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Abstract:

The present invention provides novel systems, methods and compositions for making and using
recombinantly engineered novel Cas9 enzymes optimized for human cells, for nucleic acid targeting
and manipulation. The present invention is based on the discovery of novel Cas9 enzymes from
Streptococcus constellatus, Sharpen spp. isolate RUGO017, Veillonella parvula, Ezakiella peruensis,
Lactobacillus fermentum strain AF15-40LB strain and Peptoniphilus sp. Marseille-P3761 bacteria
that were codon-optimized and recombinantly produced for use in human cells. In some
embodiments, novel Cas9 enzymes can be used for base editing. In some embodiments, the novel
engineered Cas9 enzymes are used to treat human diseases.
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NOVEL CRISPR ENZYMES, METHODS, SYSTEMS AND USES THEREOF

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. Provisional Patent Application Serial No.
63/164,798, filed on March 23, 2021, which is incorporated by reference herein in its entirety

for all purposes.

BACKGROUND

Enzymes from the prokaryotic Clustered, Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR-associated protein (CRISPR-Cas) systems have been
harnessed as reprogrammable and highly specific genome editing tools for use in eukaryotes.
Besides genome editing and cleavage, CRISPR-Cas9 can be used to localize effector
molecules (o specific sites on the genome, allowing genetic and epigenetic regulalion and

transcriptional modulation through a variety of mechanisms.

However, diverse genomes and genomic targets require a variety of tools for effective
genetic engineering, and there remains a need to expand the CRISPR toolbox through the
discovery and engineering of novel Cas proteins that can recognize and target diverse

sequences.

While CRISPR-Cas9 systems can be used to knock out a gene or modify the
expression of a gene, certain kind of gene editing requires precise modifications to the target
gene, such as editing a single base within the gene. Such precise modifications remain a
challenge and requires a diverse gene editing toolkit to effectuate precise genomic

modifications in a wide variety of target genes.

SUMMARY OF THE INVENTION

The identification of novel Cas9 enzymes with specificity [or unique protospacer
adjacent motifs (PAM) allows for the expansion of the available tools for gene editing. The
present invention provides, among other things, engineered, non-naturally occurring novel
Cas9 enzymes isolaled [rom Sireptococcus constellatus, Sharpea spp. isolate RUG017,
Veillonella parvula, Ezakiella peruensis, Lactobacillus fermentum strain AF15-401.8B and
Peptoniphilus sp. Marseille-P376 1 bacteria. The present invention is based. in part, on the

surprising discovery that novel Cas9 enzymes discovered from different bacteria, which
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recognize specilic PAM sequences can be engineered [or expression in eukaryotic cells (e.g.,
human, plant, etc.). Accordingly, the described Cas9 enzymes and their variants are
functional in eukaryotes. The examples provided herewith show use of engineered, non-
naturally Cas9 enzymes in human cells with diverse PAM recognition sequences to target
5  various genomic sites. For example, Cas9 engineered from Streptococcus

constellatus Ezakiella peruensis and Peptoniphilus sp. Marseifle-P3761recognizes the
consensus PAM sequence 5°-NGG-3°. The consensus PAM sequence recognized by Cas9
isolated from Sharpea spp. isolate RUG0!7 i1s 5"-NAGHC-3". The consensus PAM sequence
recognized by Cas9 isolated from Veillonella parvuia was identified as 5°-NRHRRH-3". The

10 consensus PAM sequence recognized by Cas9 isolated from Lactobacillus fermentum strain

AF15-40LB was identified as 5S’-NNAAA-3". (H=A, C or T; R=A or G).

In one aspect, an engineered, non-naturally occurring Cas9 protein modified from
Streptococcus constellatus Cas9, Sharpea Cas9, Veillonella parvula Cas9, Ezakiella
peruensis Cas9, Lactobacillus fermentum strain AF15-40LB Cas9 or Peptoniphilus sp.

15  Marseille-P3761 Cas9 is provided herein.

In some embodiments, the Streptococcus constellatus Cas9 protein has at least 80%

sequence identity to

MGKPYSIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQSIKKNLLGALLEDSGETAEAT
RLKRTARRRYTRRKNRLRYLQEIFTGEMNKVDENFEFQRLDDSEFLVDEDKRGEHHPIFGNIAA
20 EVKYHDDEFPTIYHLRRHLADTSKKADLRLVYLALAHMIKFRGHFLYEGDLKAENTDVQALEFK
DEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNTLEGNLIALSLDL
HPNFKTNEFQLSEDAKLQFSKDTYEEDLEGFLGEVGDEYADLFASAKNLYDATLLSGILTVDD
NSTKAPLSASMVKRYEEHOKDLKKLKDEIKVNAPDQYNATEFKDKNKKGYASYIESGVKQODEE
YKYLKGILLKINGSGDFLDKIDREDEFLRKQRTEDNGSIPHOIHLOQEMHATLRROGEHYPEFLK
25 ENODKIEKILTFRIPYYVGPLARKGSRFAWAEYKADEKITPWNEDDILDKEKSAEKETTRMT
ILNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKEFEFDTNMKQEIFDHVEFKENRKY
TKDKLLNYLNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSFLDDKANEKTIEDT
IQTLTLFEDREMIRQRLOKYSDIFTKAQLKKLERRHYTGWGRLSYKLINGIRNKENKKTILD
YLIDDGYANRNFMOQLINDDALSFKEEIARAQIIDDVDDIANVVHDLPGSPATKKGILQSVKI
30 VDELVKVMGHNPANIITEMARENQTTDKGRRNSQQORLKLLODSLKNLDNPVNIKNVENQQLQ
NDRLELYYIONGKDMYTGETLDINNLSQYDIDHITPOAFIKDNSLDNRVLTRSDKNRGKSDD
VPSIEVVHEMKSFWSKLLSVKLITQRKEDNLTKAERGGLTEEDKAGFIKROLVETRQITKHV
AQILDEREFNTEFDGNKRRIRNVKIITLKSNLVSNERKEFELYKVREINDYHHAHDAYLNAVV

CA 03211495 2023-9-8
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GNALLLKYPQLEPEEFVYGEYPKYNSYRSRKSATEKELEYSNILREFFKKEDIQTNEDGETAWN
KEKHIKILRKVLSYPQVNIVKKTEEQTGGESKESILPKGESDKLIPRKTKNSYWDPKKYGGE
DSPVVAYSILVEFADVEKGKSKKLRKVQODMVGITIMEKKRFEKNPVDEFLEQRGYRNVRLEKIT
KLPKYSLFELENKRRRLLASAKELOQKGNELVIPOQREFTTLLYHSYRIEKDYEPEHREYVEKHK
DEFKELLEYISVESRKYVLADNNLTKIEMLESKNKDAEVSSLAKSFISLLTFTAFGAPAAFEN

FFGENIDRKRYTSVTECLNATLIHQSITGLYETRIDLSKLGED (SEQ ID NO: 1).

In some embodiments, the Sharpea CasY protein has at least 80% sequence identity to

MAKNKDIRYSIGLDIGTNSVGWAVMDEHYELLKKGNHHMWGSRLEDAAEPAATRRASRSIRR
RYNKRRERIRLLRDLLGDMVMEVDPTEFEFIRLLNVSELDEEDKOKNLGNDYKDNYNLETEKDE
NDKTYYDKYPTIYHLRKELCENKEKADPRLIYLALHHIVKYRGNFLKEGQOSFAKVYEDIEEK
LDNTLKKEMSLNDLDNLEVDNDINSMITVLSKIYQRSKKADDLLKIMNPTKEERAAYKEEFTK
ALVGLKENVSKMITLAQEVKKDDKDIELDESNVDYDSTVDGLOAELGEYIEFTITEMLHSTINSWY
ELODILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNEVEFREDNPKLHNYLGYIKY
PEKNTPVEEFYEYIKRLLAKVDTGEAREILERIDLEKEMLKONSRTNGSIPYOMQOKDEMIQTIT
DNQOSVYYPQLKENREKLISILEFRIPYYFGPLNTHSEFAWIKKFEDKQKERILPWNYDQIVD
IDATAEGFIERMONTGTYEFPDKPVMAKNSLTVSKEFEVLNELNKIRINGKLIPVETKKELLSD
LEMKNKTITDKKLKDWLVTHOQYYDTNEELKIEGYQKDLOFSTSLAPWIDEFTKIFGEINASNY
QLIEKIIYDISIFEDKKILKRRLKKVYQLDDLLVDKILKLNYTGWSRLSEKLLTGIKSKNSK
ETILSILENSNMNLMEIINDESLGEFKQITEESNKKDIEGPEFRYDEVKKLAGSPATIKRGIWQA
LILVVQEITKFMKHEPSHIYIEFAREEQEKVRTESRIAKLQKIYKDLNLQTKEDQLVYESLKK
EDAKKKIDTDALYLYYLCOMGKSMYSGKPLDIDKLSTYHIDHILPRSLIKDDSLDNRVLVLPK
ENEWKLDSETVPFEIRNKMMGEFWOKLHENGLMSNKKEESLIRTDENEKDKKREINRQLVETR
QITKNVAVIINDHYTNTNVVTVRAELSHQFRERYKIYKNRDLNDLHHAHDAYTACILGQFETH
ONEFGNMDVNMIYGQYKKNYKKDVQOEHNNYGEILNSMNHIHENDDNSVIWDPSYIGKIKSCEC
YKDVYVTKKLEQNDAKLEFDLTILPSDKNSENGVIKAKIPVNKYRKDVNKYGGESGDAPIMLA
TEADKGKKHVRQVIAFPLRLKNYNDEERIKEFIEKEKNLKNVKILTEVKKNQLILINHQY FEFT
TGTNELVNATQLKLSAKNTKNLENLVDANKHNKLESIDDANFNEVIQELICKLOQEPIYSRYN
SIGKEFEDSYEKINAVTKODKLYITEYLTIATMSAKATQGYIKPELAREIGTNGKNKGRIKSE

TIDLNKTTFISTSVTGLFSKKYKL (SEQ ID NO: 4).

In some embodiments, the Veillonella parvula Cas9 protein has at least 80% sequence

identity to
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MSIINFOQRRGLMETQASNQLISSHLKGYPIKDYEVGLDIGTSSVGWAVTINKAYELTLKERSHK
MWGSRLEDEGESAVARRGFRSMRRRLERRKLRLKLLEELFADAMAQVDPTEFFMRLRESKYHY
EDKTTGHSSKHILEFIDKNYNDQDYEFKEYPTVYHLRSELMKSGTDDIRKLEFLAVHHILKYRGN
FLYEGATEDSNASTLDDVIKQALENITENCEDCNSATISSIGOILMEAGKTKSDKAKAIEHLV
DTYTATDTVDTSSKTQOKDOVKEDKKRLKAFANLVLGLNASLIDLEFGSVEELEEDLKKLOITG
DTYDDKRDELAKAWSDEIYIIDDCKSVYDATITILLSIKEPGLTISESKVKAENKHKDDLATILK
SLLKSDRSIYNTMEKVDEKGLHNYVHYIKQGRTEETSCNREDEYKYTKKIVEGLSDSKDKEY
ILSQIELQILLPLQRIKDNGVIPYQLHLEELKATLARKCGPKEFPEFLNEVADGESVAEKLIKML
EFRIPYYVGPLNTHHNVDNGGFAWAVRKASGRVT PWNEDDKIDREKSAAAFTKNLTNKCT YL
LGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAVEFKQDHKKMTKNRIEQEFLK
DNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGFDRSMAEETITITDITIFGESKKMLRE
TLRKKFASCLDDEATKKLTKLRYRDWGRLSQKLLNGIEGCDKAGDGTPETITTILMRNESYNTL
MELLGDKEFSFMERIQEINAKLTEGQIVNPHDIIDDLALS PAVKRAVWQALRIVDEVAHIKKA
LPARIEFVEVTRSNKNEKKKKDSROKRLSDLYAATIKKDDVLLNGLNNEIFGELKS SLAKYDDA
ALRSKKLYLYYTOMGRCAYTGEITIELSLLNTDNYDIDHIYPRSLTKDDSEDNLVLCKRTANA
QKSDAYPISEEIQKTQKPEWTFLKQQOGLISERKYERLTRITPLTADDLSGEIARQLVETNQS
VKAATTLLRRLYPGVDVVEVKAENVTDFRHDNNEIKVRSLNHHHHAKDAYLNIVVGNVYHER
FTRNFRAFFKKNGANRTYNLAKMENY DVNCTNAKDGKAWDVKT SMDTVKKMMDSNDVRVTKR
LLEQTGATLADATIYKATVAGKAKDGAYIGMKTKSSVEFADVSKYGGMTKIKNAYSTIIVQYTGK
KGEVIKEIVPLPIYLTNRNTTDODLINYVASIIPQAKDISITIYGKLCINQLVKVNGEYYYLG
GKTNSKECIDNAIQVIVSNEWIPYLKVLEKENNMRKDNKDLKANVVSTRALDNKHTIEVRIV
EERKNIEFEFDYLVSKLKMPIYQKMKGNKAAELSEKGYGLEFKKMSLEEQSITHLTIELLNLLTNQK

TTEFEVKPLGITASRSTVGSKISNQDEFKVINESITGLYSNEVTIV (SEQ ID NO: 8).

In some embodiments, the Ezakiella peruensis Cas9 protein has at least 80% sequence

identity to

MTKVKDYYIGLDIGTSSVGWAVTDEAYNVLKENSKKMWGVRLEDDAKTAEERRGQRGARRRL
DRKKERLSLLODEFFAEEVAKVDPNEELRLDNSDLYMEDKDOKLKSKYTLENDKD FKDKNEFHEK
KYPTIHHLLMDLIEDDSKKDIRLVYLACHYLLKNRGHEFIFEGQKEFDTKSSEFENS LNELKVHL
NDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKEFLKAVSAIMIGSSQKLVDLEE
NPEDEFDDSAIKSVDESTTSEDDKYSDYELALGDKIALVNILKEIYDSSILENLLKEADKSKD
GNKYISNAFVKKYNKHGQDLKEFKRLVRQYHKSAYEFDIFRSEKVNDNYVSYTKSSISNNKRV
KANKFTDOEAFYKFAKKHLETTIKYKINKVNGSKADLELT DGMLRDMEFKNEMPKIKSSDNGV
IPYQLKLMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMEFRIPYYVGPLNPNSKYAWIK
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KOKDSEITPWNFKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKASLLYNEYMVLNELNNLK
LNDLPITEEMKKKIFDQLFKTRKKVT LKAVANLLKKEFNINGEILLSGTDGDFKQGLNSYND
FKATIVGDKVDSDDYRDKIEEITIKLIVLYGDDKSYLOKKIKAGYGKYFTDSEIKKMAGLNYKD
WGRLSKKLLTGLEGANKITGERGSITHFMREYNLNLMELMSASEFTFTEEIQKLN PVDDRKLS
YEMVDELYLSPSVKRMLWOQSLRIVDEIKNIMGTDSKKIFIEMARGKEEVKARKESRKNQLLK
FYKDGKKAFISEIGEERYSYLLSEIEGEEENKFRWDNLYLYYTQLGRCMYSLEPIDISELSS
KNIYDOQDHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDEILNKNCYAYWKILYDKGLI
GQRKYTRLTRRTGFTDDELVQFISRQIVETROQATKETANLLKTICKNSEIVYSKAENASRER
QEFDIVKCRAVNDLHHMHDAY INIIVGNVYNTKFTKDPMNEVKKQEKARSYNLENMEKYDVK
RGGYTAWIADDEKGTVKNASIKRIRKELEGTNYRFTRMNYIESGALFNATLORKNKGSRPLK
DKGPKSSTIEKYGGYTNINKACFAVLDIKSKNKIERKIMPVEREIYAKQKNDKKLSDETIFSKY
LKDRFGIEDYRVVYPVVKMRTLLKIDGSYYFITGGSDKTLELRSALQLILPKKNEWATKQID
KSSENDYLTIERIQDLTEELVYNTFEFDIIVNKEFKTSVEKKSEFLNLFQDDKIENIDFKEKSMDE
KEKCKTLLMLVKAIRASGVRQDLKSIDLKSDYGRLSSKTNNIGNYQEFKIINQSITGLEFENE
VDLLKL (SEQ ID NO: 14)

In some embodiments, the Lactobacillus fermentum Cas9 protein has at least 80%

sequence identity to

MKEYHIGLDIGTSSIGWAVTDSQFKLMRIKGKTATGVRLFEEGKTAAERRTEFRTTRRRLKRR
KWRLHYLDEIFAPHLQEVDENFLRRLKOQSNITHPEDPAKNQAFIGKLLEPDLLKKNERGYPTL
IKMRDELPVEQRAHY PVINIYKLREAMINEDRQFDLREVYLAVHHIVKYRGHEFLNNASVDKE
KVGRIDEDKSINVLNEAYEELONGEGSIFTIEPSKVEKIGQLLLDTKMRKLDROKAVAKLLEV
KVADKEETKRNKQIATAMSKLVLGYKADEFATVAMANGNEWKIDLSSETSEDEIEKFREELSD
AQNDILTEITSLESQIMLNEIVPNGMSISESMMDRYWTHERQLAEVKEY LATQPASARKEED
OVYNKYIGOAPKEKGEDLEKGLKKILSKKENWKEIDELLKAGDEFLPKORTSANGVIPHQOMHQ
QELDRITEKQAKYYPWLATENPATGERDRHQAKYELDQLVSFRIPYYVGPLVTPEVQOKATSG
AKFAWAKRKEDGEITPWNLWDKIDRAESAEAFTKRMTVKDTYLLNEDVLPANSLLYQKYNVL
NELNNVRVNCRRLSVCIKODIYTELEFKKKKTVKACDVAS LVMAKTRCVNKPSVECLSDPKKE
NSNLATYLDLKSIVGDKVDDNRYOMDLENIIEWRSVEFEDGEIFADKLTEVEWLTDEQRSALV
KKRYKGWGRLSKKLLTGIVDENGOQRITIDIMWNTDONEMQIVNQPVEKEQIDQLNQKATITNDG
MTLRERVESVLDDAYTS PONKKATIWQVVRVVEDIVKAVGNAPKSISIEFARNEGNKGEITRS
RRTOQLOKLEFEDQAHELVKDT SLTEELEKAPDLSDRYYEYFTQGGKDMYTGDPINFDEISTKY
DIDHILPQSEFVKDDSLDNRVLVSRAENNKKSDRVPAKLYAAKMKPYWNQLLKOGLTITORKEE
NLTMDVDQTIKYRSLGEVKRQLVETROQVIKLTANILGSMYQEAGTDIIETRAGLTKQLREEF
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DLPKVREVNDYHHAVDAYLTTEFAGQYLNRRYPKLRSEFEFVYGEYMKEFKHGSDLKLRNENEFHE
IMEGDKSQGKVVDQOTGELITTRDEVADYEFDWVINLKVMLISNETYEETGKYEFDASHESSSL
YLRKNOQNKKSKLVVPLKNKLOPEYYGAYTGITQGYMVILKLLDKKGGEGVYRIPRYAADILNK
CHDEVAYRNKIAEIISSDPRAPKSEFEVVVPRVLKGTEFLVDGEEKFILSSYRYKVNATQLILP
VSDIKLIQDNFKALKKLNVEMOQTKKLIETYDNILRQVDKYYKLYDINKFRAKLHDGRSKEVE
LDDEFGQODASKEKVIIKILRGLHEGSDLONLKEIGEGTTPLGQEQOVSEAGIRLSNTAEFTTFKS

PTGLFNRKLYLKNL (SEQ ID NO: 84).

In some embodiments, the Peproniphilus sp. Marseille-P3761 Cas9 protein has at

least 80% sequence identity to

MEKKTNYTIGLDIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY IKKNLWGSLLFESGQTAK
DRRLKRVARRRYERRRNRLTELOQKIFAPAIDEVDENEFFEFRLNESFLVPEDKAFSKNPIEFGTL
GEDKTYYKTYPTIYHLRQHLADSEEKADVRLIYLALAHMIKYRGHFLIEGKLDTEHIATINEN
LEQFFESYNALFSEEPIELRKEELIAIENILREKNSRTIVKEKRITSFLKDIGRANKQS PMMA
FITLIVGKKAKFKAAFNLEEEISLNLTDDSYDENLEILLNTIGSDFADLEDHAQRVYNAVEL
AGILSGDVKNTHAKLSACMVAMYERHKEQLKEYKSFIKANLPDQYDMT FVAPKDAQRKKDLKG
YAGYIDGNMSQDSEFYKEFVKDQLKEVPGSEKFLDSIEKEDFLRKOQRSEFYNGVIPNQVHLAEME
ATLDROQENYYPWLKENREKIISLLTFRIPYYVGPLADGQSEFAWLERKSDEKIKPWNESDVV
DILDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYQKYMVENELTKITAYLDERQKRMNLSSVEK
KEIFETLFKKRSKVTEKQLVKFFENYLQIDNPTIFGIEDAFNADYSTYVELAKVPGMKSMMD
DPDNEDIMEEIVKILTVFEDRKMRRKOLEKYKERLSPEQIKELAKKHYTGWGRLSKKLLVGI
RDKETQKTILDYLVEDDNHSGGROQHLNRNLMQLINDDRLSFKKTIAELOMIDPSADLYAQVQ
EIAGSPAIKKGILLGLKIVDEITIRVMGEKPENIVIEMARENQTTARGKALSKRREAKIKEGL
AATLGSSLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPLDEFDRLSQYDEDHIIPQSETVDN
SLDNLVLTNSSQNRGNKKDDVPSLEVVNRQLAYWRSLKDAGLMTQRKEDNLTKAMRGGLTDK
DRERFIQROLVETROQITKNVAKLLDMRLNDKKDEAGNKIRETNIVLLKSAMASEFRKMERLY
KVRELNDYHHAHDAYILNAATAINLLALYPYMADDEVYGEFRYKKKPOQAEKATYEKLRQWNL T
KRECEKQLFTPDHEDCWNKERDIKTIKKVMCYRQVNVVKKAEERTCMLFKETINCKTNKCSR
IPIKKDLDPSKYGGYIEEKMAYYAVISYEDKKKKPGKTIVGISIMDKKEFEYDSISYLGKLG
FSNPVVQITILKNYSLIAYPDGRRRYITGATKTTKGKVELQKANQIAMEQDLVNEFIYHLKNYD
EISHPESYAFVQSHTDYFDRLFDSIEHYTRRFLDAETNINRLRRIYEEEKKKDPVDIEALVA
SFIELLKLTSAGAPADFIFMGEATISRRRYNSMTGLEDGQVIYQSLTGLYETRMRFED (SEQ
ID NO: 86).
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In some embodiments, the Cas9 protein comprises an amino acid sequence that is at
least 85%, at least 90%, at least 92%, at least 95%., at least 96%, at least 97%. at least 98%, or
at least 99% identical to SEQ ID NOs: 1, 4, 8, 14, 84 or 86.

In some embodiments, the Cas9 protein further comprises a nuclear localization
sequence (NLS) and/or a FLAG, HIS or HA tag.

In some embodiments, the Streptococcus constellatus Cas9 has an amino acid

sequence at least 80% identical to

MPKKKRKVGGKPYSIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQSIKKNLLGALLED
SGETAEATRLKRTARRRYTRRKNRLRYLQETFTGEMNKVDENEFFQRLDDSFLVDEDKRGEHH
PIFGNIAAEVKYHDDEFPTIYHLRRHLADTSKKADLRLVYLALAHMIKEFRGHELYEGDLKAEN
TDVOALFKDEFVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNTLEGN
LIALSLDLHPNFKTNEFQLSEDAKLQFSKDTYREEDLEGEFLGEVGDEYADLEFASAKNLYDATILL
SGILTVDDNSTKAPLSASMVKRYEEHOQKDLKKLKDEIKVNAPDQYNATIFKDKNKKGYASYTIE
SGVKQDEFYKYLKGILLKINGSGDELDKIDREDFLRKORTEFDNGSIPHQIHLQEMHEATILRRQ
GEHYPFLKENQDKIEKILTFRIPYYVGPLARKGSRFAWAEYKADEKITPWNEDDILDKEKSA
EKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKEFEDTNMKQET F'DH
VEFKENRKVTKDKLLNYLNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSFEFLDDKA
NEKTIEDITIQTLTLEFEDREMIRQRLOKYSDIFTKAQLKKLERRHYTGWGRLSYKLINGIRNK
ENKKTILDYLIDDGYANRNEFMQLINDDALSEFKEETIARAQITIDDVDDIANVVHDLPGSPAIKK
GILOSVKIVDELVKVMGHNPANITTEMARENQTTDKGRRNSQORLKLLODSTKNLDNPVNIK
NVENQOLONDRLELYYTIONGKDMYTGETLDINNLSQYDIDHITPOQAFIKDNSLDNRVLTRSD
KNRGKSDDVPSIEVVHEMKS FWSKLLSVKLITQRKEDNLTKAERGGLTEEDKAGFIKRQLVE
TROITKHVAQILDEREFNTEEFDGNKRRIRNVKITITLKSNLVSNERKEFELYKVREINDYHHAH
DAYLNAVVGNALLLKYPQLEPEEFVYGEYPKYNSYRSRKSATEKFLEYSNILREEFKKEDIQTN
EDGEIAWNKEKHIKILRKVLSYPQVNIVKKTEEQTGGEFSKESILPKGESDKLIPRKTKNSYW
DPKKYGGEDSPVVAY SILVEFADVEKGKSKKLRKVODMVGITIMEKKRFERKNPVDELEQRGYR
NVRLEKIIKLPKYSLEELENKRRRLLASAKELQKGNELVIPOQREFTTLLYHSYRIEKDYEPEH
REYVEKHKDEFKELLEYISVESRKYVLADNNLTKIEMLESKNKDAEVSSLAKSEFISLLTEFTA
FGAPAAFNFFGENIDRKRYTSVIECLNATLTIHQSITGLYETRIDLSKLGEDGKRPAATKKAG
QAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 2).

In some embodiments, the Sharpea Cas9 has an amino acid sequence al least 80%

1dentical to



10

15

20

25

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523

MPKKKRKVGAKNKDIRYSIGLDIGTNSVGWAVMDEHYELLKKGNHHMWGSRLEDAAEPAATR
RASRSIRRRYNKRRERIRLLRDLLGDMVMEVDPTEFEFIRLLNVSEFLDEEDKOKNLGNDYKDNY
NLEFTIEKDENDKTYYDKYPTIYHLRKELCENKEKADPRLIYLALHHIVKYRGNEFLKEGQS FAK
VYEDIEEKLDNTLKKEMSLNDLDNLEVDNDINSMITVLSKIYQRSKKADDLLKIMNPTKEER
AAYKEFTKALVGLKENVSKMILAQEVKKDDKDIELDESNVDYDSTVDGLQAELGEYTIEFTEM
LHSINSWVELODILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNEVEREDNPKLH
NYLGYIKYPKNTPVEEFYEYTKRLLAKVDTGEAREILERIDLEKFMLKONSRTNGSIPYQMQ
KDEMIQIIDNQOSVYYPQLKENREKLISILEFRIPYYFGPLNTHSEFAWIKKEFEDKQKERILP
WNYDQIVDIDATAEGEFIERMONTGTY EFPDKPVMAKNSLTVSKEEVLNELNKIRINGKLI PVE
TKKELLSDLFMKNKT ITDKKLKDWLVTHQYYDTNEELKIEGYQKDLOQESTSLAPWIDETKIFE
GEINASNYQLTIEKITYDISIFEDKKILKRRLKKVYQLDDLLVDKILKLNYTGWSRLSEKLLT
CGIKSKNSKETILSTILENSNMNIMETIINDESLGFKQITEESNKKDIEGPFRYDEVKKLAGSPA
IKRGIWQALLVVQEITKFMKHEPSHIYIEFAREEQEKVRTESRIAKLOQKIYKDLNLOTKEDQ
LVYESLKKEDAKKKIDTDALYLYYLOMGKSMYSGKPLDIDKLSTYHIDHILPRSLIKDDSLD
NRVLVLPKENEWKLDSETVPEFEIRNKMMGEWOQKLHENGLMSNKKEESLIRTDENEKDKKRET
NROQLVETRQIIKNVAVIINDHYTNTNVVIVRAELSHQFRERYKIYKNRDLNDLHHAHDAYTIA
CILGOFIHONEFGNMDVNMIYGQYKKNYKKDVOEHNNYGEILNSMNHIHENDDNSVIWDPSYT
GKIKSCECYKDVYVTKKLEQNDAKLEDLTILPSDKNSENGVIKAKIPVNKYRKDVNKYGGES
GDAPIMILATEADKGKKHVRQVIAFPLRLKNYNDEERIKFIEKEKNLKNVKILTEVKKNQLITL
INHQYFFITGTNELVNATQLKLSAKNTKNLENLVDANKHNKLESIDDANEFNEVIQELICKLQ
EPTYSRYNSIGKEFEDSYEKINAVTKOQDKLYIIEYLIAIMSAKATQGYIKPELAREIGTNGK
NKGRIKSEFTIDLNKTTEISTSVIGLESKKYKLGKRPAATKKAGQAKKKKGSYPYDVPDYAYP

YDVPDYAYPYDVPDYA (SEQ ID NO: 5).

In some embodiments, the Veillonella parvuia Cas9 has an amino acid sequence at

least 80% identical to

MPKKKRKVGSIINFQRRGLMETQASNQLISSHLKGYPIKDYEVGLDIGTSSVGWAVINKAYE
LLKFRSHKMWGSRLEDEGESAVARRGFRSMRRRLERRKLRLKLLEELFADAMAQVDPTEFMR
LRESKYHYEDKTTGHSSKHILEFIDKNYNDQDYFKEYPTVYHLRSELMKSGTDDIRKLELAVH
HILKYRGNEFLYEGATFDSNASTLDDVIKQALENITENCEDCNSAISSIGQILMEAGKTKSDK
AKATEHLVDTYIATDTVDTSSKTQKDOQVKEDKKRLKAFANLVLGLNASLIDLEGSVEERELERED
LKKLQITGDTYDDKRDELAKAWSDEIYIIDDCKSVYDAIILLSIKEPGLTISESKVKAENKH
KDDLAITLKSLLKSDRSIYNTMFKVDEKGLHNYVHYIKQGRTEETSCNREDEYKYTKKIVEGL
SDSKDKEYILSQIELOILLPLORIKDNGVIPYQLHLEELKATLAKCGPKEPELNEVADGESY
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AEKLIKMLEFRIPYYVGPLNTHHNVDNGGEAWAVRKASGRVT PWNEDDKIDREKSAAAETKN
LTNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAVEFKQDHKKMTK
NRIEQFLKDNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGEFDRSMAEEIITDITIFEG
ESKKMLRETLRKKFASCLDDEATIKKLTKLRYRDWGRLSOKLLNGIEGCDKAGDGTPETIIIL
MRNEFSYNIMELLGDKESEFMERIQEINAKLTEGQIVNPHDITIDDLALSPAVKRAVWQALRIVD
EVAHIKKALPARIEFVEVTRSNKNEKKKKDSROKRLSDLYAATKKDDVLLNGLNNETIFGELKS
SLAKYDDAALRSKKLYLYYTOMGRCAYTGEITELSLLNTDNYDIDHIYPRSLTKDDSEDNLV
LCKRTANAQKSDAYPISEEIQKTOQKPFWITFLKQQGLISERKYERLTRITPLTADDLSGEIAR
QLVETNOSVKAATTLLRRLY PGVDVVEVKAENVIDEROHDNNEFTKVRSLNHHHHAKDAYLNIV
VGNVYHERFTRNFRAFEFKKNGANRTYNLAKMENY DVNCTNAKDGKAWDVKT SMDTVKEKMMD S
NDVRVTKRLLEQTGALADATIYKATVAGKAKDGAYTIGMKTKSSVEFADVSKYGGMTKIKNAYS
ITTVOQYTGKKGEVIKEIVPLPIYLTNRNTTDODLINYVASITIPOAKDISTITYGKLCINQLVKV
NGEYYYLGGKTNSKFEFCIDNAIQVIVSNEWIPYLKVLEKEFNNMRKDNKDLKANVVSTRALDNK
HTIEVRIVEERKNIEFEFDYLVSKLKMPIYQKMKGNKAAELSEKGYGLEFKKMSLEEQSTHLIEL
ILNLLTNQKTTFEVKPLGITASRSTVGSKISNQDEFKVINESITGLYSNEVIIVGKRPAATKK

AGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 9).

In some embodiments, the Fzakiella peruensis Cas9 has an amino acid sequence at

least 80% identical to

MPKKKRKVGTKVKDYYIGLDIGTSSVGWAVTDEAYNVLKENSKKMWGVRLEDDAKTAEERRG
ORGARRRLDRKKERLSLLODEFFAEEVAKVDPNFFLRLDNSDLYMEDKDOKLKSKYTLENDKD
FKDKNFHKKYPTIHHLIMDLIEDDSKKDIRLVYLACHYLLKNRGHEFIFEGQKEDTKSSEFENS
INELKVHLNDEYGLDLEEFDNENLINILTDPKLNKTAKKKELKSVIGDTKELKAVSAIMIGSS
QKLVDLEFENPEDEDDSAIKSVDESTTSEFDDKYSDYELALGDKIALVNILKEIYDSSILENLL
KEADKSKDGNKYISNAFVKKYNKHGODLKEFKRLVRQYHKSAYFDIFRSEKVNDNYVSYTKS
SISNNKRVKANKETDOQEAFYKFAKKHLETIKYKINKVNGSKADLELTIDGMLRDMEFKNEMPK
IKSSDNGVIPYQLKIMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMEEFRIPYYVGPLNP
NSKYAWIKKQKDSEITPWNEKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKASLLYNEYMV
INELNNLKLNDLPITEEMKKKIEFDQLEFKTRKKVT LKAVANLLKKEFNINGEILLSGTDGDEK
QGLNSYNDEFKAIVGDKVDSDDYRDKIEEITKLIVLYGDDKSYLOKKIKAGYGKYFTDSEIKK
MAGLNYKDWGRLSKKLLTGLEGANKITGERGSIIHEFMREYNLNLMELMSASETETEETQKLN
PVDDRKLSYEMVDELYLSPSVKRMLWOSLRIVDEIKNIMGTDSKKIFIEMARGKEEVKARKE
SREKNQLLKEYKDGKKAFISEIGEERYSYLLSETIEGEEENKFRWDNLYLYYTQLGRCMYSLEP
IDISELSSKNIYDODHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDEILNKNCYAYWK
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ILYDKGLIGOQKKYTRLTRRTGFTDDELVQEISRQIVETROQATKETANLLKTICKNSEIVYSK
AENASRFRQEFDIVKCRAVNDLHHMHDAYINIIVGNVYNTKEFTRKDPMNEFVKKQEKARSYNLE
NMEFKYDVKRGGYTAWIADDEKGTVKNASIKRIRKELEGTNYRFTRMNYIESGALFNATLQRK
NKGSRPLKDKGPKSSIEKYGGYTNINKACFAVLDIKSKNKIERKLMPVEREIYAKQKNDKKL
SDEIFSKYLKDRFGIEDYRVVYPVVKMRTLLKIDGSYYFITGGSDKTLELRSALQLILPKKN
EWATKQIDKSSENDYLTIERIQDLTEELVYNTFDIIVNKEFKTSVEKKSEFLNLEQDDKIENID
FKEKSMDFKEKCKTLLMLVKAIRASGVRODLKSIDLKSDYGRLSSKTNNIGNYQEFKIINQS
ITGLFENEVDLLKLGKRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA
(SEQ ID NO: 15).

In some embodiments, the Lactobacillus fermentum strain AF'15-40LB Cas9 has an

amino acid sequence at least 80% identical to

MPKKKRKVGKEYHIGLDIGTSSIGWAVTDSQFKLMRIKGKTAIGVRLFEEGKTAAERRTFRT
TRRRLKRRKWRLHYLDEIFAPHLQEVDENELRRLKOSNIHPEDPAKNQAFIGKLLEFPDLLKK
NERGYPTLIKMRDELPVEQRAHYPVTNIYKLREAMINEDRQEFDLREVYLAVHHIVKYRGHEL
NNASVDKFKVGRIDEFDKSENVLNEAYEELONGEGSETIEPSKVEKIGQLLLDTKMRKLDRQK
AVAKLLEVKVADKEETKRNKQIATAMSKLVLGYKADFATVAMANGNEWKIDLSSETSEDETIE
KEREELSDAQONDITLTEITSLESQIMLNEIVPNGMSISESMMDRYWIHERQLAEVKEYLATQP
ASARKEFDOVYNKYTIGQAPKEKGEDLEKGLKKILSKKENWKEIDELTLKAGDEFLPKQRTSANG
VIPHOMHOOELDRITEKQAKYYPWLATENPATGERDRHQAKYELDQLVSEFRIPYYVGPLVTPE
EVOKATSGAKFAWAKRKEDGEITPWNLWDKIDRAESAEAFTIKRMTVKDTYLLNEDVLPANSL
LYQKYNVLNELNNVRVNGRRLSVGIKQDIYTELFKKKKTVKAGDVASLVMAKTRGVNKPSVE
GLSDPKKENSNLATYLDLKS IVGDKVDDNRYOMDLENITEWRSVEFEDGEIFADKLTEVEWLT
DEQRSALVKKRYKGWGRLSKKLLTGIVDENGQCRIIDLMWNTDONEFMQIVNQPVEKEQIDQLN
QKAITNDGMTLRERVESVLDDAYTS PONKKAIWQVVRVVEDIVKAVGNAPKSISIEEFARNEG
NKGEITRSRRTQLOKLEFEDQAHELVKDTSLTEELEKAPDLSDRYYFEYFEFTQGGKDMYTGDPIN
FDEISTKYDIDHILPQSEVKDDSLDNRVLVSRAENNKKS DRVPAKLYAAKMKPYWNQLLKQG
LITORKEFENLTMDVDQTIKYRSLGEVKROLVETROVIKLTANILGSMYQEAGTDITIETRAGL
TKOQLREEFDLPKVREVNDYHHAVDAYLTTEFAGQYLNRRY PKLRSEFEVYGEYMKEKHGSDLKL
RNENFFHELMEGDKS QGKVVDQOTGELITTRDEVADY FDWVINLKVMLISNETYEETGKYFED
ASHESSSLYLKNONKKSKLVVPLEKNKLOQPEYYGAYTGITQGYMVILKLLDKKGGEFGVYRIPR
YAADILNKCHDEVAYRNKIAEITISSDPRAPKSFEVVVPRVLKGTEFLVDGEEKEFILSSYRYKV
NATQLILPVSDIKLIQDNEFKALKKLNVEMOTKKLIETIYDNILRQVDKYYKLYDINKERAKLH
DGRSKEVELDDEFGOQDASKEKVIIKILRGLHEGSDLONLKEIGEGTTPLGQEFQVSEAGIRLSN
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TAFIIFKSPTGLFNRKLYLKNLGKRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPY
DVPDYA (SEQ ID NO: 85).

In some embodiments, the Peploniphilus sp. Marseille-P3761 Cas9 has an amino acid

sequence at least 80% identical to

MPKKKRKVGEKKTNYTIGLDIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY IKKNLWGSLL
FESGOTAKDRRLKRVARRRYERRRNRLTELOKIFAPAIDEVDENEFFFRLNESEFLVPEDKAES
KNPIFGTLGEDKTYYKTYPTIYHLROQHLADSEEKADVRLIYLATLAHMIKYRGHFLIEGKLDT
EHTAINENLEQFFESYNALFSEEPTELRKEELIATENILREKNSRTVKEKRITSFLKDIGRA
NKOSPMMAFITLIVGKKAKFKAAEFNLEEETISLNLTDDSYDENLEILLNTIGSDEADLEDHAQ
RVYNAVELAGILSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSEFIKANLPDQY DMTEVAPKD
AQKKDLKGYAGYIDGNMSQDSEFYKEVKDQLKEVPGSEKFLDSIEKEDFLRKOQRSFYNGVIPN
QVHLAEMEATLDRQENYYPWLKENREKITISLLTEFRIPYYVGPLADGOSEFAWLERKSDEKIK
PWNESDVVDLDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYQOKYMVENELTKIAYLDERQKR
MNLSSVEKKEIFETLFKKRSKVTEKQLVKEFENYLOIDNPTIFGIEDAFNADY STYVELAKV
PGMKSMMDDPDNEDIMEEIVKILTVEFEDRKMRRKQLEKYKERLSPEQIKELAKKHYTGWGRL
SKKLLVGIRDKETQKTILDYLVEDDNHSGGRCHLNRNLMQLINDDRLSFKKTIAELOMIDPS
ADLYAQVOETAGSPATIKKGILLGLKIVDEITIRVMGEKPENIVIEMARENQTTARGKALSKRR
EAKIKEGLAALGSSLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPLDEDRLSQYDEDHIT
POSEFTVDNSLDNLVLTNSSQNRGNKKDDVPSLEVVNRQLAYWRS LKDAGLMTQRKEDNLTKA
MRGGLTDKDRERFIQROLVETROQITKNVAKLLDMRLNDKKDEAGNKIRETNIVLLKSAMASE
FRKMFRLYKVRELNDYHHAHDAYLNAATATNLLALYPYMADDEVYGEFRYKKKPQAEKATYE
KLROWNLIKREFGEKQLETPDHEDCWNKERDIKTIKKVMGYROQVNVVKKAEERT GMLEKETIN
GKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYAVISYEDKKKKPGKTIVGISIMDKKEEFEYDS
ISYLGKLGESNPVVQITILKNYSLIAYPDGRRRYITGATKTTKGKVELQKANQIAMEQDLVNE
IYHLKNYDEISHPESYAFVOSHTDYEFDRLEDSIEHYTRRELDAETNINRLRRIYEEEKKKDE
VDIEALVASFIELLKLTSAGAPADFIFMGEAISRRRYNSMTGLEDGOVIYQSLTGLYETRMR

FEDGKRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 87).

In some embodiments, the amino acid sequence of the Cas9 protein comprises at least
one, at least two, at least three, at least four, at least five, at least six, at least seven, at least

eight, at least nine, or at least 10 mutations in SEQ ID NOs: 1, 4, 8,14, 84 or 86.

In some embodiments, the mutation is an amino acid substitution.
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In some embodiments, the Cas9 protein has nickase activity.

In some embodiments, provided herein is a Cas9 protein wherein the Cas9 protein
comprises a nickase mutation at an amino acid positions corresponds {0 one or more amino

acids 10, 12, 17, 762, 840, 854, 863, 982, 983, 984, 986, 987 of wild type SpCas9.

In some embodiments, the at least one mutation results in an inactive Cas9 (dCas9).

In some embodiments, the Cas9 protein comprises at least one amino acid mutation in

PAM Interacting, HNH and/or RuvC domain.

In some embodiments, provided herein is a Cas9 protein, wherein the mutation at an

amino acid position corresponds to amino acid 14 in the RuvC domain of SirCas9.

In some embodiments, provided herein is a Cas9 protein, wherein the mutation at an

amino acid position corresponds to amino acid 12 in the RuvC domain of EpeCas9.

In some embodiments, provided herein is a Cas9 protein, wherein the mutation at an

amino acid position corresponds to amino acid 9 in the RuvC domain of LfeCas9.

In some embodiments, provided herein is a Cas9 protein, wherein the mutation at an

amino acid position corresponds to amino acid 12 in the RuvC domain of PmaCas9.

In some embodiments, the Cas9 protein further comprises a nuclear localization

sequence (NLS) and/or a FLAG, HIS or HA tag.

In one aspect, provided herein is an engineered, non-naturally occurring Cas9 fusion
protein comprising a Cas9 protein having at least 80% identity to SEQ ID NOs: 1, 4, 8, 14, 84
or 86 and wherein the Cas9 protein is fused to a histone demethylase, a transcriptional

activator, or to a deaminase.

In some embodiments, provided herein is an engineered, non-naturally occurring Cas9
fusion protein further comprising a nuclear localization sequence (NLS) and/or a FLAG, HIS

or HA tag.

In some embodiments, provided herein is an engineered, non-naturally occurring Cas9

fusion protein having at least 80% identity to SEQ ID NOs: 2, 5,9, 15, 85, 87, 95 or 96.
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In some embodiments, the Cas9 protein is [used Lo a cylosine deaminase or (0 an

adenosine deaminase.

In some embodiments, the Cas9 protein is [used Lo an adenosine deaminase and has

an amino acid sequence at least 80% identical to

()

MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLH
DPTAHAEIMALRQGGLVMONYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCRFFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGGKPYSIGLATIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQSIK
KNLLGALLEDSGETAEATRLKRTARRRYTRRKNRLRYLOQETFTGEMNKVDENFFQRLDDSFEL
VDEDKRGEHHPIFGNIAAEVKYHDDFPTIYHLRRHLADTSKKADLRLVY LALAHMIKFRGHF
LYEGDLKAENTDVQALFKDFVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLTIAHYP
TEKKNTLFGNLIALSLDLHPNFKTNFOLSEDAKLQFSKDTYEEDLEGFLGEVGDEYADLFEFAS
AKNLYDAILLSGILTVDDNSTKAPLSASMVKRYEEHQKDLKKLKDEIKVNAPDQYNATFKDK
NKKGYASYIESGVRKQDEEFYRKYLKGILLKINGSGDFLDKIDREDFLRKOQRTEDNGSIPHQIHL
QEMHATLRRQGEHYPFLKENQDKIEKILTFRIPYYVGPLARKGSRFAWAEYKADEKITPWNE
DDILDKEKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKFFEFD
TNMKQEIFDHVFKENRKVTKDKLLNY LNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKT
LDKSFLDDKANEKTIEDIIQTLTLEFEDREMIRQRLOKYSDIFTKAQLKKLERRHYTGWGRLS
YKLINGIRNKENKKTILDYLIDDGYANRNEMQLINDDALSFKEETIARAQIIDDVDDIANVVH
DLPGSPAIKKGILOSVKIVDELVKVMGHNPANI I TEMARENQTTDKGRRNSQORLKLLODSL
KNLDNPVNIKNVENQQLONDRLFLYYIQNGKDMYTGETLDINNLSQYDIDHITIPQAFIKDNS
LDNRVLTRSDKNRGKSDDVPSIEVVHEMKSFWSKLLSVKLITQRKFDNLTKAERGGLTEEDK
AGFIKRQLVETRQITKHVAQILDEREFNTEFDGNKRRIRNVKIITLKSNLVSNEFRKEFELYKV
REINDYHHAHDAYLNAVVGNALLLKYPQLEPEFVYGEYPKYNSYRSRKSATEKFLEFYSNILR
FFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTEEQTGGFSKESILPKGESDKL
IPRKTKNSYWDPKKYGGEDSPVVAYSILVEFADVEKGKSKKLRKVQDMVGITIMEKKREEKNP
VDFLEQRGYRNVRLEKIIKLPKYSLFELENKRRRLLASAKELQKGNELVIPQRFTTLLYHSY
RIEKDYEPEHREYVEKHKDEFKELLEYISVESRKYVLADNNLTKIEMLESKNKDAEVSSLAK
SELSLLTETAFGAPAAFNEEFGENLDRKRYI'SVIECLNATLIHQS1I'TGLYETRIDLSKLGEDG

KRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 20);
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(b)

MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLH
DPTAHAETMATROGGLVMONYRLYDATLYVTEFEPCVMCAGAMTIHSRIGRVVEGVRNAKT GAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCRFEFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGAKNKDIRYSTIGLATIGTNSVGWAVMDEHYELTKKGNHHMWGSRL
FDAAFPAATRRASRSIRRRYNKRRERIRLLRDLLGDMVMEVDPTEFEFIRLLNVSEFLDEEDKQK
NLGNDYKDNYNLEFIEKDENDKTYYDKYPTIYHLRKELCENKEKADPRLIYLATLHHIVKYRGN
FLRKEGQSFARKVYEDIEEKLDNTLKKEMSLNDLDNLEVDNDINSMITVLSKIYQRSKKADDLL
KIMNPTKEERAAYKEFTKALVGLKENVSKMILAQEVKKDDKDIELDESNVDYDSTVDGLOALRE
LGEYIEFIEMLHSINSWVELODILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNE
VEFREDNPKLHNYLGYIKYPKNTPVEEFYEYTKRLLAKVDTGEAREILERIDLEKFMLKONSR
TNGSIPYOMOKDEMIQITIDNQSVYYPQLKENREKLISILEFRIPYYEFGPLNTHSEFAWIKKE
EDKOKERILPWNYDQIVDIDATAEGFIERMONTGTYEFPDKPVMAKNSLTVSKEFEVLNELNKT
RINGKLIPVETKKELLSDLEFMKNKTITDKKLKDWLVTHQYYDTNEELKIEGYQKDLQESTSTL
APWIDFTKIFGEINASNYQLIEKITIYDISIFEDKKILKRRLKKVYQLDDLLVDKILKLNYTG
WSRLSEKLLTGIKSKNSKETILSILENSNMNLMEIINDESLGEFKQITEESNKKDIEGPERYD
EVKKLAGSPATIKRGIWQALLVVQEITKFMKHEPSHIYIEFAREEQEKVRTESRIAKLOKIYK
DLNLOQTKEDQLVYESLKKEDAKKKIDTDALYLYYLOMGKSMYSGKPLDIDKLSTYHIDHILP
RSLIKDDSLDNRVLVLPKENEWKLDSETVPFEIRNKMMGEFWOKLHENGLMSNKKFEFSLIRTD
FNEKDKKREINROLVETRQITIKNVAVIINDHYTNTNVVIVRAELSHQFRERYKIYKNRDLND
LHHAHDAYTACILGQFIHQONEFGNMDVNMIYGQYKKNYKKDVQEHNNYGEFILNSMNHIHENDD
NSVIWDPSYIGKIKSCECYRDVYVTRKKLEQNDAKLEDLTILPSDRNSENGVTKAKIPVNKYR
KDVNKYGGESGDAPIMLAIEADKGKKHVRQVIAFPLRLKNYNDEERIKFIEKEKNLKNVKIL
TEVKKNQLILINHQYFEFITGTNELVNATQLKLSAKNTKNLENLVDANKHNKLES IDDANFEFNE
VIQELICKLOQEPIYSRYNSIGKEFEDSYEKINAVTKODKLYITEYLIAIMSAKATQGYIKPE
LAREIGTNGKNKGRIKSEFTIDLNKTTFISTSVTGLESKKYKLGKRPAATKKAGQAKKKKGSY

PYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 6);

©

MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATIGLH
DPTAHAEIMALRQGGLVMONYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVEFGVRNAKTGAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCRFFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGSIINFQRRGILMETQASNQLISSHLKGYPIKDYFVGLATIGTSSV
GWAVTNKAYELLKFRSHKMWGSRLEFDEGESAVARRGFRSMRRRLERRKLRLKLLEELFADAM
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AQVDPTEFFMRLRESKYHYEDKTTGHSSKHILEIDKNYNDQDY FKEYPTVYHLRSELMKSGTD
DIRKLFLAVHHILKYRGNFLYEGATEDSNASTLDDVIKQALENITENCEFDCNSAISSIGQIL
MEAGKTKSDKAKAIEHLVDTYIATDITVDTSSKTQKDOVKEDKKRLKAFANLVLGLNASLIDL
FGSVEELEEDLKKLOITGDTYDDKRDELAKAWSDEIYITIDDCKSVYDAITILLSIKEPGLTIS
ESKVKAFNKHKDDLATILKSLLKSDRSTIYNTMEFKVDEKGLHNYVHYIKQGRTEET SCNREDFEY
KYTKKIVEGLSDSKDKEYILSQIELQITLLPLORIKDNGVIPYQLHLEELKATLAKCGPKEPE
LNEVADGEFSVAEKLIKMLEFRIPYYVGPLNTHHNVDNGGEFAWAVRKASGRVTPWNEDDKIDR
EKSAAAFTIKNLTNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAV
FKODHKKMTKNRIEQFLKDNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGEDRSMAL
EITTDITIFGESKKMLRETLRKKEFASCLDDEATIKKLTKLRYRDWGRLSQKLLNGIEGCDKAG
DGTPETITIILMRNESYNLMELLGDKESFMERIQEINAKLTEGOQIVNPHDITDDLALSPAVKR
AVWOATLRIVDEVAHTKKALPARTEFVEVTRSNKNEKKKKDSROKRLSDLYAATKKDDVLLNGL
NNEIFGELKSSLAKYDDAALRSKKLYLYYTQMGRCAYTGEITIELSLLNTDNYDIDHIYPRSL
TKDDS FDNLVLCKRTANAQKSDAYPISEETQKTQKPEWT FLKQQGLISERKYERLTRITPLT
ADDLSGEFIARQLVETNQSVKAATTLLRRLYPGVDVVEVKAENVTDERHDNNEIKVRSLNHHH
HAKDAYINIVVGNVYHERFTRNEFRAFFKKNGANRTYNLAKMENY DVNCTNAKDGKAWDVKT S
MDTVKKMMDSNDVRVTKRLLEQTGALADATIYKATVAGKAKDGAY IGMKTKSSVEADVSKYG
GMTKIKNAYSITVQYTGKKGEVIKEIVPLPIYLTNRNTTDODLINYVASITIPOAKDISIIYG
KLCINQLVKVNGEYYYLGGKTNSKECIDNATQVIVSNEWIPYLKVLEKFNNMRKDNKDLKAN
VVSTRALDNKHTIEVRIVEEKNIEFEFDYLVSKLKMPIYQKMKGNKAAELSEKGY GLEKKMS L
EEQSIHLIELLNLLTNQKTT FEVKPLGITASRSTVGSKISNQDEFKVINESITGLYSNEVTI

VGKRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 10);

Y

MPKKKRKVSIINFQRRGLMETQASNQLISSHLKGYPIKDYEVGLAIGTSSVGWAVTNKAYEL
LKEFRSHKMWGSRLEDEGESAVARRGFRSMRRRLERRKLRLKLLEELEFADAMAQVDPTEEMRL
RESKYHYEDKTTGHSSKHILEFIDKNYNDQDYFKEYPTVYHLRSELMKSGTDDIRKLELAVHH
ILKYRGNFLYEGATEDSNASTLDDVIKQALENITEFNCEFDCNSAISSIGQILMEAGKTKSDKA
KATEHLVDTYIATDTVDTSSKTOKDOVKEDKKRLKAFANLVLGLNASLIDLEGSVEELEEDL
KKLOITGDTYDDKRDELAKAWSDEIYIIDDCKSVYDAIILLSIKEPGLTISESKVKAENKHK
DDLATILKSLLKSDRSIYNTMEFKVDEKGLHNYVHYIKQGRTEETSCNREDEFYKYTKKIVEGLS
DSKDKEYILSQIELQILLPLORIKDNGVIPYQLHLEELKATLAKCGPKFPELNEVADGESVA
EKLIKMLEFRIPYYVGPLNTHHNVDNGGFAWAVRKASGRVTPWNEDDKIDREKSAAAFTKNL
TNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAVEFKQDHKKMT KN
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RIEQFLKDNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGEDRSMAEETIITDITIEGE
SKKMLRETLRKKFASCLDDEATKKLTKLRYRDWGRLSQKLLNGIEGCDKAGDGTPETITIILM
RNESYNIMELLGDKESFMERIQEINAKLTEGQIVNPHDIIDDLALSPAVKRAVWQALRIVDE
VAHIKKALPARIEFVEVTRSNKNEKKKKDSROKRLSDLYAATKKDDVLLNGLNNEIFGELKSS
LAKYDDAALRSKKLYLYYTQOMGRCAYTGEITELSTLNTDNYDIDHIYPRSLTKDDSEDNLVL
CKRTANAQKSDAYPISEEIQKTOKPEFWTEFLKQOGLISERKYERLTRITPLTADDLSGETARQ
LVETNQSVKAATTLLRRLYPGVDVVEVKAENVTDEFRHDNNEFIKVRSLNHHHHAKDAYLNIVV
GNVYHERFTRNFRAFFKKNGANRTYNLAKMENYDVNCTNAKDGKAWDVKT SMDTVKKMMDSN
DVRVTKRLLEQTGALADATIYKATVAGKAKDGAYIGMKTKSSVEADVSKYGGMTKIKNAYST
IVOYTGKKGEVIKEIVPLPIYLTNRNTTDODLINYVASTIIPOAKDISITIYGKLCINQLVKVN
GEYYYLGGKTNSKECIDNATQVIVSNEWIPYLKVLEKENNMRKDNKDLKANVVSTRALDNKH
TIEVRIVEEKNIEFFDYLVSKLKMPIYOKMKGNKAAELSEKGYGLEFKKMSLEEQSTHLIELL
NLLTNQKTTFEVKPLGITASRSTVGSKISNQDEFKVINESITGLYSNEVTIVKRPAATKKAG
QARKKKKSGSETPGTSESATPESSGSEVEEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNR
VIGEGWNRAIGLHDPTAHAEIMALRQGGLVMONY RLYDATLYVTEFEPCVMCAGAMIHSRIGR
VVEGVRNAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLCREFFRMPRRVENAQKKAQ

SSTDPAAKRVKILDGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ IDNO: 11);

