemen-
tary sequence with the crRNA guide (protospacer) and (2) a proto-
spacer-adjacent motif (PAM) immediately downstream of the proto-
spacer.”® The PAM allows these prokaryotic immune systems to
distinguish between the invading DNA target (non-self) and the same
DNA sequence encoded within CRISPR arrays (self) that produce the
RNA guides.”

The CRISPR-Cas9 system has been repurposed as a powerful genome
editing tool for various cell types and organisms.” "> The PAM
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requirement increases CRISPR-Cas9 targeting specificity but also re-
duces the number of targetable sites. To broaden the targeting scope,
in one strategy, the existing Cas9 tool is engineered to recognize novel
PAMs. For example, the most extensively applied Streptococcus
pyogenes Cas9 (SpCas9) recognizing an NGG PAM has been
engineered to recognize an NG PAM' or near any PAM'; the
smaller Staphylococcus aureus Cas9 (SaCas9) recognizing an
NNGRRT PAM'® has been engineered to recognize an NNNRRT
PAM.'® In another strategy, multiple natural Cas9 nucleases are
used for genome editing, with each nuclease recognizing a defined
PAM. For example, we and others developed SaCas9 (NNGRRT
PAM),"” SauriCas9 (NNGG PAM),"” SlugCas9 (NNGG PAM),'®
and SchCas9 (NNGR PAM) PAMs." Recently, more compact
RNA-guided nucleases, including Cas9d, HEARO effectors, and
IscB have shown promising for genome editing and may recognize
different PAMs.***!

Type II-C Cas9 nucleases account for nearly half of the total type II
Cas9s,” but only a few of them, including NmeCas9 (N,GAYW/
N,GYTT/N,GTCT PAMs),'"** GeoCas9 (N,CNAA PAM),** CjCas9
(N,RYAC PAM),” Nme2Cas9 (N,CC PAM),”° BlatCas9 (N,CNAA
PAM),” PpCas9 (N,RTT PAM),*® and Nsp2Cas9,29 have been devel-
oped for genome editing. Recently, Gasiunas et al. biochemically
identified diverse PAMs among type II-C Cas9 orthologs,”” suggest-
ing that this type of Cas9s is not fully developed. CjCas9 is one of
the smallest Cas9 orthologs (984 amino acids) characterized to date
and exhibits higher targeting specificity than SpCas9 and SaCas9.”
However, it recognizes a long NJqRYACPAM (R=Aor G Y =C
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Table 1. Three CjCas9 orthologs selected from an UniProt search

Identity to  UniProt

Nuclease name Host strain Length (aa) CjCas9 (%) ID

Helicobacter

Hspl 1, AO0A4 FT
splCas9 sp. MIT 11-5569 057 530 0A4US8SFT5
Helicobacter
Hsp2Cas9 sp. MIT 14-3879 1,067 48.9 AO0A3DBSIIS5
Campylobacter
CcuCas9 cuniculorum DSM 1,032 53.8 AO0A1IW6BVCI1
23162

or T), limiting its targeting scope. In this study, we employed a GFP-
activation assay to investigate the PAMs of three CjCas9 orthologs.
Interestingly, these orthologs recognize distinct PAMs. We generated
a chimeric Cas9 that recognized a simple N,CY PAM. We further en-
gineered it to improve the specificity. These newly identified and en-
gineered Cas9 nucleases expand the DNA targeting scope.

RESULTS

Investigation of PAMs for three CjCas9 orthologs

To identify new Cas9 nucleases for genome editing, we used
CjCas9 as a reference and searched in UniProt for related ortho-
logs with ~50% amino acid identity shared with CjCas9.”" We
selected three Cas9s from Campylobacter cuniculorum DSM
23162 (CcuCas9), Helicobacter sp. MIT 11-5569 (HsplCas9), and
Helicobacter sp. MIT 14-3879 (Hsp2Cas9) for characterization
(Table 1). These orthologs have the same gene organization and
moderately conserved repeat sequences (Figure 1A). Notably, these
Cas9 orthologs differ in three or four residues corresponding to
residue Arg866, Thr913, Ser915, or Ser951, which are crucial for
PAM recognition by the CjCas9 PAM-interacting (PI) domain
(Figure 1B),”” implying that these CjCas9 orthologs may recognize
distinct PAMs.

We next used a previously developed GFP-activation assay'’ to test
these ortholog activities. In this approach, a protospacer with an
8 bp random downstream sequence is inserted between the ATG start
codon and GFP coding sequence, which interrupts GFP expression.
The reporter gene is integrated into the HEK293T cells. If a Cas9 en-
ables genome editing, it will generate insertions or deletions (indels)
and induce GFP expression in a portion of cells (Figure 1C). We syn-
thesized each human codon-optimized CjCas9 ortholog and cloned it
into a mammalian expression plasmid construct. The CjCas9 single
guide RNA (sgRNA) scaffold with a 22 bp guide sequence that is
optimal for CjCas9 was expressed in a separate plasmid.”> CjCas9
was used as a positive control. Three days after transfection of each
Cas9 ortholog with an sgRNA, GFP-positive cells could be observed
for all three orthologs (Figure 1D), demonstrating that these
orthologs were active in mammalian cells.

Next, the GFP-positive cells were sorted by flow cytometry, and the
target sequence was PCR amplified and used for deep sequencing.
The sequencing analysis revealed that these orthologs had indeed
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generated indels at the target sites (Figure 2A). The WebLogo and a
PAM wheel showed that CjCas9 recognized an N4,RYAC PAM,
consistent with a previous study (Figures 2B and 2C).”> Hsp2Cas9
recognized an N4CC PAM. Interestingly, HsplCas9 and CcuCas9
recognized N,RAA and N,CNA PAMs that are distinct from previ-
ous Cas9 nucleases for mammalian genome editing (Figures 2B
and 2C).

CjCas9 orthologs enable genome editing at endogenous loci

We next tested the editing ability of these orthologs at endogenous
loci. We selected a panel of endogenous target sites with PAMs cor-
responding to each ortholog. Cas9 and sgRNA (CjCas9-sgRNA
scaffold) expression plasmids were cotransfected into HEK293T cells,
followed by puromycin selection (Figure 3A). Seven days after trans-
fection, the cells were harvested, and genomic DNA was extracted for
targeted deep sequencing. All three Cas9 nucleases induced indels at
the respective sites with varying efficiencies (Figures 3B-3D).
HsplCas9 displayed higher efficiency than Hsp2Cas9 and CcuCas9
(Figure 3E).

To assess whether these Cas9 nucleases enable genome editing guided
by their sgRNA scaffold, we identified direct repeats and tracrRNAs
and designed an sgRNA scaffold for each ortholog by fusing the 3’
end of a direct repeat with the 5 end of the respective tracrRNA
via a 4-nt linker (Figure S1A). The phylogenetic tree revealed that
the CjCas9 sgRNA scaffold sequence is closer to HsplCas9 sgRNA
scaffold sequence, followed by the CcuCas9 and Hsp2Cas9 sgRNA
scaffold sequences (Figure S1B). Each ortholog was transfected with
its own sgRNA scaffold into HEK293T cells. The CjCas9 sgRNA scaf-
fold was used as a control. The Hsp1Cas9 sgRNA scaffold displayed
comparable activity to the CjCas9 sgRNA scaffold (Figure SIC).
The Hsp2Cas9 sgRNA scaffold did not work, probably due to a
3-nt deletion occurring (Figure S1D). CcuCas9 sgRNA scaffold
displayed higher activity than the CjCas9 sgRNA scaffold, demon-
strating that the CjCas9 sgRNA scaffold was not the optimized scaf-
fold for CcuCas9 (Figure S1E). These data revealed that CjCas9 ortho-
logs enabled mammalian genome editing.

Analysis of CjCas9 ortholog specificity

Next, we evaluated the specificity of these three orthologs by employ-
ing the GFP-activation approach.'” Notably, a fixed PAM was used in
this assay. We generated a panel of sgRNAs with dinucleotide muta-
tions to detect the specificity of each ortholog, and an on-target
sgRNA was used as a control (Figures S2A-S2C). The activity of
each sgRNA was analyzed by the percentage of GFP-positive cells.
All three Cas9 nucleases showed robust off-target activity with
mismatches at PAM-distal regions. Hsp1Cas9 tolerated dinucleotide
mismatches at positions 1-18, with the PAM covering positions 23—
29. Hsp2Cas9 tolerated dinucleotide mismatches at positions 1-16,
with the PAM covering positions 23-28. CcuCas9 tolerated dinucle-
otide mismatches at positions 1-16, with the PAM covering positions
23-29. These data demonstrated that these three CjCas9 orthologs
displayed low specificity.
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Figure 1. A GFP-activation assay for the test of Cas9
activity

(A) CjCas9 ortholog gene organization. The repeat se-
quences are shown below. (B) Pl domain sequence
alignment of CjCas9 orthologs. Amino acids crucial for
PAM recognition are shown above. (C) Schematic dia-
gram of the GFP-activation assay. A lentiviral vector
contains a CMV-driven GFP, which is disrupted by a

A — CRISPR array —
Cas9 Cas1 Cas2 tracrRNA Directrtlapeat Sp:fcer
CjCas9 G"fTTTAGTCCCTTTTTAAATTTCTTTATGGTAAAN—A—
Hsp1Cas9 GTTTTAGCCACTTTTTAAATTCTTTTATGATAAAAT
Hsp2Cas9 GTTTTAGCCACTTATTAAATTCTTTTATGCTAAAAT
CcuCas9 GTTTTAGTCCCTTTTTAATTTTTTTTATGATACAAT
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Generation of chimeric Cas9 nucleases useful for genome
editing