(e)

MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATIGLH
DPTAHAEIMALRQGGLVMONYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCREFFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGTKVKDYYIGLAIGTSSVGWAVTDEAYNVLKENSKKMWGVRLED
DAKTAEERRGQRGARRRLDRKKERLSLLODFFAEEVAKVDPNFFLRLDNSDLYMEDKDOQKLK
SKYTLFNDKDFKDKNEFHKKY PTIHHLLMDLIEDDSKKDIRLVYLACHYLLKNRGHEFIFEGQK
FDTKSSFENSLNELKVHLNDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKFEFLK
AVSATMIGSSQKLVDLFENPEDFDDSATKSVDEFSTTSEFDDKYSDYELALGDKIALVNILKET
YDSSILENLLKEADKSKDGNKYISNAFVKKYNKHGODLKEFKRLVRQYHKSAYEFDIFRSEKV
NDNYVSYTKSSISNNKRVKANKEFTDQEAFYRKFAKKHLET IKYKINKVNGSKADLELIDGMLR
DMEFKNFMPKIKSSDNGVIPYQLKLMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMEFR
IPYYVGPLNPNSKYAWIKKQKDSEITPWNEFKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPK
ASLLYNEYMVLNELNNLKLNDLPITEEMKKKIFDQLEKTRKKVT LKAVANLLKKEFNINGEI
LLSGTDGDFKOGLNSYNDFKAIVGDKVDSDDYRDKIEEI IKLIVLYGDDKSYLOKKIKAGYG
KYFTDSEIKKMAGLNYKDWGRLSKKLLTGLEGANKITGERGSITHFMREYNLNLMELMSASFE
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TEFTEEIQKLNPVDDRKLSYEMVDELYLSPSVKRMLWQSLRIVDEIKNIMGTDSKKIFIEMAR
GKEEVKARKESRKNQLLKFYKDGKKAFISEIGEERYSYLLSEIEGEEENKFRWDNLYLYYTQ
LGRCMYSLEPIDISELSSKNIYDQDHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDET
LNKNCYAYWKILYDKGLIGOKKYTRLTRRTGFTDDELVOFISROIVETROATKETANLLKT I
CKNSEIVYSKAENASRFROEFDIVKCRAVNDLHHMHDAY INT TVGNVYNTKETKDPMNEVKK
QEKARSYNLENMFKYDVKRGGYTAWIADDEKGTVKNASIKRIRKELEGTNYRFTRMNYIESG
ALFNATLORKNKGSRPLKDKGPKSS IEKYGGYTNINKAC FAVLDIKSKNKIERKLMPVERE I
YAKQKNDKKLSDEIFSKYLKDRFGIEDYRVVYPVVKMRT LLKIDGSYYFITGGS DKTLELRS
ALOLILPKKNEWAIKQIDKSSENDYLTIERIQDLTEELVYNTEDIIVNKEFKTSVFKKSFLNL
FQDDKIENIDFKFKSMDFKEKCKTLLMLVKAIRASGVRQDLKSIDLKSDYGRLS SKTNNIGN
YOEFKIINQSITGLFENEVDLLKLGKRPAATKKAGOAKKKKGSYPYDVPDYAYPYDVPDYAY
PYDVPDYA (SEQ ID NO: 16);

®
MPKKKRKVTKVKDYYIGLATGTSSVGWAVTDEAYNVLKENSKKMWGVRLEDDAKTAEERRGQ

RGARRRLDRKKERLSLLODEFFAEEVAKVDPNFFLRLDNSDLYMEDKDOKLKSKYTLENDKDEFE
KDKNFHKKYPTITHHLIMDLIEDDSKKDIRLVYLACHYLLKNRGHFIFEGQKEDTKSSFENSL
NELKVHLNDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKEFLKAVSAIMIGSSQ
KLVDLEFENPEDEFDDSAIKSVDESTTSEFDDKYSDYELALGDKIALVNILKEIYDSSILENLLK
EADKSKDGNKYISNAFVKKYNKHGODLKEFKRLVRQYHKSAYEDIFRSEKVNDNYVSYTKSS
ISNNKRVKANKETDOEAFYKFAKKHLETIKYKINKVNGS KADLELIDGMLRDMEFKNEMPKT
KSSDNGVIPYQLKLIMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMEFRIPYYVGPLNPN
SKYAWIKKOKDSEITPWNEFKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKASLLYNEYMVL
NELNNLKLNDLPITEEMKKKIFDOLEFKTRKKVTLKAVANLLKKEFNINGETILLSGTDGDEKQ
GLNSYNDEFKAIVGDKVDSDDYRDKIEEITKLIVLYGDDKSYLOKKIKAGYGKYEFTDSEIKKM
AGLNYKDWGRLSKKLLTGLEGANKITGERGSIITHFMREYNLNLMELMSASETETEETQKLNE
VDDRKLSYEMVDELYLSPSVKRMLWOSLRIVDEIKNIMGTDSKKIFIEMARGKEEVKARKES
RKNQLLKEYKDGKKAFISEIGEERYSYLLSEIEGEEENKFRWDNLYLYYTQLGRCMYSLEPT
DISELSSKNIYDODHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDEILNKNCYAYWKT
LYDKGLIGOKKYTRLTRRTGETDDELVQEISROIVETROATKETANLLKTICKNSEIVY SKA
ENASRFRQEFDIVKCRAVNDLHHMHDAYINIIVGNVYNTKETKDPMNEVKKQEKARSYNLEN
MEKYDVKRGGYTAWIADDEKGTVKNASTIKRIRKELEGTNYREFTRMNYIESGALENATLORKN
KGSRPLKDKGPKSSIEKYGGYTNINKACFAVLDIKSKNKIERKLMPVEREIYAKQKNDKKLS
DEITFSKYLKDREFGIEDYRVVYPVVKMRTLLKIDGSYYFITGGSDKTLELRSALQLILPKKNE
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WATKQIDKSSENDYLTIERIQDLTEELVYNTEDIIVNKEFKTSVEFKKSEFLNLEFQDDKIENIDFE
KEFKSMDFKEKCKTLLMLVKAIRASGVRQDLKSIDLKSDYGRLSSKTNNIGNYQEFKIINQST
TGLFENEVDLLKLKRPAATKKAGQAKKKKSGSET PGTSESATPESSGSEVEFSHEYWMRHAL
TLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAETMALRQGGLVMONYRLY DA
TLYVTFEPCVMCAGAMIHSRIGRVVFEFGVRNAKTGAAGSTMDVLHHPGMNHRVEITEGILADE
CAALLCRFFRMPRRVEFNAQKKAQSSTDPAAKRVKLDGSYPYDVPDYAYPYDVPDYAYPYDVP
DYA (SEQ ID NO: 17);

©

MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLH
DPTAHAEIMALRQGGLVMONYRLYDATLYVTEFEPCVMCAGAMIHSRIGRVVEGVRNAKT GAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCREFFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGKEYHIGLAIGTSSIGWAVIDSQFKLMRIKGKTAIGVRLEEEGK
TAAFRRTFRTTRRRLKRRKWRLHYLDETITFAPHLQEVDENFLRRLKOSNIHPEDPAKNQAFIG
KLLEFPDLLKKNERGY PTLTKMRDELPVEQRAHYPVINIYKLREAMINEDRQFDLREVYLAVH
HIVKYRGHELNNASVDKEKVGRIDEFDKSENVLNEAYEELONGEGSEFTIEPSKVEKIGQLLLD
TKMRKLDROKAVAKLLEVKVADKEETKRNKQITATAMSKLVLGYKADFATVAMANGNEWKIDL
SSETSEDEIEKFREELSDAQNDILTEITSLESQIMLNEIVPNGMSISESMMDRYWTHERQLA
EVKEYLATQPASARKEFDOQVYNKY IGQAPKEKGEFDLEKGLKKILSKKENWKEIDELLKAGDE
LPRORTSANGVIPHOMHQOETLDRITEKQAKYYPWLATENPATGERDRHOQAKYELDQLVSEFRT
PYYVGPLVTPEVOKATSGAKFAWAKRKEDGEITPWNLWDKIDRAESAEAFTKRMTVKDTYLL
NEDVLPANSLLYQKYNVLNELNNVRVNGRRLSVGIKQDIYTELFKKKKTVKAGDVASLVMAK
TRGVNKPSVEGLSDPKKENSNLATYLDLKSIVGDKVDDNRYOQMDLENTITEWRSVFEDGETFA
DKLTEVEWLTDEQRSALVKKRYKGWGRLSKKLLTGIVDENGQRT IDLMWNTDONFMQTVNQP
VEFKEQIDQLNQKATTNDGMT LRERVESVLDDAYTSPONKKATWOQVVRVVEDIVKAVGNAPKS
ISTEFARNEGNKGEITRSRRTQLOKLEFEDQAHELVKDT SLTEELEKAPDLSDRYYFYETQGG
KDMYTGDPINFDEISTKYDIDHILPQSEFVKDDSLDNRVLVSRAENNKKS DRVPAKLYAAKMK
PYWNQLLKOQGLITQRKFENLTMDVDQTIKYRSLGEVKROQLVETRQVIKLTANILGSMYQEAG
TDITIETRAGLTKQLREEFDLPKVREVNDYHHAVDAYLTTFAGQYLNRRY PKLRSFEVYGEYM
KEKHGSDLKLRNENFEFHELMEGDKS QGKVVDOQOTGELITTRDEVADY FDWVINLKVMLISNE
TYEETGKYEFDASHESSSLYLKNONKKSKLVVPLKNKLQPEYYGAYTGITQGYMVILKLLDKK
GGEFGVYRIPRYAADILNKCHDEVAYRNKIAEITISSDPRAPKSFEVVVPRVLKGT FLVDGEEK
FILSSYRYKVNATQLILPVSDIKLIQDNEFKALKKLNVEMQTKKLIETYDNILROQVDKYYKLY
DINKFRAKLHDGRSKEVELDDEFGQDASKERKVIIKILRGLHFGSDLONLKEIGEGTTPLGQEQ



10

15

20

25

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
19

VSEAGIRLSNTAFITEFKSPTGLENRKLYLKNLGKRPAATKKAGQAKKKKGSYPYDVPDYAYFP

YDVPDYAYPYDVPDYA (SEQ ID NO: 88);

(h)

MPKKKRKVGKEYHIGLAIGT SSIGWAVTDSQFKLMRIKGKTAIGVRLFEECKTAAERRT FRT
TRRRLKRRKWRLHYLDEIFAPHLQEVDENFLRRLKQSNIHPEDPAKNQAFIGKLLFPDLLKK
NERGYPTLIKMRDELPVEQRAHYPVTNIYKLREAMINEDRQFDLREVYLAVHHIVKYRGHFL
NNASVDKFKVGRIDFDKSFNVLNEAYEELQNGEGSFTIEPSKVEKIGQLLLDTKMRKLDRQK
AVAKLLEVKVADKEETKRNKOIATAMSKLVLGYKADFATVAMANGNEWKIDLS SETSEDEIE
KFREELSDAQNDILTEITSLEFSQIMLNEIVPNGMSISESMMDRYWTHERQLAEVKEYLATQP
ASARKEFDQVYNKYIGQAPKEKGFDLEKGLKKILSKKENWKEIDELLKAGDFLPKQRTSANG
VIPHQMHQQELDRITEKQAKYYPWLATENPATGERDRHQAKYELDQLVSFRIPY YVGPLVTP
EVOKATSGAKFAWAKRKEDGEITPWNLWDKIDRAESAEAFIKRMTVKDT YLLNEDVLPANSL
LYQKYNVLNELNNVRVNGRRLSVGIKQDIYTELFKKKKTVKAGDVAS LVMAKTRGVNKPSVE
GLSDPKKFNSNLATYLDLKS IVGDKVDDNRYCOMDLENT IEWRSVFEDGEIFADKLTEVEWLT
DEQRSALVKKRYKGWGRLSKKLLTGIVDENGQRIIDLMWNTDONFMOIVNQPVEKEQIDQLN
QKATTNDGMT LRERVESVLDDAYTS PONKKATIWQVVRVVEDIVKAVGNAPKSI S IEFARNEG
NKGEITRSRRTQLQOKLFEDQAHELVKDTSLTEELEKAPDLSDRY YFYFTQGGKDMYTGDPIN
FDEISTKYDIDHILPQSEVKDDSLDNRVLVSRAENNKKS DRVPAKLYAAKMKPYWNQLLKQG
LITQRKFENLTMDVDQTIKYRSLGFVKRQLVETRQVIKLTANILGSMYQEAGTDIIETRAGL
TKQLREEFDLPKVREVNDYHHAVDAYLTTFAGQYLNRRY PKLRSFFVYGEYMKFKHGSDLKL
RNENFFHELMEGDKS QGKVVDQQTGELITTRDEVADY FDWVINLKVMLISNETYEETGKYFD
ASHESSSLYLKNONKKSKLVVPLKNKLOPEYYGAYTGITQGYMVILKLLDKKGGFGVYRIPR
YAADILNKCHDEVAYRNKIAETIISSDPRAPKS FEVVVPRVLKGT FLVDGEEKFILSSYRYKV
NATQLILPVSDIKLIQDNFKALKKLNVEMQTKKLIEIYDNILRQVDKY YKLYDINKFRAKLH
DGRSKFVELDDFGQDASKEKVIIKILRGLHFGSDLONLKEIGFGTTPLGQFQVSEAGIRLSN
TAFIIFKSPTGLFNRKLYLKNLKRPAATKKAGQAKKKKS GSETPGTSESATPESSCGSEVEFS
HEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLV
MONYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVEFGVRNAKTGAAGS LMDVLHHPGMNHRVE
ITEGILADECAALLCRFFRMPRRVENAQKKAQSSTDPAAKRVKLDGSYPYDVPDYAYPYDVPE
DYAYPYDVPDYA (SEQ ID NO: 89);

@
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MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATIGLH
DPTAHAEIMALRQGGLVMONYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVEFGVRNAKTGAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCRFFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGEKKTNYTIGLAIGT DSVGWAVVKDDLELVKKRMKVLGNTETNY
IKKNLWGSLLFESGQTAKDRRLKRVARRRYERRRNRLTELQKIFAPAIDEVDENFFEFRLNES
FLVPEDKAFSKNPIFGTLGEDKTYYKTYPTIYHLRQHLADSEERKADVRLIYLALAHMIKYRG
HELIEGKLDTEHIAINENLEQFFESYNALESEEPIELRKEELIATENILREKNSRTVKEKRI
TSFLKDIGRANKQSPMMAFITLIVGKKAKFKAAFNLEEEISLNLTDDSYDENLEILLNTIGS
DFADLFDHAQRVYNAVELAGILSGDVKNTHAKLSAQOMVAMYERHKEQLKEYKSEFIKANLPDQ
YDMTFVAPKDAQKKDLKGYAGYIDGNMSQODSEYKEVKDQLKEVPGSEKFLDSIEKEDEFLRKQ
RSFYNGVIPNQVHLAEMEATLDROENYYPWLKENREKIISLLTFRIPYYVGPLADGQSEFAW
LERKSDEKIKPWNESDVVDLDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYQKYMVENELTK
TAYLDERQKRMNLSSVEKKEIFETLFKKRSKVTEKQLVKFFENYLQIDNPTIFGIEDAFNAD
YSTYVELAKVPGMKSMMDDPDNEDILMEEIVKILTVFEDRKMRRKQLEKYKERLS PEQIKELA
KKHYTGWGRLSKKLLVGIRDKETQKTILDYLVEDDNHSGGRQHLNRNLMQLINDDRLSEKKT
TAELQMIDPSADLYAQVQETAGSPAIKKGILLGLKIVDEITIRVMGEKPENIVIEMARENQTT
ARGKALSKRREAKIKEGLAALGSSLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPLDFDR
LSQYDEDHIIPQSEFTVDNSLDNLVLTNSSONRGNKKDDVPSLEVVNROQLAYWRS LKDAGLMT
QRKFDNLTKAMRGGLTDKDRERFIQRQLVETRQITKNVAKLLDMRLNDKKDEAGNKIRETNT
VLLKSAMASEFRKMFRLYKVRELNDYHHAHDAYLNAATATINLLALYPYMADDEVYGEFRYKK
KPOAEKATYEKLROWNLIKRFGEKQLEFTPDHEDCWNKERDIKTIKKVMGYRQVNVVKKAEER
TGMLFKETINGKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYAVISYEDKKKKPGKTIVGIST
MDKKEFEYDSISYLGKLGESNPVVQIILKNYSLIAYPDGRRRYITGATKTTKGKVELQKANQ
ITAMEQDLVNFIYHLKNYDEISHPESYAFVQSHTDYFDRLFDSIEHYTRRFLDAETNINRLRR
IYEEEKKKDPVDIEALVASFIELLKLTSAGAPADFIFMGEATISRRRYNSMTGLEDGOVI YOS
LTGLYETRMRFEDGKRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA
(SEQ ID NO: 91);

0

MPKKKRKVEKKTNYTIGLAIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY IKKNLWGSLLE
ESGQTAKDRRLKRVARRRYERRRNRLTELQKIFAPATIDEVDENFEFFRLNESEFLVPEDKAFSK
NPIFGTLGEDKTYYKTYPTIYHLRQHLADSEEKADVRLIYLALAHMIKYRGHEFLIEGKLDTE
HIAINENLEQFFESYNALFSEEPTELRKEELIATENILREKNSRTVKEKRITSEFLKDIGRAN
KOSPMMAFITLIVGKKAKFKAAENLEEEISLNLTDDSYDENLETLLNTIGSDEFADLEDHAQR
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VYNAVELAGILSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSEFIKANLPDQYDMTEVAPKDA
QKKDLKGYAGYIDGNMSQDS FYKEVKDQLKEVPGSEKFLDSIEREDFLRKQRSFYNGVIPNQ
VHLAEMEATLDRQENYYPWLKENREKIISLLTFRIPYYVGPLADGQSEFAWLERKSDEKIKP
WNESDVVDLDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYOKYMVENELTKIAY LDERQKRM
NLSSVEKKEIFETLEFKKRSKVTEKQLVKEFFENYLQIDNPTIFGIEDAFNADYSTYVELAKVP
GMKSMMDDPDNEDILMEEIVKILTVEFEDRKMRRKOQLEKYKERLSPEQIKELAKKHYTGWGRLS
KKLLVGIRDKETQKTILDYLVEDDNHSGGROQHLNRNLMOQLINDDRLSEFKKTIAELOMIDPSA
DLYAQVQEIAGSPAIKRKGILLGLKIVDEIIRVMGEKPENIVIEMARENQTTARGKALSKRRE
AKIKEGLAALGSSLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPLDEFDRLSQYDEDHITIP
QSEFTVDNSLDNLVLTNSSQONRGNKKDDVPSLEVVNRQLAYWRSLKDAGLMTQRKEFDNLTKAM
RGGLTDKDRERFIQRQLVETRQITKNVAKLLDMRLNDKKDEAGNKIRETNIVLLKSAMASEF
RKMFRLYKVRELNDYHHAHDAYLNAATAINLLALYPYMADDEFVYGEFRYKKKPQAEKATYEK
LROWNLIKRFGEKQLEFTPDHEDCWNKERDIKTIKKVMGY RQVNVVKKAEERTGMLFKETING
KITNKGSRIPIKKDLDPSKYGGYIEEKMAYYAVISYEDKKKKPGKTIVGISIMDKKEEFEYDSTI
SYLGKLGEFSNPVVQIILKNYSLIAYPDGRRRYITGATKTTKGKVELOKANQIAMEQDLVNEL
YHLKNYDEISHPESYAFVQOQSHTDYFDRLEDSIEHYTRRFLDAETNINRLRRIYEEEKKKDPV
DIEALVASFIELLKLTSAGAPADFIFMGEATISRRRYNSMTGLEDGOVIYQSLTGLYETRMRE
EDKRPAATKKAGOQAKKKKSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDERE
VPVGAVLVLNNRVIGEGWNRATIGLHDPTAHAEIMALRQGGLVMONYRLYDATLYVTFEPCVM
CAGAMIHSRIGRVVEFGVRNAKTGAAGSILMDVLHHPGMNHRVEITEGILADECAALLCREFRM
PRRVFNAQKKAQSSTDPAAKRVKLDGSYPYDVPDYAYPYDVPDYAYPYDVPDYA.(SEQID
NO: 92).

In some embodiments, the Cas9 protein is fused to a cytosine deaminase and has an

amino acid sequence at least 80% identical to

(@)

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEEFDVEFYDPRELRKETCLLYEIKWGMSRKIWRS
SGKNTTNHVEVNEFIKKFTSERREFHSSISCSITWFLSWSPCWECSQATIREFLSQHPGVTLVIY
VARLFWHMDORNROGLRDLVNSGVTIQIMRASEYYHCWRNEVNY PPGDEAHWPQYPPLWMML
YALELHCIILSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPKKKRKVYGGKPYSTIGLATIGTNSVGEGWAVVTDD
YKVPAKKMKVLGNTDKQSIKKNLLGALLFDSGETAEATRLKRTARRRYTRRKNRLRYLQETF
TGEMNKVDENFFQRLDDSFLVDEDKRGEHHPIFGNIAAEVKYHDDEFPTIYHLRRHLADTSKK
ADLRLVYLALAHMIKFRGHFLYEGDLKAENTDVQALFKDFVEEYDKTIEESHLSEITVDALS
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ILTEKVSKSSRLENLIAHYPTEKKNTLFGNLIALSLDLHPNFKTNEFQLSEDAKLQFSKDTYE
EDLEGFLGEVGDEYADLFASAKNLYDAILLSGILTVDDNSTKAPLSASMVKRYEEHQKDLKK
LKDEFIKVNAPDQYNATFKDKNKKGYASYIESGVKODEFYKYLKGILLKINGSGDFLDKIDRE
DEFLRKOQRTFEFDNGSIPHQIHLOQEMHATI LRROGEHYPFLKENQDKIEKILTFRIPYYVGPLARK
GSRFAWAEYKADEKITPWNFDDILDKEKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTV
YNELTKVKYVNEQGEAKEFFDTNMKQEIFDHVEFKENRKVTKDKLLNYLNKEFEEFRIVNLTGL
DKENKAFNSSLGTYHDLRKILDKSEFLDDKANEKTIEDIIQTLTLFEDREMIRQRLOKYSDIFE
TKAQLKKLERRHYTGWGRLSYKLINGIRNKENKKTILDYLIDDGYANRNFMQLINDDALSFEFK
EETARAQIIDDVDDIANVVHDLPGSPAIKKGILQOSVKIVDELVKVMGHNPANII IEMARENQ
TTDKGRRNSQORLKLLODSLKNLDNPVNIKNVENQQLONDRLEFLYYIQNGKDMYTGETLDIN
NLSQYDIDHITIPQAFIKDNSLDNRVLTRSDKNRGKSDDVPSTIEVVHEMKSEWSKLLSVKLIT
QRKFDNLTKAERGGLTEEDKAGFIKRQLVETRQITKHVAQILDERFNTEFDGNKRRIRNVKI
ITLKSNLVSNFRKEFELYKVREINDYHHAHDAYLNAVVGNALLLKYPQLEPEEFVYGEYPKYN
SYRSRKSATEKFLEYSNILRFFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTE
EQTGGFSKESILPKGESDKLIPRKTKNSYWDPKKYGGEDSPVVAYSILVEFADVEKGKSKKLR
KVODMVGITIMEKKRFEKNPVDEFLEQRGYRNVRLEKIIKLPKYSLFELENKRRRLLASAKEL
QKGNELVIPOREFTTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEYISVESRKYVLADNNL
TKIEMLESKNKDAEVSSLAKSFISLLTFTAFGAPAAFNFFGENIDRKRYTSVTECLNATLIH
QSITGLYETRIDLSKLGEDGKRPAATKKAGQAKKKKGSSGGSGGSGGSTNLSDI IERKETGKQ
IVIQESIIMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLT SDAPEYKPWALVIQDSNG
ENKIKMLSGGSGGSGGSTNLSDITEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTA
YDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLYPYDVPDYAYPYDVPDYAYPYDVP
DYA (SEQID NO: 21);

(®)

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEEFDVEYDPRELRKETCLLYETKWGMSRKIWRS
SGKNTTNHVEVNEIKKEFTSERREFHSSISCSITWEFLSWSPCWECSQATREFLSQHPGVTLVIY
VARLFWHMDQRNROGLRDLVNSGVTIQIMRASEYYHCWRNEVNY PPGDEAHWPQY PPLWMML
YALELHCITLSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLTHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPKKKRKVGSIINEFQRRGILMETQASNQLTSSH
LKGYPIKDYEFVGLAIGTSSVGWAVTNKAYELLKEFRSHKMWGSRLEDEGESAVARRGERSMRR
RLERRKLRLKLLEELFADAMAQVDPTFFMRLRESKYHYEDKTTGHSSKHILEIDKNYNDQDY
FREYPTVYHLRSELMKSGTDDIRKLEFLAVHHILKYRGNFLYEGATEFDSNASTLDDVIKQALE
NITENCEDCNSAISSIGQILMEAGKTKSDKAKAIEHLVDTYIATDTVDTSSKTQKDOVKEDK
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KRLKAFANLVLGLNASLIDLFGSVEELEEDLKKLQITGDTYDDKRDELAKAWSDEIYIIDDC
KSVYDAITILLSIKEPGLTISESKVKAFNKHKDDLATILKSLLKSDRSIYNTMFKVDEKGLHNY
VHYIKQGRTEETSCNREDFYKYTKKIVEGLSDSKDKEYILSQIELQILLPLQRIKDNGVIPY
QLHLEELKAILAKCGPKFPFLNEVADGEFSVAEKLIKMLEFRIPYYVGPLNTHHNVDNGGEAW
AVRKASGRVTPWNFDDKIDREKSAAAFIKNLTNKCTYLLGEDVLPKSSLLYSEFMLLNELNN
VRIDGKPLEKVVKEHLIEAVEFKOQDHKKMTKNRIEQEFLKDNGYISETHKHEITGLDGEIKNDL
ASYRDMVRILGDGEFDRSMAEEIITDITIFGESKKMLRET LRKKFASCLDDEATKKLTKLRYR
DWGRLSQKLLNGIEGCDKAGDGTPETIIILMRNEFSYNLMELLGDKEFSFMERIQEINARKLTEG
QIVNPHDIIDDLALSPAVKRAVWQALRIVDEVAHIKKALPARIFVEVTRSNKNEKKKKDSRQ
KRLSDLYAATKKDDVLLNGLNNEIFGELKSSLAKYDDAALRSKKLYLYYTOMGRCAYTGETIT
ELSLLNTDNYDIDHIYPRSLTKDDSEFDNLVLCKRTANAQKSDAYPISEEIQKTQKPEWT FLK
QOGLISERKYERLTRITPLTADDLSGFIARQLVETNQSVKAATTLLRRLYPGVDVVEVKAEN
VIDEFRHDNNFIKVRSLNHHHHAKDAYLNIVVGNVYHERFTRNEFRAFFKKNGANRTYNLAKME
NYDVNCTNAKDGKAWDVKTSMDTVKKMMDSNDVRVTKRLLEQTGALADATIYKATVAGKAKD
GAYIGMKTKSSVFADVSKYGGMTKIKNAYSIIVQYTGKKGEVIKEIVPLPIYLTNRNTTDQD
LINYVASIIPQAKDISIIYGKLCINQLVKVNGEFYYYLGGKTNSKFCIDNAIQVIVSNEWIPY
LKVLEKEFNNMRKDNKDLKANVVSTRALDNKHT IEVRIVEEKNIEFFDYLVSKLKMPIYQKMK
GNKAAELSEKGYGLFKKMSLEEQSIHLIELLNLLTNQKTTFEVKPLGITASRSTVGSKISNQ
DEFKVINESITGLYSNEVTIVGKRPAATKKAGQAKKKKGSSGGSGGSGGSTNLSDITEKETG
KOQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDS
NGENKIKMLSGGSGGSGGSTNLSDITEKETGKQLVIQESILMLPEEVEEVIGNKPESDI LVH
TAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLYPYDVPDYAYPYDVPDYAY
(SEQ ID NO: 12):

©

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEEFDVEYDPRELRKETCLLYETKWGMSRKIWRS
SGKNTTNHVEVNEIKKEFTSERREFHSSISCSITWEFLSWSPCWECSQATREFLSQHPGVTLVIY
VARLEFWHMDQRNRQGLRDLVNSGVTIQIMRASEYYHCWRNEVNYPPGDEAHWPQYPPLWMML
YALELHCITLSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPRKKKRKVGTKVKDYYIGLATIGT SSVGWAVTD
EAYNVLKENSKKMWGVRLEDDAKTAEERRGORGARRRLDRKKERLSLLODFFAEEVAKVDPN
FELRLDNSDLYMEDKDOKLKSKYTLENDKDEKDKNEFHKKYPTIHHLIMDLIEDDSKKDIRLV
YLACHYLLKNRGHFIFEGQKEFDTKSSFENSLNELKVHLNDEYGLDLEFDNENLINILTDPKL
NKTAKKKELKSVIGDTKELKAVSAIMIGSSOQKLVDLEENPEDEDDSATKSVDESTTSEDDKY
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SDYELALGDKIALVNILKEIYDSSILENLLKEADKSKDGNKY ISNAFVKKYNKHGODLKEFEFK
RLVROQYHKSAYFDIFRSEKVNDNYVSYTKSSISNNKRVKANKETDQEAFYKFAKKHLETIKY
KINKVNGSKADLELIDGMLRDMEFKNFMPKIKSSDNGVIPYQLKLMELNKILENQSKHHEFEFL
NVSDEYGSVCDKIASIMEFRIPYYVGPLNPNSKYAWIKKQKDSEITPWNEKDVVDLDSSREE
FIDSLIGRCTYLKDEKVLPKASLLYNEYMVLNELNNLKLNDLPITEEMKKKIFDQLEKTRKK
VILKAVANLLKKEFNINGEILLSGTDGDEFKOGLNSYNDFKATIVGDKVDSDDYRDKIEETIKL
IVLYGDDKSY LOKKIKAGYGKYFEFTDSEIKKMAGLNY KDWGRLSKKLLTGLEGANKITGERGS
ITHEMREYNLNLMELMSASEFTFTEEIQKLNPVDDRKLSYEMVDELYLSPSVKRMLWQSLRIV
DETKNIMGTDSKKIFIEMARGKEEVKARKESREKNQLLKEYKDGKKAFISEIGEERYSYLLSE
IEGEEENKEFRWDNLYLYYTQLGRCMYSLEPIDISELSSKNIYDODHIYPKSKIYDDSTIENRV
LVKKDLNSKKGNSYPIPDEILNKNCYAYWKILYDKGLIGOQKKYTRLTRRTGETDDELVQFETIS
ROIVETROATKETANLLKTICKNSEIVYSKAENASREFROEFDIVKCRAVNDLHHMHDAYINT
IVGNVYNTKEFTKDPMNEVKKQEKARSYNLENMEFKYDVKRGGYTAWIADDEKGTVKNASTIKRI
RKELEGTNYRFTRMNYIESGALENATLORKNKGSRPLKDKGPKS SIEKYGGYTNINKACEAV
LDIKSKNKIERKLMPVEREIYAKQKNDKKLSDEIFSKYLKDREGIEDYRVVYPVVEKMRT LLK
IDGSYYFITGGSDKTLELRSALQLILPKKNEWATIKQIDKSSENDYLTIERIQDLTEELVYNT
FDITVNKEKTSVEFKKSEFLNLEFODDKIENIDEFKFKSMDFKEKCKTLLMLVKATRASGVRODLK
SIDLKSDYGRLSSKTNNIGNYQEFKIINQSITGLFENEVDLLKLGKRPAATKKAGOAKKKKG
SSGGSGGSGGSTNLSDITEKETGKQLVIQESIIMLPEEVEEVIGNKPESDILVHTAYDESTD
ENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSGGSGGSTNLSDITIEKETGKQLVIQES
IIMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKM

LYPYDVPDYAYPYDVPDYAY (SEQ ID NO: 18);

Y

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEEFDVEYDPRELRKETCLLYEIKWGMSRKIWRS
SGKNTTNHVEVNEIKKEFTSERREFHSSISCSITWEFLSWSPCWECSQATREFLSQHPGVTLVIY
VARLEFWHMDQORNRQGLRDLVNSGVTIQIMRASEYYHCWRNEVNYPPGDEAHWPQYPPLWMML
YALELHCITILSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPKKKRKVGKEYHIGLAIGTSSIGWAVTDSQE
KIMRIKGKTAIGVRLEFEEGKTAAERRTFRTTRRRLKRRKWRLHY LDETIFAPHLOEVDENEFLR
RLKOSNIHPEDPAKNQAFIGKLLEPDLLKKNERGYPTLIKMRDELPVEQRAHYPVITNIYKLR
EAMINEDROFDLREVYLAVHHIVKYRGHELNNASVDKEKVGRIDEDKSEFNVLNEAYEELQONG
EGSFTIEPSKVEKIGQLLLDTKMRKLDROKAVAKLLEVKVADKEETKRNKQIATAMSKLVLG
YKADFATVAMANGNEWKIDLSSETSEDEIEKFREELSDAQNDILTEITSLESQIMLNEIVPN
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GMSISESMMDRYWIHERQLAEVKEYLATQPASARKEEDOVYNKYIGQAPKEKGEDLEKGLKK
ILSKKENWKEIDELLKAGDFLPKQRTSANGVIPHOMHQQELDRITIEKQAKYYPWLATENPAT
GERDRHQAKYELDQLVSFRIPYYVGPLVTPEVQKATSGAKFAWAKRKEDGEITPWNLWDKID
RAESAEAFTIKRMTVKDTYLLNEDVLPANSLLYQKYNVLNELNNVRVNGRRLSVGIKQODIYTE
LEFKKKKTVKAGDVASLVMAKTRGVNKPSVEGLSDPKKENSNLATYLDLKSIVGDKVDDNRYQ
MDLENITIEWRSVEFEDGEIFADKLTEVEWLTDEQRSALVKKRYKGWGRLSKKLLTGIVDENGQO
RITIDLMWNTDONEMQIVNQPVEKEQIDOQLNQKAITNDGMTLRERVESVLDDAYTSPONKKAT
WOVVRVVEDIVKAVGNAPKSISIEFARNEGNKGEITRSRRTQLOKLFEDQAHELVKDTSLTE
ELEKAPDLSDRYYEFYIFTQGGKDMYTGDPINFDEISTKYDIDHILPOSEVKDDSLDNRVLVSR
AENNKKSDRVPAKLYAAKMKPYWNQLLKOQGLITQRKEFENLTMDVDQTIKYRSLGEVKROLVE
TROVIKLTANILGSMYQFEAGTDITETRAGLTKOLREEFDLPKVREVNDYHHAVDAYLTTEFAG
QYLNRRYPKLRSFEVYGEYMKFKHGS DLKLRNEFNFEFHELMEGDKSQGKVVDQOQOTGELTITTRD
EVADYFDWVINLKVMLISNETYEETGKYFDASHESSSLY LKNOQNKKSKLVVPLKNKLOQPEYY
GAYTGITQGYMVILKLLDKKGGEGVYRIPRYAADITLNKCHDEVAYRNKIAETITISSDPRAPKS
FEVVVPRVLKGTEFLVDGEEKEFILSSYRYKVNATQLILPVSDIKLIQDNEFKALKKLNVEMQTK
KLIEIYDNILRQVDKYYKLYDINKFRAKLHDGRSKEVELDDEFGQDASKEKVIIKILRGLHEG
SDLONLKEIGEGTTPLGQOEFQVSEAGIRLSNTAFITEFKSPTGLENRKLYLKNLGKRPAATKKA
GOAKKKKGSSGGSGGSGGSTNLSDITEKETGKOQLVIQESITMLPEEVEEVIGNKPESDILVH
TAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSGGSGGSTNLSDITEKETG
KOLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQODS

NGENKIKMLYPYDVPDYAYPYDVPDYAY (SEQ ID NO: 90);

©)

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEEFDVEYDPRELRKETCLLYETKWGMSRKIWRS
SGKNTTNHVEVNFIKKEFTSERREFHSSISCSITWELSWSPCWECSQATREFLSQHPGVTLVIY
VARLEFWHMDQRNRQGLRDLVNSGVTIQIMRASEYYHCWRNEVNYPPGDEAHWPQYPPLWMML
YALELHCITILSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPKKKRKVGEKKTNYTIGLATGTDSVGWAVVK
DDLELVKKRMKVLGNTETNY IKKNLWGSLLEESGQTAKDRRLKRVARRRYERRRNRLTELQK
IFAPATIDEVDENFEFEFRLNESEFLVPEDKAFSKNPIFGTLGEDKTYYKTYPTIYHLROHLADSE
EKADVRLIYLALAHMIKYRGHFLIEGKLDTEHIAINENLEQFFESYNALEFSEEPIELRKEEL
TATENILREKNSRTVKEKRITSELKDIGRANKQSPMMAFITLIVGKKAKFKAAFNLEEETSTL
NLTDDSYDENLEILLNTIGSDFADLEDHAQRVYNAVELAGILSGDVKNTHAKLSAQMVAMYE
RHKEQLKEYKSFIKANLPDQYDMT FVAPKDAQKKDLKGYAGYIDGNMSQODSEYKEFVKDOLKE



10

15

20

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
26

VPGSEKFLDSIEKEDEFLRKOQRSEFYNGVIPNQVHLAEMEATLDRQENYYPWLKENREKITISTLT
TEFRIPYYVGPLADGQSEFAWLERKSDEKIKPWNESDVVDLDRSAEKFIEQLIGRDTYLPDEY
VLPKKSLIYQKYMVENELTKIAYLDERQKRMNLS SVEKKEIFETLEFKKRSKVTEKQLVKETFE
NYLOIDNPTIFGIEDAEFNADYSTYVELAKVPGMKSMMDDPDNEDLMEEIVKILTVEFEDRKMR
RKOLEKYKERLSPEQIKELAKKHYTGWGRLSKKLLVGIRDKETQKTILDYLVEDDNHSGGRQ
HLNRNLMOLINDDRLSEFKKT IAELOMIDPSADLYAQVQETAGSPATKKGILLGLKIVDEIIR
VMGEKPENIVIEMARENQTTARGKALSKRREAKIKEGLAALGSSLLKENLPGNADLSQRKIY
LYYTQNGKDIYLDEPLDEDRLSQYDEDHITPQSEFTVDNSLDNLVLTNSSQNRGNKKDDVPSL
EVVNROLAYWRSLKDAGLMT QRKEDNLTKAMRGGLTDKDRERFIQROLVETROITKNVAKLL
DMRLNDKKDEAGNKIRETNIVLLKSAMASEFRKMEFRLYKVRELNDYHHAHDAYLNAATATNL
LALYPYMADDEVYGEFRYKKKPOAEKATYEKLROWNLIKRFGEKQLFTPDHEDCWNKERDIK
TIKKVMGYRQVNVVKKAEERTGMLEFKETINGKTNKGSRIPIKKDLDPSKYGGYTEEKMAYYA
VISYEDKKKKPGKTIVGISIMDKKEFEYDSISYLGKLGEFSNPVVQIILKNYSLIAYPDGRRR
YITGATKTTKGKVELQKANQIAMEQDLVNETIYHLKNYDEISHPESYAEVQSHTDYFDRLEDS
IEHYTRRELDAETNINRLRRIYEEEKKKDPVDIEALVASEFIELLKLTSAGAPADEFIFMGEAT
SRRRYNSMTGLEFDGOVIYQSLTGLYETRMRFEDGKRPAATKKAGQAKKKKGSSGGSGGSGGS
TNLSDITEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAP
EYKPWALVIODSNGENKIKMLSGGSGGSGGSTNLSDITEKETGKQLVIQESTIILMLPEEVEEVY

IGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLYPYDVPDYAY

PYDVPDYAY (SEQ ID NO: 93); or

®

MPAAKRVKLDTNLSDITEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDE
NVMLLTSDAPEYKPWALVIQODSNGENKIKMLSGGSGGSGGSTNLSDITEKETGKQLVIQEST
IMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQODSNGENKIKML
SGGSGGSGGSPKKKRKVEKKTNYTIGLATGTDSVGWAVVKDDLELVKKRMKVLGNTETNY TK
KNLWGSLLEFESGQTAKDRRLKRVARRRYERRRNRLTELOKIFAPATDEVDENEFEFFRLNESETL
VPEDKAFSKNPIFGTLGEDKTYYKTYPTIYHLROQHLADSEEKADVRLIYLATLAHMIKYRGHE
LIEGKLDTEHTIAINENLEQFFESYNALFSEEPIELRKEELTIATENILREKNSRTVKEKRITS
FLKDIGRANKQSPMMAFITLIVGKKAKFKAAFNLEEETISLNLTDDSYDENLEILLNTIGSDE
ADLFDHAQRVYNAVELAGILSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSEFIKANLEPDQYD
MTEVAPKDAQKKDLKGYAGY IDGNMSQDSEYKEVKDOLKEVPGSEKFLDSTIEKEDEFLRKQRS
FYNGVIPNOVHLAEMEATILDROENYYPWLKENREKITISLLTEFRIPYYVGPLADGOSEFAWLE
RKSDEKIKPWNEFSDVVDLDRSAEKFTITEQLTGRDTYLPDEYVLPKKSLIYQKYMVEFNELTKIA
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YLDERQKRMNLSSVEKKEIFETLFKKRSKVTEKQLVKFFENYLQIDNPTIFGIEDAFNADYS
TYVELAKVPGMKSMMDDPDNEDLMEEIVKI LTVFEDRKMRRKQLEKYKERLSPEQIKELAKK
HYTGWGRLSKKLLVGIRDKETQKTILDYLVEDDNHSGGRQHLNRNLMQLINDDRLSFKKTIA
ELOMIDPSADLYAQVOEIAGSPAIKKCGILLGLKIVDEIIRVMGEKPENIVIEMARENQTTAR
CKALSKRREAKIKEGLAALGSSLLKENLPGNADLSQRKIYLYYTQNGKDIYLDEPLDEDRLS
QYDEDHIIPQSFTVDNSLDNLVLTNSSONRGNKKDDVPSLEVVNRQLAYWRSLKDAGLMT QR
KEDNLTKAMRGGLTDKDREREIQRQLVETRQITKNVAKLLDMRLNDKKDEAGNKIRETNIVL
LKSAMASEFRKMFRLYKVRELNDYHHAHDAYLNAATAINLLALYPYMADDEVYGEFRYKKKP
QAEKATYEKLROWNLIKRFGEKQLFTPDHEDCWNKERDIKTIKKVMGYRQVNVVKKAEERTG
MLFKETINGKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYAVISYEDKKKKPGKT IVGISIMD
KKEFEYDSTISYLGKLGFSNPVVQOITILKNYSLIAYPDGRRRYITGATKTTKGKVELOKANQTA
MEQDLVNFIYHLKNYDEISHPESYAFVQSHTDYFDRLFDSIEHYTRRFLDAETN INRLRRIY
EEEKKKDPVDIEALVASFIELLKLTSAGAPADFIFMGEATISRRRYNSMTGLFDGQVIYQSLT
GLYETRMRFEDKRPAATKKAGQAKKKKGSSGGS SGGSSGSETPGTSESATPESSGGSSGGST
SEKGPSTGDPTLRRRIESWEEDVEYDPRELRKETCLLYE IKWGMSRKIWRSSGKNTTNHVEV
NFIKKFTSERRFHSSISCSITWFLSWS PCWECSQAIREFLSQHPGVTLVIYVARLFWHMDQR
NRQGLRDLVNSGVTIQIMRASEYYHCWRNEFVNY PPGDEAHWPQY PPLWMMLYALELHCIILS
LPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVTWRYPYDVPDYAYPYDV
PDYAYPYDVPDYA (SEQ ID NO: 94).

In some embodiments, the Streptococcus constellatus Cas9 protein recognizes a PAM

sequence comprising 5°- NGG - 3”.

In some embodiments, the Streptococcus consteliatus Cas9 protein recognizes a PAM

sequence comprising 5°- NGC - 3.

In some embodiments, a Cas9 protein disclosed herein (e.g., SirCas9, VapCas9,

EpeCas9, LfeCas9, or PmaCas9) recognizes a PAM sequence comprising 5°- NGC - 3°,

In some embodiments, the Sharpea Cas9 protein recognizes a PAM sequence

comprising 5° — NAGHC — 3" wherein H=A, Cor T.

In some embodiments, the Veillonella parvuia Cas9 protein recognizes a PAM
sequence comprising 5° — NRHRRH — 3’ wherein H is adenine, cytosine or thymine, and R

is adenine or guanine.
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In some embodiments, the Ixzakiella peruensis Cas9 protein recognizes a PAM

sequence comprising 5°- NGG - 3°.

In some embodiments, the Lactobacillus fermentum strain AF15-40LB Cas9 protein

recognizes a PAM sequence comprising 5°- NGG - 3°.

In some embodiments, the Peptoniphilus sp. Marseille-P376{ Cas9 prolein
recognizes a PAM sequence comprising 5°- NNAAA — 3’
In some embodiments, a nucleic acid encoding the Cas9 protein is provided.

In some embodiments, the nucleic acid is codon-optimized for expression in

mammalian cells.

In some embodiments, the nucleic acid is codon-optimized for expression in human

cells.
In some embodiments, a eukaryotic cell comprising the Cas9 protein is provided.
In some embodiments, the cell 1s a human cell. In some embodiments, the cell is a
plant cell.

In one aspect, a method of cleaving a target nucleic acid in a eukaryotic cell is
provided comprising: contacting the cell with a Cas9 as described herein, and an RNA guide
or a nucleic acid encoding the RNA guide, wherein the RNA guide comprises a direct repeat
sequence and a spacer sequence capable of hybridizing to the target nucleic acid, and wherein
the Cas9 protein is capable of binding to the RNA guide and of causing a break in the target

nucleic acid sequence complementary o the RNA guide.

In one aspect, a method of altering expression of a target nucleic acid in a eukaryotic
cell is provided comprising: contacting the cell with a Cas9 as described herein, and an RNA
guide or a nucleic acid encoding the RNA guide, wherein the RN A guide comprises a direct
repeat sequence and a spacer sequence capable of hybridizing to the target nucleic acid, and
wherein the Cas9 protein is capable of binding to the RNA guide and of causing a break in

the target nucleic acid sequence complementary to the RNA guide.

In one aspect, a method of altering expression of a target nucleic acid in a eukaryotic
cell is provided comprising: contacting the cell with a Cas9 as described herein, and an RNA
guide or anucleic acid encoding the RNA guide, wherein the RNA guide comprises a direct

repeat sequence and a spacer sequence capable of hybridizing to the target nucleic acid, and
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wherein the Cas9 protein is capable of binding to the RNA guide and editing the target

nucleic acid sequence complementary to the RNA guide.

In one aspect, a method ol modilying a target nucleic acid in a eukaryotic cell is
provided comprising: contacting the cell with a Cas9 as described herein, and an RNA guide
or a nucleic acid encoding the RNA guide, wherein the RNA guide comprises a direct repeat
sequence and a spacer sequence capable of hybridizing to the target nucleic acid, and wherein
the Cas9 protein is capable of binding to the RNA guide and editing the target nucleic acid
sequence complementary to the RNA guide.

In some embodiments, the Cas9 protein is an inactive Cas9 (dCas9).

In some embodiments, the dCas9 is fused to a deaminase.

In some embodiments, the RNA guide comprises a crRNA and a tractRNA.
In some embodiments, the RNA guide comprises a sgRNA.

In some embodiments, the sgRNA for use with Streptococcus constellatus Cas9
comprises a scaffold comprising a sequence having at least about 80% identity to
5r_
GUUUUAGAGCUGUGCUGUUUAAACAACACAGCAAGUUAAAAUAAGGCUUUGUCCGUACUCAA
GCUUGCAAAAGCGUGCACCGAUUCGGUGCU-3’ (SEQ ID NO: 3).

In some embodiments, the sgRNA for use with Sharpea Cas9 comprises a scallold

comprising a sequence having at least about 80% identity to

57—
GUUUUAGAGUUGUGUUAUUGAAAAAUAACACAACGAGUUAAAAUAAAGCUUAUGCUUAAAUG
CCAGCUUUGCUGGUGUCAUUUAGAUGACUUUACUAAGGUUGCUUCGGCAACCUUUUU-3/
(SEQ ID NO: 7).

In some embodiments, the sgRNA for use with Veillonella parvula Cas® comprises a

scaffold comprising a sequence having at least about 80% identity to

5 r _
GUUUGAGAGUAGUGUGAAAACAUUACGAGUUCAAAUACAAAUUAAUUUACAAUGCCUUCGGG

CUGCCCGACGUAGGGCACCUACUCUCAAUUCUUCGGAAUUGAGUU-3’ (SEQ ID NO: 13).
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In some embodiments, the sgRNA [or use with Irzakiella peruensis Cas9 comprises a

scaffold comprising a sequence having at least about 80% identity to

5 r _
GUUUGAGAGUUAUGUAAUUGAAAAAUUACAUGACGAGUUCAAAUAAAAAUUUAUUCAAACCG
CCUAUUUAUAGGCCGCAGAUGUUCUGCAUUAUGCUUGCUAUUGCAAGCUU-3" (SEQID

NO: 19).

In some embodiments, the sgRNA for use with Lactobacillus fermentum strain AI'15-

40LB Cas9 comprises a scaffold comprising a sequence having at least about 80% identity to

5 r _
GUCUUGGAUGAGUGUGAAAACACUCAUAGUCAAGAUCAAACGAGUGGUUUUCCACGAGUUAU
UACUUUUGAGGUCUUAUAUGGCCCAUACAUAAAAAGGAGUCGGAAUUUCCGGCUCCUUUUCU

U-3’ (SEQ ID NO: 95).

In some embodiments, the sgRNA for use with Peproniphilus sp. Marseille-P3761

Cas9 comprises a scaffold comprising a sequence having at least about 80% identity to

5 r _
GUUUUAGAGCCAUGUAGAAAUACAUUGCAAGUUAAAAUAAGGCUUUGUCCGUAAUCAACUUG

AAAAAGUGGCGCUGUUUCGGCGCUUU-3" (SEQ ID NO: 96).
In some embodiments, the crRNA comprises a guide sequence of between about 16
and 26 nucleotides long.

In some embodiments, the crRNA comprises a guide sequence between 18 and 24

nucleotides long.
In some embodiments, the break in the target nucleic acid is a single-stranded or
double-stranded break.

In some embodiments, the break in the target nucleic acid is a single-stranded break.

In somec cmbodiments, the Cas9 protcin is a nuclcasc that clcaves both strands of the
target nucleic acid sequence. In some embodiments, the Cas9 is a nickase that cleaves one

strand of the target nucleic acid sequence.
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In some embodiments, the targel nucleic acid is 5° 1o a protospacer adjacent motil

(PAM) sequence.

In some embodiments, the Cas9 is operably linked to a promoter sequence for
expression in a eukaryotic cell, and wherein the guide RNA is operably linked to a promoter

sequence for expression in a eukaryotic cell.
In some embodiments, the eukaryotic cell is a human cell.
In some embodiments, the promoter sequence is a eukaryotic or viral promoter.

In one aspect, provided herein 1s an enginecred, non-naturally occurring CRISPR-Cas system
comprising: an RNA guide or a nucleic acid encoding the RNA guide, wherein the RNA
guide comprises a direct repeat sequence and a spacer sequence capable of hybridizing to a
target nucleic acid; and a codon-optimized CRISPR-associated (Cas) protein having at least
80% sequence idenlity to SEQ ID NOs: 1, 4, 8, 14, 84 or 86 and wherein the Cas protein is
capable of binding to the RNA guide and of causing a break in the target nucleic acid

sequence complementary to the RNA guide.

In some embodiments, provided herein is an engineered, non-naturally occurring
CRISPR-Cas system comprising a codon-optimized CRISPR-associated (Cas) protein having
at least 80% sequence identity to SEQ ID NOs: 2, 5, 9, 15, 85, 87, 95 or 96, and wherein the
Cas protein is capable of binding to the RNA guide and of causing a break in the target

nucleic acid sequence complementary to the RNA guide.

In one aspect, provided herein is an engineered, non-naturally occurring CRISPR-Cas
system comprising: an RN A guide or a nucleic acid encoding the RNA guide, wherein the
RNA guide comprises a direct repeat sequence and a spacer sequence capable of hybridizing
to a target nucleic acid; and a codon-optimized CRISPR-associated (Cas) protein having at
least 80% sequence identity to SEQ ID NOs: 1, 4, 8, 14, 84 or 86; wherein the Cas protein is
fused to a deaminase, and wherein the Cas protein fusion is capable of binding to the RNA

guide and of editing the largel nucleic acid sequence complementary 1o the RNA guide.

In some embodiments, the engineered, non-naturally occurring CRISPR-Cas system
comprises a codon-optimized CRISPR-associated (Cas) protein further comprising a nuclear

localization sequence (NLS) and/or a FLAG, HIS or HA tag.
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In some embodiments, the engineered, non-naturally occurring CRISPR-Cas system
comprises a codon-optimized CRISPR-associated (Cas) protein having at least 80% sequence
identity to SEQ ID NOs: 2, 5,9, 15, 85, 87, 95 or 96, wherein the Cas protein is fused to a
deaminase, and wherein the Cas protein fusion i1s capable of binding to the RNA guide and of

5 editing the target nucleic acid sequence complementary to the RNA guide.
In one embodiment, the Cas9 protein is an inactive Cas9 (dCas9).
In one embodiment, the RNA guide comprises a crRNA and a tracrRNA.
In one embodiment, the RN A guide comprises an sgRNA.

In one embodiment, the Cas protein is operably linked to a promoter sequence for
10 expression in a eukaryotic cell, and wherein the guide RNA is operably linked to a promoter

sequence for expression in a eukaryotic cell.
In one embodiment, the eukaryotic cell is a human cell.
In one embodiment, the promoter sequence is a eukaryotic promoter sequence.
In one embodiment, a nucleic acid encoding the system described herein is provided.
15 In one embodiment, a vector comprising the system described herein is provided.
In one embodiment, the vector 1s a plasmid vector or a viral vector.

In one embodiment, the viral vector is an adeno associated virus (AAV) vector or a

lentiviral vector.
In one embodiment, the viral vector is an AAV vector.
20 In one embodiment, more than one AAV vector is used for packaging the system.

In one embodiment, a method of treating a disorder or a disease in a subject in need
thereof comprises administering to the subject the system described herein, wherein the guide
RNA 1s complementary to at least 10 nucleotides of a target nucleic acid associated with the
condition or disease; wherein the Cas protein associates with the guide RN A; wherein the
25  guide RNA binds 1o the target nucleic acid; wherein the Cas protein causes a break in the

target nucleic acid, optionally wherein the Cas9 is an inactive Cas9 (dCas9) fused to a

CA 03211495 2023-9-8
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deaminase and results in one or more base edits in the target nucleic acid, thereby treating the

disorder or disease.
In some embodiments, the guide RNA is complementary Lo aboutl 18-24 nucleotides.
In some embodiments, the guide RNA is complementary to 20 nucleotides.
5 In some embodiments, the base editor comprises a fusion protein.

In some embodiments, the base editor comprises an adenosine deaminase domain or a

cytidine deaminase domain.

In some embodiments, provided herein is a method of editing a nucleobase of a
polynucleotide, the method comprising contacting the polynucleotide with a base in complex
10 with one or more guide RNAs, wherein the base editor comprises an adenosine deaminase
domain, and wherein the one or more guide RN As target the base editor to effect an AT to

G+C alteration in the polynucleotide.

In some embodiments, provided herein is a method of editing a nucleobase of a
polynucleotide, the method comprising contacting the polynucleotide with a base editor in
15  complex with one or more guide RNAs, wherein the base editor comprises a cytidine
deaminase domain, and wherein the one or more guide RNAs target the base editor to effect a

Ce+G to TeA alteration in the polynucleotide.

In some embodiments, the editing results in less than 50 % indel formation in the

target polynucleotide sequence.

20 In some embodiments, the ediling generates a point mutation.

DEFINITIONS

In order for the present invention to be more readily understood, certain terms are first
defined below. Additional definitions for the following terms and other terms are set forth

25  throughout the specification.

A or An: The articles “a” and “an” are used herein to reler 1o one or to more than one
(i.e., to at least one) of the grammatical object of the article. By way of example, “an

element” means one element or more than one element.

Approximately or about: As used herein, the term “approximately ™ or “about,” as

30 applied to one or more values of interest, refers to a value that is similar to a stated reference

CA 03211495 2023-9-8
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value. In certain embodiments, the term “approximately” or “aboul” refers 1o a range of
values that fall within 25%, 20%, 19%. 18%. 17%, 16%, 15%, 14%, 13%. 12%. 11%, 10%,
9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%, or less in either direction (greater than or less than)
of the stated reference value unless otherwise stated or otherwise evident from the context

(except where such number would exceed 100% of a possible value).