The PI domain of a Cas9 nuclease is critical for PAM recognition.’”
Swapping the PI domain between closely related Cas9 nucleases
may generate a chimeric nuclease that possesses both positive Cas9
characteristics.'”*>** Since Hsp1Cas9 displayed high activity, we re-
placed the HsplCas9 PI domain with the Hsp2Cas9 PI domain,
generating Hspl-Hsp2Cas9 (Figure 4A). The GFP-activation assay
revealed that the Hsp1-Hsp2Cas9 was active in mammalian cells (Fig-
ure 4B). Deep sequencing revealed that Hspl-Hsp2Cas9 strongly
preferred an N,CC PAM, followed by an N,CT PAM (Figure 4C).
We selected a panel of 26 endogenous loci with N,CC PAM across
AAVSI, EMX1, VEGFA, and GRIN2B loci often tested for genome ed-
iting. Hsp1-Hsp2Cas9 could efficiently generate indels at most sites
(Figure 4D). We further selected a panel of 16 endogenous loci
with N,CT PAMs. Hspl-Hsp2Cas9 could generate indels at eight
sites (Figure 4E). We used the GFP-activation approach to evaluate
the specificity of Hspl-Hsp2Cas9 by using a panel of mismatched

Hsp1Cas9 Hsp2Cas9

o B

69
# %)

G

CcuCas9

e
i

-

protospacer followed by an 8 bp random sequence be-
tween the ATG start codon and the GFP coding
sequence. The reporter library is stably integrated into
HEK293T cells. Genome editing induces in-frame muta-
tions in a portion of cells, resulting in GFP expression. (D)
Transfection of CjCas9 orthologs and sgRNAs (CjCas9-
sgRNA scaffold) resulted in GFP expression. The
proportion of GFP-positive cells is shown. Blank, the
reporter cells without Cas9 transfection. BF, bright field;
GFP, green fluorescent protein.

sgRNAs (CjCas9-sgRNA scaffold; Figure 4F).
The results showed that Hsp1-Hsp2Cas9 gener-
ated substantial off-target cleavage at the PAM-
distal region. We also replaced the Hsp1Cas9 PI
domain with the CcuCas9 PI domain, gener-
ating Hspl-CcuCas9 (Figure S3A). Hspl-
CcuCas9 induced very few GFP-positive cells
in the GFP-activation assay and required an
N,CNA PAM (Figures S3B and S3C). In sum-
mary, Hspl-Hsp2Cas9 enabled mammalian
genome editing and required an N,CY PAM.

Engineering Hsp1-Hsp2Cas9 for high
specificity

Previous studies have shown that Cas9 speci-
ficity can be improved through the modifica-
tion of amino acid residues that form
hydrogen bonds at the target DNA-sgRNA interface.”*° To
enhance the specificity of Hspl-Hsp2Cas9, we first analyzed the
crystal structure of CjCas9 and identified nine amino acid residues
that potentially form hydrogen bonds at the target DNA-sgRNA
interface’ (Figures S4A and S4B). We then aligned Hspl-
Hsp2Cas9 to CjCas9 and identified the corresponding amino acid
residues (R269, N292, N295, K390, Q419, T420, R445, Y446, and
Q679) that potentially form hydrogen bonds at the target DNA-
sgRNA interface (Figure S4C). We replaced individual residues
with alanine and tested the specificity of the nuclease. The GFP-
activation assay revealed that all mutations except Q419A
could improve nuclease specificity, and Y446A improved the
most (Figures S5A and S5B). We focused on the Y446A variant,
which we named Hspl-Hsp2Cas9-Y (Figure 5A) in the following
study.

Besides, we tested whether different sgRNA scaffolds could influence

Cas9 specificity. We transfected the Hspl-Hsp2Cas9-Y plasmid and
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Figure 2. PAM sequence analysis for CjCas9

ATGGAGAGTAGAGGCGGCCACGACCTGNNNNNNNNGTGAGCAAG wT orthologs
Cjcas9 (A) Representative sequences of targets after genome
v ’ __ lodireads 735462 gditing analyzed by deep sequencing. The GFP-coding
ATGGAGAGTAGAGGCG------- - CTGGTAAGTACGTGAGCAAG 51457 soquence is shown in green; 8 bp random sequences are
AT A CACTACA O R e A A A
,\T(,QAQAGTAGAGGCGGCC CTQ\:( ATACACGTGAGCAAG 32129 shown in orange; deleted bases are shown in black
ATGGAGAGTAGAGGCGGCC- - - - - CTGAAACACACGTGAGCAAG 36998 . L . :
O dashes; and insertion mutations are shown in red. The
ATGGAGAGTAGAGGCGGCCACGACGCTGACTGCCACGTGAGCAAG 45617 o )
. . e o ) number of reads for each type of indel is listed on the right.
ATGGAGAGTAGAGGCGGCCACGACTCTGTCAAGTACGTGAGCAAG 60184 )
(B) WebLogo analysis revealed consensus PAMs for four
Hsp1Cas9 CjCas9 orthologs based on deep sequencing data. (C)
Total reads 1435918 PAM wheels of four CjCas9 orthologs. The numbers
ATGGAGAGTAGAGGCG-------- CTGACAGAAAGGTGAGCAAG 1013 ) oS
NIGCAGAGTAGAGGCEEEC ———— CTGTTATAAAGGTGAGCAAG 1958  represent the PAM positions.
ATGGAGAGTAGAGGCGGCC- - - - - CTGACCGGAACGTGAGCAAG 2221
ATGGAGAGTAGAGGCGGCCACG--CTGCAGTGAATGTGAGCAAG 913
ATGGAGAGTAGAGGCGGCCACGACTCTGGTAAGAATGTGAGCAAG 1292
Hspl-Hsp2Cas9, and one off target for Hspl-
Hsp2Cas9 T
Total reads 1664640  Hsp2Cas9-Y. These data indicated that the
ATGGAGAGTAGAGGCG-~-===&& CTGCCCTCCATGTGAGCAAG 55248 Y446A variation improved Hspl-Hsp2Cas9
ATGGAGAGTAGAGGCGGCC--- - - CTGCTACCCTCGTGAGCAAG 10624 specificity
ATGGAGAGTAGAGGCGGCCTTG--CTGAGCTCCGCGTGAGCAAG 183545 ’
ATGGAGAGTAGAGGCGGCCACG- - CTGGGAGCCAGGTGAGCAAG 28934 N
ATGGAGAGTAGAGGCGGCCACGACT CTGTCGGCCGGGTGAGCAAG 99996  Hsp1-Hsp2Cas9-Y enables genome editing
at endogenous loci
CcuCas9 9
Total reads 577503  Next, we employed Hspl-Hsp2Cas9 and Hsp1-
ATGGAGAGTAGAGGCTC- - - - - ACCTGATTTCCAGGTGAGCAAG 92017 Hsp2Cas9-Y for genome editing at endogenous
ATGGAGAGTAGAGGCGGCT C- - ACCTGAATACAAGGTGAGCAAG 29981 ..
ATGGAGAGTAGAGGCGGC-ACGAC-TGATGCCAAAGTGAGCAAG sopag  1oci in HEK293T cells. The Hspl-Hsp2Casd
ATGGAGAGTAGAGGCGGCCACGACT CTGTCTACTATGTGAGCAAG 134356 and Hspl-Hsp2Cas9-Y were cloned into iden-
ATGGAGAGTAGAGGCGGCCACGACT CTACTGAGGGCCGAGTGAGCAAG 116721 tical plasmid constructs for a side-by-side com-
B parison (Figure 5B). Western blot analysis
, CiCaso HspiGasd Hsp2Cas9 o revealed that their protein expression levels
were comparable (Figure 5C). We selected 20
21 C . C endogenous target sites with the N,CC
=S J C AR, e I YA PAM. Targeted deep sequencing analysis
2325675 12345678 12345678 12345678 revealed that Hspl-HspZCas9 and Hspl-
PAM position PAM position PAM position PAM position . .. s
. 3 : g Hsp2Cas9-Y exhibited similar editing effi-
c ciencies (Figures 5D and 5E).
— A
=38
; ; N\ = 7 To better understand the activity of Hspl-
‘ Cicaso 8678 [N epicaso 5678 Hsp2Cas 2678 CouCasg 9678 PAM Hsp2Cas9-Y, we compared the activity of

mismatched sgRNA plasmids with the CjCas9, HsplCas9, or
CcuCas9 sgRNA scaffold into the GFP-activation reporter cells.
The results showed that scaffolds did not influence Cas9 specificity
(Figures S6A-S6D).

To further evaluate Cas9 specificity, we performed the genome-wide
unbiased identification of double-stranded breaks enabled by
sequencing (GUIDE-seq)”” to evaluate Cas9 specificity in HEK293T
cells. We selected four sgRNAs targeting the AAVSI loci. These target
sites contained NGGNCC PAM, which can be recognized by SpCas9,
Hsp1-Hsp2Cas9, and Hsp1-Hsp2Cas9-Y. GUIDE-seq analysis showed
that robust on-target cleavage occurred for all Cas9 nucleases (Fig-
ure S7). We detected 28 off targets for SpCas9, three off targets for
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Hspl-Hsp2Cas9-Y to the near-PAMless
SpRY.*®* We cloned SpRY to the Hspl-
Hsp2Cas9-Y expression construct (Figure S8A),
and similar gene expression levels were detected
by qRT-PCR (Figure S8B). We tested the activ-
ities of these nucleases at 10 endogenous loci with N,CY PAMs.
Hspl-Hsp2Cas9-Y could generate indels (>5%) at five loci with activ-
ity higher than SpRY at three loci (Figure S8C). In contrast, SpRY
could generate indels at eight loci. Overall, Hsp1l-Hsp2Cas9-Y dis-
played lower activity than SpRY (Figure S8D). Taken together,
Hspl-Hsp2Cas9-Y offered a site-specific supplement to existing
Cas9 nucleases for mammalian genome editing.