Associated with: Two events or entities are “associated” with one another, as that
term is used herein, if the presence, level and/or form of one is correlated with that of the
other. For example, a particular entity (e.g., polypeptide) is considered to be associated with
aparticular disease, disorder, or condition, if its presence, level and/or form correlates with
incidence of and/or susceptibility to the disease, disorder, or condition (e.g., across a relevant
population). In some embodiments, two or more entities are physically “associated” with one
another if they interact, directly or indirectly, so that they are and remain in physical
proximity with one another. In some embodiments, two or more entities that are physically
associated with one another are covalently linked to one another; in some embodiments, two
or more entities that are physically associated with one another are not covalently linked to
one another but are non-covalently associated, for example by means of hydrogen bonds, van

der Waals interaction, hydrophobic interactions, magnetism, and combinations thereof’

Base Editor: By "base editor (BE)," or "nucleobase editor (NBE)" is meant an agent
that binds a polynucleotide and has nucleobase modifying activity. In various embodiments,
the base editor comprises a nucleobase modifying polypeptide (e.g., a deaminase) and a
polynucleotide programmable nucleotide binding domain in conjunction with a guide
polynucleotide (e.g., guide RNA). In various embodiments, the agent is a biomolecular
complex comprising a protein domain having base editing activity, i.e., a domain capable of
modifying a base (e.g., A, T. C, G, or U) within a nucleic acid molecule (e.g.. DNA). In
some embodiments, the polynucleotide programmable DN A binding domain is fused or
linked to a deaminase domain. In one embodiment, the agent is a fusion protein comprising
one or more domains having base editing activity. In another embodiment, the protein
domains having base editing activity are linked to the guide RNA (e.g., via an RNA binding
motif on the guide RNA and an RNA binding domain fused to the deaminase). In some
embodiments, the domains having base editing activity are capable of deaminating a base
within a nucleic acid molecule. In some embodiments, the base editor is capable of
deaminating one or more bases within a DNA molecule. In some embodiments, the base

editor is capable of deaminating a cytosine (C) or an adenosine (A) within DNA. In some
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embodiments, the base editor is capable of deaminating a cytosine (C) and an adenosine (A)
within DNA. In some embodiments, the base editor is a cytidine base editor (CBE). In some
embodiments, the base editor is an adenosine base editor (ABE). In some embodiments, the
base editor i1s an adenosine base editor (ABE) and a cytidine base editor (CBE). In some
embodiments, the base editor is a nuclease-inactive Cas9 (dCas9) fused to an adenosine
deaminase. In some embodiments, the base editor is fused to an inhibitor of base excision
repair, for example, a UGI domain, or a dISN domain. In some embodiments, the fusion
protein comprises a Cas9 nickase fused to a deaminase and an inhibitor of base excision
repair, such as a UGI or dISN domain. In other embodiments the base editor is an abasic base
editor. Details of base editors are described in International PCT Application Nos.
PCT/2017/045381 (W02018/027078) and PCT/US2016/058344 (W02017/070632), each of
which is incorporated herein by reference for its entirety. Also see Komor, A.C., ef al.,
“Programmable editing of a target base in genomic DNA without double-stranded DNA
cleavage” Nature 533, 420-424 (2016); Gaudelli, N.M.__ et al., “Programmable base editing of
AT to G+C in genomic DNA without DNA cleavage™ Nature 551, 464-471 (2017); Komor,
A.C., eral, “Improved base excision repair inhibition and bacteriophage Mu Gam protein
vields C:G-to-T: A base editors with higher efficiency and product purity” Science Advances
3.eaa04774 (2017), and Rees, H.A., ef al., “Base ediling: precision chemistry on the genome
and transcriptome of living cells.” Nat Rev Genet. 2018 Dec;19(12):770-788. doi:
10.1038/s41576-018-0059-1, the entire contents ol which are hereby incorporated by

reference.

Base Editing Activity: By “base editing activity” is meant acting to chemically alter a
base within a polynucleotide. In one embodiment, a first base is converted to a second base.
In one embodiment, the base editing activity is cytidine deaminase activity, e.g., converting
target C+G to T*A. In another embodiment, the base editing activity is adenosine or adenine
deaminase activity, e.g., converting AT to G*C. In another embodiment, the base editing
activity is cytosine or cytidine deaminase activity, e.g., converting target C+G to T*A and

adenosine or adenine deaminase activily, e.g., converling A*T to GeC.

Base Editor System: The term “base editor system™ refers to a system for editing a
nucleobase of a target nucleotide sequence. In various embodiments, the base editor (BE)
system comprises (1) a polynucleotide programmable nucleotide binding domain (e.g.. Cas9),
a deaminase domain and a cytidine deaminase domain for deaminating nucleobases in the

target nucleotide sequence; and (2) one or more guide polynucleotides (e.g., guide RNA) in



10

20

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
36

conjunciion with the polynucleotide programmable nucleotide binding domain. In various
embodiments, the base editor (BE) system comprises a nucleobase editor domains selected
from an adenosine deaminase or a cytidine deaminase, and a domain having nucleic acid
sequence specific binding activity. In some embodiments, the base editor system comprises
(1) a base editor (BE) comprising a polynucleotide programmable DN A binding domain and
a deaminase domain for deaminating one or more nucleobases in a target nucleotide
sequence; and (2) one or more guide RN As in conjunction with the polynucleotide
programmable DNA binding domain. In some embodiments, the polynucleotide
programmable nucleotide binding domain is a polynucleotide programmable DNA binding
domain. In some embodiments, the base editor is a cytidine base editor (CBE). In some
embodiments, the base editor is an adenine or adenosine base editor (ABE). In some
embodiments, the base editor is an adenine or adenosine base editor (ABE) or a cytidine base

editor (CBE).

In some embodiments, a polynucleotide programmable nucleotide binding domain
can target a deaminase domain to a target nucleotide sequence by non-covalently interacting
with or associating with the deaminase domain. For example, in some embodiments, the
nucleobase editing component, e.g., the deaminase component can comprise an additional
heterologous portion or domain that is capable of interacting with, associating with, or
capable of forming a complex with an additional heterologous portion or domain that is part
of a polynucleotide programmable nucleotide binding domain. In some embodiments, the
additional heterologous portion may be capable of binding to, interacting with, associating
with, or forming a complex with a polypeptide. In some embodiments, the additional
heterologous portion may be capable of binding to, interacting with, associating with, or
forming a complex with a polynucleotide. In some embodiments, the additional heterologous
portion may be capable of binding to a guide polynucleotide. In some embodiments, the
additional heterologous portion may be capable of binding to a polypeptide linker. In some
embodiments, the additional heterologous portion may be capable of binding to a
polynucleotide linker. The additional heterologous portion may be a protein domain. In
some embodiments, the additional heterologous portion may be a K Homology (KH) domain,
a MS2 coat protein domain, a PP7 coat protein domain, a SfMu Com coat protein domain, a
steril alpha motif, a telomerase Ku binding motif and Ku protein, a telomerase Sm7 binding

motif and Sm7 protein, or an RNA recognition motif.
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Biologically active: As used herein, the phrase “biologically active” relers to a
characteristic of any agent that has activity in a biological system, and particularly in an
organism. For instance, an agent that, when administered to an organism, has a biological
effect on that organism, is considered to be biologically active. In particular embodiments,
where a peptide is biologically active, a portion of that peptide that shares at least one

biological activity of the peptide is typically referred to as a “biologically active™ portion.

Cleavage: As used herein, cleavage refers to a break in a target nucleic acid created
by anuclease of a CRISPR system described herein. In some embodiments, the cleavage
event is a double-stranded DNA break. In some embodiments, the cleavage eventis a single-
stranded DN A break. In some embodiments, the cleavage event is a single-stranded RNA

break. In some embodiments, the cleavage event is a double-stranded RNA break.

Complementary: As used herein, complementary refers to a nucleic acid strand that
forms Watson-Crick base pairing, such that A base pairs with T, and C base pairs with G, or
non-traditional base pairing with bases on a second nucleic acid strand. In other words, it

refers to nucleic acids that hybridize with each other under appropriate conditions.

Clustered Interspaced Short Palindromic Repeat (CRISPR)-associated (Cas) system:
As used herein, CRISPR-Cas9 system refers to nucleic acids and/or proteins involved in the
expression of, or directing the activity of, CRISPR-effectors, including sequences encoding
CRISPR effectors, RNA guides, and other sequences and transcripts from a CRISPR locus. In
some embodiments, the CRISPR system is an engineered, non-naturally occurring CRISPR
system. In some embodiments, the components of a CRISPR system may include a nucleic
acid(s) (e.g., a vector) encoding one or more components of the system, a component(s) in

protein form, or a combination thereof.

CRISPR Array: The term "CRISPR array", as used herein, refers to the nucleic acid
(e.g., DNA) segment that includes CRISPR repeats and spacers, starting with the [irst
nucleotide of the first CRISPR repeat and ending with the last nucleotide of the last
(terminal) CRISPR repeat. Typically, each spacer in a CRISPR array is located between two
repeats. The terms "CRISPR repeat™ or "CRISPR direct repeat," or "direct repeat,” as used
herein, refer to multiple short direct repeating sequences, which show very little or no
sequence variation within a CRISPR array.

CRISPR-associated protein (Cas): The term "CRISPR-associated protein," "CRISPR

effector," "effector,” or "CRISPR enzyme" as used herein refers to a protein that carries out
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an enzymalic activity or that binds (o a target site on a nucleic acid specified by a RNA guide.
In different embodiments, a CRISPR effector has endonuclease activity, nickase activity,
exonuclease activity, transposase activity, and/or excision activity. In some embodiments, the
Cas 1s a high-accuracy Cas. In some embodiments, the Cas is a high-fidelity Cas. In some
embodiments, the Cas is a SuperFi-Cas. In some embodiments, the high-accuracy, high-
fidelity and SuperFi-Cas are as described in Bravo, J. ef al. Structural basis for mismatch

surveillance by CRISPR-Cas9 Nature, 603, March 2022.

crRNA: The term "CRISPR RNA" or "crRNA." as used herein, relers to a RNA
molecule including a guide sequence used by a CRISPR effector to target a specific nucleic
acid sequence. Typically, crRINAs contains a sequence that mediates target recognition and a
sequence that forms a duplex with a tracrRNA. In some embodiments, the crRNA: tracrRNA
duplex binds to a CRISPR effector.

Ex Vivo: As used herein, the term “ex vivo™ refers to events that occur in cells or

tissues, grown outside rather than within a multi-cellular organism.

Functional equivalent or analog: As used herein, the term “functional equivalent™ or
“functional analog™ denotes, in the context of a functional derivative of an amino acid
sequence, a molecule that retains a biological activity (either function or structural) that is
substantially similar to that of the original sequence. A functional derivative or equivalent
may be a natural derivative or is prepared synthetically. Exemplary functional derivatives
include amino acid sequences having substitutions, deletions, or additions of one or more
amino acids, provided that the biological activity of the protein is conserved. The
substituting amino acid desirably has chemico-physical properties which are similar to that of
the substituted amino acid. Desirable similar chemico-physical properties include,

similarities in charge, bulkiness, hydrophobicity, hydrophilicity, and the like.

Half-Life: As used herein, the term “hal(-life” is the time required [or a quantity such
as protein concentration or activity to fall to half of its value as measured at the beginning of

atime period.

Improve, increase, or reduce: As used herein, the terms “improve,” “increase” or
“reduce,” or grammatical equivalents, indicate values that are relative to a baseline
measurement, such as a measurement in the same individual prior to initiation of the
treatment described herein, or a measurement in a control subject (or multiple control subject)

in the absence of the treatment described herein. A “control subject™ is a subject afflicted
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with the same form of disease as the subject being treated, who is aboul the same age as the

subject being treated.

Inhibition: As used herein, the terms “inhibilion,” “inhibit” and “inhibiting” reler (o
processes or methods of decreasing or reducing activity and/or expression of a protein or a
gene of interest. Typically, inhibiting a protein or a gene refers to reducing expression or a
relevant activity of the protein or gene by at least 10% or more, for example, 20%, 30%,
40%, or 50%, 60%, 70%, 80%, 90% or more, or a decrease in expression or the relevant
activity of greater than 1-fold, 2-fold, 3-lold, 4-lold, 5-fold, 10-lold, 50-fold, 100-fold or

more as measured by one or more methods described herein or recognized in the art.

Hybridization: As used herein, the term “hybridization™ refers to a reaction in which
two or more nucleic acids bind with each other via hydrogen bonding by Watson-Crick
pairing, Hoogstein binding or other sequence-specific binding between the bases of the two
nucleic acids. A sequence capable of hybridizing with another sequence is termed the
“complement” of the sequence, and is said to be “complementary” or show

“complementarity”.

Indel: As used herein, the term “indel” refers to insertion or deletion of bases in a
nucleic acid sequence. It commonly results in mutations and is a common form of genetic

variation.

In Vitro: As used herein, the term ““in vifro” refers to events that occur in an artificial
environment, e.g., in a test tube or reaction vessel, in cell culture, efc., rather than within a

multi-cellular organism.

In Vivo: As used herein, the term “in vivo™ refers to events that occur within a multi-
cellular organism, such as a human and a non-human animal. In the context of cell-based
systems, the term may be used to refer to events that occur within a living cell (as opposed to,

for example, in vitro systems).

Linker: The termn “hnker” refors 1o aryy means, entlyy or moisiy used 10 join bwe ot
more entities. In some embodiments, the linker is a covalent linker. In some ambodimenis,
the linker is a non-covalent linker. Examples of covalent hinders tnclude covalent bonds or a
Hoker motety covalently attached (o one or more of the proteins or domams 1o be bnked, In
some erobodimends, the Uoker 15 a non-covalent bond, e g, an organometalbic bond theough o
metal center such as platinum atomn. The joining can be permanent or reversible. For

covalent hnkages, varnous functionalities can be used, such as amide groups, meluding
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carbomnic acid derivalives, ethers, esiers, including organic and morganic esters, amuno,
wrathane, urea and the hke. To provide for livdang, the domains can be msodifisd by oxidanon,
by droxviation, substitution, reduciion sic. to provide a site for coupling, Methods for
conjugation are well knovwn by persons skilled in the art and are encompassed for use in the
present invention. Linker moieties include, bt are not Bmited o, chemical inker motetigs, or
{or exarople a peptide linker motaty {a iinker sequence}. it will be appreciated that
modification which do not significantty decrease the fimction of the RINA-binding domain

and effecior domain are preferred.

Mutation: As used herein, the term “mutation” has the ordinary meaning in the art,
and includes, for example, point mutations, substitutions, insertions, deletions, inversions,

and deletions.

Oligonucleotide: As used herein, the term “oligonucleotide™ generally refers to
polynucleotides of between about 5 and about 100 nucleotides of single- or double-stranded
DNA. Oligonucleotides are also known as "oligomers" or "oligos" and may be isolated from

genes, or chemically synthesized.

PAM: The term “PAM?” or “Protospacer Adjacent Motif” refers to a short nucleic acid
sequence (usually 2-6 base pairs in length) that follows the nucleic acid region targeted for
cleavage by the CRISPR system, such as CRISPR-Cas9. The PAM is required for a Cas

nuclease to cut and is generally found 3-4 nucleotides downstream from the cut site.

Polypeptide: The term “polypeptide™ as used herein refers to a sequential chain of
amino acids linked together via peptide bonds. The term is used to refer to an amino acid
chain of any length, but one of ordinary skill in the art will understand that the term is not
limited to lengthy chains and can refer to a minimal chain comprising two amino acids linked
together via a peptide bond. As is known to those skilled in the art, polypeptides may be
processed and/or modified. As used herein, the terms “polypeptide” and “peplide” are used

inter-changeably .

Prevent: As used herein, the term “prevent” or “prevention”, when used in connection
with the occurrence of a disease, disorder, and/or condition, refers to reducing the risk of

developing the disease, disorder and/or condition.

Protein: The term “protein™ as used herein refers to one or more polypeptides that
function as a discrete unit. If a single poly peptide is the discrete functioning unit and does

not require permanent or temporary physical association with other polypeptides in order to
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form the discrete [unctioning unit, the terms “polypeptide™ and “protein” may be used
interchangeably. If the discrete functional unit is comprised of more than one polypeptide
that physically associate with one another, the term “protein™ refers to the multiple

polypeptides that are physically coupled and function together as the discrete unit.

Reference: A “reference” entity, system, amount, set of conditions, etc., is one
against which a test entity, system, amount, set of conditions, etc. is compared as described
herein. For example, in some embodiments, a “reference™ antibody is a control antibody that

1s not engineered as described herein.

RNA guide: The term RNA guide refers to an RNA molecule that facilitates the
targeting of a protein described herein to a target nucleic acid. Exemplary "RNA guides" or
“guide RNAs” include, but are nol limited to, crRNAs or crRNAs in combination with
cognate tracrRNAs. The latter may be independent RN As or fused as a single RNA using a
linker (sgRNASs). In some embodiments, the RNA guide is engineered to include a chemical
or biochemical modification, in some embodiments, an RNA guide may include one or more

nucleotides.

Subject: The term “subject”, as used herein, means any subject for whom diagnosis,
prognosis, or therapy is desired. For example, a subject can be a mammal, ¢.g., a human or
non-human primate (such as an ape, monkey, orangutan, or chimpanzee), a dog, cat, guinea

pig, rabbit, rat, mouse, horse, cattle, or cow.

sgRNA: The term “sgRNA™ or “single guide RNA” refers to a single guide RNA
containing (i) a guide sequence (crRINA sequence) and (ii) a Cas9 nuclease-recruiting

sequence (tracrRNA).

Substantial identity. The phrase “substantial identity™ is used herein to refer to a
comparison between amino acid or nucleic acid sequences. As will be appreciated by those
of ordinary skill in the art, two sequences are generally considered to be “substantially
identical” if they contain identical residues in corresponding positions. As is well known in
this art, amino acid or nucleic acid sequences may be compared using any of a variety of
algorithms, including those available in commercial computer programs such as BLASTN for
nucleotide sequences and BLASTP, gapped BLAST, and PSI-BLAST for amino acid
sequences. Exemplary such programs are described in Altschul, et al., Basic local alignment
search tool, J. Mol. Biol., 215(3): 403-410, 1990; Altschul, et al., Methods in Enzymology;
Altschul ef al., Nucleic Acids Res. 25:3389-3402, 1997; Baxevanis ef al., Bioinformatics : A
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Practical Guide to the Analysis of Genes and Proteins, Wiley, 1998; and Misener, et al.,
(eds.), Bioinformatics Methods and Protocols (Methods in Molecular Biology, Vol. 132),
Humana Press, 1999. In addition to identifying identical sequences, the programs mentioned
above typically provide an indication of the degree of identity. In some embodiments, two
sequences are considered to be substantially identical if at least 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%. 91%, 92%. 93%, 94%, 95%, 96%, 97%, 98%, 99% or more of their
corresponding residues are identical over a relevant stretch of residues. In some
embodiments, the relevant stretch is a complete sequence. In some embodiments, the
relevant stretch is at least 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95,
100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 400, 425, 450, 475, 500 or more

residues.

Target Nucleic Acid: The term “target nucleic acid™ as used herein refers to
nucleotides of any length (oligonucleotides or polynucleotides) to which the CRISPR-Cas9
system binds, either deoxyribonucleotides, ribonucleotides, or analogs thereof. Target nucleic
acids may have three-dimensional structure, may including coding or non-coding regions,
may include exons, introns, mRNA,tRNA, rRNA, siRNA, shRNA, miRNA, ribozymes,
cDNA, plasmids, vectors, exogenous sequences, endogenous sequences. A target nucleic acid
can comprise modified nucleotides, include methylated nucleotides, or nucleotide analogs. A
target nucleic acid may be interspersed with non-nucleic acid components. A target nucleic
acid is not limited to, single-, double-, or multi-stranded DNA or RNA, genomic DNA,
cDNA, DNA-RNA hybrids, or a polymer comprising purine and pyrimidine bases or other

natural, chemically or biochemically modified, non-natural, or derivatized nucleotide bases.

Therapeutically effective amount: As used herein, the term “therapeutically effective
amount” refers to an amount of a therapeutic molecule (e.g., an engineered antibody
described herein) which confers a therapeutic effect on a treated subject, at a reasonable
benefit/risk ratio applicable to any medical treatment. The therapeutic effect may be
objective (i.¢., measurable by some test or marker) or subjective (i.e., subject gives an
indication of or feels an effect). In particular, the “therapeutically ellective amount” relers o
an amount of a therapeutic molecule or composition effective to treat, ameliorate, or prevent
a particular disease or condition, or to exhibit a detectable therapeutic or preventative effect,
such as by ameliorating symptoms associated with the disease, preventing or delaying the
onset of the disease, and/or also lessening the severity or frequency of symptoms of the

disease. A therapeutically effective amount can be administered in a dosing regimen that may
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comprise multiple unit doses. For any particular therapeutic molecule, a therapeutically
effective amount (and/or an appropriate unit dose within an effective dosing regimen) may
vary, for example, depending on route of administration, on combination with other
pharmaceutical agents. Also, the specific therapeutically effective amount (and/or unit dose)
for any particular subject may depend upon a variety of factors including the disorder being
treated and the severity of the disorder; the activity of the specific pharmaceutical agent
emploved; the specific composition employed; the age, body weight, general health, sex and
diet of the subject; the time of administration, route of administration, and/or rate of excretion
or metabolism of the specific therapeutic molecule employed; the duration of the treatment;

and like [actlors as 1s well known in the medical arts.

tracrRNA: The term "tractrRNA" or "trans-activating crRNA" as used herein refers to
an RNA including a sequence that forms a structure required for a CRISPR-associated protein

to bind to a specified target nucleic acid.

Treatment. As used herein, the term “treatment” (also “treat” or “treating”) refers to
any administration of a therapeutic molecule (e.g., a CRISPR-Cas therapeutic protein or
system described herein) that partially or completely alleviates, ameliorates, relieves, inhibits,
delays onset of, reduces severity of and/or reduces incidence of one or more symptoms or
features of a particular disease, disorder, and/or condition. Such treatment may be of a
subject who does not exhibit signs of the relevant disease, disorder and/or condition and/or of
a subject who exhibits only early signs of the disease, disorder, and/or condition.
Alternatively or additionally, such treatment may be of a subject who exhibits one or more

established signs of the relevant disease, disorder and/or condition.

BRIEF DESCRIPTION OF THE DRAWING
Drawings are [or illustration purposes only; not for limitation.

FIG. 1A is a graph that shows a consensus PAM motif recognized by human codon-
optimized Streptococcus constellatus Cas9. FIG. 1B is a graph that shows a consensus PAM
motif recognized by human codon-optimized Sharpea spp. isolate RUGO17 Cas9. FIG. 1C is
a graph that shows a consensus PAM motif recognized by human codon-optimized
Veillonella parvula Cas9Y. FIG. 1D is a graph that shows a consensus PAM motif recognized
by human codon-optimized fzakiella peruensis. FIG. 1E is a graph that shows a consensus

P AM motif recognized by human codon-optimized Lactobacillus fermentum strain AF'15-
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40LB. FIG. 1F is a graph that shows a consensus PAM molif recognized by human codon-
optimized Peptoniphilus sp. Marseille-P3761.

FIG. 2A is a schemalic that shows predicted RNA [olding structure ol sgRNA [or
human codon-optimized Streprococcus constellatus ScoCas9 using Geneious software. FIG.
2A depicts sgRNA comprising SEQ ID NO: 3. FIG. 2B is a schematic that shows predicted
RNA folding structure of sgRNA for human codon-optimized Sharpea spp. isolate RUGO17
SirCas9 using Geneious software. FIG. 2B depicts sgRNA comprising SEQ ID NO: 7. FIG.
2C 1s a schemaltic that shows predicted RNA [olding structure of sgRNA for human codon-
optimized Veillonella parvula VapCas9 using Geneious software. FIG. 2C depicts sgRNA
comprising SEQ ID NO: 13. FIG. 2D is a schematic that shows predicted RN A folding
structure of sgRNA for human codon-optimized Fzakiella peruensis EpeCas9 using Geneious
software. FIG. 2D depicts sgRNA comprising SEQ ID NO: 19. FIG. 2E is a schematic that
shows predicted RNA folding structure of sgRNA for human codon-optimized Lactobacillus
fermentum strain AF'15-40LB LfeCas9 using Geneious software. FIG. 2D depicts sgRNA
comprising SEQ ID NO: 95. FIG. 2F is a schematic that shows predicted RNA folding
structure of sgRNA for human codon-optimized Peptoniphilus sp. Marseille-P3761 PmaCas9
using Geneious software. FIG. 2D depicts sgRNA comprising SEQ ID NO: 96.

F1G. 3 is a graph that shows exemplary results of ex vivo cleavage activity of human
codon-optimized ScoCas9 in HEK293T cells. The y-axis of the graph shows indel frequency
obtained using various guide RNAs that targeted A-rich genomic test sites adjacent to a

sequence corresponding to the PAM consensus motif (see FIG. 1A).

FIG. 4A is a schematic showing constructs of ScoCas9 D10A mutant fused at the N-
terminal to an adenine base editor (ABE) or a cytosine base editor (CBE). FIG. 4B is a graph
that shows results of indel frequency and adenine to guanine base (A-to-G) conversion
percentage achieved with a base editor comprising an ABE fused to the N-terminus of a
ScoCas9 D10A mutant. The A-to-G conversion percentage (v-axis) is plotted for various
guide RN As targeting A-rich genomic test sites (x-axis; Table 8) adjacent to a sequence
corresponding to the PAM consensus motif (see FIG. 1A). FIG. 4C is a graph that shows
results of indel frequency and cytosine to thymine base (C-to-T) conversion percentage
achieved with a base editor comprising an ABE [(used to the N-terminus of a ScoCas9 D10A
mutant. The C-to-T conversion percentage (y-axis) is plotted for various guide RNAs
targeting C-rich genomic test sites (x-axis; Table 8) adjacent to a sequence corresponding to
the PAM consensus motif (see FIG. 1A).
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FIG. 5A is a schematic showing constructs of WT SirCas9 and a SirCas9 D14A
mutant fused at the N-terminus to an adenine base editor (ABE). FIG. 5B is a graph that
shows results of the indel frequency and A-to-G conversion achieved with a base editor
comprising an ABE fused to the N-terminus of a SirCas9 D14A mutant. The A-to-G
conversion percentage (y-axis) is plotted for various guide RNAs targeting A-rich genomic
test sites (x-axis; Table 9) adjacent to a sequence corresponding to the PAM consensus motif

(see FIG. 1B).

FIG. 6A is a schematic of constructs showing WT VapCas9 and VapCas9 D38A
mutant fused at the N-terminus to an adenine base editor (ABE) or a cytosine base editor
(CBE). FIG. 6B is a graph that shows results of the indel frequency, A-to-G conversion
achieved with a base editor comprising an ABE fused to the N-terminus of a VapCas9 D38A
mutant and C-to-T conversion achieved with a base editor comprising a CBE fused to the N-
terminus of a VapCas9 D38A. The A-to-G conversion percentage (y-axis) is plotted for
various guide RNAs targeting A-rich genomic test sites (x-axis; Table 10) adjacent to a
sequence corresponding to the PAM consensus motif (see FIG. 1C). The C-to-T conversion
percentage (yv-axis) is plotted for various guide RNAs targeting C-rich genomic test sites (x-
axis; Table 10) adjacent to a sequence corresponding to the PAM consensus motif (see FIG.
1C).

FIG. 7A is a schematic of constructs showing ABE fused to the N-terminus of
VapCas9 or to the C-terminus of VapCas9. FIG. 7B is a graph that shows a comparison of A-
to-G conversion achieved with a base editor comprising an ABE fused to the N-terminus and
an ABE fused to the C-terminus of VapCas9. The A-to-G conversion percentage (y-axis) is
plotted for various guide RNAs targeting A-rich genomic test sites (x-axis; Table 11)

adjacent to a sequence corresponding to the PAM consensus motif (see F1G. 1C)

FIG. 8A is a schematic of constructs showing WT EpeCas9 and EpeCas9 D38A
mutant fused at the N-terminus to an ABE and a CBE. FIG. 8B is a graph that shows results
of the indel frequency, A-to-G conversion achieved with a base editor comprising an ABE
fused to the N-terminus of an EpeCas9 D38A mutant and C-to-T conversion achieved with a
base editor comprising a CBE fused to the N-terminus of a EpeCas9 D38A. The A-to-G
conversion percenlage (y-axis) is plotled for various guide RNAs largeling A-rich genomic
test sites (x-axis; Table 12) adjacent to a sequence corresponding to the PAM consensus

motif (see FIG. 1D). The C-to-T conversion percentage (v-axis) is plotted for various guide
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RNAs targeting C-rich genomic test sites (x-axis; Table 12) adjacent 1o a sequence

corresponding to the PAM consensus motif (see FIG. 1D).

FIG. 9A 15 a schemalic that shows WT LleCas9 and L{eCas9 DYA mulant [used at the
N-terminus to an ABE and a CBE. FIG. 9B is a graph that shows results of the indel
frequency with LfeCas9. FIG. 9C is a graph that shows results of A-to-G conversion achieved
with a base editor comprising an ABE fused to the N-terminus of an LfeCas9 D9A mutant.
The A-to-G conversion percentage (y-axis) is plotted for various guide RN As targeting A-
rich genomic lest sites (x-axis; Table 13) adjacent 1o a sequence corresponding to the PAM
consensus motif (see FIG. 1E). FIG. 9D is a graph that shows results of C-to-T conversion
achieved with a base editor comprising a CBE fused to the N-terminus of an LfeCas9 D9A
mutant. The C-to-T conversion percentage (y-axis) is plotted for various guide RNAs
targeting C-rich genomic test sites (x-axis; Table 13) adjacent to a sequence corresponding to

the PAM consensus motif (see FIG. 1E).

F1G. 10A 1s a schematic that shows WT PmaCas9 and PmaCas9 D12A mutant fused
at the N-terminus and C-terminus to an ABE and a CBE. FIG. 10B is a graph that shows
results of A-to-G or C-to-T conversion achieved with a base editor comprising an ABE or a
CBE fused to the N-terminus or C-terminus of an PmaCas9 D12A mutant. The A-to-G
conversion percentage (y-axis) is plotted for various guide RNAs targeting A-rich genomic
test sites (x-axis; Table 14) adjacent to a sequence corresponding to the PAM consensus
motif (see FIG. 1F). The C-to-T conversion percentage (v-axis) is plotted for various guide
RINAs targeting C-rich genomic test sites (x-axis; Table 14) adjacent to a sequence

corresponding to the PAM consensus motif (see FIG. 1F).

FIG. 11A is a graph that shows exemplary results of indel frequency (y-axis; % indel
frequency) measured by transfecting cells with two ScoCas9-NGC variants, ScoCas9-NGC-

vl and ScoCas9-NGC-v2 (x-axis). An untransfected cell control is also shown.

FIG. 11B is a graph that shows exemplary A-to-G conversion (y-axis; % A to G
conversion) in HEK293T cells transfected with A-to-G base editors (ABE) comprising
ScoCas9-NGC variants, ScoCas9-NGC-v1 and ScoCas9-NGC-v2 (x-axis) engineered to
recognize an NGC PAM motif. The ScoCas9-NGG variant which does not recognize NGC
showed no A-to-G conversion. A SpyCas9-NGC control vector showed A-to-G editing. An

untransfected cell control 1s also shown.



10

20

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
47

DETAILED DESCRIPTION

Clustered regularly interspaced short palindromic repeats (CRISPR) was first
discovered as an adaptive immune system in bacteria and archaea, and then engineered to
generate targeted DNA breaks in living cells and organisms. During the cellular DNA repair
process, various DNA changes can be introduced. The diverse and expanding CRISPR
toolbox allows programmable genome editing, epigenome editing and transcriptome
regulation.

CRISPR-Cas systems comprise three main types (I, II, and IIT) based on their Cas
gene organization, and the sequence and structure of component proteins. Each of the three
CRISPR systems is characterized by a unique Cas gene: Cas3, a larget-degrading
nuclease/helicase in Type I; Cas9, an RNA-binding and target-degrading nuclease in type 1I;
Cas10, a large protein for multiple functions in type IIl. The three CRISPR types also differ
in their associated effector complexes. Type I Cas systems associate with Cascade effector
complexes, type Il effector complexes consist of a single Cas9 and one or more RNA
molecules, and type 11l interference complexes are further divided into type III-A (Csm
complex targeting DNA) and type III-B (Cmr complex targeting RNA). Cas proteins are
important components of effector complexes in all CRISPR-Cas systems.

Current genome editing technologies have [ocused on Class I CRISPR—Cas sy stems,
which contain single-protein effector nucleases for DN A cleavage, specifically, Cas9, a dual-
RNA-guided nuclease which requires both CRISPR RNA (crRNA) and tracrRNA and
contains both HNH and RuvC nuclease domains, and Casl2a, a single-RNA-guided nuclease

which only requires crRNA and contains a single RuvC domain.

Various aspects of the invention are described in detail in the following sections. The
use of sections is not meant to limit the invention. Each section can apply to any aspect of

the invention. In this application, the use of “or” means “and/or” unless stated otherwise.

Engineered, Non-Naturally Occuring Cas9 Protein

Described herein are engineered, non-naturally occurring Cas9 proteins modified
from WT Cas9 obtained from Streprococcus constellatus (ScoCas9), Sharpea spp. isolate
RUGO17 (SirCas9), Veillonella parvula (VapCas9 or VpaCas9, used interchangeably
herein)_ Ezakiella peruensis (EpeCas9), Lactobacillus fermentum (LfeCas9) and
Peptoniphilus sp. Marseille-P3761 (PmaCas9) bacteria.

In some embodiments, the engineered non-naturally occuring Cas9 protein described

herein comprises an amino acid sequence at least 60% (e.g., 60%, 65%, 70%, 75%, 80%,
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81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%., 90%, 91%, 92%, 93%, 94%, 95%, 96%,
97%., 98%, 99% or more) identical to SEQ ID NO: 1, 4, 8,14, 84 or 86. In some

embodiments, the Cas9 protein has is 80% identical to SEQ ID NO: 1, 4, 8, 14, 84 or 86. In
some embodiments, the amino acid sequence of the Cas9 protein is identical to SEQ ID NO:

5 1, 4, 8,14, 84 or 86. Exemplary Cas9 amino acid sequences are provided in Table 1 below.

Table 1. Exemplary Cas9 Amino Acid Sequences

Wild Type Streprococcus constellatus Cas9

MGKPYSIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQSIKKNLLGALLEFDSGETAEA
TRLKRTARRRYTRRKNRLRYLQEI FTGEMNKVDENFFQRLDDSFLVDEDKRGEHHPIFGNI
AAEVKYHDDFPTIYHLRRHLADTSKKADLRLVYLALAHMIKFRGHEFLYEGDLKAENTDVQA
LEKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNTLEGNLIAL
SLDLHPNFKTNFQLSEDAKLQFSKDTYEEDLEGEFLGEVGDEYADLFASARNLYDATLLSGI
LTVDDNSTKAPLSASMVKRYEEHOKDLKKLKDFIKVNAPDQYNATIFKDKNKKGYASYIESG
VKODEFYKYLKGILLKINGSGDFLDKIDREDEFLRKQRTEFDNGSI PHQIHLQEMHATILRRQG
EHYPFLKENQDKIEKILTFRIPYYVGPLARKGSRFAWAEYKADEKITPWNEDDILDKEKSA
EXKFITRMTLNDLYLPEEKVLPKHS PLYEAFTVYNELTKVKYVNEQGEAKFEFDTNMKQETIFD
HVFKENRKVTKDKLLNYLNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSFEFLDD
KANEKTIEDIIQTLTLFEDREMIRQRLOQKYSDIFTKAQLKKLERRHYTGWGRLSYKLINGI
RNKENKKTILDYLIDDGYANRNEFMQLINDDALSFRKEEIARAQIIDDVDDIANVVHDLPGSP
ATKKGILOQSVKIVDELVKVMGHNPANIIITEMARENQTTDKGRRNSQORLKLLODSLKNLDN
PVNIKNVENQOLONDRLEFLYYIQONGKDMYTGETLDINNLSQYDIDHITIPQAFIKDNSLDNR
VLTRSDKNRGKSDDVPSIEVVHEMKSEFWSKLLSVKLITQRKFDNLTKAERGGLTEEDKAGE
ITKROQLVETRQITKHVAQILDEREFNTEEFDGNKRRIRNVKIITLKSNLYVSNFRKEFELYKVRE
INDYHHAHDAYLNAVVGNALLLKYPQLEPEEFVYGEYPKYNSYRSRKSATEKEFLEYSNILRFE
FKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTEEQTGGFSKESILPKGES DKL
ITPRKTRNSYWDPKKYGGFDSPVVAYSILVFADVEKGKSKKLRKVQDMVGITIMEKKRFEKN
PVDFLEQRGYRNVRLEKIIKLPKYSLFELENKRRRLLASAKELQKGNELVIPQREFTTLLYH
SYRIEKDYEPEHREYVEKHKDEFKELLEYISVESRKYVLADNNLTKIEMLESKNKDAEVSS
LAKSFISLLTFTAFGAPAAFNFEFGENIDRKRYTSVTECLNATLITHQSITGLYETRIDLSKL
GED (SEQ ID NO: 1).

Streptococcus constellatus Cas9 with Nuclear Localization Signal (NLS) and Linker
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MPKKKRRKVGGKPYSIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDRQSTKKNLLGALLFE
DSGETAEATRLKRTARRRYTRRKNRLRYLQEIFTGEMNKVDENFFOQRLDDSEFLVDEDKRGE
HHPIFGNIAAEVKYHDDFPTIYHLRRHLADTSKKADLRLVYLALAHMIKFRGHFLYEGDLK
AENTDVQALFKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNT
LEGNLIALSLDLHPNEFKTNFQLSEDAKLQEFSKDTYEEDLEGFLGEVGDEYADLFASAKNLY
DAILLSGILTVDDNSTKAPLSASMVKRYEEHQKDLKKLKDEFIKVNAPDQYNATIFKDKNKKG
YASYIESGVKQODEFYKYLKGILLKINGSGDFLDKIDREDFLRKQRTEFDNGSIPHQIHLQEM
HATLRROGEHYPFLKENQDKIEKILTFRIPYYVGPLARKGSRFAWAEYRKADEKITPWNFDD
ILDKEKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKFFDT
NMKOQEIFDHVEFKENRKVTKDKLLNY LNKEFEEFRIVNLTGLDKENKAEFNSSLGTYHDLRKI
LDKSFLDDKANEKTIEDIIQTLTLFEDREMIRQRLQKYSDIFTKAQLKKLERRHYTGWGRL
SYKLINGIRNKENKKTILDYLIDDGYANRNFMQLINDDALSFKEEIARAQIIDDVDDIANV
VHDLPGSPAIKKGILQSVKIVDELVKVMGHNPANITIIEMARENQTTDKGRRNSQQORLKLILQ
DSLEKNLDNPVNIKNVENQOLONDRLFLYYIQNGKDMYTGETLDINNLSQYDIDHITPQAFT
KDNSLDNRVLTRSDKNRGKSDDVPSIEVVHEMKS FWSKLLSVKLITQRKEFDNLTKAERGGL
TEEDKAGFIKRQLVETRQITKHVAQILDERFNTEFDGNKRRIRNVKIITLKSNLVSNFRKE
FELYKVREINDYHHAHDAYLNAVVGNALLLKYPQLEPEFVYGEYPKYNSYRSRKSATEKFL
FYSNILRFFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPOQVNIVKKTEEQTGGEFSKESIL
PKGESDKLIPRKTKNSYWDPKKYGGEFDSPVVAYSILVFADVEKGKSKKLRKVQOQDMVGITIM
EXKKRFEKNPVDFLEQRGYRNVRLEKIIKLPKYSLFELENKRRRLLASAKELQKGNELVIPQ
RETTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEYISVESRKYVLADNNLTKIEMLEFSK
NKDAEVSSLARKSFISLLTFTAFGAPAAFNFFGENIDRRKRYTSVTECLNATLIHQSITGLYE
TRIDLSKLGEDGKRPAATKKAGOAKKKKGS YPYDVEPDYAYPYDVPDYAYPYDVPDYA
(SEQ ID NO: 2).

Wild Type Sharpea Cas9

MAKNKDIRYSIGLDIGTNSVGWAVMDEHYELLKKGNHHMWGSRLEDAAEPAATRRASRSIR
RRYNKRRERIRLLRDLLGDMVMEVDPTEEFIRLLNVSEFLDEEDKQKNLGNDYKDNYNLEFIEK
DENDKTYYDKYPTIYHLRKELCENKEKADPRLIYLALHHIVKYRGNEFLKEGQSFAKVYEDT
EEKLDNTLKKEMSLNDLDNLEVDNDINSMITVLSKIYQRSKKADDLLKIMNPTKEERAAYK
EFTKALVGLKENVSKMILAQEVKKDDKDIELDESNVDYDSTVDGLOAELGEYIEFTEMLHS
INSWVELOQDILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNEVEFREDNPKLHNY
LGYIKYPKNTPVEEFYEYTKRLLAKVDTGEARETILERIDLEKFMLKONSRTNGS IPYQOMQOK
DEMIQITIDNQSVYYPQLKENREKLISILEFRIPYYFGPLNTHSEFAWIKKFEDKQKERILP
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WNYDOQIVDIDATAEGEIERMONTGTYEPDKPVMARKNSLTVSKEEVLNELNKIRINGKLIPV
ETKKELLSDLEMKNKTITDKKLKDWLVTHQYYDTNEELKIEGYQKDLQESTSLAPWIDETK
TEFGEINASNYQLIEKITYDISTFEDKKILKRRLKKVYQLDDLLVDKILKLNYTGWSRLSEK
LLTGIKSKNSKETILSILENSNMNLMEITINDESLGFKQITEESNKKDIEGPEFRYDEVKKLA
GSPAIKRGIWQALLVVQEITKEFMKHEPSHIYIEFAREEQEKVRTESRIAKLQKIYKDLNLQ
TKEDQLVYESLKKEDAKKKIDTDALYLYYLQOMGKSMYSGKPLDIDKLSTYHIDHILPRSLT
KDDSLDNRVLVLPKENEWKLDSETVPEFETI RNKMMGEFWQKLHENGLMSNKKEEFSLIRTDENE
KDKKREINRQLVETRQIIKNVAVIINDHYTNTNVVIVRAELSHQFRERYKIYKNRDLNDLH
HAHDAYTACILGQFTHONEFGNMDVNMIYGQYKKNYKKDVOQEHNNYGFILNSMNHIHENDDN
SVIWDPSYIGKIKSCECYKDVYVTKKLEQNDAKLEDLTILPSDKNSENGVIKAKIPVNKYR
KDVNKYGGEFSGDAPIMLATEADKGKKHVROQVIAFPLRLKNYNDEERIKEFIEKEKNLKNVKI
LTEVKKNQLILINHQYFFITGTNELVNATQLKLSAKNTKNLENLVDANKHNKLESTIDDANE
NEVIQELICKLQEPIYSRYNSIGKEFEDSYEKINAVTKODKLYITEYLTATMSAKATQGYT

KPELAREIGTNGKNKGRIKSFTIDLNKTTFISTSVIGLEFSKKYKL (SEQ ID NO: 4).

Sharpea Cas9 with Nuclear Localization Signal (NLS) and Linker

MPKKKRKVGAKNKDIRYSIGLDIGTNSVGWAVMDEHY ELLKKGNHHMWGSRLEDAAEPAAT
RRASRSIRRRYNKRRERIRLLRDLLGDMVMEVDPTEEFIRLLNVSFLDEEDKQKNLGNDYKD
NYNLEIEKDENDKTYYDKYPTIYHLRKELCENKEKADPRLIYLATHHIVKYRGNELKEGQS
FAKVYEDIEEKLDNTLKKEMSLNDLDNLEVDNDINSMITVLSKIYQRSKKADDLLKIMNET
KEERAAYKEFTKALVGLKENVSKMILAQEVKKDDKDIELDESNVDYDSTVDGLOQAELGEYT
EFTEMLHSINSWVELODILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNEVEFRE
DNPKLHNYLGYIKYPKNTPVEEFYEYTIKRLLAKVDTGEAREILERIDLEKFMLKQONSRTNG
SIPYOMQOKDEMIQITIDNQSVYYPOLKENREKLISILEFRIPYYFGPLNTHSEFAWIKKEFED
KOKERILPWNYDQIVDIDATAEGEIERMONTGTY FPDKPVMAKNSLTVSKEEVLNELNKIR
INGKLIPVETKKELLSDLEFMKNKT ITDKKLKDWLVTHQYYDTNEELKIEGYQKDLQESTSL
APWIDFTKIFGEINASNYQLIEKIIYDISIFEDKKILKRRLKKVYQLDDLLVDKILKLNYT
GWSRLSEKLLTGIKSKNSKETILSILENSNMNIMEITINDESLGFKQITEESNKKDIEGPER
YDEVKKLAGSPATKRGIWQALLVVQEITKEFMKHEPSHIYIEFAREEQEKVRTESRIAKLQK
IYKDLNLOTKEDOLVYESLKKEDAKKKIDTDALYLYYLOMGKSMY SGKPLDIDKLSTYHID
HILPRSLIKDDSLDNRVLVLPKENEWKLDSETVPEFEIRNKMMGEWOKLHENGLMSNKKEES
LIRTDENEKDKKREINROQLVETROQITKNVAVIINDHYTNTNVVTIVRAELSHQFRERYKIYK
NRDLNDLHHAHDAYTIACILGQEFTIHONEGNMDVNMIYGQYKKNYKKDVOEHNNYGETILNSMN
HIHFNDDNSVIWDPSYIGKIKSCEFCYKDVYVTKKLEQNDAKLEDLTILPSDKNSENGVTKA
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KIPVNKYRKDVNKYGGESGDAPIMLATIEADKGKKHVROVIAFPLRLKNYNDEERIKEIEKE
KNLKNVKILTEVKKNQLILINHOQYFFITGTNELVNATQLKLSAKNTKNLENLVDANKHNKL
ESIDDANFNEVIQELICKLQEPTYSRYNSIGKEFEDSYEKINAVTKODKLYTITEYLTATMS
AKATQGYIKPELAREIGTNGKNKGRIKSETIDLNKTTFISTSVIGLESKKYKLGKRPAATK
KAGQAKKKKGS YPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 5).

Wild Type Veillonella parvula Cas9

MSIINFORRGLMETQASNQLISSHLKGYPIKDYFVGLDIGTSSVGWAVINKAYELLKFRSH
KMWGSRLFDEGESAVARRG FRSMRRRLERRKLRLKLLEELFADAMAQVDPT FFMRLRESKY
HYEDKTTGHSSKHILFIDKNYNDQDYFKEYPTVYHLRSELMKSGTDDIRKLFLAVHHI LKY
RGNFLYEGATFDSNASTLDDVIKOALENITFNCEDCNSAISSIGQILMEAGKTKSDKAKAT
EHLVDTYIATDTVDTSSKTQKDQVKEDKKRLKAFANLVLGLNASLIDLFGSVEELEEDLKK
LOITGDTYDDKRDELAKAWSDEIYTIIDDCKSVYDATIILLSIKEPGLTISESKVKAFNKHKD
DLAILKSLLKSDRSIYNTMFKVDEKGLHNYVHYIKQGRTEETSCNREDEFYKYTKKIVEGLS
DSKDKEYILSQIELOILLPLORIKDNGVIPYQLHLEELKAILAKCGPKEFPFLNEVADGFSV
AEKLIKMLEFRIPYYVGPLNTHHNVDNGGFAWAVRKASGRVTPWNEDDKIDREKSAAAFTK
NLTNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDCGKPLEKVVKEHLIEAVEKQDHKKM
TKNRIEQFLKDNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGEFDRSMAEEIITDIT
IFGESKKMLRETLRKKFASCLDDEATIKKLTKLRYRDWGRLSQKLLNGIEGCDKAGDGT PET
IIILMRNESYNLMELLGDKFSFMERIQEINAKLTEGQIVNPHDI IDDLALS PAVKRAVIWQA
LRIVDEVAHIKKALPARIFVEVIRSNKNEKKKKDSRQKRLSDLYAATIKKDDVLLNGLNNET
FGELKSSLAKYDDAALRSKKLYLYYTCMGRCAYTGEIIELSLLNTDNYDIDHIYPRSLTKD
DSFDNLVLCKRTANAQKSDAYPISEEIQKTQKPFWT FLKQQGLI SERKYERLTRITPLTAD
DLSGFIARQLVETNQSVKAATTLLRRLYPGVDVVEVKAENVTDFRHDNNETKVRSTLNHHHH
AKDAYLNIVVGNVYHERFTRNFRAFFKKNGANRT YNLAKMENYDVNCTNAKDGKAWDVKTS
MDTVKKMMDSNDVRVTKRLLEQTGALADATIYKATVAGKAKDGAY IGMKTKS SVFADVSKY
GGMTKIKNAYSIIVQYTGKKGEVIKEIVPLPIYLTNRNTTDODLINYVASIIPQAKDISIT
YGKLCINQLVKVNGFYYYLGGKINSKFCIDNAIQVIVSNEWIPY LKVLEKFNNMRKDNKDL
KANVVSTRALDNKHT IEVRIVEEKNIEFFDYLVSKLKMPIYOKMKGNKAAELSEKGYGLFK
KMSLEEQSIHLIELLNLLTNQKITFEVKPLGITASRSTVGSKISNQDEFKVINESITGLYS
NEVTIV (SEQ ID NO: 8).

Veillonella parvula Cas9 with Nuclear Localization Signal (NLS) and Linker
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MPKKKRRKVGSTINFORRGLMETOASNQLISSHLKGYPIKDYFVGLDIGTSSVGWAVTNKAY
ELLKFRSHKMWGSRLEFDEGESAVARRGFRSMRRRLERRKLRLKLLEELFADAMAQVDPTFEFE
MRLRESKYHYEDKTTGHSSKHILFIDKNYNDQDYFKEYPTVYHLRSELMKSGTDDIRKLFL
AVHHILKYRGNFLYEGATFDSNASTLDDVIKQALENITEFNCFDCNSAISSIGQILMEAGKT
KSDKAKATEHLVDTYIATDTVDTS SKTQKDQVKEDKKRLKAFANLVLGLNASLIDLEGSVE
ELEEDLKKLQITGDTYDDKRDELAKAWSDEIYITIDDCKSVYDAITILLSIKEPGLTISESKV
KAFNKHKDDLAILKSLLKSDRSIYNTMEKVDEKGLHNYVHYIKQGRTEETSCNREDEYKYT
KKIVEGLSDSKDKEYILSQIELQILLPLOQRIKDNGVIPYQLHLEELKATILAKCGPKEFPFLN
EVADGFSVAEKLIKMLEFRIPYYVGPLNTHHNVDNGGFAWAVRKASGRVTPWNFDDKIDRE
KSAAAFIKNLTNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAV
FKODHKKMTKNRIEQFLKDNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGFEFDRSMA
EEIITDITIFGESKKMLRETLRKKFASCLDDEATKKLTKLRYRDWGRLSQKLLNGIEGCDK
AGDGTPETIIILMRNESYNLMELLGDKESFMERIQEINAKLTEGQIVNPHDIIDDLALSPA
VEKRAVWQALRIVDEVAHIKKALPARTIEFVEVTRSNEKNEKKKKDSRQKRLSDLYAATKKDDVL
LNGLNNEIFGELKSSLAKYDDAALRSKKLYLYYTOMGRCAYTGEIIELSLLNTDNYDIDHI
YPRSLTKDDSFDNLVLCKRTANAQKSDAYPISEEIQKTQKPFWT FLKQQGLISERKYERLT
RITPLTADDLSGFIARQLVETNQSVKAATTLLRRLYPGVDVVEVKAENVTDFREDNNFIKV
RSLNHHHHAKDAYLNIVVGNVYHERFTRNEFRAFEFKKNGANRTYNLAKMENYDVNCTNAKDG
KAWDVKTSMDTVKRKMMDSNDVRVTKRLLEQTGALADATIYKATVAGKAKDGAYIGMKTKSS
VFADVSKYGGMTKIKNAYSIIVQOYTGKKGEVIKEIVPLPIYLTNRNTTDODLINYVASIIP
QAKDISIIYGKLCINQLVKVNGEYYYLGGKTNSKECIDNAIQVIVSNEWIPYLKVLEKENN
MRKDNKDLKANVVSTRALDNKHTIEVRIVEERKNIEFFDYLVSKLKMPIYQRKMKGNKAAELS
EKGYGLFKKMSLEEQSIHLIELLNLLTNQKTTFEVKPLGITASRSTVGSKISNOQDEFKVIN
ESITGLYSNEVTIVGKRPAATKKAGQAKKKKGS YPYDVPDYAYPYDVPDYAYPYDVPDYA

(SEQ ID NO: 9).

Wild Type Ezakiella peruensis Cas9

MTKVKDYYIGLDIGTSSVGWAVTDEAYNVLKENSKKMWGVRLEDDAKTAEERRGOQRGARRR
LDRKKERLSLLODEFFAEEVAKVDPNEFEFLRLDNSDLYMEDKDQKLKSKYTLENDKDEKDKNE
HKKYPTIHHLLMDLIEDDSKKDIRLVYLACHYLLKNRGHEFIFEGOQKFDTKSSFENSLNELK
VHLNDEYGLDLEEFDNENLINILTDPKLNKTAKKKELKSVIGDTKFLKAVSATIMIGSS QKLV
DLFENPEDFDDSAIKSVDESTTSEDDKYSDYELALGDKIALVNILKEIYDSSILENLLKEA
DKSKDGNKY ISNAFVKKYNKHGODLKEFKRLVROQYHKSAYEDIFRSEKVNDNYVSYTKSS T
SNNKRVKANKFTDQEAFYKFAKKHLETIKYKINKVNGSKADLELIDGMLRDMEFKNEMPKT

CA 03211495 2023-9-8



WO 2022/204268 PCT/US2022/021523
53

KSSDNGVIPYQLKLMELNKILENOSKHHEFLNVSDEYGSVCDKIASIMEEFRIPYYVGPLNP
NSKYAWIKKQKDSEITPWNEFKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKASLLYNEYM
VLNELNNLKLNDLPITEEMKKKIFDQLEFKTRKKVTLKAVANLLKKEFNINGEILLSGTDGD
FKOGLNSYNDEFKAIVGDKVDSDDYRDKIEEITIKLIVLYGDDKSYLOKKIKAGYGKYETDSE
IKKMAGLNYKDWGRLSKKLLTGLEGANKITGERGSITHFMREYNLNIMELMSASEFTEFTEET
QKLNPVDDRKLSYEMVDELYLSPSVKRMLWQSLRIVDEIKNIMGTDSKKIFIEMARGKEEY
KARKESRKNQLLKEYKDGKKAFISEIGEERYSYLLSETEGEEENKEFRWDNLYLYYTQLGRC
MYSLEPIDISELSSKNIYDQDHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDEILNK
NCYAYWKILYDKGLIGOKKYTRLTRRTGEFTDDELVQEFISRQIVETROATKETANLLKT ICK
NSEIVYSKAENASREFROQEFDIVKCRAVNDLHHMHDAYINIIVGNVYNTKETKDPMNEVKEKQ
EKARSYNLENMEFKYDVKRGGYTAWIADDEKGTVKNASTIKRIRKELEGTNYRETRMNYIESG
ALFNATLORKNKGSRPLKDKGPKSSIEKYGGYTNINKACFAVLDIKSKNKIERKLMPVERE
IYAKQKNDKKLSDEIFSKYLKDREFGIEDYRVVYPVVKMRTLLKIDGSYYFITGGSDKTLEL
RSALQLILPKKNEWATIKQIDKSSENDYLTIERIQDLTEELVYNTEFDIIVNKEKTSVEKKSE
LNLEFQDDKIENIDFKFKSMDEKEKCKTLLMLVKATIRASGVROQDLKSIDLKSDYGRLSSKTN
NIGNYQEFKIINQSITGLFENEVDLLKL (SEQ ID NO: 14).