We also assessed the genome editing capability of Hspl-Hsp2Cas9-
Y in other cell types, including HeLa, SH-SY5Y, C33A, and N2a
(mouse neuroblastoma cell line) cells. Indels were detected in all
these cell types with varying efficiencies (Figures SOA-S9D). Next,
we used Hspl-Hsp2Cas9-Y to knock out B4GalNT2 and CMAH
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A E _— Figure 3. Genome editing capability of CjCas9
100 = % orthologs
— 80 ns (A) Schematic of Cas9 and sgRNA (CjCas9-sgRNA
_@ Cas9 HSV40 pAl— §60 scaffold) expression plasmid constructs. pA, polyA;
z T Puro, puromycin resistant gene; mU6, mouse U6
— 3 404 promoter. (B-D) CjCas9 orthologs enable genome
m@ £ 20 < - b editing at endogenous loci in HEK293T cells. Cells
0d——ore PR v rowweallS 2 L. . were treated with puromycin. Indel frequencies were
- quantified by targeted deep sequencing. The PAM
-20 Hs 1ICa59 Hs I20a59 - ICasg sequences are shown below. R = A or G. The data
u
B 100 R B represent the mean + SD; n = 3. (E) Quantification of
__ . Hsp1Cas9 indel efficiencies. One-way ANOVA. ns, not significant;
80— **p < 0.001, ***p < 0.0001.
£ 60
[72]
o
'g 40—
= sites (Figure 6C). C-to-T conversions (>5%)
20 were observed at nine sites with both N,CC
o = PAM and N,CY PAM (Figure 6D). Therefore,
T 1 1 1 11 1T 1T T T T T T TT7 .
A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A1l A12 A13 Al4 A15 A16 A17 Hsp1-Hsp2Cas9-Y-CBE offered an alternative
V:_X VYY \;" VYT V:_F § (fr ‘;v" ‘;v" \;rv f \;" @v" VYY O:F oVY oVT platform for base editing.
I L F & F K T é’ L F L F e P g & K
e ITTESTEETsE s R
Hsp1-Hsp2Cas9-KY enables highly specific
c 80 - HAREARAN genome editing at endogenous loci
Hsp2Cas9 To test whether double mutations have a
< 607 T combined effect in improving specificity, we
= i introduced the K390A mutation into Hspl-
3 e Hsp2Cas9-Y, resulting in a Cas9 nuclease
t= .
= 20~ T that we named Hspl-Hsp2Cas9-KY (Fig-
= r] |I| - rl Izl ure S10A). The GFP-activation assay revealed
T T T T T T T T T T T T T T T T T T T that the specificity of Hspl-Hsp2Cas9-KY
B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14 B15 B16 B17 B18 B19 B20 B21 B22 ) )
5 ég) S8 (g)o oé) é)o & ch: (gf’&c? é)o ‘90,59 SESS @é) SES was further improved (Figure S10B).
LAFEFE F&8 EEE S FSFFLFSIFE & Genome-wide specificity was analyzed by
VNN O K v K (O] X
© © e il GUIDE-seq, but no off targets were detected
D 80 - NAGGEAM at four loci (Figure S10C). To test the genome
CcuCas9 editing capability of Hspl-Hsp2Cas9-KY, we
= 907 selected 20 endogenous target sites with the
e - N,CC PAM. Similar gene expression levels
S were detected by qRT-PCR (Figure S10D).
= .
= 204 Hspl-Hsp2Cas9-KY generated indels at these
M |l| |I| & loci with similar or lower efficiencies to
0 ] ] 1 1 ] | ] 1 1 ] ] 1 1 1 ] ] 1 1 ] ] ] 1 1 ] | ] 1 - 1
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10C11C12C13C14C15C16C17C18C19C20 C21C22C23C24C25 Hsp1-Hsp2Cas9 (Figure S10E).
N 2N o 2% 2% 4a¥ 2N X aN X % 29 N a0 N oV AN 2N N Y X X gy o>
$ c?’é?c?oooo"é’oc’(g/?,\c?(é\,\é’oo‘"&"()(}’&"ooé)‘"ca FEIFFSS .
s é’@v 0:9 S s S0 EE S SESS é?cY & Oé’/\o"ég ég"odoo Next, we tested the activity of Hspl-
S .
LTI TANORTTFOFTFIITTTE G L& Hsp2Cas9-Y and Hspl-Hsp2Cas9-KY with
N4CNA PAM

genes in porcine fetal fibroblasts (PFFs). These two genes have been
reported to induce hyperacute rejection of the transplanted organ
due to natural antibodies.”” We designed four sgRNAs for each
gene (Figure 6A). One sgRNA achieved 27.57% indel efficiency
for B4GalNT2, and one sgRNA achieved 6.32% indel efficiency for
CMAH (Figure 6B).

Next, we used Hspl-Hsp2Cas9-Y to generate a cytidine base editor
(Hspl-Hsp2Cas9-Y-CBE) and tested its activity at 14 endogenous

different sgRNA scaffolds (CjCas9 scaffold,

HsplCas9 scaffold, and CcuCas9 scaffold) at
three endogenous loci. Targeted deep sequencing results revealed
that these three sgRNA scaffolds displayed comparable activity
for both nucleases (Figures S11A and S11B).

To further test whether other mutation combinations could result
in high activity and specificity, we introduced K390A and R269A
mutations into Hspl-Hsp2Cas9, resulting in a Cas9 nuclease
that we named Hspl-Hsp2Cas9-KR (Figure S12A). We compared
the activity of Hspl-Hsp2Cas9-KR to Hspl-Hsp2Cas9. Similar
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Figure 4. Characterization of chimeric Hsp1-
Hsp2Cas9

REC | | HNH | EWED|

P | (&) Schematic diagram of chimeric Hsp1-Hsp2Cas9
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Hsp1Cas9 | Hsp2Cas9 | the Hsp2Cas9 Pl domain. (B) GFP-activation assay

revealed that Hsp1-Hsp2Cas9 induced GFP expression.
CjCas9-sgRNA scaffold was used. The proportion of
GFP-positive cells is shown. BF, bright field; GFP, green
fluorescent protein. (C) WebLogo for Hsp1-Hsp2Cas9 is
generated based on deep sequencing data. (D) Hsp1-
Hsp2Cas9 enables genome editing at endogenous loci
with the N4CC PAM. CjCas9-sgRNA scaffold was used.
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PAM position
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7 8 Cells were treated with puromycin. Indel efficiencies
were determined by targeted deep sequencing. (E)
Hsp1-Hsp2Cas9 enables genome  editing at
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scaffold was used. Cells were treated with puromycin.
Indel efficiencies were determined by targeted deep
sequencing. (F) Hsp1-Hsp2Cas9 specificity was
evaluated by the GFP-activation assay. A panel of
sgRNAs with dinucleotide mutations (red bases) is

additional G at the 5" terminal is added for U6 promoter
transcription. The data represent the mean = SD; n = 3.
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DISCUSSION

Researchers have put much effort into expand-
ing the Cas9 targeting scope. One strategy is to
mine natural Cas9 orthologs for altered PAM
recognition. For example, we and others have
characterized several type II-A Cas9 orthologs,
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such as SpCas9,” SaCas9,'”  St1Cas9,*
SauriCas9,'” and SlugCas9, 18 for use in mamma-

F lian genome editing. However, type II-A Cas9
orthologs strongly prefer purine-rich PAMs
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Alternatively, researchers developed type II-C
orthologs, including NmeCas9,"' Nme2Cas9,%°

g CjCas9,25 and BlatCas9,”” for mammalian

M0 gAGCGCAATGATGATCTCCGAGCA————— "1~
M2 gTCCGCAATGATGATCTCCGAGCH{—————}—
M4 gAGGCCAATGATGATCTCCGAGC ——— 11—

M6 gAGCGGTATGATGATCTCCGAGC 1M+

M8 gAGCGCATAGATGATCTCCGAGC {1+

M10 gAGCGCAATCTTGATCTCCGAGC {k

M12 gAGCGCAATGAACATCTCCGAGC 4H

M14 gAGCGCAATGATGTACTCCGAGC

M16 gAGCGCAATGATGATGACCGAGC ¥

M18 gAGCGCAATGATGATCTGGGAGC

M20 gAGCGCAATGATGATCTCCCTGC 1
M22 gAGCGCAATGATGATCTCCGACG 1
No sgRNA 2

gene expression levels were detected by qRT-PCR (Figures S12B
and S12C). We selected a panel of 20 endogenous loci in
HEK293T cells. Targeted deep sequencing results revealed that
Hspl-Hsp2Cas9-KR displayed much lower activity than Hspl-
Hsp2Cas9 (Figures S12D and S12E). Therefore, we did not further
test Hsp1-Hsp2Cas9-KR specificity.
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genome editing. In this study, we developed
three type II-C CjCas9 orthologs for mammalian
genome editing. Two of them recognized unique
N4RAA and N,CNA PAMs. We further gener-
ated a chimeric Cas9 nuclease recognizing an
N,CY PAM. These natural and engineered or-
thologs further expand the DNA targeting scope.