Ezakiella peruensis Cas9 with Nuclear Localization Signal (NLS) and Linker

MPRKKRKRRVGTKVKDYYIGLDIGT S SVGWAVT DEAYNVLKENSKKMWGVRLEDDAKTAEERR
GORGARRRLDRKKERLSLLODEFFAEEVAKVDPNEELRLDNSDLYMEDKDOQKLKSKYTLEND
KDFKDKNFHKKYPTIHHLIMDLIEDDSKKDIRLVYLACHYLLKNRGHEFIFEGQKEDTKSSE
ENSLNELKVHLNDEYGLDLEEDNENLINILTDPKLNKTAKKKELKSVIGDTKFLKAVSAIM
IGSSQKLVDLEFENPEDEFDDSATKSVDESTTSFDDKYSDYELALGDKIALVNILKETIYDSST
LENLLKEADKSKDGNKYISNAEFVKKYNKHGODLKEFKRLVRQYHKSAYFEDI FRSEKVNDNY
VSYTKSSISNNKRVKANKEFTDOQEAFYKEFAKKHLETTIKYKINKVNGSKADLELIDGMLRDME
FKNFMPKIKSSDNGVIPYQLKILMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMEFRIP
YYVGPLNPNSKYAWIKKQKDSEIT PWNEFKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKA
SLLYNEYMVLNELNNLKLNDLPITEEMKKKIFDOQLEFKTRKKVTLKAVANLLKKEFNINGET
LLSGTDGDFKOQGLNSYNDEFKATIVGDKVDSDDYRDKIEEITKLIVLYGDDKSYLOQKKIKAGY
GKYFTDSEIKKMAGLNYKDWGRLSKKLLTGLEGANKITGERGSITIHFMREYNLNLMELMSA
SEFTFTEEIQKLNPVDDRKLSYEMVDELYLSPSVKRMLWQSLRIVDEIKNIMGTDSKKIFIE
MARGKEEVKARKESRKNQLLKEYKDGKKAFISETGEERYSYLLSETEGEEENKFRWDNLYL
YYTOQLGRCMYSLEPIDISELSSKNIYDODHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYP
IPDEILNKNCYAYWKILYDKGLIGOKKYTRLTRRTGETDDELVQEISRQIVETRQATKETA
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NLLKTICKNSEIVYSKAENASREFRQEFDIVKCRAVNDLHHMHDAYINIIVGNVYNTKETKD
PMNEVKKQEKARSYNLENMFKYDVKRGGYTAWIADDEKGTVKNASIKRIRKELEGTNYRET
RMNYTIESGALEFNATLOQRKNKGSRPLKDKGPKSSTEKYGGYTNINKACFAVLDIKSKNKIER
KLMPVEREIYAKOKNDKKLSDEIFSKYLKDREGIEDYRVVYPVVKMRTLLKIDGSYYFITG
GSDKTLELRSALQLILPKKNEWAIKQIDKSSENDYLTIERIQDLTEELVYNTEFDITVNKEK
TSVEFKKSEFLNLEFODDKIENIDEKEKSMDEKEKCKTLLMLVKATRASGVRQDLKSIDLKSDY
GRLSSKTNNIGNYQEEFKIINQSITGLEENEVDLLKLGKRPAATKKAGQAKKKKGS YPYDVP

DYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 15).

Wild Type Lactobacillus fermentum strain AF15-40LB Cas9

MKEYHIGLDIGTSSIGWAVTDSQFKLMRIKGKTAIGVRLEFEEGKTAAERRT FRTTRRRLKR
RKWRLHYLDEIFAPHLQEVDENFLRRLKQSNIHPEDPAKNQAFIGKLLEFPDLLKKNERGYP
TLIKMRDELPVEQRAHYPVINIYKLREAMINEDRQFDLREVYLAVHHIVKYRGHELNNASY
DKFKVGRIDEFDKSENVLNEAYEELONGEGSEFTIEPSKVEKIGQLLLDTKMRKLDROQKAVAK
LLEVKVADKEETKRNKQITATAMSKLVLGYKADFATVAMANGNEWKIDLSSETSEDETEKER
EELSDAONDILTEITSLESQIMILNEIVPNGMSISESMMDRYWIHERQLAEVKEYLATQPAS
ARKEFDQVYNKYIGOAPKEKGEFDLEKGLKKILSKKENWKEIDELLKAGDEFLPKQRTSANGV
IPHOMHQQELDRITIEKQAKYYPWLATENPATGERDRHQAKYELDQLVSEFRIPYYVGPLVTP
EVOKATSGAKFAWAKRKEDGEITPWNLWDKIDRAESAEAFTKRMTVKDTYLLNEDVLPANS
LLYQKYNVLNELNNVRVNGRRLSVGIKQDIYTELEFKKKKTIVKAGDVASLVMAKTRGVNKPS
VEGLSDPKKENSNLATYLDLKSIVGDKVDDNRYOQMDLENITIEWRSVEFEDGEI FADKLTEVE
WLTDEQRSALVKKRYKGWGRLSKKLLTGIVDENGQRIIDLMWNTDONEFMOQIVNQPVEKEQT
DOLNQKAITNDGMTLRERVESVLDDAYTS PONKKATIWQVVRVVEDIVKAVGNAPKSISIEFR
ARNEGNKGEITRSRRTQLOKLFEDQAHELVKDTSLTEELEKAPDLSDRYYFEYFTOGGKDMY
TGDPINFDEISTKYDIDHILPQSEVKDDSLDNRVLVSRAENNKKSDRVPAKLYAAKMKPYW
NQLLKQGLITQORKEFENLTMDVDQT IKYRSLGEVKRQLVETROQVIKLTANILGSMYQEAGTD
ITETRAGLTKQLREEFDLPKVREVNDYHHAVDAYLTTFAGQYLNRRYPKLRSFEVYGEYMK
FKHGSDLKLRNENFFHELMEGDKS QGKVVDQQTGELITTRDEVADYFDWVINLKVMLI SNE
TYEETGKYEFDASHESSSLYLKNOQNKKSKLVVPLKNKLQPEYYGAYTGITQGYMVILKLLDK
KGGEFGVYRIPRYAADILNKCHDEVAYRNKIAETITISSDPRAPKSEFEVVVPRVLKGTEFLVDGE
ERKFILSSYRYKVNATQLILPVSDIKLIQDNFKALKKLNVEMOQTKKLIEIYDNILRQVDKYY
KLYDINKFRAKLODGRSKEVELDDIFGODASKEKVIIKILRGLHEFGSDLONLKEIGEGTTPL
GQFQVSEAGIRLSNTAFIIFKSPTGLENRKLYLKNL (SEQ ID NO: 84).
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Lactobacillus fermentum strain AF15-40LB Cas9 with Nuclear Localization Signal
(NLS) and Linker

MPKKKRKVGKEYHIGLDIGTSSIGWAVTDSQFKIMRIKGKTATGVRLFEEGKTAAERRTFER
TTRRRLKRRKWRLHYLDETFAPHLQEVDENEFLRRLKOQSNIHPEDPAKNQAFICKLLEPDLL
KKNERGYPTLIKMRDELPVEQRAHYPVINIYKLREAMINEDRQFDLREVYLAVHHIVKYRG
HELNNASVDKEFKVGRIDEDKSENVLNEAYEELONGEGSEFTIEPSKVEKIGQLLLDTKMRKL
DROKAVAKLLEVKVADKEETKRNKQIATAMSKLVLGYKADEFATVAMANGNEWKIDLSSETS
EDEIEKFREELSDAQNDILTEITSLESQIMLNEIVPNGMSISESMMDRYWTHERQLAEVKE
YLATQPASARKEEFDOVYNKYTGOAPKEKGEFDLEKGLKKILSKKENWKETIDELLKAGDFLPK
QRTSANGVIPHOMHQQOELDRITEKQAKYYPWLATENPATGERDRHOAKYELDQLVSEFRIPY
YVGPLVTPEVQKATSGAKFAWAKRKEDGEITPWNLWDKIDRAESAEAFTKRMTVKDTY LLN
EDVLPANSLLYQKYNVLNELNNVRVNGRRLSVGIKQDIYTELEFKKKKTVKAGDVASLVMAK
TRGVNKPSVEGLSDPKKENSNLATYLDLKSIVGDKVDDNRYOMDLENTITEWRSVEFEDGEIF
ADKLTEVEWLTDEQRSALVKKRYKGWGRLSKKLLTGIVDENGOQRITIDLMWNTDONEMQTIVN
QPVFKEQIDOQLNOKAITNDGMTLRERVESVLDDAYTSPONKKATWOVVRVVEDIVKAVGNA
PKSISTIEFARNEGNKGEITRSRRTQLOKLFEDQAHELVKDTSLTEELEKAPDLSDRYYFYF
TOGGKDMYTGDPINFDEISTKYDIDHILPQSEVKDDSLDNRVLVSRAENNKKSDRVPAKLY
AMNKMKPYWNQLLKOGLITQRKEFENLTMDVDQTIKYRSLGEVEKRQLVETROQVIKLTANILGS
MYQEAGTDIIETRAGLTKQLREEFDLPKVREVNDYHHAVDAYLTTFAGQYLNRRYPKLRSE
FVYGEYMKEKHGSDLKLRNENFFHELMEGDKSQGKVVDQQTGELITTRDEVADY EDWVINL
KVMLISNETYEETGKYFDASHESS SLYLKNOQNKKSKLVVPLKNKLOQPEYYGAYTGITQGYM
VILKLLDKKGGFGVYRIPRYAADITLNKCHDEVAYRNKIAETTSSDPRAPKSFEVVVPRVLK
GTFLVDGEEKFILSSYRYKVNATQLILPVSDIKLIQDNFKALKKLNVEMOTKKLIETYDNT
LROVDKYYKLYDINKFRAKLHDGRSKEVELDDEGODASKEKVIIKILRGLHEFGSDLONLKE
IGFGTTPLGQFQVSEAGIRLSNTAFITIFKS PTGLENRKLYLKNL
GKRPAATKKAGQAKKKKGS YPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQID NO: 85).

Wild Type Peptoniphilus sp. Marseille-P3761 Cas9

MEKKTNYTIGLDIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY ITIKKNLWGSLLEFESGQTA
KDRRLKRVARRRYERRRNRLTELOKIFAPAIDEVDENEFFRLNESEFLVPEDKAEFSKNPILEG
TLGEDKTYYKTYPTIYHLRQHLADSEEKADVRLIYLALAHMIKYRGHELIEGKLDTEHTIAT
NENLEQFFESYNALEFSEEPTELRKEELTATENTILREKNSRTVKEKRITSFLKDIGRANKQS
PMMAFITLIVGKKAKFKAAFNLEEEISLNLTDDSYDENLETILLNTIGSDFADLEDHAQRVY

CA 03211495 2023-9-8



WO 2022/204268 PCT/US2022/021523
56

NAVELAGILSGDVKNTHAKLSAOMVAMYERHKEQLKEYKSFIKANLPDQYDMT FVAPKDAQ
KKDLKGYAGYIDGNMSQDS FYKFVKDQLKEVPGSEKFLDSIEKEDFLRKQRS FYNGVI PNQ
VHLAEMEATLDRQENYYPWLKENREKITSLLTFRIPYYVGPLADGQSEFAWLERKSDEKIK
PWNFSDVVDLDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYQKYMVFNELTKIAYLDERQK
RMNLSSVEKKEIFETLFKKRSKVTEKQLVKFFENYLQIDNPTIFGIEDAFNADYSTYVELA
KVPGMKSMMDDPDNEDLMEEIVKI LTVFEDRKMRRKQLEKYKERLS PEQIKELAKKHY TGW
GRLSKKLLVGIRDKETQKT ILDYLVEDDNHSGGRQULNRNLMQLINDDRLS FKKTIAELQM
IDPSADLYAQVQEIAGSPAIKKGILLGLKIVDEI IRVMGEKPENIVIEMARENQTTARGKA
LSKRREAKIKEGLAALGSSLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPLDFDRLSQY
DEDHIIPQSFTVDNSLDNLVLTNSSQNRGNKKDDVPSLEVVNRQLAYWRSLKDAGLMT QRK
FDNLTKAMRGGLTDKDRERFIQRQLVETRQITKNVAKLLDMRLNDKKDEAGNKIRETNIVL
LKSAMASEFRKMFRLYKVRELNDY HHAHDAYLNAAIAINLLALYPYMADDFVYGEFRY KKK
POAEKATYEKLRQWNLIKRFGEKQLFTPDHEDCWNKERDIKT IKKVMGYRQVNVVKKAEER
TGMLFKETINGKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYAVISYEDKKKKPGKTIVGIS
IMDKKEFEYDSISYLGKLGFSNPVVQITILKNYSLIAYPDGRRRY ITGATKTTKGKVELQKA
NQIAMEQDLVNFIYHLKNYDEISHPESYAFVQSHTDYFDRLFDSIEHYTRRFLDAETNINR
LRRIYEEEKKKDPVDIEALVASFIELLKLT SAGAPADFIFMGEAISRRRYNSMIGLFDGQV
IYQSLTGLYETRMREFED (SEQ ID NO: 86).

Peptoniphilus sp. Marseille-P3761 Cas9 with Nuclear Localization Signal (NLS) and
Linker

MPKKKRKVGEKKTNYTIGLDIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY IKKNLWGSL
LEFESGQTAKDRRLKRVARRRYERRRNRLTELQKIFAPAIDEVDENFFFRLNESEFLVPEDKA
FSKNPIFGTLGEDKTYYKTYPTIYHLRQHLADSEEKADVRLIYLATLAHMIKYRGHELIEGK
LDTEHIAINENLEQFFESYNALEFSEEPTELRKEELTATENILREKNSRTVKEKRITSEFLKD
IGRANKQSPMMAFITLIVGKKAKFKAAFNLEEETISLNLTDDSYDENLETLLNTIGSDFADL
FDHAQRVYNAVELAGILSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSEFIKANLPDQY DMT
FVAPKDAQKKDLKGYAGYIDGNMSQODSEYKEVKDOQLKEVPGSEKFLDSIEKEDFLRKQRSE
YNGVIPNQVHLAEMEATILDRQENYY PWLKENREKIISLLTEFRIPYYVGPLADGQSEFAWLE
RKSDEKIKPWNESDVVDLDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYQKYMVENELTKT
AYLDERQKRMNLSSVEKKEIFETLEFKKRSKVIEKQLVKEFENYLOQIDNPTIEFGIEDAEFNAD
YSTYVELAKVPGMKSMMDDPDNEDIMEETIVKILTVFEDRKMRRKQLEKYKERLSPEQIKEL
AKKHYTGWGRLSKKLLVGIRDKETQKTILDYLVEDDNHSGGROHLNRNLMOLINDDRLSFK
KTIAELOMIDPSADLYAQVQEIAGSPAIKKGILLGLKIVDEIIRVMGEKPENIVIEMAREN
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OTTARGKALSKRREAKIKEGLAALGSSLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPL
DFDRLSQYDEDHIIPQSFTVDNSLDNLVLTNSSQNRGNKKDDVPSLEVVNRQLAYWRS LKD
AGLMTQRKFDNLTKAMRGGLTDKDRERFTIQRQLVETRQITKNVAKLLDMRLNDKKDEAGNK
IRETNIVLLKSAMASEFRKMFRLYKVRELNDYHHAHDAYLNAATAINLLALYPYMADDEVY
GEFRYKKKPQAEKATYEKLRQWNL IKRFGEKQLFTPDHEDCWNKERDIKT I KKVMGYRQVN
VVKKAEERT GMLFKET INGKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYAVISYEDKKKKP
CKTIVGISIMDKKEFEYDSISYLGKLCEFSNPVVQIILKNYSLIAYPDGRRRYITGATKTTK
GKVELQKANQIAMEQDLVNFIYHLKNYDEISHPESYAFVQSHTDYFDRLFDSIEHYTRRFL
DAETNINRLRRIYEEEKKKDPVDIEALVASFIELLKLTSAGAPADFIFMGEAISRRRYNSM
TGLFDGQVIYQSLTGLYETRMREEDGKRPAATKKAGQAKKKKGS YPYDVPDYAY PYDVPDY
AyPYDVPDYA (SEQID NO: 87).

NLS (bold), can be substituted with different NLSs
Linker (underlined), can be removed or extended
3xHA tag (italics), can be substituted with different tags

In some embodiments, the Cas9 protein comprises one or more mutations in reference
to SEQ ID NO: 1. 4, 8,14, 84 or 86. For example, the amino acid sequence of the Cas9
protein comprises at least one, at least two, at least three, at least four, at least five, at least
six, at least seven, at least eight, at least nine, at least 10 mutations in SEQ ID NO: 1,4, 8, 14,
84 or 86. Various mutations are known in the art, and include for example, amino acid

substitutions.

In some embodiments, two or more catalytic domains of Cas9 (RuvC1, RuvCII,
RuvCIII) are mutated to produce an inactive, or “dead” Cas9 (dCas9) that lacks nucleic acid
cleavage activity. In some embodiments, the one or more mutations are in the PAM
Interacting, HNH, and or the RuvC domains. In some embodiments, Cas9 is mutated to
reduce DNA cleavage activity to less than about 25%, 15%, 10%., 5%, 1%, 0.1%, 0.01% or

lower with respect to its non-mutated form.

In some embodiments a nickase-mutant version of Cas9 is provided. In some
embodiments, the nickase mutant has one or more amino acid substitutions in the RuvC
and/or the HNH domains. Various nickase mutations are known with respect to SpCas9
(Streptococcus pyogenes) and include [or example mutations at one or more of amino acid
positions 10, 12, 17, 762, 840, 854, 863, 982, 983, 984, 986, 987 of wild type SpCas9. For

example, an aspartic acid-to-alanine substitution that corresponds to D10A in SpCas9 results
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in the creation of a nickase. In some embodiments, the Cas9 described herein has one or
more mutations that result in the creation of a nickase. In some embodiments, the Cas9
described herein has one or more mutations at an amino acid position that corresponds to one

or more of amino acids 10, 12, 17, 762, 840, 854, 863, 982, 983, 984 986, 987 of SpCas9.

In some embodiments, the mutation is an aspartic acid-to-alanine substitution
(D10A) in the RuvC domain of ScoCas9. In some embodiments, the mutation is an aspartic
acid-to-alanine substitution (D14A) in the RuvC domain of SirCas9. In some embodiments,
the mutation is an asparlic acid-to-alanine substitution (D38A) in the RuvC domain of
VapCas9 (e.g., corresponding to D10A in SpCas9). In some embodiments, the mutation is an
aspartic acid-to-alanine substitution (D12A) in the RuvC domain of EpeCas9. In some
embodiments, the mutation is an aspartic acid-to-alanine substitution (D9A) in the RuvC
domain of LfeCas9. In some embodiments, the mutation is an aspartic acid-to-alanine

substitution (D12A) in the RuvC domain of PmaCas9.

In some embodiments, the mutation is an aspartic acid-to-glycine substitution (D10G)
in the RuvC domain of ScoCas9. In some embodiments, the mutation is an aspartic acid-to-
glycine substitution (D14G) in the RuvC domain of SirCas9. In some embodiments, the
mutation is an aspartic acid-to-glycine substitution (D38G) in the RuvC domain of VapCas9
(e.g.. corresponding to D10G in SpCas9). In some embodiments, the mutation is an aspartic
acid-to-glycine substitution (D12G) in the RuvC domain of EpeCas9. In some embodiments,
the mutation is an aspartic acid-to-glycine substitution (D9A) in the RuvC domain of
LfeCas9. In some embodiments, the mutation is an aspartic acid-to-glycine substitution

(D12G) in the RuvC domain of PmaCas9.

In some embodiments, such one or more mutations described herein converts Cas9 to
an inactive, or “dead” version of Cas9 (dCas9). Accordingly, in some embodiments, the
Cas9 protein comprises one or more mutations that inhibits the ability of Cas9 to cleave both
strands of a DNA duplex.

In some embodiments, when coexpressed with a guide RNA, dead Cas9 generates a
DNA recognition complex that can specifically interfere with transcriptional elongation,
RNA polymerase binding, or transcription factor binding. Tn some embodiments, dead Cas9
1s used to specifically target effector proteins of various functions to specific nucleic acid

target sites.
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In some embodiments, a high-fidelity Cas9 variant comprises enhanced specificily,
which minimizes off-target cleavage. In some embodiments, engineered variants, for
example, ‘hyper-accurate Cas9” (N692A, M694A, Q695A and/or H698 A mutations
corresponding to SpyCas9) and/or ‘high-fidelity Cas9® (N467A, R661A QGI5A and/or
Q926 A mutations corresponding to SpyCas9) are used which comprise mutations mainly
within the REC3 domain and achieve higher specificity and fidelity. High-fidelity variants
reduce the capacity of Cas9 to stabilize mismatches and reduce off-target DN A cleavage. In
some embodiments, the increase in specificity is accompanied by a loss in efficiency of on-
target cleavage by about 100 fold. In some embodiments, a SuperFi-Cas9 is used, whichis a
high-fidelity variant that maintains on-target cleavage rates comparable 1o wild-type Cas9. In
some embodiments, the SuperFi-Cas9 comprises mutations in the RuvC loop. In some
embodiments, the mutations inhibit formation of a kinked conformation that facilitates
subsequent cleavage of gRNA-TS duplex. In some embodiments, the Y1016, R1019, Y1010,
Y1013, K1031, Q1027 and/or V1018 residues corresponding to SpyCas9 are mutated, for
example, to aspartic acid. (Bravo, J. ef a/. Structural basis for mismatch surveillance by

CRISPR-Cas9 Nature, 603, March 2022).

The engineered, non-naturally occurring Cas9 is has an amino acid sequence at least
80% (e.g., 80%, 81%, 82%, 83%. 84%, 85%, 86%, 87%, 88%., 89%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, 99% or more) identical to a Cas9 amino sequence at SEQ ID
NOs. 2, 5,9, 15, 85, 87, 95, or 96.

In some embodiments, the engineered non-naturally occurring Cas9 is encoded in a
nucleic acid molecule codon-optimized for human cells (e.g., codon optimized for

expression, stability, etc.).

Exemplary Cas9 sequences with Nuclear Localization Signal (NLS) and a linker is

provided in Table 2 below.

Table 2. Exemplary Cas9 Sequence with NLS and Linker

Sequence of ScoCas9 with Nuclear Localization Signal (NLS) and Linker

MPKKKRRVGGKPYSIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDRKQSTKKNLLGALLL
DSGETAEATRLKRTARRRYTRRKNRLRYLQEIFTGEMNKVDENEFFOQRLDDS FLVDEDKRGE
HHPIFGNIAAEVKYHDDEFPTIYHLRRHLADTSKKADLRLVYLALAHMIKFRGHEFLYEGDLK
AENTDVOALFKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNT
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LFGNLIALSLDLHPNFKTNFQLSEDAKLOFSKDTYEEDLEGFLGEVGDEYADLFASAKNLY
DAILLSGILTVDDNSTKAPLSASMVKRYEEHQKDLKKLKDEFIKVNAPDQYNATIFKDKNKKG
YASYTESGVKQDEFYKYLKGILLKINGSGDFLDKIDREDFLRKQRTFDNGSIPHQIHLQEM
HAILRRQGEHYPFLKENQDKIEKILTFRIPYYVGPLARKGSRFAWAEYKADEKITPWNFDD
ILDKEKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKFFEFDT
NMKQEIFDHVFKENRKVTKDKLLNYLNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKT
LDKSFLDDKANEKTIEDITIQTLTLFEDREMIRQRLOKYSDIFTKAQLKKLERRHYTGWGRL
SYKLINGIRNKENKKTILDYLIDDGYANRNFMQLINDDALSFKEEIARAQIIDDVDDIANV
VHDLPGSPATIKKGILOQSVKIVDELVKVMGHNPANIIIEMARENQTTDKGRRNSQQORLKLLQ
DSLKNLDNPVNIKNVENQOLONDRLELYYIQNGKDMYTGETLDINNLSQYDIDHITIPQAFET
KDNSLDNRVLTRSDKNRGKSDDVPSIEVVHEMKSEFWSKLLSVKLITQRKEDNLTKAERGGL
TEEDKAGFIKROQLVETROQITKHVAQILDERFNTEEFDGNKRRIRNVKIITLKSNLVSNFRKE
FELYKVREINDYHHAHDAYLNAVVGNALLLKYPQLEPEFVYGEYPKYNSYRSRKSATEKFEL
FYSNILRFFKKEDIQTNEDGETAWNKEKHIKILRKVLSYPQVNIVKKTEEQTGGEFSKESIL
PKGESDKLIPRKTKNSYWDPKKYGGFDSPVVAYSILVFADVEKGKSKKLRKVQDMVGITIM
EXKKRFEKNPVDFLEQRGYRNVRLEKIIKLPKYSLFELENKRRRLLASAKELQKGNELVIPQ
RETTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEY I SVESRKYVLADNNLTKIEMLFSK
NKDAEVSSLAKSEFISLLTFTAFGAPAAENFEFGENIDRKRYTSVTECLNATLIHQSITGLYE
TRIDLSKLGEDEKRPAATKKAGQAKKKKQEYPYDVPDYAYPYDVPDYAYPYDVPDYA
(SEQ ID NO: 2).

Sequence of Sharpea Cas9 with Nuclear Localization Signal (NLS) and Linker

MPKKKRKVGAKNKDIRYSIGLDIGTNSVGWAVMDEHY ELLKKGNHHMWGSRLEDAAEPAAT
RRASRSIRRRYNKRRERIRLLRDLLGDMVMEVDPTEEFIRLLNVSEFLDEEDKOKNLGNDYKD
NYNLEIEKDENDKTYYDKYPTIYHLRKELCENKEKADPRLIYLALHHIVKYRGNEFLKEGQS
FAKVYEDIEEKLDNTLKKEMSLNDLDNLEVDNDINSMITVLSKIYQRSKKADDLLKIMNPT
KEERAAYKEFTKALVGLKENVSKMILAQEVKKDDKDIELDESNVDYDSTVDGLOQAELGEYT
FEEFIEMLHSINSWVELQDILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNEVERE
DNPKLHNYLGYIKYPKNTPVEEFYEYTIKRLLAKVDTGEAREILERIDLEKFMLKQONSRTNG
SIPYOMOKDEMIQITIDNQSVYYPQLKENREKLISTILEFRIPYYFGPLNTHSEFAWIKKEED
KOKERILPWNYDQIVDIDATAEGEFIERMONTGTYEFPDKPVMAKNSLTVSKEEVLNELNKIR
INGKLIPVETKKELLSDLEFMKNKT ITDKKLKDWLVTHQYYDTNEELKIEGYQKDLQOESTSL
APWIDFTKIFGEINASNYQLIEKIIYDISIFEDKKILKRRLKKVYQLDDLLVDKILKLNYT
GWSRLSEKLLTGIKSKNSKETILSILENSNMNLMEIINDESLGEFKQITEESNKKDIEGPFEFR
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YDEVKKLAGSPATKRGIWOALLVVQEITKIMKHEPSHIYIEFAREEQEKVRTESRIAKLQK
IYKDLNLQTKEDQLVYESLKKEDAKKKIDTDALYLYYLOMGKSMY SGKPLDIDKLSTYHID
HILPRSLIKDDSLDNRVLVLPKENEWKLDSETVPEFEIRNKMMGEFWOKLHENGIMSNKKEES
LTIRTDENEKDKKREINROLVETROITIKNVAVIINDHYTNTNVVIVRAELSHOFRERYKIYK
NRDLNDLHHAHDAYTACILGQFITHONEGNMDVNMIYGQYKKNYKKDVQEHNNYGEILNSMN
HIHENDDNSVIWDPSYIGKIKSCECYKDVYVITKKLEQNDAKLEDLTILPSDKNSENGVTKA
KIPVNKYRKDVNKYGGEFSGDAPIMLATEADKGKKHVROQVIAFPLRLKNYNDEERTIKEIEKE
KNLKNVKILTEVKKNQLILINHOQYFFITGTNELVNATQLKLSAKNTKNLENLVDANKHNKL
ESIDDANFNEVIQELICKLOQEPIYSRYNSIGKEFEDSYEKINAVTKQDKLYITIEYLTAIMS
AKATQGYIKPELAREIGTNGKNKGRIKSEFTIDLNKTTEISTSVTGLESKKY KLGKRPAATK

KAGQAKKKKggYPYDVPDYAYPYDVPDYAYPYDVPDYA(SEQIEHVO:5)

Sequence of Veillonella parvula Cas9 with Nuclear Localization Signal (NLS) and

Linker

MPKKKRRKVGS ITNFQRRGLMETQASNQLTSSHLKGYPIKDYEVGLDIGTSSVGWAVTNKAY
ELLKFRSHKMWGSRLEDEGESAVARRGEFRSMRRRLERRKLRLKLLEELFADAMACQVDPTEE
MRLRESKYHYEDKTTGHSSKHILEFIDKNYNDQDYFKEYPTVYHLRSELMKSGTDDIRKLEL
AVHHILKYRGNFLYEGATEDSNASTLDDVIKQALENITENCEDCNSAISSIGQILMEAGKT
KSDKAKATEHLVDTYIATDTVDTS SKTOQKDOQVKEDKKRLKAFANLVLGLNASLIDLEGSVE
ELEEDLKKLOQITGDTYDDKRDELAKAWSDEIYITIDDCKSVYDAIILLSIKEPGLTISESKVY
KAFNKHKDDLATLKSLLKSDRSIYNTMEKVDEKGLHNYVHYIKQGRTEETSCNREDEYKYT
KKIVEGLSDSKDKEYILSQIELQILLPLOQRIKDNGVIPYQLHLEELKATLAKCGPKEPEFLN
EVADGEFSVAEKLIKMLEFRIPYYVGPLNTHHNVDNGGFAWAVRKASGRVTPWNEDDKTI DRE
KSAAAFTIKNLTNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLI EAYV
FKODHKKMTKNRIEQFLKDNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGEDRSMA
EEIITDITIFGESKKMLRETLRKKFASCLDDEATIKKLTKLRYRDWGRLSQKLLNGIEGCDK
AGDGTPETIIILMRNEFSYNLMELLGDKESEFMERIQEINAKLTEGQIVNPHDIIDDLALSPA
VKRAVWOALRIVDEVAHIKKALPARIEVEVTIRSNKNEKKKKDSRQKRLSDLYAATKKDDVL
LNGLNNEIFGELKSSLAKYDDAALRSKKLYLYYTOMGRCAYTGEIIELSLLNTDNYDIDHT
YPRSLTKDDSEDNLVLCKRTANAQKSDAYPISEEIQKTOKPEWT FLKQOGLISERKYERLT
RITPLTADDLSGEIARQLVETNQSVKAATTLLRRLYPGVDVVEVKAENVTDEFRHDNNEIKY
RSLNHHHHAKDAYLNIVVGNVYHERFTRNFRAFEFKKNGANRTYNLAKMENY DVNCTNAKDG
KAWDVKTSMDTVKKMMDSNDVRVT KRLLEQTGALADAT IYKATVAGKAKDGAY IGMKTKSS
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VEADVSKYGGMTKIKNAYSIIVOYTGKKGEVIKEIVPLPIYLTNRNTTDODLINYVASIIP
QAKDISIIYGKLCINQLVKVNGEYYYLGGKINSKECIDNATQVIVSNEWIPYLKVLEKENN
MRKDNKDLKANVVSTRALDNKHTIEVRIVEEKNIEFEFDYTLVSKLKMPTYQOKMKGNKAAELS
EKGYGLEFKKMSLEEQSIHLIELLNLLTNOQKTTFEVKPLGITASRSTVGSKISNQDEFKVIN
ESTITGLYSNEVT IVGKRPAATKKAGQAKKKKGS YPYDVPDYAYPYDVPDYAYPYDVPDYA

(SEQ ID NO: 9).

Sequence of Ezakiella peruensis Cas9 with Nuclear Localization Signal (NLS) and
Linker

MPKKKRRKVGTKVKDYYTIGLDTIGTS SVGWAVTDEAYNVLKFNSKKMWGVRLFDDAKTAEERR
GORGARRRLDRKKERLSLLODEFFAEEVAKVDPNEEFLRLDNSDLYMEDKDOKLKSKYTLEND
KDFKDKNFHKKYPTIHHLIMDLIEDDSKKDIRLVYLACHYLLKNRGHEFTIFEGQKEDTKSSE
ENSLNELKVHLNDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKEFLKAVSAIM
LGSSQKLVDLEENPEDEFDDSALKSVDEST IS EFDDKYSDYRLALGDKIALVNLILKELYDSS1
LENLLKEADKSKDGNKYISNAEVKKYNKHGOQDLKEFKRLVRQYHKSAYEFDIFRSEKVNDNY
VSYTKSSISNNKRVKANKETDQEAFYKEFAKKHLET IKYKINKVNGSKADLELIDGMLRDME
FKNFMPKIKSSDNGVIPYQLKIMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMERFRIP
YYVGPLNPNSKYAWIKKQKDSEITPWNEKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKA
SLLYNEYMVLNELNNLKLNDLPITEEMKKKIFDOQLEFKTRKKVTLKAVANLLKKEENINGET
LLSGTDGDFKQGLNSYNDFKATIVGDKVDSDDYRDKIEEITKLIVLYGDDKSYLOKKIKAGY
GKYFTDSEIKKMAGLNYKDWGRLSKKLLTGLEGANKITGERGSIITHFMREYNLNLMELMSA
SETFTEEIQKLNPVDDRKLSYEMVDELYLSPSVKRMLWOSLRIVDEIKNIMGTDSKKIFIE
MARGKEEVKARKESRKNQLLKEYKDGKKAFISEIGEERYSYLLSETIEGEEENKEFRWDNLYL
YYTOQLGRCMYSLEPIDISELSSKNIYDODHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYP
IPDEILNKNCYAYWKILYDKGLIGOKKYTRLTRRTGETDDELVQEISROQIVETRQATKETA
NLLKTICKNSEIVYSKAENASREFRQEEFDIVKCRAVNDLHHMHDAYINIIVGNVYNTKETKD
PMNEVKKQEKARSYNLENMEFKYDVKRGGYTAWIADDEKGTVENAS IKRIRKELEGTNYRET
RMNYIESGALENATLORKNKGSRPLKDKGPKSSIEKYGGYTNINKACFAVLDIKSKNKIER
KIMPVEREIYAKQKNDKKLSDETEFSKYLKDREFGIEDYRVVYPVVKMRTLLKIDGSYYFITG
GSDKTLELRSALOLTILPKKNEWATKQIDKSSENDYLTIERTQDLTEELVYNTEFDITVNKEK
TSVEFKKSEFLNLEFQDDKIENIDEFKEKSMDEKEKCKT LLMLVKATRASGVROQDLKSIDLKSDY
GRLSSKTNNIGNYQEFKIINQSITGLEENEVDLLKLGKRPAATKKAGQAKKKKGS YPYDVP

DYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 15).
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Sequence of Lactobacillus fermentum strain AF15-40LB Cas9 with Nuclear
Localization Signal (NLS) and Linker

MPKKKRKVGKEYHIGLDIGTSSIGWAVTDSQFKIMRIKGKTATGVRLFEEGKTAAERRTFER
TTRRRLKRRKWRLHYLDETFAPHLQEVDENEFLRRLKOQSNIHPEDPAKNQAFICKLLEPDLL
KKNERGYPTLIKMRDELPVEQRAHYPVINIYKLREAMINEDRQFDLREVYLAVHHIVKYRG
HELNNASVDKEFKVGRIDEDKSENVLNEAYEELONGEGSEFTIEPSKVEKIGQLLLDTKMRKL
DROKAVAKLLEVKVADKEETKRNKQIATAMSKLVLGYKADEFATVAMANGNEWKIDLSSETS
EDEIEKFREELSDAQNDILTEITSLESQIMLNEIVPNGMSISESMMDRYWTHERQLAEVKE
YLATQPASARKEEFDOVYNKYTGOAPKEKGEFDLEKGLKKILSKKENWKETIDELLKAGDFLPK
QRTSANGVIPHOMHQQOELDRITEKQAKYYPWLATENPATGERDRHOAKYELDQLVSEFRIPY
YVGPLVTPEVQKATSGAKFAWAKRKEDGEITPWNLWDKIDRAESAEAFTKRMTVKDTY LLN
EDVLPANSLLYQKYNVLNELNNVRVNGRRLSVGIKQDIYTELEFKKKKTVKAGDVASLVMAK
TRGVNKPSVEGLSDPKKENSNLATYLDLKSIVGDKVDDNRYOMDLENTITEWRSVEFEDGEIF
ADKLTEVEWLTDEQRSALVKKRYKGWGRLSKKLLTGIVDENGOQRITIDLMWNTDONEMQTIVN
QPVFKEQIDOQLNOKAITNDGMTLRERVESVLDDAYTSPONKKATWOVVRVVEDIVKAVGNA
PKSISTIEFARNEGNKGEITRSRRTQLOKLFEDQAHELVKDTSLTEELEKAPDLSDRYYFYF
TOGGKDMYTGDPINFDEISTKYDIDHILPQSEVKDDSLDNRVLVSRAENNKKSDRVPAKLY
AMNKMKPYWNQLLKOGLITQRKEFENLTMDVDQTIKYRSLGEVEKRQLVETROQVIKLTANILGS
MYQEAGTDIIETRAGLTKQLREEFDLPKVREVNDYHHAVDAYLTTFAGQYLNRRYPKLRSE
FVYGEYMKEKHGSDLKLRNENFFHELMEGDKSQGKVVDQQTGELITTRDEVADY EDWVINL
KVMLISNETYEETGKYFDASHESS SLYLKNOQNKKSKLVVPLKNKLOQPEYYGAYTGITQGYM
VILKLLDKKGGFGVYRIPRYAADITLNKCHDEVAYRNKIAETTSSDPRAPKSFEVVVPRVLK
GTFLVDGEEKFILSSYRYKVNATQLILPVSDIKLIQDNFKALKKLNVEMOTKKLIETYDNT
LROVDKYYKLYDINKFRAKLHDGRSKEVELDDEGODASKEKVIIKILRGLHEFGSDLONLKE
IGFGTTPLGQFQVSEAGIRLSNTAFITIFKS PTGLENRKLYLKNL
GKRPAATKKAGQAKKKKGS YPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQID NO: 85).

Sequence of Peptoniphilus sp. Marseille-P3761 Cas9 with Nuclear Localization Signal
(NLS) and Linker

MPKKKRRKVGEKKTNYTIGLDIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY IKKNLWGSL
LEESGQTAKDRRLKRVARRRYERRRNRLTELQKIFAPATIDEVDENFFEFRLNESELVPEDKA
FSKNPIFGTLGEDKTYYKTYPTIYHLRQHLADSEEKADVRLIYLATAHMIKYRGHEFLIEGK
LDTEHIAINENLEQFEFESYNALESEEPIELRKEELTATENILREKNSRTVKEKRITSEFLKD
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IGRANKQSPMMAFITLIVGKKAKFKAAFNLEEEISLNLTDDSYDENLEILLNTIGSDFADL
FDHAQRVYNAVELAGILSGDVKNT HAKLSAQMVAMY ERHKEQLKEYKS FIKANL PDQY DMT
FVAPKDAQKKDLKGYAGYTIDGNMS QDSFYKFVKDQLKEVPGSEKFLDS IEKEDFLRKQRSF
YNGVIPNQVHLAEMEAILDRQENYYPWLKENREKIISLLTFRIPYYVGPLADGQSEFAWLE
RKSDEKIKPWNFSDVVDLDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYQKYMVENELTKI
AYLDERQKRMNLSSVEKKEIFETLFKKRSKVTEKQLVKFFENYLQIDNPTIFGIEDAFNAD
YSTYVELAKVPGMKSMMDDPDNEDLMEEIVKILTVFEDRKMRRKQLEKYKERLS PEQIKEL
AKKHYTGWGRLSKKLLVGIRDKET QKTILDYLVEDDNHSGGRQHLNRNLMQL INDDRLS FK
KTIAELOMIDPSADLYAQVQEIAGS PATKKGILLGLKIVDEI IRVMGEKPENIVIEMAREN
QTTARGKALSKRREAKIKEGLAALGSSLLKENLPGNADLSQRKIYLYYTQNGKDIYLDEPL
DFDRLSQYDEDHIIPQSFTVDNSLDNLVLTNSSQNRGNKKDDVPSLEVVNRQLAYWRS LKD
AGLMTQORKFDNLTKAMRGGLTDKDRERFIQRQLVETRQITKNVAKLLDMRLNDKKDEAGNK
IRETNIVLLKSAMASEFRKMFRLYKVRELNDYHHAHDAYLNAATATINLLALYPYMADDFVY
GEFRYKKKPQAEKATYEKLRQWNL IKRFGEKQLFTPDHEDCWNKERDTI KT T KKVMGYRQVN
VVKKAEERT CMLFKET INGKTNKGSRIPIKKDLDPSKYGCGYIEEKMAYYAVISYEDKKKKP
GKTIVGISIMDKKEFEYDSISYLGKLGEFSNPVVQIILKNYSLIAYPDGRRRY ITGATKTTK
GKVELQKANQIAMEQDLVNFIYHLKNYDEISHPESYAFVQSHTDYFDRLEDSIEHYTRRFEL
DAETNINRLRRIYEEEKKKDPVDIEALVASFIELLKLTSAGAPADFIFMGEAISRRRYNSM
TGLFDGQVIYQSLTGLYETRMRFEDGKRPAATKKAGQAKKKKGS YPYDVPDYAYPYDVPDY
AYPYDVPDYA (SEQID NO: 87).

Sequence of ScoCas9 variant with Nuclear Localization Signal (NLS) and Linker
(ScoCas9-NGC-vl)

MPKKKRKVGMGKPYSIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQOS IKKNLLGALL
FDSGETAEATRLKRTARRRYTRRKNRLRYLQEIFTGEMNKVDENEFFQRLDDS FLVDEDKRG
EHHPIFGNIAAEVKYHDDEFPTIYHLRRHLADTSKKADLRLVYLALAHMIKERGHELYEGDL
KAENTDVOALFKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKN
TLEGNLTIALSLDLHPNEFKTNFQLSEDAKLQEFSKDTYEEDLEGFLGEVGDEYADLEFASAKNL
YDAILLSGILTVDDNSTKAPLSASMVKRY EEHQKDLKKLKDETIKVNAPDQYNATEFKDKNKK
GYASYIESGVKQODEFYKYLKGILLKINGSGDFLDKIDREDELRKQRTEDNGSIPHQIHLQE
MHATLRROQGEHYPFLKENQDKIEKILTEFRIPYYVGPLARKGSREFAWAEYKADEKITPWNED
DILDKEKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKEFED
TNMKQEIFDHVEFKENRKVTKDKLLNYLNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRK
ILDKSFLDDKANEKTIEDIIQOTLTLFEDREMIRORLOKYSDIEFTKAQLKKLERRHYTGWGR
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LSYKLINGIRNKENKKTILDYLIDDGYANRNIEMOQLINDDALSFKEETARAQIIDDVDDIAN
VVHDLPGSPATKKGILQSVKIVDELVKVMGHNPANIITEMARENQTTDKGRRNS QORLKLL
QDSLKNLDNPVNIKNVENQOLONDRLEFLYYTIQNGKDMYTGETLDINNLSQYDIDHITPQAF
IKDNSLDNRVLTRSDKNRGKSDDVPSIEVVHEMKSFWSKLLSVKLITQRKEDNLTKAERGG
LTEEDKAGFIKRQLVETROQITKHVAQILDEREFNTEFDGNKRRIRNVKIITLKSNLVSNERK
EFELYKVREINDYHHAHDAYILNAVVGNALLLKYPQLEPEEFVYGEYPKYNSYRSRKSATEKE
LEYSNILREFFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTEEQTGGESKEST
LPKGESDKLIPRKTKNSYWDPKKYGGEMQPVVAYSILVEFADVEKGKSKKLRKVOQDMVGITI
MEKKREFEKNPVDELEQRGYRNVRLEKITIKLPKYSLFELENKRRRLLASAKFLQKGNELVIP
QREFTTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEY ISVESRKYVLADNNLTKIEMLES
KNKDAEVSSLAKSEFISLLTEFTAFGAPRAFNFFGENIARKEYRSVTECLNATLIHQSITGLY
ETRIDLSKLGEDGEGADKRTADGSEFESPKKKRKV (SEQ ID NO: 85)

Sequence of ScoCas9 with Nuclear Localization Signal (NLS) and Linker (ScoCas9-
NGC-v2)

MPKKKRKVGMGKPYSTIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQOS IKKNLLGALL
FDSGETAEATRLKRTARRRYTRRKNRLRYLQETIFTGEMNKVDENFEFFQRLDDS FLVDEDKRG
EHHPIFGNIAAEVKYHDDEFPTIYHLRRHLADTSKKADLRLVYLALAHMIKEFRGHELYEGDL
KAENTDVOALFKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKN
TLEGNLIALSLDLHPNEFKTNFQLSEDAKLQFSKDTYEEDLEGFLGEVGDEYADLEFASAKNL
YDATILLSGILTVDDNSTKAPLSASMVKRY EEHOQKDLKKLKDEIKVNAPDQYNATEFKDKNKK
GYASYIESGVKODEEFYKYLKGILLKINGSGDEFLDKIDREDELRKORTEFDNGIIPHQIHLQE
MHATT/ RRQGFRHYPFT KENQDKTERKTT TFRTPYYVGPT.ARKGSRFAWARYKADEKTTPWNFD
DILDKEKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKEED
TNMKQEIFDHVEFKENRKVTKDKLLNYLNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRK
ILDKSFLDDKANEKTIEDITIQTLTLEFEDREMIRQRLOKYSDIFTKAQLKKLERLHYTGWGR
LSYKLINGIRNKENKKTILDYLIDDGYANRNEMQLINDDALSFKEETARAQIIDDVDDIAN
VVHDLPGSPATKKGILOQSVKIVDELVKVMGHNPANIITEMARENQTTDKGRRNSQORLKLL
ODSLKNLDNPVNIKNVENQOLONDRLELY Y IQNGKDMYTGETLDINNLSQYDIDHIIPQAEFE
ITKDNSLDNRVLTRSDKNRGKSDDVPSTEVVHEMKSFWSKLLSVKLITQRKEDNLTKAERGG
LTEEDKAGFIKRQLVETRQITKHVAQILDEREFNTEFDGNKRRIRNVKIITLKSNLVSNERK
EFELYKVREINDYHHAHDAYILNAVVGNALLLKYPOLEPEFVYGEYPKYNSYRSRKSATEKE

CA 03211495 2023-9-8
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LEYSNILREFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPOVNIVKKTEEQTGGESKEST
LPKGESDKLIPRKTKNSYWDPKKYGGEMQPVVAYSILVEFADVEKGKSKKLRKVODMVGITI
MEKKRFEKNPVDELEQRGYRNVRLEKITKLPKYSLFELENKRRRLLASAKFLOKGNELVIP
ORFTTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEYISVESRKYVLADNNLTKIEMLES
KNKDAEVSSLAKSFISLLTEFTAFGAPRAFNFEFGENIARKEYRSVTECLNATLIHQSITGLY
ETRIDLSKLGEDGEGADKRTADGSEFESPKKKRKV (SEQ ID NO: 96)

NLS (bold), can be substituted with different NLSs
Linker (underlined), can be removed or extended

In some embodiments, the engineered non-naturally occurring Cas9 comprises a tag.
5 A varietly ol tags may be [used 1o the Cas9 variant (e.g., 3xHA 1ag), depending on purpose, as

will be apparent to a skilled person.

Various species exhibit codon bias (i.e. differences in codon usage by organisms)
which correlates with the efficiency of translation of messenger RNA (mRNA) by utilizing
codons in mRNA that correspond with the abundance of tRNA species for that codon in a

10 particular organism. Various methods in the art can be used for computer optimization,
including for example through use of software. In some embodiments, codon optimization
refers to modification of nucleic acid sequences for enhanced expression in the host cells of
interest by replacing at least one codon (e.g. 1,2, 3, 4,5, 10, 15, 20, 25, 50 or more codons)
of the native sequence with codons that are more frequently used or most frequently used in

15  the genes of the host cell while maintaining the native amino acid sequence.

In some embodiments, the Cas9 protein described herein is codon optimized. This
tvpe of optimization is known in the art and entails the mutation of foreign-derived DNA to
mimic the codon preferences of the intended host organism or cell while encoding the same
protein. Thus, the codons are changed, but the encoded protein remains unchanged. Codon

20  optimization improves soluble protein levels and increases activity and editing efficiency in a
given species. Codon optimization also results in increased translation and protein

expression.

CA 03211495 2023-9-8
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In some embodiments, the Cas9 protein is codon optimized [or expression in
eukaryotic cells. In some embodiments, the Cas9 protein is codon optimized for expression in

human cells.

Protospacer Adjacent Motif (PAM)

Each Cas endonuclease binds 1o its targetl sequence only in the presence ol a specilic
sequence, known as a protospacer adjacent motif (PAM), on the non-targeted i.e.
complementary DNA strand. Cas nucleases isolated from different bacterial species
recognize different PAM sequences. For example, the SpCas9 nuclease (from
Staphylococcus pyogenes) cuts upstream of the PAM sequence 5'-NGG-3' (where “N” can be
any nucleotide base), SaCas9 (from Staphylococcus aureus) recognizes the PAM sequence 5'-
NNGRR (N)-3' in the target. Thus, the locations in the genome that can be targeted by

different Cas proteins are limited by the locations of unique PAM sequences.

Disclosed herein Cas9 proteins engineered from Streprococcus constellatus and
FEzakiella peruensis and Peptoniphilus sp. Marseille-P3761 species recognize the consensus
PAM sequence 5°-NGG-3". Disclosed herein Cas9 proteins engineered from Streprococcus
constellatus and Lzakiella peruensis and Peptoniphilus sp. Marseille-P3761 species
recognize the consensus PAM sequence 5°-NGG-3°. In some embodiments, Cas9 proteins
disclosed herein are engineered to recognize the consensus PAM sequence 5'-NGC-3’.
Exemplary embodiments are described below and should be nonlimiting. In some
embodiments, Cas9 proteins from Streptococcus constellatus are engineered to recognize the
consensus PAM sequence 5°-NGC-3°. In some embodiments, the NGC PAM variant includes
one or more amino acid substitutions selected from or corresponding to D1117M, S118Q),
E1201F, A1299R, D1309A, R1312E, and T1314R (collectively termed “MQFRAER”) with
reference to ScoCas9 (SEQ ID NO: 1). In some embodiments, the NGC PAM variant
includes one or more amino acid substitutions selected from or corresponding to D1135M,
S1136Q, G1218K, E1219F, A1322R, D1332A, R1335E, and T1337R (collectively termed
“MQKFRAER™) with reference to a naturally occurring SpyCas9 (SEQ ID NO: 173). In
some embodiments, similar or corresponding amino acid substitutions can be made to

SirCas9, VapCas9, EpeCas9, LfeCas9, or PmaCas9.

Streptococcus pyogenes Cas9 (SpyCas9; GenBank: QSG91308.1)
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MDKKYSIGLDIGTNSVGWAVITDDYKVPSKKEKVLGNTDRHSIKKNLIGALLEDSGETAEAT
RLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFEFHRLEESEFLVEEDKKHERHPIEGNIVD
EVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLET
QLVOTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGL
TPNEFKSNEFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDATLLSDILRVNT
EITKAPLSASMIKRYDEHHODLTLLKALVROOLPEKYKEIFEFDOSKNGYAGYIDGGASQEEREE
YKEIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHATILRRQEDEYPFLK
DNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNEFEEVVDKGASAQSEIERMT
NEDKNLPNEKVLPKHSLLYEYFIVYNELTKVKYVTEGMRKPAFLSGEQKKATIVDLLEKTNRK
VIVKOQLKEDYFKKIECEDSVEISGVEDRENASLGTYHDLLKITIKDKDELDNEENEDILEDIV
LTLTLFEDREMIEERLKTYAHLEDDKVMKOLKRRRYTGWGRLSRKLINGIRDKOSGKTILDE
LKSDGFANRNFMOLTHDDSLTFKEDIQKAQVSGQGDSTHEHTANLAGSPATKKGILQTVKVV
DELVKVMGRHKPENIVIEMARENQTTOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQL
QNEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPQSEFLKDDSIDNKVLTRS DKNRGKSD
NVPSEEVVKKMKNYWROLLNAKLITQRKEDNLTKAERGGLSELDKAGEIKRQLVETRQITKH
VAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDEFRKDEFQEFYRKVREINNYHHAHDAYLNAV
VGTALIKKYPKLESEEVYGDYKVYDVRKMIAKSEQEIGKATAKYFEFYSNIMNEEFKTEITLAN
GEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPOVNIVKKTEVOTGGESKESILPKRNS
DKLTARKKDWDPKKYGGEDS PTVAYSVILVVAKVEKGKSKKLKSVKELLGITIMERSSEFEKNP
IDFLEAKGYKEVKKDLITIKLPKYSLEELENGRKRMLASAGELQKGNELALPSKYVNELYLAS
HYEKLKGSPEDNEQKQLEFVEQHKHYLDEITEQISEFSKRVILADANLDKVLSAYNKHRDKPI
REQAENITHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ

LGGD(SEQ ID NO:173).

In some embodiments, the Cas9 protein described herein does not bind or exhibit

activity with any other PAM sequences.

RNA Guides

An RNA guide comprises a polynucleotide sequence with complementarity to a target
sequence. The RNA guide hybridizes with the target nucleic acid sequence and directs
sequence-specific binding of a CRISPR complex to the target nucleic acid. In some
embodiments, an RNA guide has 50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%,

98%, 99% or 100% complementarity to a target nucleic acid sequence.
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In some embodiments, the RNA guides are about 5, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 75 or more nucleotides in length.
In some embodiments, the RNA guides are about 18-24 nucleotides in length. In some
embodiments, the RNA guide is complementary to about 18-24 nucleotides in the target
nucleic acid sequence. For example, the RNA guide is complementary to about 18, 19, 20,
21, 22, 23, or 24 nucleotides in the target nucleic acid sequence. In some embodiments, the
RNA guide is complementary to about 18-22 nucleotides. In some embodiments, the RNA
guide is complementary to about 18-21 nucleotides. In some embodiments, the RNA guide is
complementary to about 18-20 nucleotides. In some embodiments, the RNA guide is

complementary to 20 nucleotides in the target nucleic acid sequence.

An RNA guide can be designed to target any target sequence. Optimal alignment is
determined using any algorithm for aligning sequences, including the Needleman-Wunsch
algorithm, Smith-Waterman algorithm, Burrows-Wheeler algorithm, ClustlW, ClustlX,
BLAST, Novoalign, SOAP, Maq, and ELAND.

In some embodiments, an RNA guide is targeted to a unique target sequence within
the genome of a cell. In some embodiments, an RNA guide is designed to lack a PAM
sequence. In some embodiments, an RN A guide sequence is designed to have optimal
secondary structure using a folding algorithm including mFold or Geneious. In some
embodiments, expression of RNA guides may be under an inducible promoter, e.g. hormone

inducible, tetracycline or doxycycline inducible, arabinose inducible, or light inducible.

In some embodiments, the CRISPR system includes one or more RNA guides e g.
crRNA, tracrRN A, and/or sgRNA. Accordingly, in some embodiments the RNA guide
comprises a crRNA. In some embodiments, the RNA guide comprises a tractrRNA. In some
embodiments, the RNA guide comprises a sgRNA. In some embodiments, the CRISPR
system includes multiple RNA guides, comprising 1,2,3,4,5,6,7, 8,9, 10, 15 or more
RNA guides.

In some embodiments, the RNA guide includes a crRNA. In some embodiments, the
CRISPR system includes multiple crRNAs comprising 2-15 crRNAs. In some embodiments,
the crRN A 1s a precursor crRNA (pre-crRNA), which includes a direct repeat sequence, a
spacer sequence and a direct repeat sequence. In some embodiments, the crRNA is a

processed or mature crRNA which includes a truncated direct repeat sequence.
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In some embodiments, a CRISPR associated protein cleaves the pre-ctrRNA to [orm

processed or mature crRNA.

In some embodiments, a CRISPR associated protein forms a complex with the mature
crRINA and the spacer sequence targets the complex to a complementary sequence in the
target nucleic acid. In some embodiments, an RNA guide comprises a direct repeat sequence
and a spacer sequence capable of hybridizing under appropriate conditions to a target nucleic

acid.

In some embodiments, the spacer length of crRNAs can range from about 15 to 50
nucleotides. In some embodiments, the spacer length of an RNA guide is at least 16
nucleotides, at least 17 nucleotides, at least 18 nucleotides, at least 19 nucleotides, at least 20
nucleotides, al least 21 nucleotides, or at least 22 nucleotides. In some embodiments, the
spacer length is from 15 to 17 nucleotides (e.g., 15, 16, or 17 nucleotides), from 17 to 20
nucleotides (e.g., 17, 18, 19, or 20 nucleotides), from 20 to 24 nucleotides (e.g., 20, 21, 22,
23, or 24 nucleotides), from 23 to 25 nucleotides (e.g., 23, 24, or 25 nucleotides), from 24 to
27 nucleotides, from 27 to 30 nucleotides, from 30 to 45 nucleotides (e.g., 30, 31, 32, 33, 34,
35,36, 37,38, 39,40, 41,42, 43, 44, or 45 nucleotides), from 30 or 35 to 40 nucleotides,
from 41 to 45 nucleotides, from 45 to 50 nucleotides (e.g., 45, 46, 47, 48, 49, or 50

nucleotides), or longer.

In some embodiments, the RNA guide comprises a direct repeat (DR) sequence of
between about 16 and 26 nucleotides long. For example, in some embodiments, the DR is
about 16 nucleotides long. In some embodiments, the DR is about 17 nucleotides long. In
some embodiments, the DR is about 18 nucleotides long. In some embodiments, the DR is
about 19 nucleotides long. In some embodiments, the DR is about 20 nucleotides long. In
some embodiments, the DR is about 21 nucleotides long. In some embodiments, the DR is
about 22 nucleotides long. In some embodiments, the DR is about 23 nucleotides long. In
some embodiments, the DR is about 24 nucleotides long. In some embodiments, the DR is

about 25 nucleotides long. In some embodiments, the DR is about 26 nucleotides long.