Off-target effects are major concerns when
CRISPR-Cas9 is used for biomedical and clinical
applications. Off-target mutations may induce
genomic instability and disrupt the functionality of otherwise normal
genes.*” Rational design, where structure-guided protein engineering
is used to modify amino acid residues in close contact with the target
DNA strand or the non-target DNA strand, is a rapid strategy to
improve specificity. Others and we have previously used rational design
to improve the specificity of several type II-A Cas9, such as SpCas9,”
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Figure 5. Genome editing capability of Hsp1-
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(E) Quantification of the editing efficiencies of Hsp1-
Hsp2Cas9 and Hsp1-Hsp2Cas9-Y. ns, not significant.
Indel efficiencies were determined by targeted deep
sequencing. The data represent the mean + SD.

mented with 10% heat-inactivated fetal bovine
serum (FBS) (Gibco) and 1% penicillin-strepto-
mycin (Gibco). All cell lines were cultured in a
37°C incubator with 5% CO,.
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SaCas9,"” and SlugCas9.'® In this study, we demonstrated that rational
design is also valuable for improving type II-C Cas9 specificity.
Genome-wide unbiased analysis revealed that Hspl-Hsp2Cas9-Y and
Hsp1-Hsp2Cas9-KY displayed minimal or undetectable off targets.
Current rational design often cannot keep the high specificity and activ-
ity of a Cas9 nuclease. Molecular-directed evolution allows simulta-
neous evaluation of on- and off-target activity,”’ offering a strategy
for the future engineering of Cas9 nucleases. The Cas9 nucleases devel-
oped in this study together with previous Cas9 nucleases form a large
Cas9 toolbox. We summarized these Cas9 properties so that users can
select a suitable nuclease for their specific applications (Table S1).

MATERIALS AND METHODS

Cell culture
HEK293T, HeLa, SH-SY5Y, C33A, and N2a cell lines were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) supple-

QS AV a4 > O
Y

Plasmid DNA constructs

The DNA sequences of plasmids used in this
study are listed in Table S2. The amino acid sub-
stitutions were generated by standard PCR. The
human codon-optimized Cas9 genes are listed
in Table S3. The target sequences are listed in
Table S4. The primer sequences are listed in
Table S5.

Construction of GFP-activation system

We synthesized a lentiviral plasmid library

in which a random 8 bp sequence was
inserted between the translation initiation codon (ATG) followed
by a target DNA (GAGTAGAGGCGGCCACGACCTG) and GFP
coding sequence to prevent GFP expression. The plasmid library
was packed into the lentivirus, and the titration of the lentivirus
library was detected with qPCR. HEK293T was infected at a
multiplicity of infection (MOI) <1. The cells were selected with
puromycin. Then, the GFP-positive cells induced by mutations
were removed by MoFlo XDP machine. The GFP-activation cell li-
brary was cultured in 10 cm dishes to keep the integrity of the
library.

PAM identification using GFP-activation assay

For PAM sequence screening, the PAM library cells were
transfected with Cas9 plasmid (10 pg) and sgRNA plasmid
(5 pg) using Lipofectamine 2000 (Invitrogen). Five days
after transfection, the GFP-positive cells were sorted with a
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Figure 6. Practical applications of Hsp1-Hsp2Cas9-Y
(A) sgRNA design for the knockout of B4GALNT2
exon3 and CMAH exon3 in PFFs. (B) Hsp1-Hsp2Cas9-Y
enables the knockout of B4GALNT2 exon3 and
CMAH exon3. CjCas9-sgRNA scaffold was used. Cells
were treated with puromycin. Indel efficiencies were
determined by targeted deep sequencing. The data
represent the mean + SD; n = 3. (C) Schematic of Hsp1-
Hsp2Cas9-YCBE. (D) Hsp1-Hsp2Cas9-YCBE enables
the C-to-T conversion in HEK293T. CjCas9-sgRNA
scaffold was used. Cells were treated with puromycin.
C-to-T editing efficiencies were determined by targeted
deep sequencing. The data represent the mean + SD;
n=3.

—

—

Genome editing at endogenous sites

HEK293T and HeLa cells used in endogenous
site-editing detection were seeded into 48-well
plates (Thermo Fisher Scientific) and trans-
fected with Cas9 plasmid (300 ng) and sgRNA
plasmid (200 ng) using Lipofectamine 2000. Pu-

NLS|Anc-APOBEC nHsp1-Hsp2Cas9-Y

Linker|

Linker|
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romycin (InvivoGen) was added at a final con-
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l ] |
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H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11 H12 H13 H14

MoFlo XDP flow cytometer (Beckman Coulter). Genomic DNA
was isolated using a TIANamp genomic DNA kit (TTANGEN),
and target sites were amplified by two rounds of nested PCR to
add the Illumina adaptor sequence. The PCR products were puri-
fied with a QIAquick gel extraction kit (QIAGEN) and used for
deep sequencing.