In some embodiments, the crRNA comprises a nucleotide guide sequence and a DR
sequence. The nucleotide guide sequence can be between about 18 and 24 nucleotides long,
Accordingly, in some embodiments, the nucleotide guide sequence is about 18 nucleotides
long. In some embodiments, the nucleotide guide sequence is about 19 nucleotides long. In

some embodiments, the nucleotide guide sequence is about 20 nucleotides long. In some
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embodiments, the nucleotide guide sequence is about 21 nucleotides long. In some
embodiments, the nucleotide guide sequence is about 22 nucleotides long. In some
embodiments, the crRNA comprises a nucleotide guide sequence of about 22 nucleotides

long and a direct repeat of about 22 nucleotides long.

In some embodiments, the crRNA sequences can be modified to "dead crRN As."
"dead guides," or "dead guide sequences" that can form a complex with a CRISPR-associated
protein and bind specific targets without any substantial nuclease activity.

In some embodiments, the crRNA may be chemically modified in the sugar phosphate
backbone or base. In some embodiments, the crRNA maybe modified using 2°O-methyl, 2’-F
or locked nucleic acids to improve nuclease resistance or base pairing. In some embodiments,
the crRN A may contain modified bases such as 2-thiouridiene or N6-methyladenosine.

In some embodiments, the crRNA is conjugated with other oligonucleotides, peptides,
proteins, tags, dyes, or polyethylene glycol.

In some embodiments, the crRNA may include aptamer or riboswitch sequences that
can bind specific target molecules due to their three-dimensional structure.

In some embodiments, a trans-activating RNA (tractRNA) is associated with crRNA
to facilitate formation of a complex with Cas9 protein. In some embodiments, the tracrRNA
sequence is about or more than about 5,6, 7,8, 9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,
25, 30, 40, 50, 60, 70, 80, 90, 100 or more nucleotides in length. In some embodiments, the
tracrRNA is about 70 nucleotides in length.

In some embodiments, the tracrRN A and crRNA are contained in a single transcript
called single guide RNA (sgRNA). In some embodiments, the sgRNA includes a loop

between the tractrRNA and sgRNA.

In some embodiments, the loop forming sequences are 3, 4, 5 or more nucleotides in
length. In some embodiments, the loop has the sequence GAAA, AAAG, CAAA, AAAC,
UUUU, UUAUAU, UUA, UUU and/or AAUCA. In some embodiments, the loop has the
sequence GAAA. In some embodiments, the loop has the sequence AAAG. In some
embodiments, the loop has the sequence CAAA. In some embodiments, the loop has the
sequence AAAC. In some embodiments, the loop has the sequence AAUCA. In some
embodiments, the loop has the sequence UUUU. In some embodiments, the loop has the
sequence UUAUAU. In some embodiments, the loop has the sequence UUA. In some
embodiments, the loop has the sequence UUU. In some embodiments, the loop has the
sequence AAUCA.
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In some embodiments, the tracrRNA and crRNA (orm a hairpin loop. In some
embodiments, sgRNA has at least two or more hairpins. In some embodiments, SgRNA has

two, three, four or five hairpins.

In some embodiments, sgRNA includes a transcription termination sequence, which
includes a poly T sequences comprising six nucleotides.

In some embodiments, the sgRNA comprises a sequence having at least 80% identity
to 5°-
GUUUUAGAGCUGUGCUGUUUAAACAACACAGCAAGUUAAAAUAAGGCUUUGU
CCGUACUC (SEQ ID NO: 3) for ScoCas9,

5%
GUUUUAGAGUUGUGUUAUUGAAAAAUAACACAACGAGUUAAAAUAAAGCUUA
UGCUUAAAUGCCAGCUUUGCUGGUGUCAUUUAGAUGACUUUACUAAGGUUGC
UUCGGCAACCUUUUU-3’ (SEQ ID NO: 7) for SirCas9,

5°-
GUUUGAGAGUAGUGUGAAAACAUUACGAGUUCAAAUACAAAUUAAUUUACAA
UGCCUUCGGGCUGCCCGACGUAGGGCACCUACUCUCAAUUCUUCGGAAUUGAG
UU-3" (SEQ ID NO: 13) for VapCas9,

5°-
GUUUGAGAGUUAUGUAAUUGAAAAAUUACAUGACGAGUUCAAAUAAAAAUUU
AUUCAAACCGCCUAUUUAUAGGCCGCAGAUGUUCUGCAUUAUGCUUGCUAUU
GCAAGCUU-3" (SEQ ID NO: 19) for EpeCas9,

5
GUCUUGGAUGAGUGUGAAAACACUCAUAGUCAAGAUCAAACGAGUGGUUUUC
CACGAGUUAUUACUUUUGAGGUCUUAUAUGGCCCAUACAUAAAAAGGAGUCG
GAAUUUCCGGCUCCUUUUCUU-3’ (SEQ ID NO: 95) for LfeCas9, and

5°-
GUUUUAGAGCCAUGUAGAAAUACAUUGCAAGUUAAAAUAAGGCUUUGUCCGU
AAUCAACUUGAAAAAGUGGCGCUGUUUCGGCGCUUU-3” (SEQ ID NO: 96) for
PmaCas9.
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The guide RNA is added to the 5” end of the Cas9. In some embodiments, the sgRNA
comprises a sequence having 80%, 81%, 82%, 83%, 84%, 85%, 86%, 87%, 88%, 89%. 90%,
91%, 92%, 93%, 94%, 95%, 96%. 97%, 98%, 99% or more identity to SEQ ID NO: 3, 7, 13
19,95 or 96. In some embodiments, the sgRNA comprises a sequence identical to SEQ ID
NO: 3,7, 13,19, 95 or 96.

In some embodiments, the tracrRN A is a separate transcript, not contained with
crRNA sequence in the same transcript.

Cas9 Fusion Proteins

In some embodiments, the Cas9 enzyme is fused to one or more heterologous protein
domains. In some embodiments, the Cas9 enzyme is fused to more than about 1, 2, 3, 4, 5, 6,
7, 8,9, 10 or more protein domains. In some embodiments, the heterologous protein domain
1s fused to the C-terminus of the Cas9 enzyme. In some embodiments, the heterologous
protein domain is fused to the N-terminus of the Cas9 enzyme. In some embodiments, the
heterologous protein domain is fused internally, between the C-terminus and the N-terminus
of the Cas9 enzyme. In some embodiments, the internal fusion is made within the Cas9

RuvCl, RuvC 11, RuvCIIl, HNH, REC I, or PAM interacting domain.

A Cas9 protein may be directly or indirectly linked to another protein domain. In
some embodiments, a suitable CRISPR system contains a linker or spacer that joins a Cas9
protein and a heterologous protein. An amino acid linker or spacer is generally designed to
be flexible or to interpose a structure, such as an alpha-helix, between the two protein
moiecties. A linker or spacer can be relatively short, or can be longer. Typically, a linker or
spacer contains for example 1-100 (e.g., 1-100, 5-100, 10-100, 20-100 30-100, 40-100, 50-
100, 60-100, 70-100, 80-100, 90-100, 5-55, 10-50, 10-45, 10-40, 10-35, 10-30, 10-25, 10-20)
amino acids in length. In some embodiments, a linker or spacer is equal to or longer than 1,
2,3,4,5,6,7,8,9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95_ or 100
amino acids in length. Typically, a longer linker may decrease steric hindrance. In some
embodiments, a linker will comprise a mixture of glycine and serine residues. In some
embodiments, the linker may additionally comprise threonine, proline and/or alanine

residues.

In some embodiments, a Cas9 protein is [used Lo cellular localization signals, epilope
tags, reporter genes, and protein domains with enzymatic activity, epigenetic modifying

activity, RNA cleavage activity, nucleic acid binding activity, transcription modulation
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activity. In some embodiments, the Cas9 protein is [used Lo a nuclear localization sequence

(NLS), a FLAG tag, a HIS tag, and/or a HA tag.

Suitable [usion pariners include, butl are not limiled Lo, a polypeptide that provides [or
methyltransferase activity, demethylase activity, acetyltransferase activity, deacetylase
activity, kinase activity, phosphatase activity, ubiquitin ligase activity, deubiquitinating
activity, adenylation activity, deadenylation activity, SUMOylating activity, deSUMOylating
activity, ribosylation activity, deribosylation activity, myristoylation activity,
demyristoylation activity, integrase aclivily, lransposase aclivily, recombinase aclivity,
polymerase activity, ligase activity, helicase activity, or nuclease activity, any of which can
modify DNA or a DNA-associated polypeptide (e.g., a histone or DNA binding protein). In
some embodiments, the Cas9 protein is fused to a histone demethylase, a transcriptional

activator or a deaminase.

Further suitable fusion partners include, but are not limited to boundary elements
(e.g., CTCF), proteins and fragments thereof that provide periphery recruitment (e.g., Lamin
A, Lamin B, etc.), and protein docking elements (e.g., FKBP/FRB, Pill/Abyl, etc.).

In particular embodiments, a Cas9 is fused to a cytidine or adenosine deaminase
domain, e.g., for use in base editing. In some embodiments, Cas9 is fused to a adenine and
cytosine base editor (ACBE or CABE), wherein ACBE or CABE is generated by fusing a
heterodimer of TadA and an activation-induced cytidine deaminase (AID) to the N- and C-
terminals of Cas9 nickase (nCas9). In some embodiments, the ACBE or CABE
simultaneously induces C-to-T and A-to-G base editing at the same target site. Xie, Jetal.
ACBE, a new base editor for simultaneous C-to-T and A-to-G substitutions in mammalian

systems. BMC Biology (18: 131), 2020)

In some embodiments, the terms “cytidine deaminase™ and “cytosine deaminase” can
be used interchangeably. In certain embodiments, the cylidine deaminase domain may have
sequence identity of 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%,
98%, 99% or more to any cytidine deaminase described herein. In some embodiments, the
cytidine deaminase domain has cytidine deaminase activity, (e.g., converting C to U). In
certain embodiments, the adenosine deaminase domain may have sequence identity of 70%,
75%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99% or more to any

adenosine deaminase described herein. In some embodiments, the adenosine deaminase
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domain has adenosine deaminase activily, (e.g., converling A to I). In some embodiments,

the terms “adenosine deaminase™ and ““adenine deaminase™ can be used interchangeably.

In some embodiments, a cylidine deaminase can comprise all or a portion of an
apolipoprotein B mRNA editing complex (APOBEC) family deaminase. APOBEC is a
family of evolutionarily conserved cytidine deaminases. Members of this family are C-to-U
editing enzymes. The N-terminal domain of APOBEC like proteins is the catalytic domain,
while the C-terminal domain is a pseudocatalytic domain. More specifically, the catalytic
domain is a zinc dependent cylidine deaminase domain and is important for cytidine
deamination. APOBEC family members include APOBEC1, APOBEC2, APOBEC3A,
APOBEC3B, APOBEC3C, APOBEC3D ("APOBEC3E" now refers to this), APOBEC3F,
APOBEC3G, APOBEC3H, APOBEC4, and Activation-induced (cytidine or cytosine)
deaminase. In some embodiments, a deanunase incorporated into a fusion protein comprises
all or a portion of an APOBEC1 deaminase. In some embodiments, a deaminase
incorporated into a fusion protein comprises all or a portion of APOBEC2 deaminase. In
some embodiments, a deaminase incorporated into a fusion protein comprises all or a portion
of is an APOBEC3 deaminase. In some embodiments, a deaminase incorporated into a
fusion protein comprises all or a portion of an APOBEC3A deaminase. In some
embodiments, a deaminase incorporated into a [usion protein comprises all or a portion of
APOBEC3B deaminase. In some embodiments, a deaminase incorporated into a fusion
protein comprises all or a portion of APOBEC3C deaminase. In some embodiments, a
deaminase incorporated into a fusion protein comprises all or a portion of APOBEC3D
deaminase. In some embodiments, a deaminase incorporated into a fusion protein comprises
all or a portion of APOBEC3E deaminase. In some embodiments, a deaminase incorporated
into a fusion protein comprises all or a portion of APOBEC3F deaminase. In some
embodiments, a deaminase incorporated into a fusion protein comprises all or a portion of
APOBEC3G deaminase. In some embodiments, a deaminase incorporated into a fusion
protein comprises all or a portion of APOBEC3H deaminase. In some embodiments, a
deaminase incorporated into a [usion protein comprises all or a portion of APOBEC4
deaminase. In some embodiments, a deaminase incorporated into a fusion protein comprises
all or a portion of activation-induced deaminase (AID). In some embodiments a deaminase
incorporated into a fusion protein comprises all or a portion of cytidine deaminase 1 (CDA1).
It should be appreciated that a fusion protein can comprise a deaminase from any suitable

organism (e.g.. ahuman or a rat). In some embodiments, a deaminase domain of a fusion
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protein is from a human, chimpanzee, gorilla, monkey, cow, dog, rat, or mouse. In some
embodiments, the deaminase domain of the fusion protein is derived from rat (e.g., rat
APOBEC1). In some embodiments, the deaminase domain is human APOBEC1. In some
embodiments, the deaminase domain is pmCDA1. Sequences of exemplary cytidine

deaminases are provided below.

pmCDA1 (Petromyzon marinus)
MTDAEYVRIHEKLDIYTFKKQFFNNKKSVSHRCYVLFELKRRGERRACFWGYAVNK
PQSGTERGIHAEIFSIRKVEEYLRDNPGQFTINWYSSWSPCADCAEKILEWYNQELRG
NGHTLKIWACKLYYEKNARNQIGLWNLRDNGVGLNVMVSEHY QCCRKIFIQSSHNQ
LNENRWLEKTLKRAEKRRSELSIMIQVKILHTTKSPAYV (SEQ ID NO: 22)

Human AID:
MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDFGYLRNKNGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGNPNLSLRIFTAR
LYFCEDRKAEPEGLRRLHRAGVQIAIMTFKAPYV (SEQ ID NO: 23)

Human AID:
MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDFGY LRNKNGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGNPNLSLRIFTAR
LYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENHERTFKAWEGLHEN
SVRLSRQLRRILLPLYEVDDLRDAFRTLGL (underline: nuclear localization sequence;
double underline: nuclear export signal) (SEQ ID NO: 24)

Mouse AID:
MDSLLMKOKKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSCSLDFGHLRNKSGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVAEFLRWNPNLSLRIFTAR
LYFCEDRKAEPEGLRRLHRAGVQIGIMTFKDYFYCWNTFVENRERTFKAWEGLHEN
SVRLTRQLRRILLPLYEVDDIRDAFRMLGF (underline: nuclear localization sequence;
double underline: nuclear export signal) (SEQ ID NO: 25)

Canine AID:
MDSLLMKORKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSFSLDFGHLRNKSGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGYPNLSLRIFAAR
LYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENREKTFKAWEGLHEN
SVRLSRQLRRILLPLYEVDDLRDAFRTLGL (underline: nuclear localization sequence;
double underline: nuclear export signal) (SEQ ID NO: 26)

Bovine AID:
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MDSLLKKOROFLYQFKNVRWAKGRHETYLCYVVKRRDSPTSFSLDFGHLRNKAGC

HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGYPNLSLRIFTAR
LYFCDKERKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENHERTFKAWEGLHE
NSVRLSRQLRRILLPLYEVDDILRDAFRTLGL (underline: nuclear localization sequence;

double underline: nuclear export signal) (SEQ ID NO: 27)

Rat AID:

MAVGSKPKAAL VGPHWERERIWCFLCSTGLGTQQTGQTSRWLRPAATQDPVSPPRS

LLMKQRKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSFSLDFGYLRNKSGCHVE

LLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGNPNLSLRIFTARLTG
WGALPAGLMSPARPSDYFYCWNTFVENHERTFKAWEGLHENSVRLSRRLRRILLPL

YEVDDLRDAFRTLGL (SEQ ID NO: 28)

(underline: nuclear localization sequence; double underline: nuclear export signal)

clAID (Canis lupus familiaris):
MDSLLMKQRKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSFSLDFGHLRNKSGC
HVELLFLRYISDWDLDPGRCYRVTWEFTSWSPCYDCARHVADFLRGYPNLSLRIFAAR
LYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENREKTFKAWEGLHEN
SVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO: 29)

bLAID (Bos taurus):
MDSLLKKQRQFLYQFKNVRWAKGRHETYLCYVVKRRDSPTSFSLDFGHLRNKAGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVADFLRGYPNLSLRIFTAR
LYFCDKERKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENHERTFKAWEGLHE
NSVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO: 30)

mAID (Mus musculus):
MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDFGY LRNKNGC
HVELLFLRYISDWDLDPGRCYRVITWFTSWSPCYDCARHVADFLRGNPNLSLRIFTAR
LYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNTFVENHERTFKAWEGLHEN
SVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO: 31)

rAPOBEC-1 (Rattus norvegicus):
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGY CWRNFVNY SPSNEAHWPRYPHLW
VRLYVLELYCIILGLPPCLNILRRKQPQLTFFTIALQSCHY QRLPPHILWATGLK (SEQ
ID NO: 32)

maAPOBEC-1 (Mesocricetus auratus):
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MSSETGPVVVDPTLRRRIEPHEFDAFFDQGELRKETCLLYEIRWGGRHNIWRHTGOQN
TSRHVEINFIEKFTSERYFYPSTRCSIVWFLSWSPCGECSKAITEFLSGHPNVTLFIY AA
RLYHHTDQRNRQGLRDLISRGVTIRIMTEQEY CYCWRNFVNYPPSNEVYWPRYPNL
WMRLYALELYCIHLGLPPCLKIKRRHQYPLTFFRLNLQSCHYQRIPPHILWATGFI
(SEQ ID NO: 33)

PPAPOBEC-1 (Pongo pygmaeus):
MTSEKGPSTGDPTLRRRIESWEFDVFYDPRELRKETCLLYEIKWGMSRKIWRSSGKN
TINHVEVNFIKKFTSERRFHSSISCSITWFLSWSPCWECSQAIREFLSQHPGVTLVIYV
ARLFWHMDQRNRQGLRDLVNSGVTIQIMRASEY YHCWRNFVNYPPGDEAHWPQYP
PLWMMLYALELHCIILSLPPCLKISRRWQNHLAFFRLHLQNCHY QTIPPHILLATGLIH
PSVTWR (SEQ ID NO: 34)

ocAPOBECI1 (Oryctolagus cuniculus):
MASEKGPSNKDYTLRRRIEPWEFEVFFDPQELRKEACLLYEIKWGASSKTWRSSGKN
TTNHVEVNFLEKLTSEGRLGPSTCCSITWFLSWSPCWECSMAIREFLSQHPGVTLIIFV
ARLFQHMDRRNRQGLKDLVTSGVTVRVMSVSEYCYCWENFVNYPPGKAAQWPRY
PPRWMLMYALELYCIILGLPPCLKISRRHQKQLTFFSLTPQYCHYKMIPPYILLATGLL
QPSVPWR (SEQ ID NO: 35)

mdAPOBEC-1 (Monodelphis domestica):
MNSKTGPSVGDATLRRRIKPWEFVAFFNPQELRKETCLLY EIKWGNQNIWRHSNQN
TSQHAEINFMEKFTAERHFNSSVRCSITWFLSWSPCWECSKAIRKFLDHYPNVTLAIFI
SRLYWHMDQQHRQGLKELVHSGVTIQIMSYSEYHYCWRNFVDYPQGEEDY WPKYP
YLWIMLYVLELHCIHLGLPPCLKISGSHSNQLALFSLDLOQDCHYQKIPYNVLVATGLV
QPFVTWR (SEQ ID NO: 36)

PPAPOBEC-2 (Pongo pygmaeus)y:
MAQKEEAAAATEAASQNGEDLENLDDPEKLKELIELPPFEIVTGERLPANFFKFQFRN
VEYSSGRNKTFLCYVVEAQGKGGQVQASRGYLEDEHAAAHAEEAFFNTILPAFDPA
LRYNVTWYVSSSPCAACADRIIKTLSKTKNLRLLILVGRLFMWEELEIQDALKKLKE
AGCKLRIMKPQDFEYVWQNFVEQEEGESKAFQPWEDIQENFLYYEEKLADILK (SEQ
ID NO: 37)

btAPOBEC-2 (Bos taurus):
MAQKEEAAAAAEPASQNGEEVENLEDPEKLKELIELPPFEIVTGERLPAHYFKFQFRN
VEYSSGRNKTFLCYVVEAQSKGGQVQASRGYLEDEHATNHAEEAFFNSIMPTFDPA
LRYMVTWYVSSSPCAACADRIVKTLNKTKNLRLLILVGRLFMWEEPEIQAALRKLKE
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AGCRLRIMKPQDFEYIWQNFVEQEEGESKAFEPWEDIQENFLYYEEKLADILK (SEQ
ID NO: 38)

MAPOBEC-3-(1) (Mus musculus):

MQPQRLGPRAGMGPFCLGCSHRKCY SPIRNLISQETFKFHFKNLGY AKGRKDTFLCY
EVTRKDCDSPVSLHHGVFKNKDNIHAEICFLYWFHDKVLKVLSPREEFKITWYMSW
SPCFECAEQIVRFLATHHNLSLDIFSSRLYNVQDPETQQNLCRLVQEGAQVAAMDLY
EFKKCWKKFVDNGGRRFRPWKRLLTNFRYQDSKLQEILRPCYISVPSSSSSTLSNICL
TKGLPETRFWVEGRRMDPLSEEEFYSQFYNQRVKHLCYYHRMKPYLCYQLEQFNG
QAPLKGCLLSEKGKQHAEILFLDKIRSMELSQVTITCYLTWSPCPNCAWQLAAFKRD
RPDLILHIYTSRLYFHWKRPFQKGLCSLWQSGILVDVMDLPQFTDCWTNFVNPKRPF
WPWKGLEIISRRTQRRLRRIKESWGLQDLVNDFGNLQLGPPMS (SEQ 1D NO: 39)
Mouse APOBEC-3-(2):

MGPFCLGCSHRKCYSPIRNLISQETFKFHFKNLGY AKGRKDTFLCYEVTRKDCDSPV
SLHHGVFKNKDNIHAEICFLYWFHDKVI.KVILSPREEFKITWYMSWSPCFEC AEQIVRFL
ATHHNLSLDIFSSRLYNVQDPETQOQONLCRLVQEGAQVAAMDLYEFKKCWKKFVDN
GGRRFRPWKRLLTNFRYQDSKLQEILRPCYIPVPSSSSSTLSNICLTKGLPETRFCVEG
RRMDPLSEEEFYSQFYNQRVKHLCYYHRMKPYLCYQLEQFNGQAPLKGCLLSEKGK
QHALEILFLDKIRSMELSQVTITCYLTWSPCPNCAWQLAAFKRDRPDLILHIYTSRLYFHW
KRPFQKGLCSLWQSGILVDVMDLPQFTDCWTNFVNPKRPFWPWKGLEIISRRTQRRL
RRIKESWGLQDLVNDFGNLQLGPPMS (italic: nucleic acid editing domain) (SEQ 1D
NO: 40)

Rat APOBEC-3:

MGPFCLGCSHRKCYSPIRNLISQETFKFHFKNRLRY AIDRKDTFLCYEVTRKDCDSPV
SLHHGVFKNKDNIHAEICFLYWFHDKVI. KVLSPREEFKITWYMSWSPCFECAEQVLRFL
ATHHNLSLDIFSSRLYNIRDPENQOQNLCRLVQEGAQVAAMDLYEFKKCWKKFVDNG
GRRFRPWKKLLTNFRYQDSKLQEILRPCYIPVPSSSSSTLSNICLTKGLPETRFCVERR
RVHLLSEEEFYSQFYNQRVKHLCYYHGVKPYLCYQLEQFNGQAPLKGCLLSEKGKQ
HAEILFLDKIRSMELSQVIITCYLTWSPCPNCAWQLAAFKRDRPDLILHIYTSRLYFHWK
RPFQKGLCSLWQSGILVDVMDLPQFTDCWTNFVNPKRPFWPWKGLEIISRRTQRRLH
RIKESWGLQDLVNDFGNLQLGPPMS (italic: nucleic acid editing domain) (SEQ ID NO:
41)

hAPOBEC-3A (Homo sapiens):
MEASPASGPRHLMDPHIFTSNFNNGIGRHKTYLCYEVERLDNGTSVKMDQHRGFLH
NQAKNLLCGFYGRHAELRFLDLVPSLQLDPAQIYRVTWFISWSPCFSWGCAGEVRAF
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LQENTHVRLRIFAARIYDYDPLYKEALQMLRDAGAQVSIMTYDEFKHCWDTFVDHQ
GCPFQPWDGLDEHSQALSGRLRAILQNQGN (SEQ ID NO: 42)

hAPOBEC-3F (Homo sapiens):
MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPRLDAKIFRGQ
VYSQPEHHAEMCFLSWFCGNQLPAYKCFQITWFVSWTPCPDCVAKLAEFLAEHPNV
TLTISAARLYYYWERDYRRALCRLSQAGARVKIMDDEEFAYCWENFVYSEGQPFMP
WYKFDDNYAFLHRTLKEILRNPMEAMY PHIFYFHFKNLRKAYGRNESWLCFTMEV
VKHHSPVSWKRGVFRNQVDPETHCHAERCFLSWFCDDILSPNINYEVTWYTSWSPC
PECAGEVAEFLARHSNVNLTIFTARLYYFWDTDYQEGLRSLSQEGASVEIMGYKDFK
YCWENFVYNDDEPFKPWKGLKYNFLFLDSKLQEILE (SEQ ID NO: 43)

Rhesus macaque APOBEC-3G:
MVEPMDPRTFVSNFNNRPILSGLNTVWLCCEVKTKDPSGPPLDAKIFQGKVYSKAKY
HPEMRFLRWFHKWRQLHHDQEYKVTWYVSWSPCTRCANSVATFLAKDPKVTLTIF
VARLYYFWKPDYQQALRILCQKRGGPHATMKIMNYNEFQDCWNKFVDGRGKPFKP
RNNLPKHYTLLQATLGELLRHLMDPGTFTSNFNNKPWVSGQHETYLCYKVERLHND
TWVPLNQHRGFLRNQAPNIHGFPKGRHAELCFLDLIPFWKLDGQQYRVTCFTSWSPC
FSCAQEMAKFISNNEHVSLCIFAARIYDDQGRYQEGLRALHRDGAKIAMMNY SEFEY
CWDTFVDRQGRPFQPWDGLDEHSQALSGRLRAI (italic: nucleic acid editing domain;

underline: cytoplasmic localization signal) (SEQ ID NO: 44)

Chimpanzee APOBEC-3G:
MKPHFRNPVERMYODTFSDNFYNRPILSHRNTVWLCYEVKTKGPSRPPLDAKIFRGO
VYSKLKYHPEMRFFHWEFSKWRKLHRDQOQEYEVITWYISWSPCTKCTRDVATFLAEDPKV
TLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMKIMNYDEFQHCWSKFVYSQRE
LFEPWNNLPKYYILLHIMLGEILRHSMDPPTFTSNFNNELWVRGRHETYLCYEVERL
HNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWEKLDLHQDYRVICFTS
WSPCFSCAQEMAKFISNNKHVSLCIFAARIYDDQGRCQEGLRTLAKAGAKISIMTYSE
FKHCWDTFVDHQGCPFQPWDGLEEHSQALSGRLRAILQNQGN (SEQ ID NO: 45)

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

Green monkey APOBEC-3G:
MNPQIRNMVEQMEPDIFVYYFNNRPILSGRNTVWLCYEVKTKDPSGPPLDANIFQGK
LYPEAKDHPEMKFLHWEFRKWROLHRDQEYEVIWYVSWSPCTRCANSVATFLAEDPKYV
TLTIFVARLYYFWKPDYQQALRILCQERGGPHATMKIMNYNEFQHCWNEFVDGQG
KPFKPRKNLPKHYTLLHATLGELLRHVMDPGTFTSNFNNKPWVSGQRETYLCYKVE
RSHNDTWVLLNQHRGFLRNQAPDRHGFPRGRHAEL.CFLDLIPFWKLDDQQOYRVTCFT
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SWSPCFSCAQKMAKFISNNKHVSLCIFAARIYDDQGRCQEGLRTLHRDGAKIAVMNY
SEFEYCWDTFVDRQGRPFQPWDGLDEHSQALSGRLRAI (SEQ ID NO: 46)

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

Human APOBEC-3G:
MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGOQ
VYSELKYHPEMRFFHWFSKWRKILHRDQOQEYEVIWYISWSPCTKCTRDMATFLAEDPKYV
TLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMKIMNYDEFQHCWSKFVYSQRE
LFEPWNNLPKYYILLHIMLGEILRHSMDPPTFTFNFNNEPWVRGRHETYLCYEVERM
HNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKILDLDQODYRVICFTS
WSPCFSCAQEMAKFISKNKHVSLCIFTARIYDDQGRCQEGLRTLAEAGAKISIMTYSE
FKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGRLRAILQNQEN (SEQ ID NO: 47)

(italic: nucleic acid editing domain; underline: cytoplasmic localization signal)

Human APOBEC-3F:
MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPRLDAKIFRGQ
VYSQPEHHAEMCFEFLSWECGNQOLPAYKCEQITWEVSWITPCPDCV AKLAEFLAEHPNVTL
TISAARLYYYWERDYRRALCRLSQAGARVKIMDDEEFAYCWENFVY SEGQPFMPW
YKFDDNYAFLHRTLKEILRNPMEAMYPHIFYFHFKNLRKAYGRNESWLCFTMEVVK
HHSPVSWKRGVFRNQVDPETHCHAERCFLSWEFCDDILSPNTNYEVTWYTSWSPCPECA
GEVAEFLARHSNVNLTIFTARLYYFWDTDYQEGLRSLSQEGASVEIMGYKDFKYCW
ENFVYNDDEPFKPWKGLKYNFLFLDSKLQEILE (SEQ ID NO: 48)

(italic: nucleic acid editing domain)

Human APOBEC-3B:
MNPQIRNPMERMYRDTFYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVFR
GQVYFKPQYHAEMCFLSWEFCGNQLPAYKCFQITWFVSWTPCPDCVAKLAEFLSEHPN
VTLTISAARLYYYWERDYRRALCRLSQAGARVTIMDYEEFAYCWENFVYNEGQQF
MPWYKFDENYAFLHRTLKEILRYLMDPDTFTFNFNNDPLVLRRRQTYLCYEVERLD
NGTWVLMDQHMGFLCNEAKNLLCGFYGRHAELRFLDLVPSLOLDPAQIYRVIWEISWS
PCEFSWGCAGEVRAFLQENTHVRLRIFAARIYDYDPLYKEALQMLRDAGAQVSIMTY
DEFEYCWDTFVYRQGCPFQPWDGLEEHSQALSGRLRAILQNQGN (SEQ ID NO: 49)
(italic: nucleic acid editing domain)

Rat APOBEC-3B:
MQPQGLGPNAGMGPVCLGCSHRRPYSPIRNPLKKLYQQTFYFHFKNVRY AWGRKN
NFLCYEVNGMDCALPVPLRQGVFRKQGHIHAELCFITYWFHDKVLRVLSPMEEFKVT
WYMSWSPCSKCAEQVARFLAAHRNLSLAIFSSRLYYYLRNPNYQQKLCRLIQEGVH
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VAAMDLPEFKKCWNKFVDNDGQPFRPWMRLRINFSFYDCKLQEIFSRMNLLREDVF
YLQFNNSHRVKPVQNRYYRRKSYLCYQLERANGQEPLKGYLLYKKGEQHVEILFLE
KMRSMELSQVRITCYLTWSPCPNCARQLAAFKKDHPDLILRIYTSRLYFWRKKFQKG
LCTLWRSGIHVDVMDLPQFADCWTNFVNPQRPFRPWNELEKNSWRIQRRLRRIKES
WGL (SEQ ID NO: 50)

Bovine APOBEC-3B:
MDGWEVAFRSGTVLKAGVLGVSMTEGWAGSGHPGQGACVWTPGTRNTMNLLREV
LFKQQFGNQPRVPAPYYRRKTYLCYQLKQRNDLTLDRGCFRNKKQRHAERFIDKIN
SLDLNPSQSYKIICYITWSPCPNCANELVNFITRNNHLKLEIFASRLYFHWIKSFKMGL
QDLQNAGISVAVMTHTEFEDCWEQFVDNQSRPFQPWDKLEQYSASIRRRLQRILTAP
I(SEQ ID NO: 51)

Chimpanzee APOBEC-3B:
MNPQIRNPMEWMYQRTFYYNFENEPILYGRSYTWLCYEVKIRRGHSNLLWDTGVFR
GOMYSQPEHHAEMCFLSWFCGNQLSAYKCFQITWFVSWTPCPDCVAKLAKFLAEH
PNVTLTISAARLYYYWERDYRRALCRLSQAGARVKIMDDEEFAYCWENFVYNEGQP
FMPWYKFDDNYAFLHRTLKEIIRHLMDPDTFTEFNFNNDPLVLRRHQTYLCYEVERLD
NGTWVLMDQHMGFLCNEAKNLLCGFYGRHAELRFLDLVPSLQLDPAQIYRVTWFIS
WSPCFSWGCAGQVRAFLQENTHVRLRIFAARIYDYDPLYKEALQMLRDAGAQVSIM
TYDEFEYCWDTFVYRQGCPFQPWDGLEEHSQALSGRLRAILQVRASSLCMVPHRPPP
PPQSPGPCLPLCSEPPLGSLLPTGRPAPSLPFLLTASFSFPPPASLPPLPSLSLSPGHLPVP
SFHSLTSCSIQPPCSSRIRETEGWASVSKEGRDLG (SEQ ID NO: 52)

Human APOBEC-3C:
MNPQIRNPMKAMYPGTFYFQFKNLWEANDRNETWLCFTVEGIKRRSVVSWKTGVF
RNQVDSETHCHAERCFLSWFCDDILSPNTKYQVIWYTSWSPCPDCAGEVAEFLARHSN
VNLTIFTARLYYFQYPCYQEGLRSLSQEGVAVEIMDY EDFKYCWENFVYNDNEPFKP
WKGLKTNFRLLKRRLRESLQ (SEQ ID NO: 53)

(italic: nucleic acid editing domain)

Gorilla APOBEC-3C
MNPQIRNPMKAMYPGTFYFQFKNLWEANDRNETWLCFTVEGIKRRSVVSWKTGVF
RNQVDSETHCHAERCFLSWECDDILSPNTNYQVIWYTSWSPCPECAGEVAEFLARHSN
VNLTIFTARLYYFQDTDYQEGLRSLSQEGVAVKIMDYKDFKYCWENFVYNDDEPFK
PWKGLKYNFRFLKRRLQEILE (SEQ ID NO: 54)

(italic: nucleic acid editing domain)

Human APOBEC-3A:



10

20

25

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
83

MEASPASGPRHLMDPHIFTSNFNNGIGRHKTYLCYEVERLDNGTSVKMDQHRGFLH
NQAKNLLCGFYGRHAELRFLDLVPSLOLDPAQIYRVIWFISWSPCFSWGCAGEVRAFLQ
ENTHVRLRIFAARIYDYDPLYKEALQMLRDAGAQVSIMTYDEFKHCWDTFVDHQGC
PFQPWDGLDEHSQALSGRLRAILQNQGN (SEQ ID NO: 55)

(italic: nucleic acid editing domain)

Rhesus macaque APOBEC-3A:
MDGSPASRPRHLMDPNTFTFNFNNDLSVRGRHQTYLCYEVERLDNGTWVPMDERR
GFLCNKAKNVPCGDYGCHVELRILCEVPSWOLDPAQTYRVIWFISWSPCFRRGCAGQ
VRVFLQENKHVRLRIFAARIYDYDPLYQEALRTLRDAGAQVSIMTYEEFKHCWDTF
VDRQGRPFQPWDGLDEHSQALSGRLRAILQNQGN (SEQ ID NO: 56)

(italic: nucleic acid editing domain)

Bovine APOBEC-3A:
MDEYTFTENFNNQGWPSKTYLCYEMERLDGDATIPLDEYKGFVRNKGLDQPEKPCH
AELYFLGKIHSWNLDRNOHYRLTCFISWSPCYDCAQKLTTFLKENHHISLHILASRIYTH
NRFGCHQSGLCELQAAGARITIMTFEDFKHCWETFVDHKGKPFQPWEGLNVKSQAL
CTELQAILKTQQN (SEQ ID NO: 57)

(italic: nucleic acid editing domain)

Human APOBEC-3H:
MALLTAETFRLQFNNKRRLRRPYYPRKALLCYQLTPQNGSTPTRGYFENKKKCHAET
CFINEIKSMGLDETQCYQVICYLTWSPCSSCAWELVDFIKAHDHLNLGIFASRLYYHWC
KPQQKGLRLLCGSQVPVEVMGFPKFADCWENFVDHEKPLSFNPYKMLEELDKNSRA
IKRRLERIKIPGVRAQGRYMDILCDAEV (SEQ ID NO: 58)

(italic: nucleic acid editing domain)

Rhesus macaque APOBEC-3H:
MALLTAKTFSLQFNNKRRVNKPYYPRKALLCYQLTPOQNGSTPTRGHLKNKKKDHAE
IRFINKIKSMGLDETQCYQVTCYLTWSPCPSCAGELVDFIKAHRHLNLRIFASRLYYH
WRPNYQEGLLLLCGSQVPVEVMGLPEFTDCWENFVDHKEPPSFNPSEKLEELDKNS
QAIKRRLERIKSRSVDVLENGLRSLQLGPVTPSSSIRNSR (SEQ ID NO: 59)

Human APOBEC-3D:
MNPQIRNPMERMYRDTFYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVFR
GPVLPKRQSNHRQEVYFRFENHAEMCFLSWFCGNRLPANRRFQOITWEFVSWNPCLPCVV
KVTKFLAEHPNVTLTISAARLYYYRDRDWRWVLLRLHKAGARVKIMDYEDFAYCW
ENFVCNEGQPFMPWYKFDDNYASLHRTLKEILRNPMEAMYPHIFYFHFKNLLKACG
RNESWLCFTMEVTKHHSAVFRKRGVFRNQVDPETHCHAERCFLSWEFCDDILSPNTNY
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LEVTwyrSwsSPCPIiCAGEVAEFLARHSNVNLTIFTARLCYFWDTDYQEGLCSLSQEGAS
VKIMGYKDFVSCWKNFVYSDDEPFKPWKGLQTNFRLLKRRLREILQ (SEQ ID NO:
60)

(italic: nucleic acid editing domain)

Human APOBEC-1:
MTSEKGPSTGDPTLRRRIEPWEFDVFYDPRELRKEACLLYEIKWGMSRKIWRSSGKN
TTNHVEVNFIKKFTSERDFHPSMSCSITWFLSWSPCWECSQAIREFLSRHPGVTLVIYV
ARLFWHMDQQNRQGLRDLVNSGVTIQIMRASEY YHCWRNFVNYPPGDEAHWPQY
PPLWMMLY ALELHCIILSLPPCLKISRRWQNHLTFFRLHLQNCHY QTIPPHILLATGLI
HPSVAWR (SEQ ID NO: 61)

Mouse APOBEC-1:
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSVWRHTSQN
TSNHVEVNFLEKFTTERYFRPNTRCSITWFLSWSPCGECSRAITEFLSRHPYVTLFIYIA
RLYHHTDQRNRQGLRDLISSGVTIQIMTEQEY CYCWRNFVNYPPSNEAYWPRYPHL
WVKLYVLELYCILGLPPCLKILRRKQPQLTFFTITLQTCHYQRIPPHLLWATGLK
(SEQ ID NO: 62)

Rat APOBEC-1:
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYTAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGY CWRNFVNYSPSNEAHWPRYPHLW
VRLYVLELYCIILGLPPCLNILRRKQPQLTFFTIALQSCHY QRLPPHILWATGLK (SEQ
ID NO: 63)

Human APOBEC-2:
MAQKEEAAVATEAASQNGEDLENLDDPEKLKELIELPPFEIVTGERLPANFFKFQFRN
VEYSSGRNKTFLCYVVEAQGKGGQVQASRGYLEDEHAAAHAEEAFFNTILPAFDPA
LRYNVTWYVSSSPCAACADRIIKTLSKTKNLRLLILVGRLFMWEEPEIQAALKKLKE
AGCKLRIMKPQDFEYVWQNFVEQEEGESKAFQPWEDIQENFLYYEEKLADILK (SEQ
ID NO: 64)

Mouse APOBEC-2:
MAQKEEAAEAAAPASQNGDDLENLEDPEKLKELIDLPPFEIVTGVRLPVNFFKFQFR
NVEYSSGRNKTFLCYVVEVQSKGGQAQATQGYLEDEHAGAHAEEAFFNTILPAFDP
ALKYNVTWYVSSSPCAACADRILKTLSKTKNLRLLILVSRLFMWEEPEVQAALKKLK
EAGCKLRIMKPQDFEYIWQNFVEQEEGESKAFEPWEDIQENFLYYEEKLADILK (SEQ
ID NO: 65)



10

20

25

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
85

Rat APOBEC-2:
MAQKEEAAEAAAPASQNGDDLENLEDPEKLKELIDLPPFEIVIGVRLPVNFFKFQFR
NVEYSSGRNKTFLCYVVEAQSKGGQVQATQGYLEDEHAGAHAEEAFFNTILPAFDP
ALKYNVTWYVSSSPCAACADRILKTLSKTKNLRLLILVSRLFMWEEPEVQAALKKLK
EAGCKLRIMKPQDFEYLWQNFVEQEEGESKAFEPWEDIQENFLYYEEKLADILK
(SEQ ID NO: 66)

Bovine APOBEC-2:
MAQKEEAAAAAEPASQNGEEVENLEDPEKLKELIELPPFEIVTGERLPAHYFKFQFRN
VEYSSGRNKTFLCYVVEAQSKGGQVQASRGYLEDEHATNHAEEAFFNSIMPTFDPA
LRYMVTWYVSSSPCAACADRIVKTLNKTKNLRLLILVGRLFMWEEPEIQAALRKLKE
AGCRLRIMKPQDFEYIWQNFVEQEEGESKAFEPWEDIQENFLYYEEKLADILK (SEQ
ID NO: 67)

Petromyzon marinus CDA1 (pmCDAL):
MTDAEYVRIHEKLDIYTFKKQFFNNKKSVSHRCYVLFELKRRGERRACFWGY AVNK
PQSGTERGIHAEIFSIRKVEEY LRDNPGQFTINWYSSWSPCADCAEKILEWYNQELRG
NGHTLKIWACKLYYEKNARNQIGLWNLRDNGVGLNVMVSEHY QCCRKIFIQSSHNQ
LNENRWLEKTLKRAEKRRSELSFMIQVKILHTTKSPAYV (SEQ ID NO: 68)

Human APOBEC3G D316R D317R:
MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGQ
VYSELKYHPEMRFFHWFSKWRKLHRDQEYEVTWYISWSPCTKCTRDMATFLAEDP
KVTLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMKFNYDEFQHCWSKEFVYSQ
RELFEPWNNLPKYYILLHFMLGEILRHSMDPPTFTFNFNNEPWVRGRHETYLCYEVE
RMHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKLDLDQDYRVT
CFTSWSPCFSCAQEMAKFISKKHVSLCIFTARIYRRQGRCQEGLRTLAEAGAKISFTY
SEFKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGRLRAILQNQEN (SEQ ID NO: 69)
Human APOBEC3G chain A:
MDPPTFTEFNFNNEPWWGRHETYLCYEVERMHNDTWVLLNQRRGFLCNQAPHKHGF
LEGRHAELCFLDVIPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFISKNKHVSLCIF
TARIYDDQGRCQEGLRTLAEAGAKISFTYSEFKHCWDTFVDHQGCPFQPWDGLD
EHSQDLSGRLRAILQ (SEQ ID NO: 70)

Human APOBEC3G chain A D120R D121R:
MDPPTFTFNFNNEPWVRGRHETYLCYEVERMHNDTWVLLNQRRGFLCNQAPHKHG
FLEGRHAELCFLDVIPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFISKNKHVSLCI
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FTARIYRRQGRCQEGLRTLAEAGAKISFMTYSEFKHCWDTFVDHQGCPFQPWDGLD
EHSQDLSGRLRAILQ (SEQ ID NO: 71)

hAPOBEC-4 (Homo sapiens):
MEPIYEEYLANHGTIVKPYYWLSFSLDCSNCPYHIRTGEEARVSLTEFCQIFGFPYGTT
FPOQTKHLTFYELKTSSGSLVQKGHASSCTGNYIHPESMLFEMNGYLDSAIYNNDSIRH
IILYSNNSPCNEANHCCISKMYNFLITYPGITLSIYFSQLYHTEMDFPASAWNREALRS
LASLWPRVVLSPISGGIWHSVLHSFISGVSGSHVFQPILTGRALADRHNAYEINAITGV
KPYFTDVLLQTKRNPNTKAQEALESYPLNNAFPGQFFOMPSGQLQPNLPPDLRAPVY
FVLVPLRDLPPMHMGQNPNKPRNIVRHLNMPQMSFQETKDLGRLPTGRSVEIVEITE
QFASSKEADEKKKKKGKK (SEQ ID NO: 72)

mMAPOBEC-4 (Mus musculus):
MDSLLMKQKKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSCSLDFGHLRNKSGC
HVELLFLRYISDWDLDPGRCYRVTWFTSWSPCYDCARHVAEFLRWNPNLSLRIFTAR
LYFCEDRKAEPEGLRRLHRAGVQIGIMTFKDYFYCWNTFVENRERTFKAWEGLHEN
SVRLTRQLRRILLPLYEVDDLRDAFRMLGF (SEQ ID NO: 73)

rAPOBEC-4 (Rattus norvegicus):
MEPLYEEYLTHSGTIVKPYYWLSVSLNCTNCPYHIRTGEEARVPYTEFHQTFGFPWST
YPQTKHLTFYELRSSSGNLIQKGLASNCTGSHTHPESMLFERDGYLDSLIFHDSNIRHI
ILYSNNSPCDEANHCCISKMYNFLMNYPEVTLSVFFSQLYHTENQFPTSAWNREALR
GLASLWPQVTLSAISGGIWQSILETFVSGISEGLTAVRPFTAGRTLTDRYNAYEINCIT
EVKPYFTDALHSWQKENQDQKVWAASENQPLHNTTPAQWQPDMSQDCRTPAVFM
LVPYRDLPPIHVNPSPQKPRTVVRHLNTLQLSASKVKALRKSPSGRPVKKEEARKGS
TRSQEANETNKSKWKKQTLFIKSNICHLLEREQKKIGILSSWSYV (SEQ ID NO: 74)
MFfAPOBEC-4 (Macaca fascicularis):
MEPTYEEYLANHGTIVKPYYWLSFSLDCSNCPYHIRTGEEARVSLTEFCQIFGFPYGT
TYPQTKHLTFYELKTSSGSLVQKGHASSCTGNYIHPESMLFEMNGYLDSAIYNNDSIR
HIILYCNNSPCNEANHCCISKVYNFLITYPGITLSIYFSQLYHTEMDFPASAWNREALR
SLASLWPRVVLSPISGGIWHSVLHSFVSGVSGSHVFQPILTGRALTDRYNAYEINAITG
VKPFFTDVLLHTKRNPNTKAQMALESYPLNNAFPGQSFQMTSGIPPDLRAPVVFVLL
PLRDLPPMHMGQDPNKPRNIIRHLNMPQMSFQETKDLERLPTRRSVETVEITERFASS
KQAEEKTKKKKGKK (SEQ ID NO: 75)

pmCDA-1 (Petromyzon marinus):

MAGYECVRVSEKLDFDTFEFQFENLHY ATERHRTYVIFDVKPQSAGGRSRRLWGYII
NNPNVCHAELILMSMIDRHLESNPGVY AMTWYMSWSPCANCSSKLNPWLKNLLEE



10

20

25

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
87

QGHTLTMHFSRIYDRDREGDHRGLRGLKHVSNSFRMGVVGRAEVKECLAEYVEAS
RRTLTWLDTTESMAAKMRRKLFCILVRCAGMRESGIPLHLFTLQTPLLSGRVVWWR
V (SEQ ID NO: 76)

pmCDA-2 (Petromyzon marinus):
MELREVVDCALASCVRHEPLSRVAFLRCFAAPSQKPRGTVILFYVEGAGRGVTGGH
AVNYNKQGTSIHAEVLLLSAVRAALLRRRRCEDGEEATRGCTLHCYSTY SPCRDCVE
YIQEFGASTGVRVVIHCCRLYELDVNRRRSEAEGVLRSLSRLGRDFRLMGPRDAIAL
LLGGRLANTADGESGASGNAWVTETNVVEPLVDMTGFGDEDLHAQVQRNKQIREA
YANYASAVSLMLGELHVDPDKFPFLAEFLAQTSVEPSGTPRETRGRPRGASSRGPEIG
RQRPADFERALGAYGLFLHPRIVSREADREEIKRDLIVVMRKHNYQGP (SEQ ID NO:
77)

pmCDA-5 (Petromyzon marinus).
MAGDENVRVSEKLDFDTFEFQFENLHY ATERHRTY VIFDVKPQSAGGRSRRLWGYTI
NNPNVCHAELILMSMIDRHLESNPGVY AMTWYMSWSPCANCSSKLNPWLKNLLEE
QGHTLMMHFSRIYDRDREGDHRGLRGLKHVSNSFRMGVVGRAEVKECLAEYVEAS
RRTLTWLDTTESMAAKMRRKLFCILVRCAGMRESGMPLHLFT (SEQ ID NO: 78)
yCD (Saccharomyces cerevisiae):
MVTGGMASKWDQKGMDIAYEEAALGYKEGGVPIGGCLINNKDGSVLGRGHNMRF
QKGSATLHGEISTLENCGRLEGKVYKDTTLYTTLSPCDMCTGAIIMY GIPRCVVGEN
VNFKSKGEKYLQTRGHEVVVVDDERCKKIMKQFIDERPQDWFEDIGE (SEQ ID NO:
79)

rAPOBEC-1 (delta 177-186):
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYTAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGY CWRNFVNYSPSNEAHWPRYPHLW
VRGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWATGLK (SEQ ID NO: 80)
rAPOBEC-1 (delta 202-213):
MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNT
NKHVEVNFIEKFTTERYFCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYTAR
LYHHADPRNRQGLRDLISSGVTIQIMTEQESGY CWRNFVNYSPSNEAHWPRYPHLW
VRLYVLELYCIILGLPPCLNILRRKQPQHYQRLPPHILWATGLK (SEQ ID NO: 81)
Mouse APOBEC-3:

MGPFCLGCSHRKCYSPIRNLISQETFKFHFKNLGY AKGRKDTFLCYEVTRKDCDSPV
SLHHGVFKNKDNIHAEICFLYWEFHDKVIKVLSPREEFKITWYMSWSPCFECAEQIVRFL
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ATHHNLSLDIFSSRLYNVQDPETQQNLCRLVQEGAQVAAMDLYEFKKCWKKFVDN
GGRRFRPWKRLLTNFRY QDSKLQEILRPCYIPVPSSSSSTLSNICLTKGLPETRFCVEG
RRMDPLSEEEFYSQFYNQRVKHLCYYHRMKPYLCYQLEQFNGQAPLKGCLLSEKGK
QHAEILFLDKIRSMELSQVTITCYLTWSPCPNCAWQLAAFKRDRPDLILHIYTSRLYFHW
KRPFQKGLCSLWQSGILVDVMDLPQFTDCWTNFVNPKRPFWPWKGLEIISRRTQRRL
RRIKESWGLQDLVNDFGNLQLGPPMS (SEQ ID NO: 82)

(italic: nucleic acid editing domain)

In some embodiments, an adenosine deaminase can comprise all or a portion of an
adenosine deaminase ADAR (e.g., ADAR1 or ADAR2). In another embodiment, an
adenosine deaminase can comprise all or a portion of an adenosine deaminase ADAT. In
some embodiments, an adenosine deaminase can comprise all or a portion of an ADAT from
Escherichia coli (EcTadA) comprising one or more of the following mutations: D108N,
AL06V, D147Y, E155V, L84F, HI123Y, I157F, or a corresponding mutation in another
adenosine deaminase. The adenosine deaminase can be derived from any suitable organism
(e.g., E. coli). In some embodiments, the adenosine deaminase is from Escherichia coll,
Staphylococcus aureus, Salmonella typhi, Shewanella putrefaciens, Haemophilus influenzae,
Caulobacter crescentus, or Bacillus subtilis. Tn some embodiments, the adenosine deaminase
is [rom £ coli. In some embodiments, the adenine deaminase is a naturallv-occurring
adenosine deaminase that includes one or more mutations corresponding to any of the
mutations provided herein (e.g., mutations in ecTadA). The corresponding residue in any
homologous protein can be identified by e.g., sequence alignment and determination of
homologous residues. The mutations in any naturally-occurring adenosine deaminase (e.g.,
having homology to ecTadA) that corresponds to any of the mutations described herein (e.g.,
any of the mutations identified in ecTadA) can be generated accordingly. In particular
embodiments, the TadA is any one of the TadA described in PCT/US2017/045381 (WO
2018/027078), which is incorporated herein by reference in its entirety. Mutations were
identified through rounds of evolution and selection (e.g., TadA*7.10 = variant 10 from
seventh round of evolution) having desirable adenosine deaminase activily on single stranded
DNA as shown in Table 3.

Table 3. Genotypes of TadA Variants

TadA23 |26 36 [37 |48 49 |51 |72 [84 |87 |105]|108|123(125(142|145|147(152(155]|156|157|16
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In some embodiments, the TadA is provided as a monomer or dimer (e.g., a
heterodimer of wild-type F. coli TadA and an engineered TadA variant). In some
embodiments, the adenosine deaminase is an eighth generation TadA*8 variant as shown in

‘I'able 4 below.

5 Table 4. TadA8* Adenosine Deaminase Variants
Adenosine Adenosine Deaminase Description
Dcaminasc

TadA*8.1 Monomer TadA*7.10 + Y147T
TadA*8.2 Monomer_TadA*7.10 + Y147R
TadA*8.3 Monomer_TadA*7.10 + Q13548
TadA*8.4 Monomer TadA*7.10 + Y123H
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Adenosine Adenosine Deaminase Description
Dcaminasc

TadA*8.5 Monomer TadA*7.10 + V828
TadA*8.6 Monomer TadA*7.10 + T166R
TadA*8.7 Monomer TadA*7.10 + Q154R
TadA*8.8 Monomer TadA*7.10 + Y147R _QI154R Y123H
TadA*8.9 Monomer_TadA*7.10+ Y147R_Q154R_176Y
TadA*8.10 Monomer_TadA*7.10 + Y147R_Q154R_T166R
TadA*8.11 Monomer_TadA*7.10 + Y147T_QI154R
TadA*8.12 Monomer_TadA*7.10 + Y147T_Q154S
TadA*8.13 Monomer_TadA*7.10 + HI23H_ Y147R_Q154R_176Y
TadA*8.14 Heterodimer (WT) + (TadA*7.10 + Y147T)
TadA*8.15 Heterodimer (WT) + (TadA*7.10 + Y147R)
TadA*8.16 Heterodimer (WT) + (TadA*7.10 + Q154S)
TadA*8.17 Heterodimer (WT) + (TadA*7.10 + Y123H)
TadA*8.18 Heterodimer (WT)+ (TadA*7.10 + V825)
TadA*8.19 Heterodimer (WT) + (TadA*7.10 + T166R)
TadA*8.20 Helerodimer (WT)+ (TadA*7.10 + Q154R)
e | e ST
TadA*8.22 Heterodimer (WT) + (TadA*7.10 + Y147R _Q154R _176Y)

Heterodimer (WT) + (TadA*7.10 +

]
TadA*8.23 Y147R_Q154R_T166R)
TadA*8.24 Hctcrodimer (WT) + (TadA*7.10 + Y147T_Q154R)
TadA*8.25 Heterodimer (WT) + (TadA*7.10 + Y147T_Q154S)
TadA*8.26 Heterodimer (WT) + (TadA*7.10 +

HI123H_Y147T_Q154R_176Y)

In some embodiments, the adenosine deaminase is a ninth generation Tad A*9 variant

containing an alteration at an amino acid position selected from the following: 21, 23, 25, 38,
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51, 54,70, 71, 72,72, 94, 124, 133, 138, 139, 146, and 158 ol a TadA variant as shown in the

reference sequence below:

10 20 30 40 50
MSEVEFSHEY WMRHALTLAK RARDEREVPV GAVLVLNNRV IGEGWNRATG

60 70 80 90 100
LHDPTAHAET MALRQGGLVM ONYRLIDATL YVITFEPCVMC AGAMIHSRIG
110 120 130 140 150

RVVEGVRNAK TGAAGSLMDV LHYPCMNHRV EITEGILADE CAALLCYFFR
160
MPRQVFNAQK KAQSSTD (SEQ ID NO: 83)

In one embodiment, the adenosine deaminase variant contains alterations at two or
more amino acid positions selected from the following: 21, 23, 25, 38, 51, 54, 70, 71, 72, 94,
124, 133, 138, 139, 146, and 158 of the TadA reference sequence above. In another
embodiment, the adenosine deaminase variant contains one or more {e.g.. 2. 3, 4) alterations
selected from the following: R21N, R23H, E25F, N38G, L51W, P54C, M70V, Q71M,
N72K, Y73S, M94V, P124W, T133K, D139L, D139M, C146R, and A158K of SEQ ID NO.
1. In other embodiments, the adenosine deaminase variant further contains one or more of
the following alterations: Y147T, Y147R, Q154S, Y123H, and Q154R. In still other
embodiments, the adenosine deaniinase variant contains a combination of alterations relative
to the above TadA reference sequence selected from the following: E25F + V82S + Y 123H,
TI133K + Y147R + Q154R; E25F + V828 + Y123H + Y147R + Q154R; L51W + V828 +
Y123H + C146R + Y147R + Q154R; Y738 + V82S + Y123H + Y147R + Q154R; P54C +
V82S + Y123H + Y147R + Q154R; N38G + V82T + Y123H + Y147R + Q154R; N72K +
V82S + Y123H + DI39L + Y147R + Q154R; E25F + V82S + Y123H + D139M + Y147R +
Q154R; Q71M + V82S + Y123H + Y147R + Q154R; E25F + V82S + Y123H + T133K +
Y147R + Q154R; E25F + V82S + Y123H + Y147R + Q154R; V82S + Y123H + P124W +
Y147R + Q154R; L51W + V828 + Y123H + C146R + Y147R + Q154R; P54C + V828 +
Y123H + Y147R + Q154R; Y73S + V828 + Y123H + Y147R + Q154R; N38G + V82T +
Y123H + Y147R + Q154R; R23H + V82S + Y123H + Y147R + Q154R; R2IN + V828 +
Y123H + YI47R + Q154R; V8285 + Y123H + YI47R + Q154R + AI58K: N72K + V828 +
Y123H + D139L + Y147R + Q154R; E25F + V82S + Y123H + D139M + Y147R + Q154R;
M70V + V828 + M94V + Y123H + Y147R + Q154R; Q71M + V82S + Y123H + Y147R +
Q154R; E25F + 176Y+ V82S + Y123H + Y147R + Q154R; I76Y + V82T + Y123H +
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Y147R + Q154R; N38G +176Y + V82S + Y123H + Y147R + Q154R; R23H + [76Y + V82S
+Y123H + Y147R + Q154R; P54C + 176Y + V82S + Y123H + Y147R + Q154R; R21N +
176Y + V82S + Y123H + Y147R + Q154R; 176Y + V828 + Y123H + D138M + Y147R +
Q154R; Y728 + 176Y + V82S + Y123H + Y147R + Q154R; E25F + I76Y + V82S + Y123H
+Y147R + Q154R; 176Y + V32T + Y123H + Y147R + Q154R; N38G + 176Y + V828 +
Y123H + Y147R + Q154R; R23H + 176Y + V82S + Y123H + Y147R + Q154R; P54C +
[76Y + V82S + Y123H + Y147R + Q154R; R2IN + I76Y + V82S + Y123H + Y147R +
QIS4R; 176Y + V82S + Y123H + DI38M + Y147R + QI54R; Y728 +176Y + V828 +
Y123H + Y147R + Q154R; and V828 + Q154R; N72K_V82S + Y123H + Y147R + Q154R;
Q71M_V82S +Y123H + Y147R + Q154R; V82S + Y123H + T133K + Y147R + Q154R;
V828 + Y123H + T133K + Y147R + Q154R + A158K; M70V +Q71M +N72K +V82S +
Y123H + Y147R + Q154R; N72K_V82S + Y123H + Y147R + Q154R; Q71M_VR82S +
Y123H + Y147R + Q154R; M70V +V828S + M94V + Y123H + Y147R + Q154R; V82S +
Y123H + T133K + Y147R + Q154R; V828 + Y123H + T133K + Y147R + Q154R +
A158K; and M70V +Q71M +N72K +V&828 + Y123H + Y147R + Q154R. In some
embodiments, the deaminase or other polypeptide sequence lacks a methionine, for example
when included as a component of a fusion protein. This can alter the numbering of positions.
However, the skilled person will understand that such corresponding mutations refer 1o the

same mutation, e.g.. Y73S and Y72S and D139M and D138M.

In some embodiments, Cas9 is fused to nuclear localization sequences, including an
NLS of the SV40 large T antigen, nucleoplasmin, c-myc, hRNPA1 M9, IBB domain from
importin-alpha, NLS of myoma T protein, human p53, c-abl IV, influenza virus NS1,
hepatitis virus delta antigen, mouse Mx 1, human poly(ADP-ribose) polymerase, steroid

hormone receptor (human) glucocorticoid.

In some embodiments, a Cas9 protein is fused to epitope tags including, but not
limited to hemagglutinin (HA) tags, histidine (His) tags, FLAG tags, Myc tags, V5 tags,
VSV-G tags, SNAP tags, thioredoxin (Trx) tags.

In some embodiments, Cas9 is fused to reporter genes including, but not limited to
glutathione-S-transferase (GST), horseradish peroxidase (HRP), chloramphenicol transferase
(CAT), HcRed, DsRed, cyan [luorescent protein, yellow fluorescent protein and blue
fluorescent protein, green fluorescent protein (GFP), including enhanced versions or

superfolded GFP, as well as other modified versions of reporter genes.
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In some embodiments, serum hal(-life of an engineered Cas9 protein is increased by
fusion with heterologous proteins such as a human serum albumin protein, transferrin protein,
human IgG and/or sialylated petide, such as the carboxy-terminal peptide (CTP, of chorionic

gonadotropin [} chain).

In some embodiments, serum half-life of an engineered Cas9 protein is decreased by
fusion with destabilizing domains, including but not limited to geminin, ubiquitin, FKBP12-

L106P, and/or dihydrofolate reductase.

Suitable fusion partners that provide for increased or decreased stability include, but
are not limited to degron sequences. Degrons are readily understood by one of ordinary skill
in the art to be amino acid sequences that control the stability of the protein of which they are
part. For example, the stability of a protein comprising a degron sequence is controlled at
least in part by the degron sequence. In some cases, a suitable degron is constitutive such that
the degron exerts its influence on protein stability independent of experimental control (i.e,
the degron is not drug inducible, temperature inducible, etc.) In some cases, the degron
provides the variant Cas9 polypeptide with controllable stability such that the variant Cas9
polypeptide can be turned "on" (i.e., stable) or "off (i.e., unstable, degraded) depending on the
desired conditions. For example, if the degron is a temperature sensitive degron, the variant
Cas9 polypeptide may be functional (i.e., "on", stable) below a threshold temperature (e.g.,
42°C, 41°C, 40°C, 39°C, 38°C, 37°C, 36°C, 35°C, 34°C, 33°C, 32°C, 31°C, 30°C, etc.) but
non-functional (i.e., "off, degraded) above the threshold temperature. As another example, if
the degron is a drug inducible degron, the presence or absence of drug can switch the protein
from an "off (i.e., unstable) state to an "on" (i.e., stable) state or vice versa. An exemplary
drug inducible degron is derived from the FKBP12 protein. The stability of the degron is

controlled by the presence or absence of a small molecule that binds to the degron.

Examples of suitable degrons include, but are not limited to those degrons controlled
by Shield-1, DHFR, auxins, and/or temperature. Non-limiting examples of suitable degrons
are known in the art (e.g., Dohmen et al., Science, 1994. 263(5151): p. 1273-1276: Heat-
inducible degron: a method for constructing temperature-sensitive mutants; Schoeber et al.,
Am J Physiol Renal Physiol. 2009 Jan;296(1):F204-1 1 : Conditional fast expression and
function of multimeric TRPVS5 channels using Shield-1 ; Chu et al., Bioorg Med Chem Leitt.
2008 Nov 15;18(22):5941-4: Recent progress with FKBP-derived destabilizing domains ;
Kanemaki, Pflugers Arch. 2012 Dec 28: Frontiers of protein expression control with
conditional degrons; Yang et al., Mol Cell. 2012 Nov 30;48(4):487-8: Titivated for
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destruction: the methyl degron; Barbour et al., Biosci Rep. 2013 Jan 18;33(1).:
Characterization of the bipartite degron that regulates ubiquitin-independent degradation of
thymidylate synthase; and Greussing et al., J Vis Exp. 2012 Nov 10;(69): Monitoring of
ubiquitin-proteasome activity in living cells using a Degron (dgn)-destabilized green
fluorescent protein (GFP)-based reporter protein; all of which are hereby incorporated in their

entirety by reference).

Exemplary degron sequences have been well-characterized and tested in both cells
and animals. Thus, [using dead Cas9 to a degron sequence produces a "tunable" and

"inducible" dead Cas9 polypeptide.

Any of the fusion partners described herein can be used in any desirable combination.
As one non-limiting example 1o illustrate this point, a Cas9 [usion protein can comprise a
YFP sequence for detection, a degron sequence for stability, and transcription activator
sequence to increase transcription of the target DNA. Furthermore, the number of fusion
partners that can be used in a dCas9 fusion protein is unlimited. In some cases, a Cas9 fusion
protein comprises one or more (e.g. two or more, three or more, four or more, or five or

more) heterologous sequences.

Target Nucleic Acids

A target nucleic acid is a DNA molecule, RN A molecule, which is single-, double-, or
multi-stranded DNA or RNA, genomic DNA, cDNA, DNA-RNA hybrids, or a polymer
comprising purine and pyrimidine bases or other natural, chemically or biochemically
modified, non-natural, or derivatized nucleotide bases either deoxyribonucleotides,
ribonucleotides, or analogs thereof. Target nucleic acids may have three-dimensional
structure, may include coding or non-coding regions, may include exons, introns, mRNA,
tRNA, rRNA, siRNA, shRNA, miRNA, ribozymes, cDNA, plasmids, vectors, exogenous
sequences, endogenous sequences. A target nucleic acid can comprise modified nucleotides,
include methylated nucleotides, or nucleotide analogs. In some embodiments, a target nucleic

acid may be interspersed with non-nucleic acid components.

A target nucleic acid is recognized by CRISPR-Cas9 system and binds Cas9. In some
embodiments, it is modified or cleaved or has altered expression due to the binding of Cas9.
A target nucleic acid contains a specific recognizable PAM motif, for example, 5’-NGG-3°,

5°-NGC-3’, 5°-NAGHC-3", 5°-NRHRRH-3" or 5°-NNAAA-3" (H=A, C or T; R=A or G).

Recombinant Gene Technology
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In accordance with the present disclosure, there may be employed conventional
molecular biology, microbiology, and recombinant DN A techniques within the skill of the
art. Such techniques are described in the literature (see, e.g.. Sambrook, Fritsch & Maniatis,
Molecular Cloning: A Laboratory Manual, Second Edition (1989) Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, N.Y.; DNA Cloning: A Practical Approach, Volumes
Iand II (D. N. Glover ed. 1985); Oligonucleotide Synthesis (M. J. Gait ed. 1984); Nucleic
Acid Hybridization (B. D. Hames & S. J. Higgins eds. (1985)); Transcription And
Translation (B. D. Hames & S. J. Higgins, eds. (1984)); Animal Cell Culture (R. I. Freshney,
ed. (1986)); Immobilized Cells and Enzymes (IRL Press, (1986)); B. Perbal, A Practical
Guide To Molecular Cloning (1984); F. M. Ausubel e/ a/. (eds.), Current Protocols in
Molecular Biology, John Wiley & Sons, Inc. (1994).

Recombinant expression of a gene, such as a nucleic acid encoding a polypeptide,
such as an engineered Cas9Y enzyme described herein, can include construction of an
expression vector containing a nucleic acid that encodes the polypeptide. Once a
polynucleotide has been obtained, a vector for the production of the polypeptide can be
produced by recombinant DNA technology using techniques known in the art. Known
methods can be used to construct expression vectors containing polypeptide coding
sequences and appropriate transcriptional and translational control signals. These methods
include, for example, in vitro recombinant DNA techniques, synthetic techniques, and in vivo

genetic recombination.

An expression vector can be transferred to a host cell by conventional techniques, and

the transfected cells can then be cultured by conventional techniques to produce polypeptides.

In some embodiments, a nucleotide sequence encoding a DNA-targeting RNA and/or
Cas9 protein is operably linked to a control element, e.g., a transcriptional control element,
such as a promoter. The transcriptional control element may be functional in either a
eukaryotic cell, e.g., a mammalian cell; or a prokaryotic cell (e.g., bacterial or archaeal cell).
In some embodiments, the eukaryotic cell is a human cell. In some embodiments, a
nucleotide sequence encoding a DNA-targeting RNA and/or a novel Cas9 protein is operably
linked to multiple control elements that allow expression of the encoded nucleotide sequence

in both prokaryolic and eukaryolic cells.

A promoter can be a constitutively active promoter (i.e., a promoter that is

constitutively in an active/"ON" state), it may be an inducible promoter (i.e., a promoter



10

20

25

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
97

whose stale, active/"ON" or inactive/'OFF", is controlled by an external stimulus, e.g., the
presence of a particular temperature, compound, or protein.), it may be a spatially restricted
promoter (i.e., transcriptional control element, enhancer, etc.)(e.g., tissue specific promoter,
cell type specific promoter, etc.), and it may be a temporally restricted promoter (i_e., the
promoter is in the "ON" state or "OFF" state during specific stages of embryonic
development or during specific stages of a biological process, e.g., hair follicle cycle in

mice).

Suitable promoters can be derived [rom viruses and can therelore be referred (o as
viral promoters, or they can be derived from any organism, including prokaryotic or
eukaryotic organisms. Suitable promoters can be used to drive expression by any RNA
polvmerase (e.g., pol L, pol 11, pol III). Exemplary promoters include, but are not limited to
the SV40 early promoter, mouse mammary tumor virus long terminal repeat (LTR) promoter;
adenovirus major late promoter (Ad MLP); a herpes simplex virus (HSV) promoter, a
cytomegalovirus (CMV) promoter such as the CMV immediate early promoter region
(CMVIE), a rous sarcoma virus (RSV) promoter, a human U6 small nuclear promoter (U6)
(Miyagishi et al. , Nature Biotechnology 20, 497 - 500 (2002)), an enhanced U6 promoter
(e.g.. Xia et al., Nucleic Acids Res. 2003 Sep 1;31(17)), and/or a human HI promoter (HT).

Examples of inducible promoters include, but are not limited toT7 RNA polymerase
promoter, T3 RNA polymerase promoter, Isopropyl-beta-D-thiogalactopyranoside (IPTG) -
regulated promoter, lactose induced promoter, heat shock promoter, Tetracycline-regulated
promoter (e.g.. Tet-ON, Tet-OFF, etc.), Steroid-regulated promoter, Metal-regulated
promoter, estrogen receptor-regulated promoter, etc. Inducible promoters can therefore be
regulated by molecules including, but not limited to, doxycycline, RNA polyvmerase, e.g., T7

RNA polymerase, an estrogen receptor and/or an estrogen receptor fusion.

In some embodiments, the promoter is a spatially restricted promoter (i.e., cell type
specific promoter, tissue specific promoter, etc.) such that in a multi-cellular organism, the
promoter is active (i.e., "ON") in a subset of specific cells. Spatially restricted promoters may
also be referred to as enhancers, transcriptional control elements, control sequences, etc. Any
convenient spatially restricted promoter may be used and the choice of suitable promoter
(e.g., a brain specilic promoler, a promoter that drives expression in a subset of neurons, a
promoter that drives expression in the germline, a promoter that drives expression in the
lungs, a promoter that drives expression in muscles, a promoter that drives expression in islet

cells of the pancreas, etc.) will depend on the organism. Thus, a spatially restricted promoter
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can be used to regulale the expression of a nucleic acid encoding a subject site-directed
polypeptide in a wide variety of different tissues and cell types, depending on the organism.
Some spatially restricted promoters are also temporally restricted such that the promoter is in
the "ON" state or "OFF" state during specific stages of embryonic development or during

specific stages of a biological process (e.g., hair follicle cycle).

For illustration purposes, examples of spatially restricted promoters include, but are
not limited to, neuron-specific promoters, adipocyte-specific promoters, cardiomyocyte-
specilic promoters, smooth muscle-specific promoters, photoreceptor-specific promolers, elc.
Neuron-specific spatially restricted promoters include, but are not limited to, a neuron-
specific enolase (NSE) promoter, an aromatic amino acid decarboxylase (AADC) promoter, a
neurofilament promoter, a synapsin promoter, a thy-1 promoter, a serotonin receptor
promoter, a tyrosine hydroxylase promoter (TH), a GnRH promoter, an L7 promoter, a
DNMT promoter, an enkephalin promoter, a myelin basic protein (MBP) promoter, a Ca’*-
calmodulin- dependent protein kinase II-alpha (CamKIIa) promoter and/or a CMV

enhancer/platelet-derived growth factor-f} promoter.

Adipocyte-specific spatially restricted promoters include, but are not limited to aP2
gene promoter/enhancer, e.g., a region from -5.4 kb to +21 bp of a human aP2 gene, a
glucose transporter-4 (GLUT4) promoter, a fatty acid translocase (FAT/CD36) promoter, a
stearoyl-CoA desaturase-1 (SCD1) promoter, a leptin promoter, and an adiponectin promoter,

an adipsin promoter and/or a resistin promoter.

Cardiomyocyte-specific spatially restricted promoters include, but are not limited to
control sequences derived from the following genes: myosin light chain-2, a-myosin heavy

chain, AE3, cardiac troponin C, and/or cardiac actin.

Smooth muscle-specific spatially restricted promoters include, but are not limited to

an SM22a promoler, a smoothelin promoter, and/or an a-smooth muscle actin promoter.

Photoreceptor-specific spatially restricted promoters include, but are not limited to, a
rhodopsin promoter, a rhodopsin kinase promoter, a beta phosphodiesterase gene promoter, a
retinitis pigmentosa gene promoter, an interphotoreceptor retinoid-binding protein (IRBP)

gene enhancer, and/or an IRBP gene promoter.

Gene Editing Uses of CRISPR-Cas9



10

20

25

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
99

The CRISPR-Cas9 system described herein can be used [or gene ediling, which can
result in a gene silencing event, or an alteration of the expression (e.g., an increase or a
decrease) in the expression of a desired target gene. Accordingly, in some embodiments, the
CRISPR-Cas9 system described herein is used in a method of altering the expression of a
target nucleic acid. In some embodiments the CRISPR-Cas9 system described herein is used
in a method of modifying a target nucleic acid in a desired target cell. In some embodiments,
the invention provides methods for site-specific modification of a target nucleic acid in

eukaryotic cells to effectuate a desired modification in gene expression.

In some embodiments, the invention provides an engineered, non-naturally occurring
CRISPR-Cas system comprising: an RNA guide or a nucleic acid encoding the RNA guide,
wherein the RNA guide comprises a direct repeat sequence and a spacer sequence capable of
hybridizing to a target nucleic acid; and a codon-optimized CRISPR-associated (Cas) protein
having at least 80% sequence identity to SEQ ID NO: 1, 4, 8, 14, 84 or 86, and wherein the
Cas protein is capable of binding to the RNA guide and of causing a break in the target

nucleic acid sequence complementary to the RNA guide.

In some embodiments, the invention provides engineered, non-naturally occurring
CRISPR-Cas system comprising: an RN A guide or a nucleic acid encoding the RNA guide,
wherein the RNA guide comprises a direct repeat sequence and a spacer sequence capable of
hybridizing to a target nucleic acid; and a codon-optimized CRISPR-associated (Cas) protein
having at least 80% sequence identity to SEQ ID NO: 1, 4, 8, 14, 84 or 86; wherein the Cas
protein is fused to a deaminase, and wherein the Cas protein fusion is capable of binding to
the RN A guide and of editing the target nucleic acid sequence complementary to the RNA
guide.

In some embodiments, provided herein is an engineered, non-naturally occurring
CRISPR-Cas system comprising a codon-optimized CRISPR-associated (Cas) protein,
further comprising a nuclear localization sequence (NLS) and/or a FLAG, HIS or HA tag.

In some embodiments, provided herein is an engineered, non-naturally occurring Cas9
fusion protein further comprising a nuclear localization sequence (NLS) and/or a FLAG, HIS

or HA tag.

In some embodiments, provided herein is an engineered, non-naturally occurring Cas9

fusion protein having at least 80% identity to SEQ ID NOs: 2, 5, 9, 15, 85, 87, 95 or 96.
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In some embodiments, the invention provides a method of altering expression of a
targetl nucleic acid in a eukaryolic cell comprising: contlactling the cell with a Cas9 described
herein, and an RNA guide or a nucleic acid encoding the RNA guide, wherein the RNA guide
comprises a direct repeat sequence and a spacer sequence capable of hybridizing to the target
nucleic acid, and wherein the Cas9 protein is capable of binding to the RNA guide and of

causing a break in the target nucleic acid sequence complementary to the RNA guide.

In some embodiments, the invention provides a method of altering expression of a
target nucleic acid in a eukaryotic cell comprising: contacting the cell with a Cas9 described
herein, and an RNA guide or a nucleic acid encoding the RNA guide, wherein the RNA guide
comprises a direcl repeat sequence and a spacer sequence capable ol hybridizing (o the targel
nucleic acid, and wherein the Cas9 protein is capable of binding to the RNA guide and

editing the target nucleic acid sequence complementary to the RNA guide.

In some embodiments, the invention provides a method of modifying a target nucleic
acid in a eukaryotic cell comprising: contacting the cell with a Cas9 described herein, and an
RN A guide or a nucleic acid encoding the RN A guide, wherein the RNA guide comprises a
direct repeat sequence and a spacer sequence capable of hybridizing to the target nucleic acid,
and wherein the Cas9 protein is capable of binding to the RNA guide and editing the target

nucleic acid sequence complementary to the RNA guide.

Accordingly, in some embodiments, the Cas protein has about 80%, 81%, 82%, 83%,
84%, 835%, 86%, 87%, 88%, 89%. 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%. 99%
identity to SEQ ID NO: 1, 4, 8,14, 84 or 86. In some embodiments, the Cas protein is
1dentical to SEQ ID NO: 1, 4, 8. 14, 84 or 86.

Suitable guide RNA, Cas9 mutations and fusion proteins for use in the CRISPR-Cas9

system and method are as described throughout this disclosure.

In one aspect, the method comprises binding of the CRISPR-Cas9 to a target nucleic
acid and effecting cleavage of a target nucleic acids. In some embodiments, the CRISPR-
Cas9 system cleaves target DNA or RNA duplexes by introducing double-stranded breaks.
In some embodiments, the CRISPR-Cas9 system cleaves target DNA or RNA by introducing

single-stranded breaks or nicks.

In some embodiments, the CRISPR-Cas9 method or system comprises a fusion

protein with an eflector that modifies target DNA in a sile-specific manner, where the
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modilying activity includes methyltransferase activity, demethylase activily, acetyliranserase
activity, deacetylase activity, kinase activity, phosphatase activity, ubiquitin ligase activity,
deubiquitinating activity, adenylation activity, deadenylation activity, SUMOylating activity,
deSUMOylating activity, ribosylation activity, deribosylation activity, myristoylation
activity, demyristoylation activity, integrase activity, transposase activity, recombinase
activity, polymerase activity, ligase activity, helicase activity, or nuclease activity, any of
which can modify DNA or a DNA-associated polypeptide (e.g., a histone or DNA binding

protein).

In some embodiments, the CRISPR-Cas9 method or system comprises a fusion
protein with enzymes that can edit DNA sequences by chemically modifying nucleotide
bases, including deaminase enzymes that can modify adenosine or cytosine bases and
function as site-specific base editors. For example, APOBEC1 cytidine deaminase, which
usually uses RN A as a substrate, can be targeted to single-stranded and double-stranded DNA
when it is fused to Cas9, converting cytidine to uridine directly, and ADAR enzymes
deaminate adenosine to inosine. Thus, “base editing” using deaminases enables programmable
conversion of one target DNA base into another. Various base editors are known in the art
and can be used in the method and systems described herein. Exemplary base editors are
described in, [or example, Rees and Liu Nature Review Genelics, 2018, 19(12): 770-788, the
contents of which are incorporated herein. Accordingly, in some embodiments, the Cas9
enzymes (ScoCas9, SirCas9, VapCas9, EpeCas9, LfeCas9, PmaCas9) described herein is a
component of anucleobase editor. In some embodiments, the base editor is the adenine
deaminase TadA8 or TadA9.

In some embodiments, base editing results in the introduction of stop codons to
silence genes. In some embodiments, base editing results in altered protein function by

altering amino acid sequences.

In some embodiments, the CRISPR-Cas9 method or system comprises epigenetic
modification of target DNA by fusion with a histone. In some embodiments, the CRISPR-
Cas9 system comprises epigenetic modification of target DN A by fusion with an epigenetic
modifying enzyme such as a reader, writer or eraser protein. In some embodiments, the
CRISPR-Cas9 system comprises fusion with a histone modifying enzyme (o alter the hislone
modification pattern in a selected region of target DNA. Histone modifications can occur in

many different ways including methylation, acetylation, ubiquitination, phosphorylation, and
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in many dilferent combinations, leading to structural changes in DNA. In some embodiments,

histone modification leads to transcriptional repression or activation.

In some embodiments, the CRISPR-Cas9 method or system modulates {ranscription
of target DNA by increasing or decreasing transcription through fusion with transcriptional
activator proteins or transcriptional repressor proteins, small molecule/drug-responsive
transcriptional regulators, inducible transcription regulators. In some embodiments, the
CRISPR-Cas9 system is used to control the expression of a target coding mRNA (i.e. a

protein encoding gene) where binding results in increased or decreased gene expression.

In some embodiments, the CRISPR-Cas9 method or system is used to control gene

regulation by editing genetic regulatory elements such as promoters or enhancers.

In some embodiments, the CRISPR-Cas9 method or system is used to control the
expression of a target non-coding RNA, including tRNA, rRNA, snoRNA, siRNA, miRNA,
and long ncRNA.

In some embodiments, the CRISPR-Cas9 method or system is used for targeted
engineering of chromatin loop structures. Targeted engineering of chromatin loops between
regulatory genomic regions provides a means to manipulate endogenous chromatin structures
and enable the formation of new enhancer-promoter connections to overcome genetic

deficiencies or inhibit aberrant enhancer-promoter connections.

In some embodiments, CRISPR-Cas9 is used for live cell imaging. Fluorescently
labelled Cas9 is targeted to repetitive genomic regions such as centromeres and telomeres to
track native chromatin loci throughout the cell cycle and determine differential positioning of

transcriptionally active and inactive regions in the 3D nuclear space.

In some embodiments, the CRISPR-Cas9 method or system is used for correction of

pathogenic mutations by insertion ol beneficial clinical variants or suppressor mutations.

Nucleobase Editors

Disclosed herein, are novel base editors or nucleobase editors for editing, modifying
or altering a target nucleotide sequence of a polynucleotide comprising a Cas9. Described
herein is a nucleobase editor or a base editor comprising a polynucleotide programmable
nucleotide binding domain (e.g., Cas9) and a nucleobase editing domain (e.g., adenosine
deaminase). A polynucleotide programmable nucleotide binding domain (e.g., Cas9), when

in conjunction with a bound guide polynucleotide (e.g., gRNA), can specifically bind to a
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target polynucleotlide sequence (i.e., via complementary base pairing between bases of the
bound guide nucleic acid and bases of the target polynucleotide sequence) and thereby
localize the base editor to the target nucleic acid sequence desired to be edited. In some
embodiments, the target polynucleotide sequence comprises single-stranded DNA or double-
stranded DNA. In some embodiments, the target polynucleotide sequence comprises RNA.
In some embodiments, the target polynucleotide sequence comprises a DNA-RNA hybrid.

As most of the known genetic variations associated with human disease are point mutations,
methods that can more efficiently and cleanly make precise point mutations are needed. Base
editing systems as provided herein provide a new way to provide genome editing without
generating double-strand DNA breaks, without requiring a donor DNA template, and without

inducing an excess of stochastic insertions and deletions.

The base editors provided herein are capable of modifying a specific nucleotide base
without generating a significant proportion of indels. The term “indel(s)”, as used herein,
refers to the insertion or deletion of a nucleotide base within a nucleic acid. Such insertions
or deletions can lead to frame shift mutations within a coding region of a gene. In some
embodiments, it is desirable to generate base editors that efficiently modity (e g.. mutate or
deaminate) a specific nucleotide within a nucleic acid, without generating a large number of
insertions or deletions (i.e., indels) in the target nucleotide sequence. In certain
embodiments, any of the base editors provided herein are capable of generating a greater

proportion of intended modifications (e.g., point mutations or deaminations) versus indels.

In some embodiments, any of base editor systems provided herein result in less than
50%, less than 40%, less than 30%, less than 20%, less than 19%, less than 18%, less than
17%, less than 16%, less than 15%, less than 14%, less than 13%, less than 12%, less than
11%, less than 10%, less than 9%, less than 8%, less than 7%, less than 6%, less than 5%,
less than 4%, less than 3%, less than 2%, less than 1%, less than 0.9%, less than 0.8%, less
than 0.7%, less than 0.6%, less than 0.5%, less than 0.4%, less than 0.3%, less than 0.2%, less
than 0.1%, less than 0.09%, less than 0.08%, less than 0.07%, less than 0.06%, less than
0.05%, less than 0.04%, less than 0.03%, less than 0.02%, or less than 0.01% indel formation

in the target polynucleotide sequence.

Some aspects of the disclosure are based on the recognition that any of the base
editors provided herein are capable of efficiently generating an intended mutation, such as a
point mutation, in a nucleic acid (e.g.., a nucleic acid within a genome of a subject) without

generating a significant number of unintended mutations, such as unintended point mutations.
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In some embodiments, any of the base editors provided herein are capable of generaling at
least 0.01% of intended mutations (i.e. at least 0.01% base editing efficiency). In some
embodiments, any of the base editors provided herein are capable of generating at least
0.01%. 1%, 2%. 3%, 4%, 5%. 10%. 15%. 20%. 25%. 30%. 40%. 45%_ 50%. 60%. 70%.
80%, 90%, 95%, or 99% of intended mutations.

In some embodiments, the base editors provided herein are capable of generating a
ratio of intended point mutations to indels that is greater than 1:1. In some embodiments, the
base editors provided herein are capable of generaling a ratio of intended point mutations (o
indels that is at least 1.5:1, at least 2:1, atleast 2.5:1, at least 3:1, at least 3.5:1, at least 4:1, at
least 4.5:1, at least 3:1, at least 5.5:1, at least 6:1, at least 6.5:1, at least 7:1, at least 7.5:1, at
least 8:1, atleast 8.5:1, at least 9:1, atleast 10:1, at least 11:1, at least 12:1, at least 13:1, at
least 14:1, at least 15:1, at least 20:1, at least 25:1, at least 30:1, at least 40:1, at least 50:1, at
least 100:1, at least 200:1, at least 300:1, at least 400:1, at least 500:1, at least 600:1, at least
700:1, at least 800:1, at least 900:1, or at least 1000:1, or more.

The number of intended mutations and indels can be determined using any suitable
method, for example, as described in International PCT Application Nos. PCT/2017/045381
(W02018/027078) and PCT/US2016/058344 (W02017/070632); Komor, A.C., et al.,
“Programmable editing of a target base in genomic DN A without double-stranded DNA
cleavage” Nature 533, 420-424 (2016); Gaudelli, N.M., et al., “Programmable base editing of
AT to G+C in genomic DNA without DNA cleavage” Nature 551, 464-471 (2017); and
Komor, A.C., ef al., “Improved base excision repair inhibition and bacteriophage Mu Gam
protein yields C:G-to-T: A base editors with higher efficiency and product purity” Science
Advances 3:eaao4774 (2017); the entire contents of which are hereby incorporated by

reference.

In some embodiments, to calculate indel frequencies, sequencing reads are scanned
for exact matches to two 10-bp sequences that flank both sides of a window in which indels
can occur. If no exact matches are located, the read is excluded from analysis. If the length
of this indel window exactly matches the reference sequence the read is classified as not
containing an indel. If the indel window is two or more bases longer or shorter than the
reference sequence, then the sequencing read is classified as an insertion or deletion,
respectively. In some embodiments, the base editors provided herein can limit formation of

indels in a region of a nucleic acid. In some embodiments, the region is at a nucleotide
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targeted by a base editor or a region within 2, 3, 4, 5, 6, 7, 8, 9, or 10 nucleotides of a

nucleotide targeted by a base editor.

The number ol indels [ormed at a target nucleolide region can depend on the amount
of time a nucleic acid (e.g., a nucleic acid within the genome of a cell) is exposed to a base
editor. In some embodiments, the number or proportion of indels is determined after at least
1 hour, at least 2 hours, at least 6 hours, at least 12 hours, at least 24 hours, at least 36 hours,
at least 48 hours, at least 3 days, at least 4 days, at least 5 days, at least 7 days, at least 10
days, or at least 14 days ol exposing the target nucleotide sequence (e.g., a nucleic acid
within the genome of a cell) to a base editor. It should be appreciated that the characteristics
of the base editors as described herein can be applied to any of the fusion proteins, or

methods of using the fusion proteins provided herein.

Therapeutic Applications

The CRISPR-Cas9 methods or systems described herein can have various therapeutic
applications. Accordingly, in some embodiments, a method of treating a disorder or a disease
in a subject in need thereof is provided, the method comprising administering to the subject a
CRISPR-Cas9 system comprising a Cas9 as described herein, wherein the guide RNA is
complementary to at least 10 nucleotides of a target nucleic acid associated with the condition
or disease; wherein the Cas protein associates with the guide RNA; wherein the guide RNA
binds to the target nucleic acid; wherein the Cas protein causes a break in the target nucleic
acid, optionally wherein the Cas9 is an inactive Cas9 (dCas9) fused to a deaminase and
results in one or more base edits in the target nucleic acid, thereby treating the disorder or

disease.

In some embodiments, the CRISPR-Cas9 methods or systems can be used to treat
various diseases and disorders, e.g., genetic disorders (e.g., monogenetic diseases), diseases

that can be treated by nuclease activity, and various cancers, etc.

In some embodiments, the CRISPR methods or systems described herein can be used
to edit a target nucleic acid to modify the target nucleic acid (e.g., by inserting, deleting, or
mutating one or more nucleic acid residues). For example, in some embodiments the CRISPR
systems described herein comprise an exogenous donor template nucleic acid (e.g., a DNA
molecule or a RNA molecule), which comprises a desirable nucleic acid sequence. Upon
resolution of a cleavage event induced with the CRISPR system described herein, the

molecular machinery of the cell will utilize the exogenous donor template nucleic acid in
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repairing and/or resolving the cleavage event. Alternatively, the molecular machinery of the
cell can utilize an endogenous template in repairing and/or resolving the cleavage event. In
some embodiments, the CRISPR systems described herein may be used to alter a target
nucleic acid resulting in an insertion, a deletion, and/or a point mutation). In some
embodiments, the insertion is a scarless insertion (i.e., the insertion of an intended nucleic
acid sequence into a target nucleic acid resulting in no additional unintended nucleic acid
sequence upon resolution of the cleavage event). Donor template nucleic acids may be double
stranded or single stranded nucleic acid molecules (e.g., DNA or RNA). In some
embodiments, the CRISPR methods or systems described herein comprise a nucleobase
editor. For example, in some embodiments, the Cas9 proteins described herein are [used to a

polypeptide having nucleobase editing activity.

In one aspect, the CRISPR methods or systems described herein can be used for
treating a disease caused by overexpression of RNAs, toxic RNAs, and/or mutated RNAs

(e.g., splicing defects or truncations).

In some embodiments, the CRISPR methods or systems described herein can also

target trans-acting mutations affecting RN A- dependent functions that cause various diseases.

In some embodiments, the CRISPR methods or systems described herein can also be
used to target mutations disrupting the cis-acting splicing codes that can cause splicing

defects and diseases.

The CRISPR methods or systems described herein can further be used for antiviral
activity, in particular against RNA viruses. The CRISPR-associated proteins can target the

viral RNAs using suitable RNA guides selected to target viral RNA sequences.

The CRISPR methods or systems described herein can also be used to treat a cancer
in a subject (e.g., a human subject). For example, the CRISPR-associated proteins described
herein can be programmed with crRNA targeting a RN A molecule that is aberrant (e.g.,
comprises a point mutation or are alternatively-spliced) and found in cancer cells to induce

cell death in the cancer cells (e.g., via apoptosis).

Further, the CRISPR methods or systems described herein can also be used to treat an
infectious disease in a subject. For example, the CRISPR-associated proteins described herein
can be programmed with crRNA targeting a RNA molecule expressed by an infectious agent
(e.g., a bacteria, a virus, a parasite or a protozoan) in order to target and induce cell death in

the infectious agent cell. The CRISPR systems may also be used to treat diseases where an
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intracellular inlectious agent inlects the cells of a host subject. By programming the CRISPR-
associated protein to target a RNA molecule encoded by an infectious agent gene, cells

infected with the infectious agent can be targeted and cell death induced.

Furthermore, in vitro RNA sensing assays can be used to detect specific RNA
substrates. The CRISPR-associated proteins can be used for RN A-based sensing in living
cells. Examples of applications are diagnostics by sensing of, for examples, disease-specific

RNAs.

In applications in which it is desirable to insert a polynucleotide sequence into a
target DN A sequence, a polynucleotide comprising a donor sequence to be inserted is also
provided to the cell. By a "donor sequence" or "donor polynucleotide" it is meant a nucleic
acid sequence (o be inserted at the cleavage site induced by a site-directed modilying
polypeptide. The donor polynucleotide will contain sufficient homology to a genomic
sequence at the cleavage site, e.g. 70%, 80%, 85%, 90%, 95%, or 100% homology with the
nucleotide sequences flanking the cleavage site, e.g. within about 50 bases or less of the
cleavage site, e.g. within about 30 bases, within about 15 bases, within about 10 bases, within
about 5 bases, or immediately flanking the cleavage site, to support homology-directed repair
between it and the genomic sequence to which it bears homology. Approximately 25, 50,
100, or 200 nucleotides, or more than 200 nucleotides, of sequence homology between a
donor and a genomic sequence (or any integral value between 10 and 200 nucleotides, or
more) will support homology-directed repair. Donor sequences can be of any length, e.g. 10
nucleotides or more, 50 nucleotides or more, 100 nucleotides or more, 250 nucleotides or

more, 500 nucleotides or more, 1000 nucleotides or more, 5000 nucleotides or more, etc.

The donor sequence is typically not identical to the genomic sequence that it replaces.
Rather, the donor sequence may contain at least one or more single base changes, insertions,
deletions, inversions or rearrangements with respect to the genomic sequence, so long as
sufficient homology is present to support homology-directed repair. In some embodiments,
the donor sequence comprises a non-homologous sequence flanked by two regions of
homology, such that homology-directed repair between the target DNA region and the two
flanking sequences results in insertion of the non-homologous sequence at the target region.
Donor sequences may also comprise a vector backbone containing sequences that are not
homologous to the DNA region of interest and that are not intended for insertion into the
DNA region of interest. Generally, the homologous region(s) of a donor sequence will have

at least 50% sequence identity to a genomic sequence with which recombination is desired. In
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certain embodiments, 60%, 70%, 80%, 90%, 95%, 98%, 99%, or 99.9% sequence idenlily is
present. Any value between 1% and 100% sequence identity can be present, depending upon

the length of the donor polynucleotide.

The donor sequence may comprise certain sequence differences as compared to the
genomic sequence, e.g. restriction sites, nucleotide polymorphisms, selectable markers (e.g.,
drug resistance genes, fluorescent proteins, enzymes etc.), etc., which may be used to assess
for successful insertion of the donor sequence at the cleavage site or in some cases may be
used [or other purposes (e.g., to signily expression al the targeted genomic locus). In some
cases, if located in a coding region, such nucleotide sequence differences will not change the
amino acid sequence, or will make silent amino acid changes (i.e., changes which do not
affect the structure or function of the protein). Alternatively, these sequences differences may
include flanking recombination sequences such as FLPs, loxP sequences, or the like, that can

be activated at a later time for removal of the marker sequence.

The donor sequence may be provided to the cell as single-stranded DNA, single-
stranded RN A, double-stranded DNA, or double-stranded RN A. It may be introduced into a
cell in linear or circular form. If introduced in linear form, the ends of the donor sequence
may be protected (e.g., from exonucleolytic degradation) by methods known to those of skill
in the art. For example, one or more dideoxynucleotide residues are added to the 3' terminus
of a linear molecule and/or self-complementary oligonucleotides are ligated to one or both
ends. Additional methods for protecting exogenous polynucleotides from degradation
include, but are not limited to, addition of terminal amino group(s) and the use of modified
internucleotide linkages such as, for example, phosphorothioates, phosphor amidates, and O-
methy] ribose or deoxyribose residues. As an alternative to protecting the termini of a linear
donor sequence, additional lengths of sequence may be included outside of the regions of
homology that can be degraded without impacting recombination. A donor sequence can be
introduced into a cell as part of a vector molecule having additional sequences such as, for
example, replication origins, promoters and genes encoding antibiotic resistance. Moreover,
donor sequences can be introduced as naked nucleic acid, as nucleic acid complexed with an
agent such as a liposome or poloxamer, or can be delivered by viruses (e.g., adenovirus,
AAV), as described above for nucleic acids encoding a DNA -targeting RNA and/or site -
directed modifying polypeptide and/or donor polynucleotide.

Following the methods described above, a DNA region of interest may be cleaved and

modified, i.e. "genetically modified", ex vivo. In some embodiments, as when a selectable
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marker has been inserted into the DNA region of interest, the population of cells may be
enriched for those comprising the genetic modification by separating the genetically modified
cells from the remaining population. Prior to enriching, the "genetically modified" cells may
make up only about 1% or more (e.g., 2% or more, 3% or more, 4% or more, 5% or more,
6% or more, 7% or more, 8% or more, 9% or more, 10% or more, 15% or more, or 20% or
more) of the cellular population. Separation of "genetically modified" cells may be achieved
by any convenient separation technique appropriate for the selectable marker used. For
example, if a fluorescent marker has been inserted, cells may be separated by fluorescence
activated cell sorting, whereas if a cell surface marker has been inserted, cells may be
separaled [rom the heterogeneous population by allinily separation techniques, e.g. magnetic
separation, affinity chromatography, "panning" with an affinity reagent attached to a solid
matrix, or other convenient technique. Techniques providing accurate separation include
fluorescence activated cell sorters, which can have varying degrees of sophistication, such as
multiple color channels, low angle and obtuse light scattering detecting channels, impedance
channels, etc. The cells may be selected against dead cells by employing dyes associated with
dead cells (e.g. propidium iodide). Any technique may be employed which is not unduly
detrimental to the viability of the genetically modified cells. Cell compositions that are highly
enriched [or cells comprising modilied DNA are achieved in this manner. By "highly
enriched", it is meant that the genetically modified cells will be 70% or more, 75% or more,
80% or more, 85% or more, 90% or more of the cell composition, [or example, about 95% or
more, or 98% or more of the cell composition. In other words, the composition may be a

substantially pure composition of genetically modified cells.

Genetically modified cells produced by the methods described herein may be used
immediately. Alternatively, the cells may be frozen at liquid nitrogen temperatures and stored
for long periods of time, being thawed and capable of being reused. In such cases, the cells
will usually be frozen in 10% dimethylsulfoxide (DMSQO), 50% serum, 40% buffered
medium, or some other such solution as is commonly used in the art to preserve cells at such
freezing temperatures, and thawed in a manner as commonly known in the art [or thawing

frozen cultured cells.

The genetically modified cells may be cultured in vitro under various culture
conditions. The cells may be expanded in culture, i.e. grown under conditions that promote
their proliferation. Culture medium may be liquid or semi-solid, e.g. containing agar,

methylcellulose, etc. The cell population may be suspended in an appropriate nutrient
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medium, such as Iscove's modified DMEM or RPMI 1640, normally supplemented with (etal

calf serum (about 5-10%),

L-glutamine, a thiol, particularly 2-mercaploethanol, and antibiotics, e.g. penicillin
and streptomycin. The culture may contain growth factors to which the regulatory T cells are
responsive. Growth factors, as defined herein, are molecules capable of promoting survival,
growth and/or differentiation of cells, either in culture or in the intact tissue, through specific
effects on a transmembrane receptor. Growth factors include polypeptides and non-

polypeptide factors.

Cells that have been genetically modified in this way may be transplanted to a subject
for purposes such as gene therapy, e.g. to treat a disease or as an antiviral, antipathogenic, or
anticancer therapeulic, [or the production of genetically modiflied organisms in agriculture, or
for biological research. The subject may be a neonate, a juvenile, or an adult. Of particular
interest are mammalian subjects. Mammalian species that may be treated with the present
methods include canines and felines; equines; bovines; ovines; etc. and primates, particularly
humans. Animal models, particularly small mammals (e.g. mouse, rat, guinea pig, hamster,

lagomorpha (e.g., rabbit), etc.) may be used for experimental investigations.

Cells may be provided to the subject alone or with a suitable substrate or matrix, e.g.
to support their growth and/or organization in the tissue to which they are being transplanted.
Usually, at least 1x10? cells will be administered, for example 5x103 cells, 1x10* cells, 5x10*
cells, 1x10° cells, 1 x 10° cells or more. The cells may be introduced to the subject via any of
the following routes: parenteral, subcutaneous, intravenous, intracranial, intraspinal,
intraocular, or into spinal fluid. The cells may be introduced by injection, catheter, or the like.
Cells may also be introduced into an embryo (e.g., a blastocyst) for the purpose of generating

atransgenic animal (e.g., a transgenic mouse).

The number of administrations of treatment 10 a subject may vary. Introducing the
genetically modified cells into the subject may be a one-time event; but in certain situations,
such treatment may elicit improvement for a limited period of time and require an on-going
series of repeated treatments. In other situations, multiple administrations of the genetically
modified cells may be required before an effect is obhserved The exact protacols depend upon
the disease or condition, the stage of the disease and parameters of the individual subject

being treated.
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In other aspects of the invention, the DNA-targeling RN A and/or site-directed
modifying polypeptide and/or donor polynucleotide are employed to modify cellular DNA in
vivo, again for purposes such as gene therapy, e.g. to treat a disease or as an antiviral,
antipathogenic, or anticancer therapeutic, for the production of genetically modified
organisms in agriculture, or for biological research. In these in vivo embodiments, a DN A-
targeting RN A and/or site -directed modifying polypeptide and/or donor polynucleotide are
administered directly to the individual. A DNA-targeting RNA and/or site -directed
modifying polypeptide and/or donor polynucleotide may be administered by any of a number
of well-known methods in the art for the administration of peptides, small molecules and
nucleic acids 1o a subject. A DNA-targeting RNA and/or site- direclted modifying polypeptide
and/or donor polynucleotide can be incorporated into a variety of formulations. More
particularly, a DNA-targeting RNA and/or site-directed modifying polypeptide and/or donor
polynucleotide of the present invention can be formulated into pharmaceutical compositions

by combination with appropriate pharmaceutically acceptable carriers or diluents.

Pharmaceutical preparations are compositions that include one or more a DNA-
targeting RNA and/or site-directed modifying polypeptide and/or donor polynucleotide
present in a pharmaceutically acceptable vehicle. "Pharmaceutically acceptable vehicles" may
be vehicles approved by a regulatory agency of the Federal or a state government or listed in

the U.S.

Pharmacopeia or other generally recognized pharmacopeia for use in mammals, such
as humans. The term "vehicle" refers to a diluent, adjuvant, excipient, or carrier with which a
compound of the invention is formulated for administration to a mammal. Such
pharmaceutical vehicles can be lipids, e.g. liposomes, e.g. liposome dendrimers; liquids, such
as water and oils, including those of petroleum, animal, vegetable or synthetic origin, such as
peanut oil, soybean oil, mineral oil, sesame oil and the like, saline; gum acacia, gelatin, starch
paste, talc, keratin, colloidal silica, urea, and the like. In addition, auxiliary, stabilizing,
thickening, lubricating and coloring agents may be used. Pharmaceutical compositions may
be formulated into preparations in solid, semisolid, liquid or gaseous [orms, such as tablets,
capsules, powders, granules, ointments, solutions, suppositories, injections, inhalants, gels,
microspheres, and aerosols. As such, administration of the a DNA-targeting RNA and/or site
-directed modifying polypeptide and/or donor polynucleotide can be achieved in various
ways, including oral, buccal, rectal, parenteral, intraperitoneal, intradermal, transdermal,

intratracheal, intraocular, etc., administration. The active agent may be systemic after
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administration or may be localized by the use ol regional administration, intramural
administration, or use of an implant that acts to retain the active dose at the site of
implantation. The active agent may be formulated for immediate activity or it may be

formulated for sustained release.

For some conditions, particularly central nervous system conditions, it may be
necessary to formulate agents to cross the blood-brain barrier (BBB). One strategy for drug
delivery through the blood-brain barrier (BBB) entails disruption of the BBB, either by
osmotic means such as mannitol or leukolrienes, or biochemically by the use of vasoaclive
substances such as bradykinin. The potential for using BBB opening to target specific agents
to brain tumors is also an option. A BBB disrupting agent can be co-administered with the
therapeutic compositions of the invention when the compositions are administered by
intravascular injection. Other strategies to go through the BBB may entail the use of
endogenous transport systems, including Caveolin-1 mediated transcytosis, carrier-mediated
transporters such as glucose and amino acid carriers, receptor-mediated transcytosis for
insulin or transferrin, and active efflux transporters such as p- glycoprotein. Active transport
moicties may also be conjugated to the therapeutic compounds for use in the invention to

facilitate transport across the endothelial wall of the blood vessel.

Alternatively, drug delivery of therapeutics agents behind the BBB may be by local
delivery, for example by intrathecal delivery.

Typically, an effective amount of a DNA-targeting RN A and/or site-directed
modifying polypeptide and/or donor polynucleotide are provided. As discussed above with
regard to ex vivo methods, an effective amount or effective dose of a DN A-targeting RNA
and/or site- directed modifying polypeptide and/or donor polynucleotide in vivo is the
amount to induce a 2 fold increase or more in the amount of recombination observed between
two homologous sequences relative to a negative control, €.g. a cell contacted with an empty
vector or irrelevant polypeptide. The amount of recombination may be measured by any
convenient method, e.g. as described above and known in the art. The calculation of the
effective amount or effective dose of a DNA-targeting RNA and/or site-directed modifying
polypeptide and/or donor polynucleotide to be administered is within the skill of one of
ordinary skill in the art, and will be routine Lo those persons skilled in the art. The final
amount to be administered will be dependent upon the route of administration and upon the

nature of the disorder or condition that is to be treated.
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The elfective amount given 1o a particular patient will depend on a variety of [aclors,
several of which will differ from patient to patient. A competent clinician will be able to
determine an effective amount of a therapeutic agent to administer to a patient to halt or
reverse the progression the disease condition as required. Utilizing LD50 animal data, and
other information available for the agent, a clinician can determine the maximum safe dose
for an individual, depending on the route of administration. For instance, an intravenously
administered dose may be more than an intrathecally administered dose, given the greater
body of fluid into which the therapeutic composition is being administered. Similarly,
compositions which are rapidly cleared from the body may be administered at higher doses,
or in repealed doses, in order to maintain a therapeutic concentration. Ulilizing ordinary skill,
the competent clinician will be able to optimize the dosage of a particular therapeutic in the

course of routine clinical trials.

For inclusion in a medicament, a DN A-targeting RN A and/or site -directed modifying
polypeptide and/or donor polynucleotide may be obtained from a suitable commercial source.
As a general proposition, the total pharmaceutically effective amount of the a DNA-targeting
RNA and/or site -directed modifying polypeptide and/or donor polynucleotide administered

parenterally per dose will be in a range that can be measured by a dose response curve.

Therapies based on a DNA-targeting RNA and/or site-directed modifying polypeptide
and/or donor polynucleotides, i.e. preparations of a DN A-targeting RNA and/or site-directed
modifying polypeptide and/or donor polynucleotide to be used for therapeutic administration,
must be sterile. Sterility is readily accomplished by filtration through sterile filtration
membranes (e.g., 0.2 um membranes). Therapeutic compositions generally are placed into a
container having a sterile access portt, for example, an intravenous solution bag or vial having
a stopper pierceable by a hypodermic injection needle. The therapies based on a DNA-
targeting RN A and/or site- directed modifying polypeptide and/or donor polynucleotide may
be stored in unit or multi-dose containers, for example, sealed ampules or vials, as an aqueous
solution or as a lyophilized formulation for reconstitution. As an example of a lvophilized
formulation, 10-mL vials are [illed with 5 ml of sterile-filtered 1 % (w/v) aqueous solution ol
compound, and the resulting mixture is lyophilized. The infusion solution is prepared by

reconstituting the lyophilized compound using bacteriostatic Water-for-Injection.

Pharmaceutical compositions can include, depending on the formulation desired,
pharmaceutically-acceptable, non-toxic carriers of diluents, which are defined as vehicles

commonly used to formulate pharmaceutical compositions for animal or human
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administration. The diluent is selected so as not Lo allect the biological activity of the
combination. Examples of such diluents are distilled water, buffered water, physiological
saline, PBS, Ringer's solution, dextrose solution, and Hank's solution. In addition, the
pharmaceutical composition or formulation can include other carriers, adjuvants, or non-
toxic, nontherapeutic, nonimmunogenic stabilizers, excipients and the like. The compositions
can also include additional substances to approximate physiological conditions, such as pH

adjusting and buffering agents, toxicity adjusting agents, wetting agents and detergents.

The composition can also include any of a variety of stabilizing agents, such as an
antioxidant for example. When the pharmaceutical composition includes a polypeptide, the
polypeptide can be complexed with various well-known compounds that enhance the in vivo
stability of the polypeptide, or otherwise enhance its pharmacological properties (e.g.,
increase the half-life of the polypeptide, reduce its toxicity, and enhance solubility or uptake).
Examples of such modifications or complexing agents include sulfate, gluconate, citrate and
phosphate. The nucleic acids or polypeptides of a composition can also be complexed with
molecules that enhance their in vivo attributes. Such molecules include, for example,
carbohydrates, polyamines, amino acids, other peptides, ions (e.g., sodium, potassium,

calcium, magnesium, manganese), and lipids.

The pharmaceutical compositions can be administered for prophylactic and/or
therapeutic treatments. Toxicity and therapeutic efficacy of the active ingredient can be
determined according to standard pharmaceutical procedures in cell cultures and/or
experimental animals, including, for example, determining the LD50 (the dose lethal to 50%
of the population) and the ED50 (the dose therapeutically effective in 50% of the population).
The dose ratio between toxic and therapeutic effects is the therapeutic index and it can be
expressed as the ratio LD50/ED50. Therapies that exhibit large therapeutic indices are

preferred.

The data obtained from cell culture and/or animal studies can be used in formulating a
range of dosages for humans. The dosage of the active ingredient typically lines within a
range of circulating concentrations that include the ED50 with low toxicity. The dosage can
vary within this range depending upon the dosage form employed and the route of

administration utilized.

The components used to formulate the pharmaceutical compositions are preferably of

high purity and are substantially (ree of potentially harmful contaminants (e.g., at least
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National Food (NF) grade, generally al least analytical grade, and more typically at least
pharmaceutical grade). Moreover, compositions intended for in vivo use are usually sterile.
To the extent that a given compound must be synthesized prior to use, the resulting product is
tvpically substantially free of any potentially toxic agents, particularly any endotoxins, which
may be present during the synthesis or purification process. Compositions for parental

administration are also sterile, substantially isotonic and made under GMP conditions.

Delivery Systems

The CRISPR systems described herein, or components thereof, nucleic acid molecules
thereof, and/or nucleic acid molecules encoding or providing components thereof, CRISPR-
associated proteins, or RNA guides, can be delivered by various delivery systems such as
veclors, e.g., plasmids and delivery veclors. Exemplary embodiments are described below.
The CRISPR systems (e.g., including the Cas9 comprising nucleobase editor described
herein) can be encoded on a nucleic acid that is contained in a viral vector. Viral vectors can
include lentivirus, Adenovirus, Retrovirus, and Adeno-associated viruses (AAVs). Viral
vectors can be selected based on the application. For example, AAVs are commonly used for
gene delivery in vivo due to their mild immunogenicity. Adenoviruses are commonly used as
vaccines because of the strong immunogenic response they induce. Packaging capacity of the
viral vectors can limit the size of the base editor that can be packaged into the vector. For
example, the packaging capacity of the AAVs is ~4.5 kb including two 145 base inverted
terminal repeats (ITRs).