Twenty base-pair sequences (AAGCCTTGTTTGCCACCATG/GTG
AGCAAGGGCGAGGAGCT) flanking the target sequence (GAGA
GTAGAGGCGGCCACGACCTGNNNNNNNN) were used to fix
the target sequence. CTG and GTGAGCAAGGGCGAGGAGCT
were used to fix 8 bp random sequences. Only target sequences
with in-frame mutations were used in the PAM analysis. The random
sequence was extracted and visualized by WebLogo** and PAM
wheel.*”
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centration of 1 ug/mL 1 day after transfection.
SH-SY5Y or C33A cells were seeded into
24-well plates (Thermo Fisher Scientific) and
transfected with a single plasmid encoding
both Cas9 and sgRNA (800 ng) using Lipofect-
amine 3000 (Invitrogen). Puromycin was added
at a final concentration of 0.5 pg/mL 1 day after
transfection. N2a cells were seeded into 24-well
plates and transfected with Cas9 plasmid
(300 ng) and sgRNA plasmid (200 ng) using
Lipofectamine 2000. Puromycin was added at
a final concentration of 2 pug/mL 1 day after
transfection. All cells were harvested 7 days after
transfection, and genomic DNA was extracted
using QuickExtract DNA extraction solution
(Epicentre). The target sites were amplified by
two rounds of nested PCR to add the Illumina adaptor sequence.
The PCR products were purified by a QIAquick gel extraction kit
and used for deep sequencing.

Test of Cas9 specificity

To test the specificities of HsplCas9, Hsp2Cas9, and CcuCas9, we
generated GFP reporter cell lines with GCTAAAA PAM, GGATCC
PAM, and AGAGCAA PAM. To test the specificity of Hspl-
Hsp2Cas9 and its variants, we generated a GFP reporter cell line
with CGTTCC PAM. GFP reporter cell lines were seeded into
48-well plates and transfected with Cas9 plasmid (300 ng) and sgRNA
plasmid (200 ng) using Lipofectamine 2000. The cells were trypsi-
nized 5 days after transfection and centrifuged at 900 RPM for
4 min. The supernatant was removed, and the cells were resuspended
in phosphate-buffered saline (PBS) (WISENT). Flow cytometry was
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performed with a FACSCalibur flow cytometer (Becton Dickinson).
The data analysis was performed using FlowJo software.

GUIDE-seq

GUIDE-seq experiments were performed as described previously,””
with minor modifications. Briefly, 2 x 10° HEK293T cells were trans-
fected with a single plasmid encoding both Cas9 and sgRNA (1 pg),
along with 100 pmol annealed GUIDE-seq double-stranded oligo-
deoxynucleotides (dsODNs) by electroporation and then seeded
into 6-well plates (Thermo Fisher Scientific). The electroporation
voltage, width, and number of pulses were 1,150 V, 20 ms, and two
pulses, respectively. Genomic DNA was extracted with the DNeasy
Blood and Tissue kit (QIAGEN) 5-7 days after transfection according
to the manufacturer’s protocol. Restriction fragment-length polymor-
phism (RFLP) assays were used to assess oligo tag integration rates as
previously described.'* The genome library was prepared and
subjected to deep sequencing.

Western blot analysis

HEK293T cells were seeded into 24-well plates and transfected with
Cas9-expressing plasmid (800 ng) using Lipofectamine 2000 (Invitro-
gen). Three days after transfection, the cells were harvested and lysed
by NP-40 buffer (Beyotime) in the presence of 1 mM phenylmethane-
sulfonyl fluoride (PMSF) (Beyotime). The cell samples were centri-
fuged at 12,000 RPM for 10 min at 4°C, and the supernatant was
mixed with loading buffer and then boiled at 95°C for 10 min.
Cas9 was detected with an anti-HA antibody (1: 1,000; Abcam),
and GAPDH was detected with an anti-GAPDH antibody (1: 1,000;
Cell Signaling Technology). A secondary goat anti-rabbit antibody
(1: 3,000; Cell Signaling Techology) was used for signal visualization
of chemiluminescence. A Tanon 5200 chemiluminescent imaging
system (Tanon, Shanghai, CHina) was used for the immunoblot
analysis.

gRT-PCR

Total RNAs were extracted using TRIzol reagent (Invitrogen), and
reverse transcription was performed using RT SuperMix for gPCR
(APExXBIO). qPCR was performed to measure the expression of Cas
proteins relative to GAPDH expression using 2x SYBR Green
qPCR Master Mix (APExBIO).

Statistical analysis

All data are presented as the mean + SD. Statistical analysis was con-
ducted using GraphPad Prism 7. Student’s t test or one-way analysis
of variance (ANOVA) was used to determine statistical significance
between two or more groups, respectively. A value of p <0.05 was
considered to be statistically significant (*p < 0.05, **p < 0.01,
“p < 0,001, #**p < 0.0001).
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