AAYV is asmall, single-stranded DN A dependent virus belonging to the parvovirus
family. The 4.7 kb wild-type (wt) AAV genome is made up of two genes that encode four
replication proteins and three capsid proteins, respectively, and is flanked on either side by
145-bp inverted terminal repeats (ITRs). The virion is composed of three capsid proteins,
Vpl, Vp2, and Vp3, produced in a 1:1:10 ratio from the same open reading frame but from
differential splicing (Vpl) and alternative translational start sites (Vp2 and Vp3,
respectively). Vp3 is the most abundant subunit in the virion and participates in receptor
recognition at the cell surface defining the tropism of the virus. A phospholipase domain,

which functions in viral infectivity, has been identified in the unique N terminus of Vpl.

Similar to wt AAV, recombinant AAV (rAAV) utilizes the cis-acting 145-bp I'TRs to
flank vector transgene cassettes, providing up to 4.5 kb for packaging of foreign DNA.

Subsequent to infection, TAAV can express a [usion prolein of the invention and persist
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without integration into the host genome by existing episomally in circular head-1o-tail
concatemers. Although there are numerous examples of TAAV success using this system, in
vitro and in vivo, the limited packaging capacity has limited the use of AAV-mediated gene
delivery when the length of the coding sequence of the gene is equal or greater in size than

the wt AAV genome.

The small packaging capacity of AAV vectors makes the delivery of a number of
genes that exceed this size and/or the use of large physiological regulatory elements
challenging. These challenges can be addressed, [or example, by dividing the protein(s) to be
delivered into two or more fragments, wherein the N-terminal fragment is fused to a split
intein-N and the C-terminal fragment is fused to a split intein-C. These fragments are then
packaged into two or more AAV vectors. As used herein, "intein" refers to a self-splicing
protein intron (e.g., peptide) that ligates flanking N-terminal and C-terminal exteins (e.g.,
fragments to be joined). The use of certain inteins for joining heterologous protein fragments
is described, for example, in Wood ez al., J. Biol. Chem. 289(21); 14512-9 (2014). For
example, when fused to separate protein fragments, the inteins IntN and IntC recognize each
other, splice themselves out and simultaneously ligate the flanking N- and C-terminal exteins
of the protein fragments to which they were fused, thereby reconstituting a full-length protein
from the two protein [ragments. Other suitable inteins will be apparent to a person of skill in

the art.

In some embodiments, the CRISPR system of the invention can vary in length. In
some embodiments, a protein fragment ranges from 2 amino acids to about 1000 amino acids
in length. In some embodiments, a protein fragment ranges from about 5 amino acids to about
500 amino acids in length. In some embodiments, a protein fragment ranges from about 20
amino acids to about 200 amino acids in length. In some embodiments, a protein fragment
ranges from about 10 amino acids to about 100 amino acids in length. Suitable protein

fragments of other lengths will be apparent to a person of skill in the art.

In some embodiments, a portion or fragment of a nuclease (e.g., Cas9) is fused to an
intein. The nuclease can be fused to the N-terminus or the C-terminus of the intein. In some
embodiments, a portion or fragment of a fusion protein is fused to an intein and fused to an
AAYV capsid protein. The intein, nuclease and capsid protein can be [used Logether in any
arrangement (e.g., nuclease-intein-capsid, intein-nuclease-capsid, capsid-intein-nuclease,
etc.). In some embodiments, the N-terminus of an intein is fused to the C-terminus of a fusion

protein and the C-terminus of the intein is fused to the N-terminus of an AAV capsid protein.
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In one embodiment, dual AAV veclors are generated by splilling a large transgene
expression cassette in two separate halves (5’ and 3’ ends, or head and tail), where each half
of the cassette is packaged in a single AAV vector (of <5 kb). The re-assembly of the full-
length transgene expression cassette is then achieved upon co-infection of the same cell by
both dual AAV vectors followed by: (1) homologous recombination (HR) between 5' and 3’
genomes (dual AAV overlapping vectors); (2) ITR-mediated tail-to-head concatemerization
of 5" and 3" genomes (dual AAV rrans-splicing vectors); or (3) a combination of these two
mechanisms (dual AAV hybrid vectors). The use of dual AAV vectors in vivo results in the
expression of full-length proteins. The use of the dual AAV vector platform represents an

elficient and viable gene trans(er strategy [or transgenes of >4.7 kb in size.

The disclosed strategies for designing CRISPR systems including the Cas9 described
herein can be useful for generating CRISPR systems capable of being packaged into a viral
vector. The use of RNA or DNA viral based systems for the delivery of a base editor takes
advantage of highly evolved processes for targeting a virus to specific cells in culture or in
the host and trafficking the viral payload to the nucleus or host cell genome. Viral vectors
can be administered directly to cells in culture, patients (iz vivo), or they can be used to treat
cells in vitro, and the modified cells can optionally be administered to patients (ex vivo).
Conventional viral based systems could include retroviral, lentivirus, adenoviral, adeno-
associated and herpes simplex virus vectors for gene transfer. Integration in the host genome
is possible with the retrovirus, lentivirus, and adeno-associated virus gene transfer methods,
often resulting in long term expression of the inserted transgene. Additionally, high

transduction efficiencies have been observed in many different cell types and target tissues.

The tropism of a retrovirus can be altered by incorporating foreign envelope proteins,
expanding the potential target population of target cells. Lentiviral vectors are retroviral
vectors that are able to transduce or infect non-dividing cells and typically produce high viral
titers. Selection of a retroviral gene transfer system would therefore depend on the target
tissue. Retroviral vectors are comprised of cis-acting long terminal repeats with packaging
capacity [or up to 6-10 kb of foreign sequence. The minimum cis-acting LTRs are suflicient
for replication and packaging of the vectors, which are then used to integrate the therapeutic
gene into the target cell to provide permanent transgene expression. Widely used retroviral
vectors include those based upon murine leukemia virus (MuLV), gibbon ape leukemia virus
(GaLV), Simian Immuno deficiency virus (SIV), human immuno deficiency virus (HI'V), and

combinations thereof (See, e.g., Buchscher eral., J. Virol. 66:2731-2739 (1992); Johann et
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al., J. Virol. 66:1635-1640 (1992);, Sommnerfelt e/ al., Virol. 176:58-59 (1990); Wilson e/ al.,
J. Virol. 63:2374-2378 (1989); Miller et al., J. Virol. 65:2220-2224 (1991);
PCT/US94/05700).

Retroviral vectors, especially lentiviral vectors, can require polynucleotide sequences
smaller than a given length for efficient integration into a target cell. For example, retroviral
vectors of length greater than 9 kb can result in low viral titers compared with those of
smaller size. In some aspects, a CRISPR system (e.g., including the Cas9 disclosed herein)
of the present disclosure is of sufficient size so as (o enable elficient packaging and delivery
into a target cell via a retroviral vector. In some cases, a Cas9 is of a size so as to allow
efficient packing and delivery even when expressed together with a guide nucleic acid and/or

other components of a targetable nuclease system.

In applications where transient expression is preferred, adenoviral based systems can
be used. Adenoviral based vectors are capable of very high transduction efficiency in many
cell types and do not require cell division. With such vectors, high titer and levels of
expression have been obtained. This vector can be produced in large quantities in a relatively
simple system. Adeno-associated virus (“AAV™) vectors can also be used to transduce cells
with target nucleic acids, e.g., in the in vitro production of nucleic acids and peptides, and for
in vivo and ex vivo gene therapy procedures (See, e.g., West et al., Virology 160:38-47
(1987); U.S. Patent No. 4,797,368, WO 93/24641; Kotin, Human Gene Therapy 5:793-801
(1994); Muzyczka, J. Clin. Invest. 94:1351 (1994). The construction of recombinant AAV
vectors is described in a number of publications, including U.S. Patent No. 5,173,414;
Tratschin er al., Mol. Cell. Biol. 5:3251-3260 (1985); Tratschin, er a/., Mol. Cell. Biol.
4:2072-2081 (1984); Hermonat & Muzyczka, PNAS 81:6466-6470 (1984); and Samulski er
al., J. Virol. 63:03822-3828 (1989).

A CRISPR system (e.g., including the Cas9 disclosed herein) described herein can
therefore be delivered with viral vectors. One or more components of the base editor system
can be encoded on one or more viral vectors. For example, a base editor and guide nucleic
acid can be encoded on a single viral vector. In other cases, the base editor and guide nucleic
acid are encoded on different viral vectors. In either case, the base editor and guide nucleic

acid can each be operably linked to a promoter and terminator.

The combination of components encoded on a viral vector can be determined by the

cargo size constraints ol the chosen viral vector.
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Non-Viral Delivery of Base Editors

Non-viral delivery approaches for CRISPR are also available. One important
calegory ol non-viral nucleic acid veclors are nanoparticles, which can be organic or
inorganic. Nanoparticles are well known in the art. Any suitable nanoparticle design can be
used to deliver genome editing system components or nucleic acids encoding such
components. For instance, organic (e.g. lipid and/or polymer) nanoparticles can be suitable
for use as delivery vehicles in certain embodiments of this disclosure. Exemplary lipids for

use in nanoparticle formulations, and/or gene transler are shown in Table 5 (below).

Table 5§
Lipids Used for Gene Transfer

Lipid Abbreviation Feature
1.2-Dioleoyl-sn-gly cero-3-phosphatidylcholine DOPC Helper
1,2-Dioleoyl-sn-glycero-3-phosphatidylethanolamine DOPE Helper
Cholesterol Helper
N-[1-(2,3-Dioleyloxy)prophyl]N,N,N-trimethy lammonium DOTMA Calionic
chloride
1,2-Dioleoyloxy-3-trimethylammonium-propane DOTAP Cationic
Dioctadecylamidoglycylspermine DOGS Cationic
N-(3-Aminopropyl)-N,N-dimethyl-2,3-bis(dodecyloxy)-1- GAP-DLRIE Cationic
propanaminium bromide
Cetyltrimethylammonium bromide CTAB Cationic
6-lLauroxyhexyl arnithinate ILHON Cationic
1-(2,3-Dioleoyloxypropyl)-2.4,6-trimethylpyridinium 20c Cationic
2 3-Dioleyloxy-N-[2(sperminecarboxamido-ethyl]-N,N- DOSPA Cationic
dimethyl-1-propanaminium trifluoroacetate
1,2-Dioleyl-3-trimethy lammonium-propane DOPA Cationic
N-(2-Hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy)-1- MDRIE Cationic
propanaminium bromide
Dimyristooxypropyl dimethyl hydroxyethyl ammonium bromide ~ DMRI Cationic
3B-[N-(N'.N'-Dimethylaminoethane)-carbamoyl]cholesterol DC-Chol Cationic
Bis-guanidium-tren-cholesterol BGTC Cationic
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Lipids Used for Gene Transfer
Lipid Abbreviation Feature
1.3-Diodeoxy-2-(6-carboxy-spermyl)-propylamide DOSPER Cationic
Dimethyloctadecylammonium bromide DDAB Cationic
Dioctadecylamidoglicylspermidin DSL Cationic
rac-[(2,3-Dioctadecvloxypropy)(2-hydroxyethyl)]- CLIP-1 Cationic
dimethylammonium chloride
rac-[2(2.3-Dihexadecyloxypropyl- CLIP-6 Cationic
oxymethyloxy)ethyl|trimethylammoniun bromide
Ethyldimyristoylphosphatidylcholine EDMPC Cationic
1.2-Distearyloxy-N,N-dimethyl-3-aminopropane DSDMA Cationic
1.2-Dimyristoyl-trimethylammonium propane DMTAP Cationic
0,0'-Dimyristyl-N-lysyl aspartate DMKE Cationic
1,2-Distearoyl-sn-gly cero-3-ethylpho sphocholine DSEPC Calionic
N-Palmitoyl D-erythro-sphingosyl carbamoyl-spermine CCS Cationic
N-t-Butyl-NO-tetradecyl-3-tetradecylaminopropionamidine diCl4-amidine Cationic
Octadecenolyoxy|[ethyl-2-heptadecenyl-3 hydroxyethyl] DOTIM Cationic
imidazolinium chloride
N1 -Cholesteryloxycarbonyl-3.7-diazanonane-1,9-diamine CDAN Cationic
2-(3-|Bis(3-amino-propyl)-amino] propylamino)-N- RPR209120 Cationic
ditetradecylcarbamoylme-ethyl-acetamide
1,2-dilinoleyloxy-3-dimethylaminopropane DLinDMA Cationic
2 2-dilinoleyl-4-dimethylaminoethyl-[ 1.3 |-dioxolane DLin-KC2- Cationic
DMA
dilinoleyl-methyl-4-dimethylaminobutyrate DLin-MC3- Cationic
DMA

Table 6 lists exemplary polymers for use in gene transfer and/or nanoparticle formulations.
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Polymers Used for Gene Transfer

Polymer Abbreviation
Poly(ethvlene)glycol PEG
Polyethylenimine PEI
Dithiobis (succinimidylpropionate) DSP
Dimethyl-3,3'-dithiobispropionimidate DTBP
Poly(ethylene imine)biscarbamate PEIC
Poly(L-lysine) PLL
Histidine modified PLL
Poly(N-vinylpyrrolidone) PVP
Poly(propylenimine) PPI
Poly(amidoamine) PAMAM
Poly(amidoethylenimine) SS-PAEI
Triethylenetetramine TETA
Poly(B-aminoester)
Poly(4-hydroxy-L-proline ester) PHP
Poly(allylamine)
Poly(a-[4-aminobutyl]-L-glycolic acid) PAGA
Poly(D,L-lactic-co-glycolic acid) PLGA
Poly(N-ethyl-4-vinylpyridinium bromide)
Poly(phosphazene)s PPZ
Poly(phosphoester)s PPE
Poly(phosphoramidate)s PPA
Poly(N-2-hydroxypropyvlmethacrylamide) pHPMA
Poly (2-(dimethylamino)ethyl methacrylate) pDMAEMA
Poly(2-aminoethyl propylene phosphate) PPE-EA
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Polymers Used for Gene Transfer
Polymer Abbreviation
Dextran-spermine D-SPM

Table 7 summarizes delivery methods for a polynucleotide encoding a Cas9 described herein.

Table 7
Delivery into Type of
Non-Dividing Duration of Genome Molecule
Delivery Vector/Mode Cells Expression Integration Delivered
Physical (e.g., YES Transient NO Nucleic Acids
electroporation, and Proteins
particle gun,
Calcium
Phosphate
transfection
Viral Retrovirus NO Stable YES RINA
Lentivirus YES Stable YES/NO with RNA
modification
Adenovirus YES Transient NO DNA
Adeno- YES Stable NO DNA
Associated
Virus (AAV)
Vaccinia Virus ~ YES Very NO DNA
Transient
Herpes Simplex  YES Stable NO DNA
Virus
Non-Viral Cationic YES Transient Depends on Nucleic Acids
Liposomes what is and Proteins
delivered
Polymeric YES Transient Depends on Nucleic Acids
Nanoparticles what is and Proteins
delivered
Biological Attenuated YES Transient NO Nucleic Acids
Non-Viral Bacteria
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Delivery into Type of
Non-Dividing Duration of Genome Molecule
Delivery Vector/Mode Cells Expression Integration Delivered
Delivery Engineered YES Transient NO Nucleic Acids
Vehicles Bacteriophages
Mammalian YES Transient NO Nucleic Acids
Virus-like
Particles
Biological YES Transient NO Nucleic Acids
liposomes:
Erythrocyte
Ghosts and
Exosomes

In another aspect, the delivery of genome editing system components or nucleic acids
encoding such components, for example, anucleic acid binding protein such as, for example,
Cas9 or variants thereof, optionally fused to a polypeptide having biological activity (e.g., a
nucleobase editor), and a gRNA targeting a genomic nucleic acid sequence of interest, may
be accomplished by delivering a ribonucleoprotein (RNP) to cells. The RNP comprises the
nucleic acid binding protein, e.g., Cas9, in complex with the targeting gRNA. RNPs may be
delivered to cells using known methods, such as electroporation, nucleofection, or cationic
lipid-mediated methods, for example, as reported by Zuris, J. A. et al., 2015, Nat.
Biotechnology, 33(1):73-80. RNPs are advantageous for use in CRISPR base editing
systems, particularly for cells that are difficult to transfect, such as primary cells. In addition,
RNPs can also alleviate difficulties that may occur with protein expression in cells, especially
when eukaryotic promoters, e.g., CMV or EF1A, which may be used in CRISPR plasmids,
are not well-expressed. Advantageously, the use of RNPs does not require the delivery of
foreign DNA into cells. Moreover, because an RNP comprising a nucleic acid binding
protein and gRNA complex is degraded over time, the use of RNPs has the potential to limit
off-target effects. In a manner similar to that for plasmid based techniques, RNPs can be
used to deliver binding protein (e.g., Cas9 variants) and to direct homology directed repair

(HDR).

A promoter used to drive the CRISPR system (e.g.. including the Cas9 described
herein) can include AAV ITR. This can be advantageous for eliminating the need for an

additional promoter element, which can take up space in the vector. The additional space
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freed up can be used to drive the expression ol additional elements, such as a guide nucleic
acid or a selectable marker. ITR activity is relatively weak, so it can be used to reduce

potential toxicity due to over expression of the chosen nuclease.

Any suitable promoter can be used to drive expression of the Cas9 and, where
appropriate, the guide nucleic acid. For ubiquitous expression, promoters that can be used
include CMV, CAG, CBh, PGK, SV40, Ferritin heavy or light chains, etc. For brain or other
CNS cell expression, suitable promoters can include: Synapsinl for all neurons, CaMKlIIalpha
for excitatory neurons, GAD67 or GAD65 or VGAT for GABAergic neurons, elc. For liver
cell expression, suitable promoters include the Albumin promoter. For lung cell expression,
suitable promoters can include SP-B. For endothelial cells, suitable promoters can include
ICAM. For hematopoietic cells suitable promoters can include IFNbeta or CD45. For

Osteoblasts suitable promoters can include OG-2.

In some cases, a Cas9 of the present disclosure is of small enough size to allow
separate promoters to drive expression of the base editor and a compatible guide nucleic acid
within the same nucleic acid molecule. For instance, a vector or viral vector can comprise a
first promoter operably linked to a nucleic acid encoding the base editor and a second

promoter operably linked to the guide nucleic acid.

The promoter used to drive expression of a guide nucleic acid can include: Pol 111
promoters such as U6 or H1 Use of Pol II promoter and intronic cassettes to express gRNA
Adeno Associated Virus (AAV).

A Cas9 described herein with or without one or more guide nucleic can be delivered
using adeno associated virus (AAV), lentivirus, adenovirus or other plasmid or viral vector
tvpes, in particular, using formulations and doses from, for example, U.S. Patent No.
8,454,972 (formulations, doses for adenovirus), U.S. Patent No. 8,404,658 (formulations,
doses [or AAV) and U.S. Patlent No. 5,846,946 (formulations, doses [or DN A plasmids) and
from clinical trials and publications regarding the clinical trials involving lentivirus, AAV
and adenovirus. For example, for AAV, the route of administration, formulation and dose
can be as in U.S. Patent No. 8,454,972 and as in clinical trials involving AAV. For
Adenovirus, the route of administration, formulation and dose can be as in U.S. Patent No.
8.404,658 and as in clinical trials involving adenovirus. For plasmid delivery, the route of
administration, formulation and dose can be as in U.S. Patent No. 5,846,946 and as in clinical

studies involving plasmids. Doses can be based on or exirapolated 1o an average 70 kg
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individual (e.g. a male adult human), and can be adjusted for patients, subjects, mammals of
different weight and species. Frequency of administration is within the ambit of the medical
or veterinary practitioner (e.g.. physician, veterinarian), depending on usual factors including
the age, sex, general health, other conditions of the patient or subject and the particular
condition or symptoms being addressed. The viral vectors can be injected into the tissue of
interest. For cell-type specific base editing, the expression of the base editor and optional

guide nucleic acid can be driven by a cell-ty pe specific promoter.

For in vivo delivery, AAV can be advantageous over other viral vectors. In some
cases, AAV allows low toxicity, which can be due to the purification method not requiring
ultra-centrifugation of cell particles that can activate the immune response. In some cases,
AAYV allows low probability of causing insertional mutagenesis because it doesn't integrate

into the host genome.

AAYV has a packaging limit of 4.5 or 4.75 Kb. Constructs larger than 4.5 or 4.75 Kb
can lead to significantly reduced virus production. For example, SpCas9 is quite large, the
gene itself is over 4.1 Kb, which makes it difficult for packing into AAV. Therefore,
embodiments of the present disclosure include utilizing a disclosed Cas9 which is shorter in

length than conventional Cas9.

An AAV can be AAV1, AAV2, AAVS or any combination thereof. One can select
the type of AAV with regard to the cells to be targeted; e.g., one can select AAV serotypes 1,
2,5 or ahybrid capsid AAV1, AAV2, AAVS or any combination thereof for targeting brain
or neuronal cells; and one can select AAV4 for targeting cardiac tissue. AAVS is useful for
delivery to the liver. A tabulation of certain AAV serotypes as to these cells can be found in

Grimm, D. et al, J. Virol. 82: 5887-5911 (2008)).

Lentiviruses are complex retroviruses that have the ability to infect and express their
genes in both mitotic and post-mitotic cells. The most commonly known lentivirus is the
human immunodeficiency virus (HIV), which uses the envelope glycoproteins of other

viruses to target a broad range of cell types.

Lentiviruses can be prepared as follows. After cloning pCasES10 (which contains a
lentiviral transfer plasmid backbone), HEK293FT at low passage (p=5) were seeded in a T-75
flask to 50% confluence the day before transfection in DMEM with 10% fetal bovine serum
and without antibiotics. After 20 hours, media is changed to OptiMEM (serum-free) media

and transfection was done 4 hours later. Cells are transfected with 10 pug of lentiviral transfer
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plasmid (pCasES10) and the following packaging plasmids: 5 ug of pMD2.G (VSV-g
pseudotype), and 7.5 ug of psPAX2 (gag/pol/rev/tat). Transfection can be done in 4 mL
OptiMEM with a cationic lipid delivery agent (50 ul Lipofectamine 2000 and 100 ul Plus
reagent). After 6 hours, the media is changed to antibiotic-free DMEM with 10% fetal
bovine serum. These methods use serum during cell culture, but serum-free methods are

preferred.

Lentivirus can be purified as follows. Viral supernatants are harvested after 48 hours.
Supernatants are [irst cleared of debris and filtered through a 0.45 um low protein binding
(PVDF) filter. They are then spun in an ultracentrifuge for 2 hours at 24,000 rpm. Viral
pellets are resuspended in 50 ul of DMEM overnight at 4° C. They are then aliquoted and

immediately frozen at -80°C.

In another embodiment, minimal non-primate lentiviral vectors based on the equine
infectious anemia virus (EIAV) are also contemplated. In another embodiment, RetinoStat®,
an equine infectious anemia virus-based lentiviral gene therapy vector that expresses
angiostatic proteins endostatin and angiostatin that is contemplated to be delivered via a
subretinal injection. In another embodiment, use of self-inactivating lentiviral vectors is

contemplated.

Any RNA of the systems, for example a guide RNA or a Cas9-encoding mRNA, can
be delivered in the form of RNA. Cas9 encoding mRNA can be generated using i vitro
transcription. For example, Cas9 mRNA can be synthesized using a PCR cassette containing
the following elements: T7 promoter, optional kozak sequence (GCCACC), nuclease
sequence, and 3° UTR such as a 3° UTR from beta globin-poly A tail. The cassette can be
used for transcription by T7 polymerase. Guide polynucleotides (e.g., gRNA) can also be
transcribed using in vitro transcription from a cassette containing a T7 promoter, followed by

the sequence “GG”, and guide polynucleotide sequence.

To enhance expression and reduce possible toxicity, the Cas9 sequence and/or the
guide nucleic acid can be modified to include one or more modified nucleoside e.g. using
pseudo-U or 5-Methyl-C.

The disclosure in some embodiments comprehends a method of modifying a cell or
organism. The cell can be a prokaryotic cell or a eukaryotic cell. The cell can be a
mammalian cell. The mammalian cell many be a non-human primate, bovine, porcine,

rodent or mouse cell. The modification introduced to the cell by the base editors,
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compositions and methods of the present disclosure can be such that the cell and progeny of
the cell are altered for improved production of biologic products such as an antibody, starch,
alcohol or other desired cellular output. The modification introduced to the cell by the

methods of the present disclosure can be such that the cell and progeny of the cell include an

alteration that changes the biologic product produced.

The system can comprise one or more different vectors. In an aspect, the Cas9 is
codon optimized for expression the desired cell type, preferentially a eukaryotic cell,

preferably a mammalian cell or a human cell.

In general, codon optimization refers to a process of modifying a nucleic acid
sequence for enhanced expression in the host cells of interest by replacing at least one codon
(e.g. aboul or more than about 1, 2, 3,4, 5, 10, 15, 20, 25, 50, or more codons) of the native
sequence with codons that are more frequently or most frequently used in the genes of that
host cell while maintaining the native amino acid sequence. Various species exhibit
particular bias for certain codons of a particular amino acid. Codon bias (differences in
codon usage between organisms) often correlates with the efficiency of translation of
messenger RNA (mRNA), which is in turn believed to be dependent on, among other things,
the properties of the codons being translated and the availability of particular transfer RNA
(tRNA) molecules. The predominance of selected tRNAs in a cell is generally a reflection of
the codons used most frequently in peptide synthesis. Accordingly, genes can be tailored for
optimal gene expression in a given organism based on codon optimization. Codon usage
tables are readily available, for example, at the “Codon Usage Database™ available at
www.kazusa.orjp/codon/ (visited Jul. 9, 2002), and these tables can be adapted in a number
of ways. See, Nakamura, Y., et al. "Codon usage tabulated from the international DNA
sequence databases: status for the year 2000" Nucl. Acids Res. 28:292 (2000). Computer
algorithms for codon optimizing a particular sequence for expression in a particular host cell
are also available, such as Gene Forge (Aptagen; Jacobus, Pa.), are also available. In some
embodiments, one or more codons (e.g. 1,2, 3,4, 5,10, 15, 20, 25, 50, or more, or all
codons) in a sequence encoding an engineered nuclease correspond o the most frequently

used codon for a particular amino acid.

Packaging cells are typically used Lo form virus particles that are capable of infecting
ahost cell. Such cells include 293 cells, which package adenovirus, and psi.2 cells or PA317
cells, which package retrovirus. Viral vectors used in gene therapy are usually generated by

producing a cell line that packages a nucleic acid vector into a viral particle. The vectors



10

15

20

25

30

CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523
128

typically contain the minimal viral sequences required [or packaging and subsequent
integration into a host, other viral sequences being replaced by an expression cassette for the
polynucleotide(s) to be expressed. The missing viral functions are typically supplied in trans
by the packaging cell line. For example, AAV vectors used in gene therapy typically only
possess I'TR sequences from the AAV genome which are required for packaging and
integration into the host genome. Viral DNA can be packaged in a cell line, which contains a
helper plasmid encoding the other AAV genes, namely rep and cap, but lacking ITR
sequences. The cell line can also be infected with adenovirus as a helper. The helper virus
can promote replication of the AAV vector and expression of AAV genes from the helper
plasmid. The helper plasmid in some cases is not packaged in significant amounts due to a
lack of ITR sequences. Contamination with adenovirus can be reduced by, e.g., heat

treatment to which adenovirus is more sensitive than AAV.

Pharmaceutical Compositions

Other aspects of the present disclosure relate to pharmaceutical compositions
comprising CRISPR system (e.g., including Cas9 disclosed herein). The term
“pharmaceutical composition”, as used herein, refers to a composition formulated for
pharmaceutical use. In some embodiments, the pharmaceutical composition further
comprises a pharmaceutically acceptable carrier. In some embodiments, the pharmaceutical
composition comprises additional agents (e.g., for specific delivery, increasing half-life, or

other therapeutic compounds).

As used here, the term “pharmaceutically-acceptable carrier” means a
pharmaceutically-acceptable material, composition or vehicle, such as a liquid or solid filler,
diluent, excipient, manufacturing aid (e.g., lubricant, talc magnesium, calcium or zinc
stearate, or steric acid), or solvent encapsulating material, involved in carrying or transporting
the compound from one site (e.g., the delivery site) of the body, to another site (e.g., organ,
tissue or portion of the body). A pharmaceutically acceptable carrier is “acceptable” in the
sense of being compatible with the other ingredients of the formulation and not injurious to

the tissue of the subject (e.g., physiologically compatible, sterile, physiologic pH, etc.).

Some nonlimiting examples of materials which can serve as pharmaceutically-
acceptable carriers include: (1) sugars, such as lactose, glucose and sucrose; (2) starches, such
as corn starch and potato starch; (3) cellulose, and its derivatives, such as sodium

carboxymethyl cellulose, methylcellulose, ethyl cellulose, microcrystalline cellulose and
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cellulose acetate; (4) powdered tragacanth; (5) malt; (6) gelatin; (7) lubricating agents, such
as magnesium stearate, sodium lauryl sulfate and talc; (8) excipients, such as cocoa butter and
suppository waxes; (9) oils, such as peanut oil, cottonseed oil, safflower oil, sesame oil, olive
oil, corn oil and soybean oil; (10) glycols, such as propylene glycol; (11) polyols, such as
glycerin, sorbitol, mannitol and polyethylene glycol (PEG); (12) esters, such as ethyl oleate
and ethyl laurate; (13) agar; (14) buffering agents, such as magnesium hydroxide and
aluminum hydroxide; (15) alginic acid; (16) pyrogen-free water; (17) isotonic saline; (18)
Ringer's solution; (19) ethyl alcohol; (20) pH buffered solutions; (21) polyesters,
polycarbonates and/or polyanhydrides; (22) bulking agents, such as polypeptides and amino
acids (23) serum alcohols, such as ethanol; and (23) other non-toxic compatible substances
employed in pharmaceutical formulations. Wetting agents, coloring agents, release agents,
coating agents, sweetening agents, flavoring agents, perfuming agents, preservative and
antioxidants can also be present in the formulation. The terms such as “excipient,” “carrier,”

7 e

“pharmaceutically acceptable carrier,” “vehicle,” or the like are used interchangeably herein.

Pharmaceutical compositions can comprise one or more pH buffering compounds to
maintain the pH of the formulation at a predetermined level that reflects physiological pH.,
such as in the range of about 5.0 to about 8.0. The pH buffering compound used in the
aqueous liquid formulation can be an amino acid or mixture of amino acids, such as histidine
or a mixture of amino acids such as histidine and glycine. Alternatively, the pH buffering
compound is preferably an agent which maintains the pH of the formulation at a
predetermined level, such as in the range of about 5.0 to about 8.0, and which does not
chelate calcium ions. Illustrative examples of such pH buffering compounds include, but are
not limited to, imidazole and acetate ions. The pH buffering compound may be present in

any amount suitable to maintain the pH of the formulation at a predetermined level.

Pharmaceutical compositions can also contain one or more osmotic modulating
agents, i.e., a compound that modulates the osmotic properties (e.g, tonicity, osmolality,
and/or osmotic pressure) of the formulation to a level that is acceptable to the blood stream
and blood cells of recipient individuals. The osmotic modulaling agent can be an agent that
does not chelate calcium ions. The osmotic modulating agent can be any compound known
or available to those skilled in the art that modulates the osmotic properties of the
formulation. One skilled in the art may empirically determine the suitability of a given
osmotic modulating agent for use in the inventive formulation. Illustrative examples of

suitable types of osmotic modulating agents include, but are not limited to: salts, such as
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sodium chloride and sodium acetate; sugars, such as sucrose, dextrose, and mannitol; amino
acids, such as glycine; and mixtures of one or more of these agents and/or types of agents.
The osmotic modulating agent(s) may be present in any concentration sufficient to modulate

the osmotic properties of the formulation.

In some embodiments, the pharmaceutical composition is formulated for delivery to a
subject, e.g., for gene editing. Suitable routes of administrating the pharmaceutical
composition described herein include, without limitation: topical, subcutaneous, transdermal,
intradermal, intralesional, iniraarticular, intraperitoneal, intravesical, transmucosal, gingival,
intradental, intracochlear, transtympanic, intraorgan, epidural, intrathecal, intramuscular,
intravenous, intravascular, intraosseus, periocular, intratumoral, intracerebral, and

intracerebroventricular administration.

In some embodiments, the pharmaceutical composition described herein is
administered locally to a diseased site. In some embodiments, the pharmaceutical
composition described herein is administered to a subject by injection, by means of a
catheter, by means of a suppository, or by means of an implant, the implant being of a
porous, non-porous, or gelatinous material, including a membrane, such as a sialastic

membrane, or a fiber.

In other embodiments, the pharmaceutical composition described herein is delivered
in a controlled release system. In one embodiment, a pump can be used (See, e.g., Langer,
1990, Science 249: 1527-1533; Sefton, 1989, CRC Crit. Ref. Biomed. Eng. 14:201;
Buchwald et al., 1980, Surgery 88:507; Saudek e /., 1989, N. Engl. J. Med. 321:574). In
another embodiment, polymeric materials can be used. (See, e.g., Medical Applications of
Controlled Release (Langer and Wise eds., CRC Press, Boca Raton, Fla., 1974); Controlled
Drug Bioavailability, Drug Product Design and Performance (Smolen and Ball eds., Wiley,
New York, 1984); Ranger and Peppas, 1983, Macromol. Sci. Rev. Macromol. Chem. 23:61.
See also Levy er al., 1985, Science 228: 190; During et al., 1989, Ann. Neurol. 25:351;
Howard et ah, 1989, J. Neurosurg. 71: 105.) Other controlled release systems are discussed,

for example, in Langer, supra.

In some embodiments, the pharmaceutical composition is formulated in accordance
with routine procedures as a composition adapted for intravenous or subcutaneous
administration to a subject, e.g., a human. In some embodiments, pharmaceutical

composition for administration by injection are solutions in sterile isotonic use as solubilizing
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agenl and a local anesthetic such as lignocaine Lo ease pain at the site of the injection.
Generally, the ingredients are supplied either separately or mixed together in unit dosage
form, for example, as a dry lyophilized powder or water free concentrate in a hermetically
sealed container such as an ampoule or sachette indicating the quantity of active agent.
Where the pharmaceutical is to be administered by infusion, it can be dispensed with an
infusion bottle containing sterile pharmaceutical grade water or saline. Where the
pharmaceutical composition is administered by injection, an ampoule of sterile water for
injection or saline can be provided so that the ingredients can be mixed prior to

administration.

A pharmaceutical composition for systemic administration can be a liquid, e.g., sterile
saline, lactated Ringer's or Hank's solution. In addition, the pharmaceutical composition can
be in solid forms and re-dissolved or suspended immediately prior to use. Lyophilized forms
are also contemplated. The pharmaceutical composition can be contained within a lipid
particle or vesicle, such as a liposome or microcrystal, which is also suitable for parenteral
administration. The particles can be of any suitable structure, such as unilamellar or
plurilamellar, so long as compositions are contained therein. Compounds can be entrapped in
“stabilized plasmid-lipid particles” (SPLP) containing the fusogenic lipid
dioleoylphosphatidylethanolamine (DOPE), low levels (5-10 mol%) of cationic lipid, and
stabilized by a polyethyleneglycol (PEG) coating (Zhang Y. P. et ah, Gene Ther. 1999, 6:
1438-47). Positively charged lipids such as N-[1-(2,3-dioleoyloxi)propyl]-N,N,N-trimethy1-
amoniummethylsulfate, or “DOTAP,” are particularly preferred for such particles and
vesicles. The preparation of such lipid particles is well known. See, e.g. ., U.S. Patent Nos.
4.880.635; 4,906,477, 4911 .928;: 4917.951; 4920,016; and 4,921,757; each of which is

incorporated herein by reference.

The pharmaceutical composition described herein can be administered or packaged as
aunit dose, for example. The term “unit dose” when used in reference to a pharmaceutical
composition of the present disclosure refers to physically discrete units suitable as unitary
dosage for the subjeclt, each unit containing a predetermined quantity of active material
calculated to produce the desired therapeutic effect in association with the required diluent;

i.e., carrier, or vehicle.

Further, the pharmaceutical composition can be provided as a pharmaceutical kit
comprising (a) a container containing a compound of the invention in lyophilized form and

(b) a second container containing a pharmaceutically acceptable diluent (e.g., sterile used for
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reconstitution or dilution of the lyophilized compound of the invention. Optionally
associated with such container(s) can be a notice in the form prescribed by a governmental
agency regulating the manufacture, use or sale of pharmaceuticals or biological products,
which notice reflects approval by the agency of manufacture, use or sale for human

administration.

In another aspect, an article of manufacture containing materials useful for the
treatment of the diseases described above is included. In some embodiments, the article of
manulacture comprises a container and a label. Suitable containers include, for example,
bottles, vials, syringes, and test tubes. The containers can be formed from a variety of
materials such as glass or plastic. In some embodiments, the container holds a composition
that is effective for treating a disease described herein and can have a sterile access port. For
example, the container can be an intravenous solution bag or a vial having a stopper
pierceable by a hypodermic injection needle. The active agent in the composition is a
compound of the invention. In some embodiments, the label on or associated with the
container indicates that the composition is used for treating the disease of choice. The article
of manufacture can further comprise a second container comprising a pharmaceutically-
acceptable buffer, such as phosphate-buffered saline, Ringer's solution, or dextrose solution.
It can (urther include other materials desirable [rom a commercial and user standpoint,
including other buffers, diluents, filters, needles, syringes, and package inserts with

instructions for use.

In some embodiments, the CRISPR system (e.g., including the Cas9 described herein)
are provided as part of a pharmaceutical composition. In some embodiments, the
pharmaceutical composition comprises any of the fusion proteins provided herein (e.g.,
including the nucleobase editor described herein comprising LubCas9). In some
embodiments, the pharmaceutical composition comprises any of the complexes provided
herein. In some embodiments, the pharmaceutical composition comprises a
ribonucleoprotein complex comprising an RNA-guided nuclease (e.g., Cas?) that forms a
complex with a gRNA and a cationic lipid. In some embodiments pharmaceulical
composition comprises a gRNA, a nucleic acid programmable DNA binding protein, a
cationic lipid, and a pharmaceutically acceptable excipient. Pharmaceutical compositions can

optionally comprise one or more additional therapeutically active substances.

Kits
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In one aspect, the invention provides kits containing any one or more ol the elements
disclosed in the above methods and compositions. In some embodiments, the kit comprises a
vector system and instructions for using the kit. In some embodiments, the vector system
comprises one or more insertion sites for inserting a guide sequence, wherein when
expressed, the guide sequence directs sequence-specific binding of a CRISPR complex to a
target sequence in a eukaryotic cell, wherein the CRISPR complex comprises a CRISPR
enzyme complexed with (1) the guide sequence that is hybridized to the target sequence, and
(2) a sequence that is hybridized to the tracr sequence; and/or (b) a second regulatory element
operably linked to an enzyme-coding sequence encoding said CRISPR enzyme comprising a
nuclear localization sequence. Elements may be provide individually or in combinations, and
may be provided in any suitable container, such as a vial, a bottle, or a tube. In some
embodiments, the kit includes instructions in one or more languages, for example in more

than one language.

In some embodiments, the kit comprises a nucleobase editor. For example, in some
embodiments, the kit includes a nucleobase editor comprising the Cas9 enzymes (ScoCas9,

SirCas9, VapCas9, EpeCas9, LfeCas9, PmaCas9) described herein.

In some embodiments, a kit comprises one or more reagents for use in a process
utilizing one or more of the elements described herein. Reagents may be provided in any
suitable container. For example, a kit may provide one or more reaction or storage buffers.
Reagents may be provided in a form that is usable in a particular assay, or in a form that
requires addition of one or more other components before use (e.g. in concentrate or
lyophilized form). A buffer can be any buffer, including but not limited to a sodium
carbonate buffer, a sodium bicarbonate buffer, a borate buffer, a Tris buffer, a MOPS buffer,
a HEPES buffer., and combinations thereof. In some embodiments, the buffer is alkaline. In
some embodiments, the buffer has a pH from about 7 to about 10. In some embodiments, the
kit comprises one or more oligonucleotides corresponding to a guide sequence for insertion
into a vector so as to operably link the guide sequence and a regulatory element. In some

embodiments, the kit comprises a homologous recombination template polynucleotide.

All publications, patent applications, patents, and other references mentioned herein
are incorporated by relerence in their entirety. In addition, the materials, methods, and
examples are illustrative only and not intended to be limiting. Unless otherwise defined, all
technical and scientific terms used herein have the same meaning as commonly understood

by one of ordinary skill in the art to which this invention belongs. Although methods and
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materials similar or equivalent to those described herein can be used in the practice or testing

of the present invention, suitable methods and materials are described herein.

EXAMPLES

The [ollowing examples describe some of the prelerred modes ol making and
practicing the present invention. Howeyver, it should be understood that these examples are

for illustrative purposes only and are not meant to limit the scope of the invention.

Example 1. Screening for novel Cas9 enzymes, discovery and optimization of novel Cas9
enzymes

This example describes a screen for the discovery of novel Cas9 enzymes. As
described herein, using this screen novel Cas9 enzymes from Streprococciis constellatus,

Sharpea spp. isolate RUGO17, Veillonella parvula, Ezakiella peruensis, Lactobacillus

fermentum strain AF'15-40LB and Peptoniphilus sp. Marseille-P3761 bacteria were isolated

and optimized.

In a search to discover new Cas9 enzymes which recognize novel PAM sequences, a
bioinformatics screen was used to search for additional enzymes to expand CRISPR’s
targeting range. 'The screen utilized seed sequences of CasY from S. pyogenes, S. aureus, S.
thermophilus, and F. novicida. Bioinformatics was carried out using the tblastn variant of
BLAST with an e-value threshold of 1e-6 for considering BLAST hits. Briefly, loci selected
for testing were loci that remained intact in the presence of Cas9 proteins from other species.
Loci were selected that had greater than three spacers within the CRISPR array and greater
than 1 kb endogenous sequence 5° of Cas9 and greater than 300 nt 3” of the CRISPR array.
Using this approach, novel Cas9 enzymes were 1dentified from different bacterial species and
codon optimized for expression in human cells. The novel engineered Cas9 enzymes were

then recombinantly produced and tested.

Example 2. Identifving 3’ PAM consensus motif for novel Cas9 enzvmes from Streptococcus

constellatus, Sharpea spp. isolate RUGQO17, Veillonella parvula. Ezakiella peruensis, ,

Lactobacillus fermentum strain AF15-40LB and Peptoniphilus sp. Marseille-P3761 bacteria

This example illustrates the identification of the protospacer adjacent motif (PAM)

sequence for human codon-optimized Cas9 originally isolated from Streprococcus
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constellatus, Sharpea spp. isolate RUGO017, Veillonella parvula,lizakiella peruensis,
Lactobacillus fermentum strain AF15-40LB and Peptoniphilus sp. Marseille-P3761 species.

The human, codon-optimized Cas9 was tested [or its recognition ol a PAM sequence
using an in vitro PAM identification assay. A library of plasmids bearing randomized PAM
sequences were incubated with Cas9 isolated from different bacteria. Uncleaved plasmid was
purified and sequenced to identify specific PAM motifs that were cleaved. The consensus
PAM sequence recognized by Streprococcus constellatus Cas9 was identified as 5°-NGG-3~
(FIG. 1A). The consensus PAM sequence recognized by Sharpea spp. isolate RUG017 Cas9
was identified as 5°-NAGHC-3" (FIG. 1B). The consensus PAM sequence recognized by
Veillonella parvula Cas9 was identified as 5’-NRHRRH-3" (H=A, C or T; R=A or G) (FIG.
1C). The consensus PAM sequence recognized by Ezakiella peruensis Cas9 was identified as
5°-NGG-3” (FIG. 1D). The consensus PAM sequence recognized by Lactobacillus fermentum
strain AF15-40LFB Cas9 was identified as S’-NNAAA-3" (FIG. 1E). The consensus PAM
sequence recognized by Peptoniphilus sp. Marseille-P3761 Cas9 was identified as 5°-NGG-
3’ (FIG. 1F).

Example 3. Predicting RNA folding structure of sgRNA for novel Cas9 enzymes from

Streptococcus constellatus. Sharpea spp. isolate RUGO017. Veillonella parvula. Ezakiella

peruensis, Lactobacillus fermentum sirain AF15-40LB and Peptoniphilus sp. Marseille-

P3761 bacteria

This example demonstrates the predicted RNA folding structure of exemplary sgRNA

comprising crRNA and tracrRNA for use with novel Cas9 enzymes.

Small RN A sequencing was carried out on RNA derived from an E_coli strain
heterologously expressing Cas9 Crispr loci. Briefly, RNA was isolated from stationary phase
bacteria by first resuspending the E.coli in Trizol, then homogenizing the bacteria with
zirconia/silica beads in a homogenizer [or three 1 min cvcles. Total RN A was purified [rom
homogenized samples, DNAse treated and 3 dephosphorylated with T4 polynucleotide
kinase and rRNA was removed. RINNA libraries were prepared from rRNA-depleted RNA,

and size selected for small RNA.

For RN A sequencing, transcripts were poly-A tailed with £.coli Poly (A) polymerase,
ligated with 5> RN A adapters using T4 RNA ligase 1 and reverse transcribed, followed by
PCR amplification of cDNA with barcoded primers, and sequencing on a MiSeq. Reads from

each sample were identified on the basis of their associated barcode and aligned to a
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relerence sequence using BWA. Paired-end alignments were used o extract transcript

sequences using Picard tools and the sequences were analyzed using Geneious software.

RNA [olding was based on prediction [rom Geneious 11.1.2 soltware. The single
sgRNA transcript fuses the crRNA 1o tractrRNA mimicking the dual RNA structure required
to guide site-specific Cas9 activity. The predicted RNA folding structure for the chimeric
sgRNA for use with ScoCas9 from Streptococcus constellatus 1s shown in FIG. 2A, sgRNA
for use with SirCas9 from Sharpea spp. isolate RUGO17 is shown in FIG. 2B, sgRNA for use
with VapCas9 from Veillonella parvula is shown in FIG. 2C_sgRNA for use with EpeCas9
from Iizakiella peruensis is shown in FIG. 2D, sgRNA for use with LfeCas9 from
Lactobacillus fermentum strain AF15-40LB is shown in FIG. 2E and sgRNA for use with
PmaCas9 from Peproniphilus sp. Marseille-P3761 is shown in FIG. 2F.

Example 4. Ex vivo cleavage activity by W1 ScoCas9 in HEK293T cells

This example illustrates ex vivo nucleic acid cleavage activity by WT ScoCas9 [rom

Streprococcus constellatus in HEK293T cells.

HEK293T cells were plated in a 96-well plate. Cells were transfected with expression
vectors containing Cas9 and guide RNAs (Table 10), 24 hours after plating. Cells were

harvested 72 hours post-transfection and total DNA was extracted.

Deep sequencing was carried out to characterize indel patterns in the HEK293T cells.
Briefly, exemplary targets (Table 8) were amplified using a two-round PCR to add Illumina
adapters as well as unique barcodes to the target amplicons. PCR products were run on a 2%
gel and gel extracted. Samples were pooled, quantified and cDNA libraries were prepared

and sequenced on MiSeq. Indel frequency was determined by deep sequencing (FIG. 3).

Table 8. Exemplary Guide RNA Sequences and PAM Sequences

ID (Sco/Pma) | 5'->3' guide sequence 3> PAM
guide 2 GAAACAATGATAACAAGACC (SEQ ID NO: 97) TGG
guide 3 GTGGCCCCTGTGCCCAGCCC (SEQID NO: 98) TGG
guide 4 GTCCCAAATATGTAGCTGTT (SEQ ID NO: 99) TGG
guide 6 GCTCCCATCACATCAACCGG (SEQ ID NO: 100) TGG
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guide 7 GATGTCACCTCCAATGACTA (SEQ ID NO: 101) GGG
cuide 9 GTTGAAGATGAAGCCCAGAG (SEQ ID NO: 102) | CGG
guide 10 GCCAACACCAACCAGAACTT (SEQ ID NO: 103) | GGG
guide 11 TGCTGCACACAGCAGGCCTT (SEQ IDNO: 104) | TGG

The data showed that that WT ScoCas9 achieved between 2-32% indel frequency. Guide
RNAs 2 and 9 resulted in greater than 30% indel mutations, while guide RNA 11 resulted in

about 2% indel mutations.

Example 5. Base editing by Cas9 enzvme with an N-terminal fusion of an adenine base editor

(ABE) or a cvtidine base editor (CBE)

This cxample illustrates base conversion cfficieney of a Cas9 cnzyme fusced to an

adenine base editor (ABE), or to a cytidine base editor (CBE).

Briefly, 25,000 HEK293T cells were plated per 96-well. 100 ng of Cas9 expression
plasmid and 100 ng of guide expression plasmid were transfected 24h after plating. Cells

were harvested 5 days after transfection and DNA was extracted.

Deep sequencing was carried out to characterize A-to-G conversion or C-to-T
conversion in the HEK293T cells. Exemplary targets were amplified using a two-round PCR
region to add Illumina adapters as well as unique barcodes to the target amplicons. PCR
products were run on a 2% gel and gel extracted Samples were pooled, quantified and cDNA
libraries were prepared and sequenced on MiSeq. The percent A-to-G conversion was
determined by deep sequencing for the N-terminal as well as the C-terminal TadA8 fusion
constructs. The percent C-10-T conversion was determined by deep sequencing for the N-

terminal as well as the C-terminal ppAPOBECI fusion constructs.

FIG. 4A shows a schematic diagram of constructs of ScoCas9 [used to ABE or CBE
at the N-terminal. Table 9 shows the guide RN A sequences used with ScoCas?. FIG. 4B
shows a graph of indel mutations and targeted adenine to guanine conversion percentage
achieved with an N-terminal fusion of ScoCas9 to an adenine base editor (ABE) (FIG 4B),
which are directed to genomic sites in a human cell line (HEK293T). FIG. 4C shows a graph

of indel mutations and targeted cytosine to thymine conversion percentage achieved with an
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N-terminal fusion of ScoCas9 1o a cy tidine base editor (FIG. 4C), which are directed (o

genomic sites in a human cell line (HEK293T).

Table 9. Guide RNA Sequences and PAM Sequences used with ScoCas9

ID (Sco) 5°->3’ guide sequence 3’ PAM
guide 1 GAACACAAAGCATAGACTGC (SEQ ID NO: 105) GGG
guide 2 GAAACAATGATAACAAGACC (SEQ ID NO: 106) TGG
guide 3 GTGGCCCCTGTGCCCAGCCC (SEQ ID NO: 107) TGG
guide 4 GTCCCAAATATGTAGCTGTT (SEQ ID NO: 108) TGG
guide 5 AGAGGGACACACAGATCTAT (SEQ ID NO: 109) TGG
guide 6 GCTCCCATCACATCAACCGG (SEQ ID NO: 110) TGG
guide 7 GATGTCACCTCCAATGACTA (SEQ ID NO: 111) GGG
guide 8 GGGCAACCACAAACCCACGA (SEQID NO: 112) GGG
guide 9 GTTGAAGATGAAGCCCAGAG (SEQ ID NO: 113) CGG
guide 10 GCCAACACCAACCAGAACTT (SEQ ID NO: 114) GGG
guide 11 TGCTGCACACAGCAGGCCTT (SEQ ID NO: 115) TGG
guide 12 GTGCCAGAAACAGGGGTGAC (SEQ ID NO: 116) GGG

FIG. 5A shows a schematic diagram of constructs of WT SirCas9 as well as SirCas9
(“D14A” mutant) fused to an ABE at the N-terminal. Table 10 shows the exemplary
NAGMC guide RNA sequences used with SirCas9. FIG. 5B shows a graph of indel
mutations and targeted adenine (o guanine conversion percentage achieved with an N-
terminal fusion of SirCas9 to an adenine base editor (ABE) (FIG. 5B). which are directed to

genomic sites in a human cell line (HEK293T).

Table 10. Guide RNA Sequences and PAM Sequences used with SirCas9
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ID (Sir) 5°->3’ sequence 3’ PAM
guide 1 CCTGCCTCAGCTGCTCACTT (SEQ ID NO: 117) GAGCC
guide 2 AAACGGTCCCCAGAGGGTTC (SEQ ID NO: 118) TAGAC
guide 3 GCCACCGGTTGATGTGATGG (SEQ ID NO: 119) GAGCC
guide 4 AAGTGGTCCCAGGCCTCAGC (SEQ ID NO: 120) CAGCC
guide 5 AGAGAAAATGAAACTTTCAA (SEQ ID NO: 121) AAGCC
guide 6 CCAAACCCAACTCCATCTAC (SEQ ID NO: 122) CAGCC
guide 7 GGTCCTTGAATTGCAGTATC (SEQ ID NO: 123) TAGCC
guide 8 GCATAGACTGCGGGGCGGGC (SEQ ID NO: 124) CAGCC
guide 9 GGAAACTGGAACACAAAGCA (SEQID NO: 125) TAGAC
guide 10 GACAGCATGTGGTAATTTTC (SEQ ID NO: 126) CAGCC
guide 11 GCCCCCGGAAACTCTGTCCA (SEQ ID NO: 127) GAGAC
guide 12 TCGACCCCCACCAAGGTTCA (SEQ ID NO: 128) CAGCC

FIG. 6A shows a schematic diagram of constructs showing WT VapCas9, as well as

VapCas9 (“D38A” mutant) [used to an ABE or CBE at the N-terminal. Table 11 shows the
exemplary NRHRRH [wherein H is adenine, cytosine or thymine, and R is adenine or
guanine| guide RNA sequences used with VapCas9. FIG. 6B shows a graph of indel

5  mutations and targeted adenine to guanine conversion percentage achieved with an N-
terminal fusion of VapCas9 to an adenine base editor (ABE) as well as targeted cytosine to
thymine conversion percentage achieved with an N-terminal fusion of VapCas9 to a cytidine
base editor (CBE) (FIG. 6B), which are directed to genomic sites in a human cell line

(HEK293T).

10 Table 11. Guide RNA Sequences and PAM Sequences for use with VapCas9

CA 03211495 2023-9-8
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ID (Vap) 5°->3’ sequence 3’ PAM
guide 1 TGTTAACAGCTGACCCAATA (SEQ ID NO: 129) AGTGGC
guide 2 GTTACTCGCCTGTCAAGTGG (SEQ ID NO: 130) CGTGAC
guide 3 GGGCTCCCATCACATCAACC (SEQ ID NO: 131) GGTGGC
guide 4 GCTTTGGGGAGGCCTGGAGT (SEQ ID NO: 132) CATGGC
guide 5 TAGCTGCCAATGACTATAGC (SEQ ID NO: 133) AATAGC
guide 6 TTAAAATAGGATCTACATCA (SEQ ID NO: 134) CGTAAC
guide 7 GAATCCTGCCATACACTTTG (SEQ ID NO: 135) AATAGC
guide 8 CTGCGGGGCGGGCCAGCCTG (SEQ ID NO: 136) AATAGC
guide 9 ACATTGTCAGAGGGACACAC (SEQID NO: 137) TGTGGC
guide 10 AGCAACTCCAGTCCCAAATA (SEQ ID NO: 138) TGTAGC
guide 11 GTGGTGGCCGAGCGCCCCCT (SEQ ID NO: 139) AGTGAC
guide 12 CATTCACCCAGCTTCCCTGT (SEQ ID NO: 140) GGTGGC

FIG. 7A shows a schematic diagram of constructs showing an N-terminal fusion of

ABE and a C-terminal [usion of ABE to VapCas9. FIG. 7B shows a graph of targeted

adenine to guanine conversion percentage achieved with an N-terminal fusion and C-terminal

fusion to an adenine base editor (ABE).

FIG. 8A shows a schematic diagram of constructs showing an N-terminal fusion of

ABE and CBE to EpeCas9. Table 12 shows the exemplary guide RNA sequences used with

EpeCas9. FIG. 8B shows a graph of indel mutations, a graph of targeted adenine to guanine

conversion percentage achieved with an N-terminal fusion to an ABE and targeted cytosine

to thymine conversion percentage achieved with an N-terminal (usion to a CBE.

Table 12. Guide RNA Sequences and PAM Sequences for use with EpeCas9
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ID (Epe) Sequence PAM
guide 1 GAACACAAAGCATAGACTGC (SEQ ID NO: 141) GGG
guide 2 GAAACAATGATAACAAGACC (SEQ ID NO: 142) TGG
guide 3 GTGGCCCCTGTGCCCAGCCC (SEQ ID NO: 143) TGG
cuide 4 GTCCCAAATATGTAGCTGTT (SEQ ID NO: 144) TGG
guide 5 AGAGGGACACACAGATCTAT (SEQ ID NO: 145) TGG
guide 6 GCTCCCATCACATCAACCGG (SEQ ID NO: 146) TGG
guide 7 GATGTCACCTCCAATGACTA (SEQ ID NO: 147) GGG
guide 8 GGGCAACCACAAACCCACGA (SEQ ID NO: 148) GGG
guide 9 GTTGAAGATGAAGCCCAGAG (SEQ ID NO: 149) CGG
guide 10 GCCAACACCAACCAGAACTT (SEQ ID NO: 150) GGG
guide 11 TGCTGCACACAGCAGGCCTT (SEQ ID NO: 151) TGG
guide 12 GTGCCAGAAACAGGGGTGAC (SEQ ID NO: 152) GGG

FIG. 9A shows a schematic diagram of constructs showing WT LfeCas9 and LfeCas9
D9A mutant [used at the N-terminus 10 an ABE and a CBE. Table 13 shows the exemplary
guide RNA sequences used with ZfeCas9. FIG. 9B shows a graph that shows results of the
indel mutation frequency achieved with LfeCas9. FIG. 9C shows a graph of targeted adenine
5 to guanine conversion achieved with an N-terminal fusion of LfeCas9 to an adenine base
editor. FIG. 9D shows a graph of targeted cytosine to thymine conversion achieved with a

base editor comprising a CBE fused to the N-terminus of an LfeCas9 D9A mutant.

Table 13. Guide RNA Sequences and PAM Sequences for use with LfeCas9

ID (Lfe) Sequence PAM
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guide 1 TCACGGAGACTGAACACTCC (SEQ ID NO: 153) TCAAA
guide 2 GTAACAGACATGGACCATCA (SEQ ID NO: 154) GGAAA
guide 3 GGGAGGGAGGGGCACAGATG (SEQ ID NO: 155) | AGAAA
guide 4 TGTGGTTCCAGAACCGGAGG (SEQ IDNO: 156) | ACAAA
guide 5 AATGAGAGAAAATGAAACTT (SEQ ID NO: 157) TCAAA
guide 6 GGCCATCAAGGATGCCCACG (SEQ ID NO: 158) AGAAA
guide 7 AAATTGTCCAGCCCCATCTG (SEQ ID NO: 159) TCAAA
guide 8 CCTGTAAAGGAAACTGGAAC (SEQ ID NO: 160) | ACAAA
guide 9 TACATGAAGCAACTCCAGTC (SEQ ID NO: 161) CCAAA
guide 10 AAACTCCCCCCACCCCCTTT (SEQ ID NO: 162) CCAAA
guide 11 GAGTTGGGTTTGGTGCTCAA (SEQ ID NO: 163) TGAAA
guide 12 GCGGGCCAGCCTGAATAGCT (SEQ 1D NO: 164) GCAAA

FIG. 10A shows a schematic of constructs showing WT PmaCas9 and PmaCas9
D12 A mutant fused at the N-terminus and C-terminus to an ABE and a CBE. FIG. 10B
shows a graph that shows results of A-to-G or C-to-T conversion achieved with a base editor
comprising an ABE or a CBE fused to the N-terminus or C-terminus of an PmaCas9 D12A

5 mutant.

Table 14. Guide RNA Sequences and PAM Sequences for use with PmaCas9

ID (Pma) Sequence PAM
guide 2 GAAACAATGATAACAAGACC (SEQ ID NO: 165) TGG
guide 3 GTGGCCCCTGTGCCCAGCCC (SEQID NO: 166) TGG

guide 4 GTCCCAAATATGTAGCTGTT (SEQ ID NO: 167) TGG
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guide 6 GCTCCCATCACATCAACCGG (SEQ ID NO: 168) TGG
guide 7 GATGTCACCTCCAATGACTA (SEQ ID NO: 169) GGG
guide 9 GTTGAAGATGAAGCCCAGAG (SEQ ID NO: 170) CGG
guide 10 | GCCAACACCAACCAGAACTT (SEQ ID NO: 171) GGG
guide 11 | TGCTGCACACAGCAGGCCTT (SEQ 1D NO: 172) TGG

Table 15 discloses sequences for exemplary Cas9 adenosine or adenine and cytosine

or cytidine base editors for base editing functions.

Table 15. Sequences of exemplary Cas9 adenosine or adenine and cytosine or cytidine

base editors

Sequence ID No. Components of DNA cleavage assay

(description)

Amino Acid Sequence of Adenine Deaminase, TadA8.13m-nickase fused to the N-terminal
of nickase ScoCas9 (ABE-nScoCas9, D10A mutant)

MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDP

TAHAEIMALROGGLVMONYRLYDATLYVITEEPCVMCAGAMIHSRIGRVVEGVRNARTGAAGS LM

DVLHHPGMNHRVEITEGILADECAALLCREFRMPRRVENAQKKAQSSTDGSSGSETPGTSESAT

PESSGPKKKRKVGGKPYSTGLATGTNSVGWAVVTDDY KVPAKKMKVLGNTDKQS TKKNLTLGALTL
FDSGETAEATRLKRTARRRYTRRKNRLRYLQEIFTGEMNKVDENEFEFQRLDDS FLVDEDKRGEHH
PIFGNIAAEVKYHDDEFPTIYHLRRHLADT SKKADLRLVYLALAHMIKFRGHELYEGDLKAENTD
VOALFKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLTIAHYPTEKKNTLEGNLIATL
SLDLHPNFKTNFQLSEDAKLQESKDTYEEDLEGEFLGEVGDEYADLEFASAKNLYDATLLSGILTV
DDNSTKAPLSASMVKRYEEHQKDLKKLKDEIKVNAPDQYNATEFKDKNKKGYASYTIESGVKQDEFE
YKYLKGILLKINGSGDFLDKIDREDEFLRKORTEDNGSIPHOQIHLQEMHATLRROQGEHY PFLKEN
QDKIEKILTFRIPYYVGPLARKGSRFAWAEYKADEKITPWNEDDILDKEKSAEKETTRMTLNDL
YLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKFFDTNMKQETIFDHVEKENRKVTKDKLL
NYLNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSEFLDDKANEKTIEDIIQTLTLER
DREMIRQRLOKYSDIFTKAQLKKLERRHYTGWGRLSYKLINGIRNKENKKTILDYLIDDGYANR
NEFMQLINDDALSFKEETARAQITDDVDDIANVVHDLPGSPATKKGILQSVKIVDELVKVMGHNP
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ANITITEMARENQTTDKGRRNSQORLKLLODSLKNLDNPVNIRKNVENQOQLONDRLELYY IQNGKD
MYTGETLDINNLSQYDIDHIIPOQAFIKDNSLDNRVLTRSDKNRGKSDDVPSIEVVHEMKSEFWS K
LLSVKLITQRKEFDNLTKAERGGLTEEDKAGFIKRQLVETRQITKHVAQILDERFNTEFDGNKRR
TRNVKIITLKSNLVSNFRKEFELYKVREINDYHHAHDAYLNAVVGNALLLKY PQLEPEFVYGEY
PKYNSYRSRKSATEKFLEYSNILRFFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKK
TEEQTGGFSKESILPKGESDKLIPRKTKNSYWDPKKYGGFDSPVVAYSILVFADVEKGKSKKLR
KVODMVGITIMEKKRFEKNPVDEFLEQRGYRNVRLEKIIKLPKYSLEFELENKRRRLLASAKELQK
GNELVIPORFTTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEYISVEFSRKYVLADNNLTKIE
MLESKNKDAEVSSLAKSFISLLTFTAFGAPAAFNFFGENIDRKRYTSVTECLNATLIHQSITGL
YETRIDLSKLGEDGKRPAATKKAGOAKKKKGS YPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ
ID NO: 20)

Amino Acid Sequence of Cytidine Deaminase, ppAPOBECT1 fused to the N-terminus of
nickase nScoCas9 (CBE-nScoCas9, D10A mutant)

MPAAKRVKLD I'SEKGPSTGDPTLRRRIESWEFDVEYDPRELRRKETCLLYEITKWGMSREKIWRSSG

KNTTNHVEVNEIKKFTSERRFHSSISCSITWELSWS PCWECSQAIREFLSQHPGVILVIYVARL

FWHMDORNRQGLRDLVNSGVITIQIMRASEYYHCWRNEFVNY PPGDEAHWPQYPPTLWMML YALELH

CIILSLPPCLKISRRWONOHLAFFRLHLONCHYQTIPPHILLATGLIAPSVIWRLKSGGSSGGSS

GSETPGTSESATPESSGGS SGGS PKKKRKVGGKPYSIGLATGTNSVGWAVVTDDYKVPAKKMKY

LGNTDKOSIKKNLLGALLEFDSGETAEATRLKRTARRRYTRRKNRLRYLOETFTGEMNKVDENEFE
QRLDDSEFLVDEDKRGEHHPTFGNTIAAEVKYHDDEFPTIYHLRREHLADTSKKADLRLVYLATAHMT
KEFRGHFLYEGDLKAENTDVOALFKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLI
AHYPTEKKNTLEGNLIALSLDLHPNEFKTNEFQLSEDAKLQEFSKDTYEEDLEGEFLGEVGDEYADLE
ASAKNLYDAILLSGILTVDDNSTKAPLSASMVKRYEEHOKDLKKLKDETIKVNAPDQYNATEFKDK
NKKGYASYIESGVKOQDEFYKYLKGILLKINGSGDEFLDKIDREDFLRKQRTEFDNGSIPHQIHLOQRE
MHAILRROGEHYPFLKENQDKIEKILTEFRIPYYVGPLARKGSREFAWAEYKADEKITPWNEDDIL
DKEKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKEEDTNMKQE
TEFDHVFRKENRKVTKDKT. T NYTNKEFEFRFRTVNT TGTDKENKAFNSSTGTYHDT.RKTT.DKSFT.DND
KANEKTIEDITIQTLTLFEDREMIRQRLOKYSDIFTKAQLKKLERRHYTGWGRLSYKLINGIRNK
ENKKTILDYLIDDGYANRNEFMQOLINDDALSFKEEIARAQITIDDVDDIANVVHDLPGSPAIKKGI
LOSVKIVDELVKVMGHNPANITTEMARENQTTDKGRRNSQORLKLLODSLKNLDNPVNIKNVEN
QOLONDRLELYYIQONGKDMYTGETLDINNLSQYDIDHITIPQAFTIKDNS LDNRVLTRS DKNRGKS
DDVPSIEVVHEMKSEFWSKLLSVKLITOQRKEDNLTKAERGGLTEEDKAGEFIKROQLVETRQITKHV
AQILDERFNTEEFDGNKRRIRNVKIITLKSNLVSNERKEFELYKVREINDYHHAHDAYTLNAVVGN
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ALLLKYPQLEPEEVYGEYPKYNSYRSRKSATEKELEFYSNILREFKKEDIQTNEDGEIAWNKEKH
IKILRKVLSYPQVNIVKKTEEQTGGEFSKESILPKGESDKLIPRKTKNSYWDPKKYGGEFDSEPVVA
YSILVFADVEKGKSKKLRKVODMVGITIMEKKREFEKNPVDEFLEQRGYRNVRLEKITKLPKYSLFE
ELENKRRRLLASAKELOKGNELVIPORFTTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEY T
SVFSRKYVLADNNLTKIEMLESKNKDAEVSSLAKSFISLLTEFTAFGAPAAFNFFGENIDRKRYT
SVITECLNATLIHOSITGLYETRIDLSKLGEDGKRPAATKKAGQAKKKKGSSGGSGGSGGSTINLS

DITERETGRKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYRPWA

LVIQDSNGENKIRKMLSGGSGGSGGSTNLSDI ITERETGRKQLVIQFE ST IMLPEEVEEVIGNKPESD

ILVHTAYDESTDENVMLLTSDAPEYRPWALVIQDSNGENKIKMLYPYDVPDYAYPYDVPDYAYP
YDVPDYA (SEQ ID NO: 21)

Amino Acid Sequence of Adenine Deaminase, TadAS8.13m fused to the N-terminal of
nickase SirCas9 (ABE-nSirCas9, D14A mutant).

MPAARKRVKLDGSEVEFSHEYWMRHALTLARKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDP

TAHAEIMALROGGLVMONYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNARTGAAGS LM

DVLHHPGMNHRVEITEGILADECAALLCREFRMPRRVENAQKKAQSSTDGSSGSETPGTSESAT

PESSGPKKKRKVGAKNKDIRYSIGLATIGTNSVGWAVMDEHYELLKKGNHHMWGSRLEDAAEPAA
TRRASRSIRRRYNKRRERIRLLRDLLGDMVMEVDPTEFFIRLLNVSELDEEDKQKNLGNDYKDNY
NLEFIEKDEFNDKTYYDKYPTIYHLRKELCENKEKADPRLIYLALHHIVKYRGNFLKEGQSFAKVY
EDIEEKLDNTLKKEMSLNDLDNLEVDNDINSMITVLSKIYQORSKKADDLLKIMNPTKEERAAYK
EFTKALVGLKENVSKMILAQEVKKDDKDIELDESNVDYDSTVDGLOAELGEYTIEFTEMLHSTNS
WVELQDILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNEVFREDNPKLHNYLGYIKY
PKNTPVEEFYEYTKRLLAKVDTGEAREILERIDLEKEFMLKONSRTNGSIPYQMQKDEMIQITIDN
OSVYYPOLKENREKLISILEFRIPYYEFGPLNTHSEFAWIKKEFEDKOQKERILPWNYDQIVDIDAT
AEGFIERMONTGTYEFPDKPVMAKNSLTVSKFEVLNELNKIRINGKLIPVETKKELLSDLEFMKNK
TITDKKLKDWLVTHQYYDTNEELKIEGYQKDLOESTSLAPWIDEFTKIFGEINASNYQLIEKITY
DISIFEDKKILKRRLKKVYQLDDLLVDKILKLNYTGWSRLSEKLLTGIKSKNSKETILSILENS
NMNILMETINDESLGEFKQITEESNKKDIEGPFRYDEVKKLAGSPATKRGIWQALTLVVQETITTKEMK
HEPSHIYIEFAREEQEKVRTESRIAKLOKIYKDLNLOQTKEDQLVYESLKKEDAKKKIDTDALYL
YYLOMGKSMYSGKPLDIDKLSTYHIDHILPRSLIKDDSLDNRVLVLPKENEWKLDSETVPEFEIR
NKMMGEWOKLHENGLMSNKKEESLIRTDENERKDKKREINROQLVETROQITKNVAVIINDHYTNTN
VVIVRAELSHQFRERYKIYKNRDLNDLHHAHDAY IACILGQFTHONEFGNMDVNMIYGQYKKNYK
KDVQEHNNYGEFILNSMNHIHENDDNSVIWDPSYIGKIKSCECYKDVYVTKKLEQNDAKLEDLT I
LPSDKNSENGVTKAKIPVNKYRKDVNKYGGESGDAPIMLAIEADKGKKHVROVIAFPLRLKNYN
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DEERIKEFIEKEKNLKNVKILTEVKKNOQLILINHQYFEFITGTNELVNATQLKLSAKNTKNLENLV
DANKHNKLESIDDANFNEVIQELICKLOEPIYSRYNSIGKEFEDSYEKINAVIKQDKLYIIEYL
TATMSAKATQGYTKPELARETGTNGKNKGRTIKSFTIDLNKTTFISTSVTGLFSKKYKLGKRPAA

TKKAGQAKKKKQ&YPYDVPDYAYPYDVPDYAYPYDVPDYA(SEQIDT«)%@

Amino Acid Sequence of Adenine Deaminase, Tad A8.13m fused to the N-terminal of
nickase VapCas9 (ABE-nVapCas9, D38SA mutant)

MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVILNNRVIGEGWNRAIGLHDP

TAHAE IMALRQGGLVMONYRLYDATLYVITFEPCVMCAGAMTIHSRIGRVVEFGVRNARTGAAGS LM

DVLHHPGMNHRVEITEGILADECAALLCREFFRMPRRVEFNAQKKAQSSTDGSSGSETPGTSESAT

PESSGPKKKRKVQSIINFQRRGLMETQASNQLISSHLKGYPIKDYFVGL&IGTSSVGWAVTNKA
YELLKFRSHKMWGSRLEDEGESAVARRGEFRSMRRRLERRKLRLKLLEELFADAMAQVDPTEFEMR
LRESKYHYEDKTTGHSSKHILFIDKNYNDQDYFKEYPTVYHLESELMKSGTDDIRKLELAVHHI
LKYRGNFLYEGATEFDSNASTLDDVIKQALENITENCEFDCNSAISSIGQILMEAGKTKS DKAKAT
EHLVDTYIATDTVDTSSKTQKDOVKEDKKRLKAFANLVLGLNASLIDLEFGSVEELEEDLKKLQTI
TGDTYDDKRDELAKAWSDEIYIIDDCKSVYDATIILLSIKEPGLTISESKVKAFNKHKDDLAILK
SLLKSDRSIYNTMFKVDEKGLHNYVHY IKQGRTEETSCNREDFYKYTKKIVEGLSDSKDKEYIL
SOIELQILLPLORIKDNGVIPYQLHLEELKATILAKCGPKFPFLNEVADGFSVAEKLIKMLEEFRI
PYYVGPLNTHHNVDNGGFAWAVRKASGRVTPWNEDDKIDREKSAAAFIKNLTNKCTYLLGEDVL
PKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAVFKQDHKKMTKNRIEQFLKDNGYISET
HKHEITGLDGEIKNDLASYRDMVRILGDGEFDRSMAEETIITDITIFGESKKMLRETLRKKFASCL
DDEATKKLTKLRYRDWGRLSQKLLNGIEGCDKAGDGTPETIIILMRNEFSYNLMELLGDKEFSEME
RIQEINAKLTEGQIVNPHDIIDDLALSPAVKRAVWOQALRIVDEVAHIKKALPARIFVEVTRSNK
NEKKKKDSRQKRLSDLYAATIKKDDVLLNGLNNEIFGELKSSLAKYDDAALRSKKLYLYYTQOMGR
CAYTGEITELSLLNTDNYDIDHIYPRSLTKDDSFDNLVLCKRTANAQKSDAYPISEEIQKTQKP
FWTFLKOOGLISERKYERLTRITPLTADDLSGFIARQLVETNOQSVKAATTLLRRLYPGVDVVEYV
KAENVTDFRHDNNEFIKVRSLNHHHHAKDAYLNIVVGNVYHERFTRNFRAFFKKNGANRTYNLAK
MENYDVNCTNAKDGKAWDVKTSMDTVKKMMDSNDVRVTKRLLEQTGALADATIYKATVAGKAKD
GAYIGMKTKSSVEFADVSKYGGMTKIKNAYSIIVQYTGKKGEVIKEIVPLPIYLTNRNTTDQDL I
NYVASIIPQAKDISIIYGKLCINQLVKVNGEYYYLGGKTNSKFCIDNATIQVIVSNEWIPYLKVL
EKFNNMRKDNKDLKANVVSTRALDNKHTIEVRIVEERNIEFFDYLVSKLKMPIYQORMKGNKAAE
LSEKGYGLFKKMSLEEQSTITHLIELLNLLTNQKTTFEVKPLGITASRSTVGSKISNQDEFKVINE
SITGLYSNEVTIVQKRPAATKKAGQAKKKKggYPYDVPDYAYPYDVPDYAYPYDVPDYA.(SEQ
ID NO: 10)
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Amino Acid Sequence of Adenine Deaminase, TadAS8.13m fused to the C-terminal of
nickase VapCas9 (nVapCas9-ABES, D38A mutant)

MPKKKRKVS I INFQRRGLMETQASNQLTISSHLKGYPIKDYEFVGLAIGTSSVGWAVINKAYELLK
FRSHKMWGSRLEFDEGESAVARRGFRSMRRRLERRKLRLKLLEELFADAMAQVDPTEFFMRLRESK
YHYEDKTTGHSSKHILFIDKNYNDQDYFKEYPTVYHLRSELMKSGTDDIRKLEFLAVHHILKYRG
NELYEGATEFDSNASTLDDVIKQALENITENCEDCNSAISSIGQITIMEAGKTKSDKAKATIEHLVD
TYIATDTVDTSSKTOQKDOVKEDKKRLKAFANLVLGLNASLIDLEGSVEELEEDLKKLQITGDTY
DDKRDELAKAWSDEIYITIDDCKSVYDAITLLSIKEPGLTISESKVKAENKHKDDLATLKSLLKS
DRSIYNTMFKVDEKGLHNYVHYIKQGRTEETSCNREDFYKYTKKIVEGLSDSKDKEYILSQIEL
QILLPLORIKDNGVIPYQLHLEELKATLAKCGPKEPELNEVADGESVAEKLIKMLEEFRIPYYVG
PLNTHHNVDNGGEAWAVRKASGRVTPWNEDDKIDREKSAAAFTKNLTNKCTYLLGEDVLPKSSL
LYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAVEKQDHKKMTKNRIEQFLKDNGYISETHKHET
TGLDGEIKNDLASYRDMVRILGDGEFDRSMAEEIITDITIFGESKKMLRETLRKKEASCLDDEAT
KKLTKLRYRDWGRLS QKLLNGIEGCDKAGDGTPETIIILMRNESYNIMELLGDKESEFMERIQET
NAKLTEGQIVNPHDITIDDLALSPAVKRAVWQALRIVDEVAHIKKALPARTEFVEVTRSNKNEKKK
KDSROKRLSDLYAATKKDDVLLNGLNNET FGELKSSLAKYDDAALRSKKLYLYYTOMGRCAYTG
EITELSLLNTDNYDIDHIYPRSLTKDDSEDNLVLCKRTANAQKSDAYPISEEIQKTQOQKPEWTEL
KOQGLISERKYERLTRITPLTADDLSGEFTARQLVETNQSVKAATTLLRRLY PGVDVVEVRKAENV
TDFRHDNNEFIKVRSLNHHHHAKDAYLNIVVGNVYHERFTRNFRAFEFKKNGANRTYNLAKMENY D
VNCTNAKDGKAWDVKTSMDTVKKMMDSNDVRVTKRLLEQTGALADATIYKATVAGKAKDGAYIG
MKTKSSVFADVSKYGGMTKIKNAYSTIIVQYTGKKGEVIKEIVPLPIYLTNRNTTDODLINYVAS
ITPQAKDISIIYGKLCINQLVKVNGEYYYLGGKTNSKEFCIDNAIQVIVSNEWIPYLKVLEKENN
MRKDNKDLKANVVSTRALDNKHTIEVRIVEEKNIEFFDYLVSKLKMPIYQOKMKGNKAAELSEKG
YGLEFKKMSLEEQSTITHLIELLNLLTNQKTTFEVKPLGITASRSTVGSKISNODEFKVINESITGL
YSNEVITIVKRPAATKKAGQAKKKKSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRAR

DEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAE IMALRQGGLVMONYRLYDATLYVIFEPC

VMCAGAMIHSRIGRVVFEGVRNAKTGAAGS LMDVLHEPGMNHRVE ITEGILADECAALL CRFERM

ERRVFNAQKKAQSSTDPAAKRVKLDEEYPYDVPDYAYPYDVPDYAYPYDVPDKA(SEQIDT«I
11)

Amino Acid Sequence of Cytidine Deaminase, ppAPOBECT1 fused to the N-terminal of
nickase VapCas9 (CBE-nVapCas9, D3SA mutant)
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MPAAKRVRKLD TSERKGPSTGDPTLRRRIESWEFDVEYDPRELRRETCLLYEITKWGMSREIWRSSG

KNTTNHVEVNFIKKFTSERRFHSSISCSITWFLSWSPCWECSQATIREFLSQHPGVTILVIYVARL

FWHMDORNRQGLRDLVNSGVTIQIMRASEYYHCWRNEFVNYPPGDEAHWPQYPPLWMMLYALELH
CIILSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVIWRLKSGGSSGGSS
GSETPGTSESATPESSGGSSGGS PKKKRKVGS TTNFQRRGLMETQASNQLT SSHLKGYPTKDYF

VGLAIGTSSVGWAVTNKAYELLKFRSHRKMWGSRLEDEGESAVARRGFRSMRRRLERRKLRLKLL
EELFADAMAQVDPTEFEFMRLRESKYHYEDKTTGHSSKHILEFIDKNYNDOQDYEFKEY PTVYHLRSEL
MKSGTDDIRKLEFLAVHHILKYRGNFLYEGATFDSNASTLDDVIKQALENITENCEDCNSAISSI
GQILMEAGKTKSDKAKAIEHLVDTYIATDTVDTSSKTQKDOQVKEDKKRLKAFANLVLGLNASLI
DLEGSVEELEEDLKKLOITGDTYDDKRDELAKAWSDEIYIIDDCKSVYDAIILLSIKEPGLTIS
ESKVKAEFNKHKDDLATILKSLLKSDRSIYNTMEFKVDEKGLHNYVHYIKQGRTEETSCNREDEYKY
TKKIVEGLSDSKDKEYILSQIELQILLPLORIKDNGVIPYQLHLEELKATLAKCGPKEPEFLNEV
ADGFSVAEKLIKMLEFRIPYYVGPLNTHHNVDNGGFAWAVRKASGRVI PWNEFDDKIDREKSAAA
FIKNLTNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLTIEAVEKQDHKKM
TKNRIEQFLKDNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGEDRSMAEETIITDITIEG
ESKKMLRETLRKKFASCLDDEATIKKLTKLRYRDWGRLSQKLLNGIEGCDKAGDGTPETIIILMR
NESYNLMELLGDKESEFMERIQEINAKLTEGQIVNPHDIIDDLALSPAVKRAVWQALRIVDEVAH
IKKALPARIEVEVTRSNKNEKKKKDSROKRLSDLYAATKKDDVLLNGLNNEIFGELKSSLAKY D
DAALRSKKLYLYYTOMGRCAYTGEITELSLLNTDNYDIDHIYPRSLTKDDSEFDNLVLCKRTANA
OKSDAYPISEEIQKTOKPEWTELKOQQGLISERKYERLTRITPLTADDLSGEIARQLVETNQSVK
AATTLLRRLYPGVDVVEVKAENVTDEFRHDNNEFIKVRS LNHHHHAKDAYLNIVVGNVYHERETRN
FRAFFKRKNGANRTYNLAKMEFNYDVNCTNAKDGKAWDVKTSMDTVKKMMDSNDVRVTKRLLEQT G
ALADATIYKATVAGKAKDGAYIGMKTKSSVEADVSKYGGMTKIKNAYS IIVOYTGKKGEVIKETL
VPLPIYLTNRNTTDODLINYVASITPQAKDISIIYGKLCINQLVKVNGEYYYLGGKTNSKECID
NATQVIVSNEWIPYLKVLEKENNMRKDNKDLKANVVSTRALDNKHTIEVRIVEEKNIEFEFDYLV
SKLKMPIYQKMKGNKAAELSEKGYGLEFKKMSLEEQSIHLIELLNLLTNQKTTFEVKPLGITASR
STVGSKISNQDEFKVINESITGLY SNEVT IVGKRPAATKKAGQAKKKKGSSGGSGGSGGSTNLS

DITERETGKQLVIQFESTIMLPEEVEEVIGNRPESDTI LVHTAYDESTDENVMLLTSDAPEYKPWA

LVIQDSNGENKIKMLSGGSGGSGGSTNLSDIIERKETGKQLVIQESILMLPEEVEEVIGNKPESD

ILVHTAYDESTDENVMLLTSDAPEYRPWALVIQDSNGENKIRKMLY PYDVPDYAYPYDVPDYAY
(SEQ ID NO: 12)

Amino Acid Sequence of Adenine Deaminase, TadAS8.13m fused to the N-terminal of
nickase EpeCas9 (ABE-nEpeCas9, D12A mutant)
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MPAAKRVRKLDGSEVEFSHEYWMRHALTLARRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDP

TAHAEITMALRQOQGGLVMONYRLYDATLYVIFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGS LM

DVLHHPGMNHRVEITEGILADECAALLCRFFRMPRRVFNAQKKAQSSTDGSSGSETPGTSESAT

PESSGPKKKRKVGTKVKDYYIGLAIGTSSVGWAVTDEAYNVLKENS KKMWGVRLEDDAKTAREER
RGORGARRRLDRKKERLSLLODFFAEEVAKVDPNEEFLRLDNSDLYMEDKDQKLKSKYTLENDKD
FKDKNFHKKYPTIHHLTIMDLIEDDSKKDIRLVYLACHYLLKNRGHEFIFEGQKEDTKSSFENSLN
ELKVHLNDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKEFLKAVSATIMIGS SQKLV
DLFENPEDFDDSAIKSVDESTTSEFDDKYSDYELALGDKIALVNILKEIYDSSILENLLKEADKS
KDGNKYISNAFVKKYNKHGODLKEFKRLVRQYHKSAYFDIFRSEKVNDNYVSYTKSS I SNNKRV
KANKETDOQEAFYKEFAKKHLETIKYKINKVNGSKADLELIDGMLRDMEEFKNEMPKIKSSDNGVIP
YOLKLMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMEFRIPYYVGPLNPNSKYAWIKKQKD
SEITPWNFKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKASLLYNEYMVLNELNNLKLNDLPI
TEEMKKKIFDOQLEKTRKKVTLKAVANLLKKEFNINGEILLSGTDGDFKQGLNSYNDEFKAIVGDK
VDSDDYRDKIEETTIKLIVLYGDDKSYLOKKIKAGYGKYFTDSETKKMAGLNYKDWGRLSKKLLT
GLEGANKITGERGSIIHFMREYNLNLMELMSASEFTEFTEEIQKLNPVDDRKLSYEMVDELYLSPS
VKRMLWOSLRIVDETIKNIMGTDSKKIFIEMARGKEEVKARKESRKNQLLKEYKDGKKAFISEIG
EERYSYLLSEIEGEEENKFRWDNLYLYYTQLGRCMYSLEPIDISELSSKNIYDQDHIYPKSKIY
DDSIENRVLVKKDLNSKKGNSYPI PDEILNKNCYAYWKILYDKGLIGQKKYTRLTRRTGETDDE
LVQFISRQIVETROQATKETANLLKTICKNSEIVYSKAENASRFROEFDIVKCRAVNDLHHMHDA
YINIIVGNVYNTKETKDPMNEVKKOEKARSYNLENMEKYDVKRGGYTAWIADDEKGTVKEKNASTIK
RIRKELEGTNYRETRMNYIESGALFNATLORKNKGSRPLKDKGPKSSIEKYGGYTNINKACEAV
LDIKSKNKIERKIMPVERETIYAKQKNDKKLSDEIFSKYLKDRFGIEDYRVVYPVVKMRTLLKID
GSYYFITGGSDKITLELRSALOLILPKKNEWAIKQIDKSSENDYLTIERIODLTEELVYNTEDLII
VNKEFKTSVEKKSELNLEFQDDKIENIDEFKEKSMDEKEKCKTLLMLVKATRASGVRODLKSIDLKS
DYGRLSSKTNNIGNYQEFKIINQS ITGLFENEVDLLKLGKRPAATKKAGQAKKKKGS YPYDVPD

YAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 16)

Amino Acid Sequence of Adenine Deaminase, TadA8.13m fused to the C-terminal of
nickase EpeCas9 (nEpeCas9-ABES, D12A mutant)

MPKKKRKVTKVKDYYIGLAIGTS SVGWAVTDEAYNVLKENSKKMWGVRLEDDAKTAEERRGORG
ARRRLDRKKERLSLLODFFAEEVARKVDPNEFFLRLDNSDLYMEDKDQKLKSKYTLENDKDEKDKN
FHKKYPTIHHLLMDLIEDDSKKDIRLVYLACHYLLKNRGHEIFEGOKEFDTKSSEFENSLNELKVH
LNDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKFLKAVSAIMIGSSQKLVDLEEN
PEDFDDSAIKSVDESTTSEDDKYSDYELALGDKIALVNILKEIYDSSILENLLKEADKSKDGNK
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YISNAEFVKKYNKHGODLKEFKRLVRQYHKSAYEFDIFRSEKVNDNYVSYTKSSISNNKRVKANKE
TDQEAFYKFAKKHLETIKYKINKVNGSKADLELIDGMLRDMEFKNFMPKIKSSDNGVIPYQLKL
MELNKILENQSKHHEFLNVSDEYGSVCDKIASTMEFRIPYYVGPLNPNSKYAWIKKQOKDSETITP
WNFKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKASLLYNEYMVLNELNNLKLNDLPITEEMK
KKIFDQLFKTRKKVTLKAVANLLKKEENINGEILLSGTDGDFKQGLNSYNDFKAIVGDKVDSDD
YRDKIEEITKLIVLYGDDKSYLOKKIKAGYGKYEFTDSEIKKMAGLNYKDWGRLSKKLLTGLEGA
NKITGERGSIIHEMREYNLNLMELMSASEFTEFTEEIQKLNPVDDRKLSYEMVDELYLSPSVKRML
WOSLRIVDEIKNIMGTDSKKIFIEMARGKEEVKARKESRKNQLLKEYKDGKKAFISEIGEERYS
YLLSEIEGEEENKEFRWDNLYLYYTQLGRCMYSLEPIDISELSSKNIYDQDHIYPKSKIYDDSIE
NRVLVKKDLNSKKGNSYPIPDEILNKNCYAYWKILYDKGLIGOQKKYTRLTRRTGETDDELVQE'T
SRQIVETRQATKETANLLKTICKNSEIVYSKAENASREFRQEFDIVKCRAVNDLHHMHDAYINT I
VGNVYNTKETKDPMNEVKKQEKARSYNLENMEKY DVKRGGYTAWIADDEKGTVKNASTIKRIRKE
LEGTNYRFTRMNYIESGALEFNATLQRKNKGSRPLKDKGPKSSIEKYGGYTNINKACFAVLDIKS
KNKIERKLIMPVERETIYAKQKNDKKLSDET FSKYLKDREGIEDYRVVYPVVKMRTLLKIDGSYYF
ITGGSDKTLELRSALQLILPKKNEWATIKQIDKSSENDYLTIERIQDLTEELVYNTEDI IVNKEK
TSVEFKKSFLNLEFODDKIENIDEFKEKSMDEFKEKCKTLIMLVKATIRASGVRQDLKSIDLKSDYGRL
SSKTNNIGNYQEFKIINQSITGLEFENEVDLLKLKRPAATKKAGQAKRKKKKSGSETPGTSESATPE
SSGSEVEEFSHEYWMRHALTLARRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAE ITMA

LROGGLVMONYRLYDATLYVIFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGS LMDV ILHAPGM

NHRVEITEGILADECAALLCREFRMPRRVENAQKKAQS STDPAAKRVKIDGS YPYDVPDYAYPY

DVPDYAYPYDVPDYA (SEQ ID NO: 17)

Amino Acid Sequence of Adenine Deaminase, TadA8.13m fused to the C-terminal of
nickase EpeCas9 (nEpeCas9-ABES, D12A mutant)

MPAAKRVKLD I'SERKGPSTGDPTLRRRIESWEFDVEYDPRELRRETCLLYETRKWGMSREKIWRSSG

ANTTNAVEVNEIRKKEFTSERRFASSISCSITWEFLSWS PCWECSQAIREFLSQHPGVILVIYVARL

FWHMDQORNRQGLRDLVNSGVIIQIMRASEYYHCWRNEFVNYPPGDEAHWPQYPPLWMML YALELH

CITLSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVTWRLKSGGSSGGSS

GSETPGTSESATPESSGGS SGGS PKKKRKVGTKVKDYYIGLATIGTSSVGWAVTDEAYNVLKENS
KKMWGVRLEDDAKTAEERRGOQRGARRRLDRKKERLSLLODEFFAEEVAKVDPNFFLRLDNSDLYM
EDKDQKLKSKYTLENDKDEFKDKNEHKKYPTIHHLLMDLIEDDSKKDIRLVYLACHYLLKNRGHE
IFEGOKEDTKSSEFENSLNELKVHLNDEYGLDLEEDNENLINILTDPKLNKTAKKKELKSVIGDT
KELKAVSAIMIGSSQKLVDLEFENPEDEDDSAIKSVDESTTSEDDKYSDYELALGDKIALVNILK
ETYDSSILENLLKEADKSKDGNKY ISNAEVKKYNKHGODLKEFKRLVROYHKSAYEDIFRSEKV
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NDNYVSYTKSSISNNKRVKANKETDOQEAFYKFAKKHLETIKYKINKVNGSKADLELIDGMLRDM
EFKNEFMPKIKSSDNGVIPYQLKIMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMEFRIPYY
VGPLNPNSKYAWIKKQKDSEITPWNEFKDVVDLDSSREEFIDSLTIGRCTYLKDEKVLPKASLLYN
EYMVLNELNNLKLNDLPITEEMKKKIEFDOLEFKTRKKVTLKAVANLLKKEFNINGEILLSGTDGD
FKOGLNSYNDFKAIVGDKVDSDDYRDKIEEITKLIVLYGDDKSYLOKKIKAGYGKYFTDSEIKK
MAGLNYKDWGRLSKKLLTGLEGANKITGERGSITHFMREYNLNLMELMSASETEFTEET QKLNPV
DDRKLSYEMVDELYLSPSVKRMLWQSLRIVDEIKNIMGTDSKKI FIEMARGKEEVKARKESRKN
QLLKEYKDGKKAFISEIGEERYSYLLSEITEGEEENKEFRWDNLYLYYTQLGRCMYSLEPIDISEL
SSKNIYDOQDHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDEILNKNCYAYWKILYDKGLI
GOKKYTRLTRRTGETDDELVQOEISRQIVETROQATKETANLLKTICKNSEIVYSKAENASRERQE
FDIVKCRAVNDLHHMHDAY INITVGNVYNTKEFTKDPMNEVKKQEKARSYNLENMEKYDVKRGGY
TAWIADDEKGTVKNASIKRIRKELEGTNYREFTRMNY IESGALENATLORKNKGSRPLKDKGPKS
SIEKYGGYTNINKACFAVLDIKSKNKIERKLMPVEREIYAKQKNDKKLSDEIFSKYLKDREGIE
DYRVVYPVVKMRTLLKIDGSYYFITGGSDKTLELRSALQLILPKKNEWATKQIDKSSENDYLTI
ERIQDLTEELVYNTEFDIIVNKEKT SVEKKSFLNLEQDDKIENIDEFKEFKSMDEFKEKCKT LLMLVEK
ATRASGVRQDLKSIDLKSDYGRLS SKTNNIGNYQEFKIINQSITGLFENEVDLLKLGKRPAATK
KAGQAKKKKGSSGGSGGSGGSINLSDITERETGKQLVIQEST LIMLPEEVEEVIGNKPESDILVH
TAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSGGSGGSTNLSDI IERKETGRQ

LVIQESTIMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGEN

KIKMLYPYDVPDYAYPYDVPDYAY (SEQ ID NO: 18)

Amino Acid Sequence of Adenine Deaminase, TadAS8.13m-nickase fused to the N-terminal
of nickase LfeCas9 (ABE-nLfeCas9, DOA mutant)

MPAAKRVKLDGSEVEEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPT

AHAETMALRQGGLVMONYRLYDATLYVIFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGS LMDV

LHHPGMNHRVEITEGILADECAALLCREFRMPRRVENAQRKKAQSSTDGSSGSETPGTSESATPES

SGPKKKRKVGKEYHIGLAIGTSSIGWAVTDSQFKLMRIKGKTATIGVRLFEEGKTAAERRTEFRTTR
RRLKRRKWRLHYLDETIFAPHLQEVDENFLRRLKOQSNTITHPEDPAKNQAFTGKLLEFPDLLKKNERGY
PTLIKMRDELPVEQRAHYPVTNIYKLREAMINEDRQFDLREVYLAVHHIVKYRGHELNNASVDKE
KVGRIDEDKSENVLNEAYEELONGEGSEFTIEPSKVEKIGQLLLDTKMRKLDROQKAVAKLLEVKVA
DKEETKRNKQIATAMSKLVLGYKADFATVAMANGNEWKIDLSSETSEDEIEKFREELSDAQNDIL
TEITSLESQIMLNEIVPNGMSISESMMDRYWTHERQLAEVKEYLATQPASARKEEFDQVYNKYIGQ
APKEKGEDLEKGLKKILSKKENWKEIDELLKAGDELPKORTSANGVIPHOMHQQELDRITIEKQAK
YYPWLATENPATGERDRHQAKYELDOLVSEFRIPYYVGPLVTPEVOKAT SGAKFAWAKRKEDGEIT
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PWNLWDKIDRAESAEAFTIKRMTVKDTYLLNEDVLPANSLLYQKYNVLNELNNVRVNGRRLSVGIK
QDIYTELFKKKKIVKAGDVASLVMAKTRGVNKPSVEGLSDPKKENSNLATYLDLKSIVGDKVDDN
RYOMDLENITEWRSVFEDGETITFADKLTEVEWLTDEQRSATVKKRYKGWGRLSKKLLTGIVDENGQ
RIIDIMWNTDONEMOIVNQPVEKEQIDOQLNOQKATTNDGMTLRERVESVLDDAYTSPONKKATWCV
VRVVEDIVKAVGNAPKSISIEFARNEGNKGEITRSRRTQLOKLFEDQAHELVKDTSLTEELEKAP
DLSDRYYFYFTQGGKDMYTGDPINFDEISTKYDIDHILPQSEVKDDSLDNRVLVSRAENNKKSDR
VPAKLYAAKMKPYWNQLLKQGLITQRKEFENLTMDVDOT IKYRSLGEVKRQLVETROVIKLTANIL
GSMYQEAGTDITIETRAGLTKOQLREEFDLPKVREVNDYHHAVDAYLTTFAGQYLNRRYPKLRSEEV
YGEYMKEFKHGSDLKLRNEFNFFHELMEGDKSQGKVVDQQTGELITTRDEVADY FDWVINLKVMLIS
NETYEETGKYEFDASHESSSLYLKNONKKSKLVVPLKNKLOPEYYGAYTGITQGYMVILKLLDKKG
GEGVYRIPRYAADILNKCHDEVAYRNKIAETIISSDPRAPKSFEVVVPRVLKGTEFLVDGEEKETILS
SYRYKVNATQLILPVSDIKLIQODNFKALKKLNVEMOTKKLIEIYDNILROVDKYYKLYDINKERA
KLHDGRSKEVELDDFGQODASKEKVIIKILRGLHEGSDLONLKEIGEFGTTPLGQFQVSEAGIRLSN
TAFITFKSPTGLENRKLYLKNLGKRPAATKKAGQAKKKKGS YPYDVPDYAYPYDVPDYAYPYDVP

DyA (SEQ ID NO: 88)

Amino Acid Sequence of Adenine Deaminase, TadA8.13m-nickase fused to the C-terminal
of nickase LfeCas9 (nLfeCas9-ABE, D9A mutant)

MPKKKRKVGKEYHIGLAIGTSSIGWAVTDSQFKLMRIKGKTAIGVRLFEEGKTAAERRTFRTTR
RRLKRRKWRLHYLDETIFAPHLOQEVDENFLRRLKOSNTIHPEDPAKNQAFTIGKLLEPDLLKKNERG
YPTLIKMRDELPVEQRAHYPVTNIYKLREAMINEDRQEDLREVYLAVHHIVKYRGHELNNASVD
KEKVGRIDEFDKSENVLNEAYEETLONGEGS FTIEPSKVEKIGQLLLDTKMRKLDRQKAVAKLLEV
KVADKEETKRNKQIATAMSKLVLGYKADEFATVAMANGNEWKIDLSSETSEDEIEKEFREELSDAQ
NDILTEITSLESQIMLNEIVPNGMSISESMMDRYWITHERQLAEVKEYLATQPASARKEFDQVYN
KYIGOAPKEKGEDLEKGLKKILSKKENWKEIDELLKAGDEFLPKORTSANGVIPHOMHQOELDRI
IEKQAKYYPWLATENPATGERDRHOAKYELDQLVSEFRIPYYVGPLVTPEVOKATSGAKFAWAKR
KEDGEITPWNLWDKIDRAESAEAFTKRMTVKDTYLLNEDVLPANSLLYQKYNVLNELNNVRVNG
RRLSVGIKQDIYTELFKKKKTVKAGDVASLVMAKTRGVNKPSVEGLSDPKKENSNLATYLDLKS
IVGDKVDDNRYQMDLENITEWRSVEFEDGEI FADKLTEVEWLTDEQRSALVKKRYKGWGRLSKKL
LTGIVDENGQRIIDLMWNTDONEMQIVNQPVEFRKEQIDQLNQRKAITNDGMTLRERVESVLDDAYT
SPONKKAIWQVVRVVEDIVKAVGNAPKSISIEFARNEGNKGEITRSRRTQLOKLEFEDQAHELVK
DTSLTEELEKAPDLSDRYYEFYEFTQGGKDMYTGDPINFDEISTKYDIDHILPQSEVKDDSLDNRV
LVSRAENNKKSDRVPAKLYAAKMKPYWNOLLKOGLITQRKEFENLTMDVDOT IKYRSLGEVKRQOL
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VETROVIKLTANILGSMYQEAGTDIIETRAGLTKOLREEFDLPKVREVNDYHHAVDAYLTTEAG
OQYLNRRYPKLRSEEVYGEYMKFKHGSDLKLRNEFNEFFHELMEGDKS QGKVVDQQTGELITTRDEV
ADYFDWVINLKVMLISNETYEETGKYFDASHESSSLYLKNONKKSKLVVPLKNKLOPEYYGAYT
GITOQGYMVILKLLDKKGGEFGVYRIPRYAADILNKCHDEVAYRNKIAEIISSDPRAPKS FEVVVP
RVLKGTFLVDGEEKFILSSYRYKVNATQLILPVSDIKLIQDNEFKALKKLNVEMOQTKKLIETIYDN
ILROQVDKYYKLYDINKEFRAKLHDGRSKEVELDDEGODASKEKVIIKILRGLHEFGSDLONLKEIG
FGTTPLGQEFQVSEAGIRLSNTAFIIFKSPTGLENRKLY LKNLKRPAATRKKAGQAKKKKSGSET P
GTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHD

PTAHAEIMALRQGGLVMONYRLYDATLYVTFEPCVMCAGAMIASRIGRVVEGVRNARTGAAGSL

MDVLHHPGMNHRVEITEGILADECAALLCRFFRMPRRVENAQKKAQSS I'DPAAKRVKLDGS YPY

DVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 89)

Amino Acid Sequence of Cytidine Deaminase, ppAPOBECI fused to the N-terminal of
nickase LfeCas9 (CBE-nLfeCas9, D9A mutant)

MPAAKRVKLD I'SEKGPSTGDPTLRRRIESWEFDVEYDPRELRRKETCLLYEITKWGMSRKIWRSSG

KNTTNHVEVNEIKKFTSERRFHSS ISCSITWELSWS PCWECSQAIREFLSQHPGVILVIYVARL

FWHMDORNRQGLRDLVNSGVTIQIMRASEYYHCWRNFVNYPPGDEAHWPQYPPLWMML YALELH

CITLSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIAPSVIWRLKSGGSSGGSS

GSETPGTSESATPESSGGSSGGS PRKKKRRKVGKEYHIGLAIGTSSIGWAVIDSQFKLMRIKGKTA

IGVRLFEEGKTAAERRTFRTTRRRLKRRKWRLHYLDETFAPHLOQEVDENFLRRLKQSNTIHPEDP
AKNQAFIGKLLEFPDLLKKNERGYPTLIKMRDELPVEQRAHYPVTNIYKLREAMINEDRQFDLRE
VYLAVHHIVKYRGHFLNNASVDKEKVGRIDFDKSENVLNEAYEELONGEGSFTIEPSKVEKIGQ
LLLDTKMRKLDROKAVAKLLEVKVADKEETKRNKOQIATAMSKLVLGYKADFATVAMANGNEWKT
DLSSETSEDEIEKFREELSDAONDILTEITSLESQIMLNEIVPNGMSISESMMDRYWTHERQLA
EVKEYLATQPASARKEFDOQVYNKYIGQAPKEKGEDLEKGLKKILSKKENWKEIDELLKAGDELP
KORTSANGVIPHOMHQOELDRITIEKQAKYYPWLATENPATGERDRHOAKYELDQLVSEFRIPYYV
GPLVTPEVOKATSGAKFAWAKRKEDGEITPWNLWDKIDRAESAEAFTKRMTVKDTYLLNEDVLP
ANSLLYQKYNVLNELNNVRVNGRRLSVGIKQDIYTELFKKKKTVKAGDVASLVMAKTRGVNKPS
VEGLSDPKKENSNLATYLDLKSIVGDKVDDNRYOMDLENTITEWRSVFEDGEIFADKLTEVEWLT
DEQRSALVKKRYKGWGRLSKKLLTGIVDENGQRIIDLMWNTDONFMOIVNQPVEFKEQI DQLNQK
ATTNDGMTLRERVESVLDDAYTSPONKKAIWQVVRVVEDIVKAVGNAPKSISIEFARNEGNKGE
ITRSRRTQLOKLEFEDQAHELVKDT SLTEELEKAPDLSDRYYEFYFTQGGKDMYTGDPINFDEIST
KYDIDHILPQSEVKDDSLDNRVLVSRAENNKKSDRVPAKLYAAKMKPYWNQLLKQGLITQRKEE
NLTMDVDQOT IKYRSLGEVKROLVETRCVIKLTANILGSMYQEAGTDITETRAGLTKOLREEEDL
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PKVREVNDYHHAVDAYLTTEFAGQY LNRRY PKLRSEFIVYGEYMKEKHGS DLKLRNENEFHELMEG
DKSQGKVVDQOTGELITTRDEVADYFDWVINLKVMLISNETYEETGKYEFDASHESSSLYLKNQN
KKSKLVVPLKNKLQPEYYGAYTGITQGYMVILKLLDKKGGEFGVYRIPRYAADITNKCHDEVAYR
NKIAETIISSDPRAPKSEFEVVVPRVLKGTEFLVDGEEKFILSSYRYKVNATQLILPVSDIKLIQDN
FKALKKLNVEMOQTKKLIEIYDNILROVDKYYKLYDINKFRAKLHDGRSKEVELDDEFGQDASKEK
VIIKILRGLHEFGSDLONLKEIGEGTTPLGQFQOVSEAGIRLSNTAFITEFKSPTGLENRKLYLKNL
GKRPAATKKAGQAKKKKGS SGGS GGSGGS TNLSDITERETGKQLVIQEST LMLPEEVEEVIGNK

PESDILVHTAYDESTDENVMLLTSDAPEYRPWALVIQDSNGENKIRKMLSGGSGGSGGSTNLSDT

IERETGRKQLVIQESIIMLPEEVEEVIGNRPESDILVHTAYDESTDENVMLLTSDAPEYKPWALYV

IQODSNGENKIKMLYPYDVPDYAYPYDVPDYAY (SEQ ID NO: 90)

Amino Acid Sequence of Adenine Deaminase, TadAS.13m-nickase fused to the N-terminal
of nickase PmaCas9 (ABE-PmaCas9, D12A mutant)

MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDP

TAHAE IMALROQGGLVMONYRLYDATLYVI'FEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGS LM

DVLHHPGMNHRVEITEGILADECAALLCRFFRMPRRVFNAQRKRKAQSSTDGSSGSETPGTSESAT

PESSGPKRKKRKVGEKKTNYTIGLAIGTDSVGWAVVKDDLELVEKRMKVLGNTETNY I KKNLWGS
LLFESGQTAKDRRLKRVARRRYERRRNRLTELOQKIFAPATDEVDENFFEFRLNESEFLVPEDKAES
KNPIFGTLGEDKTYYKTYPTIYHLRQHLADSEEKADVRLTIYLATLAHMIKYRGHFLTEGKLDTEH
TATINENLEQFFESYNALEFSEEPTELRKEELTATENTILREKNSRTVKEKRITSFLKDIGRANKQS
PMMAFITLIVGKKAKFKAAFNLEEEISLNLTDDSYDENLEILLNTIGSDFADLEFDHAQRVYNAV
ELAGILSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSEFIKANLPDQYDMTEVAPKDAQKKDLKG
YAGYIDGNMSQDSEYKEVKDOLKEVPGSEKFLDSIEKEDFLRKQRSEFYNGVIPNQVHLAEMEAT
LDRQENYYPWLKENREKIISLLTEFRIPYYVGPLADGQSEFAWLERKSDEKIKPWNESDVVDLDR
SAEKFIEQLIGRDTYLPDEYVLPKKSLIYQOKYMVENELTKIAYLDEROQKRMNLSSVEKKEIFET
LEKKRSKVTEKQLVKEFENYLOIDNPTIEFGIEDAEFNADYSTYVELAKVPGMKSMMDDP DNEDLM
FRTVKTTTVFEDRKMRRKQT FRKYKERT.SPEQTKET AKKHYTGWGRT.SKKT.T.VGTRDKETQKTTT,
DYLVEDDNHSGGROHLNRNLMOLINDDRLSFKKTIAELOMIDPSADLYAQVQOEIAGSPATKKGI
LLGLKIVDEITIRVMGEKPENIVIEMARENQTTARGKALSKRREAKIKEGLAALGSSLLKENLPG
NADLSQRKIYLYYTONGKDIYLDEPLDEDRLSQYDEDHITIPQSEFTVDNSLDNLVLTNS SQNRGN
KKDDVPSLEVVNRQLAYWRSLKDAGLMTQRKEDNLTKAMRGGLT DKDRERFIQROQLVETRQITK
NVAKLLDMRLNDKKDEAGNKIRETNIVLLKSAMASEFRKMERLYKVRELNDYHHAHDAYLNAAT
AINLLALYPYMADDEVYGEFRYKKKPQAEKATYEKLROWNLIKREGEKQLETPDHEDCWNKERD
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IKTIKKVMGYROVNVVKKAEERTGMLEKET INGKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYA
VISYEDKKKKPGKTIVGISIMDKKEFEYDSISYLGKLGESNPVVQITILKNYSLIAYPDGRRRY I
TGATKTTKGKVELQKANQTAMEQDLVNEFIYHLKNYDETSHPESYAFVQSHTDYFDRLEFDSTEHY
TRREFLDAETNINRLRRIYEEEKKKDPVDIEALVASFIELLKLTSAGAPADEFIFMGEAI SRRRYN
SMTGLFDGQVIYQSLTGLYETRMRFEDGKRPAATKKAGQAKKKKGS YPYDVPDYAYPYDVPDYA

YyPYDVPDYA (SEQID NO: 91)

Amino Acid Sequence of Adenine Deaminase, TadAS8.13m-nickase fused to the C-terminal
of nickase PmaCas9 (nPmaCas9-ABE, D12A mutant)

MPRKKKRKVEKKTNYTIGLAIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY IKKNLWGSLLEES
GOQTAKDRRLKRVARRRYERRRNRLTELQKIFAPAIDEVDENFFFRLNESEFLVPEDKAFSKNPIFE
GTLGEDKTYYKTYPTIYHLROQHLADSEEKADVRLIYLALAHMIKYRGHELIEGKLDTEHIATINE
NLEQFFESYNALEFSEEPIELRKEELIATENILREKNSRTVKEKRITSELKDIGRANKQS PMMAE
ITLIVGKKAKFKAAFNLEEETISLNLTDDSYDENLEILLNTIGSDEFADLEFDHAQRVYNAVELAGT
LSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSEFIKANLPDQYDMTEVAPKDAQKKDLKGYAGY I
DGNMSQDSEFYKEVKDQLKEVPGSEKEFLDSIEKEDELRKQRSEYNGVIPNQVHLAEMEATILDRQE
NYYPWLKENREKITISLLTFRIPYYVGPLADGQOSEFAWLERKSDEKIKPWNESDVVDLDRSAEKE
IEQLIGRDTYLPDEYVLPKKSLIYOKYMVENELTKIAYLDEROQKRMNLSSVEKKETFETLEKKR
SKVIEKQLVKEFFENYLOQIDNPTIFGIEDAFNADY STYVELAKVPGMKSMMDDPDNEDLMEETIVK
ILTVFEDRKMRRKOQLEKYKERLSPEQIKELAKKHYTGWGRLSKKLLVGIRDKETQKTILDYLVE
DDNHSGGROQHLNRNLMOLTINDDRLSFKKTTAELOMIDPSADLYAQVOETAGSPATKKGITLLGLK
IVDEITRVMGEKPENIVIEMARENQTTARGKALSKRREAKIKEGLAATLGSSLLKENLPGNADLS
QRKIYLYYTONGKDIYLDEPLDEDRLSQYDEDHITPQSETVDNSLDNLVLTNSSQNRGNKKDDV
PSLEVVNRQLAYWRSLKDAGLMT QRKEDNLTKAMRGGLTDKDREREFIQRQOLVETRQOITKNVAKL
LDMRLNDKKDEAGNKIRETNIVLLKSAMASEFRKMEFRLYKVRELNDYHHAHDAYTINAATATINLL
ALYPYMADDEVYGEFRYKKKPOAEKATYEKLROWNLIKREGEKQLETPDHEDCWNKERDIKTIK
KVMGYROVNVVKKAEERTGMLEKET INGKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYAVISYE
DKKKKPGKTIVGISIMDKKEFEYDSISYLGKLGESNPVVQITLKNYSLTAYPDGRRRYITGATK
TTKGKVELOKANQIAMEQDLVNEFIYHLKNYDEISHPESYAEVOSHTDYEFDRLEDSIEHYTRREL
DAETNINRLRRIYEEEKKKDPVDIEALVASFIELLKLTSAGAPADFIFMGEAISRRRYNSMTGL
FDGOVIYQOSLTGLYETRMRFEDKRPAATKKAGQAKKKKSGSETPGTSESATPESSGSEVEEFSHE

YWMRHALTLARRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAE TMALRQGGLVMONY

RLYDATLYVIFEPCVMCAGAMIHSRIGRVVFGVRNARTGAAGSLMDVLHHPGMNHRVEITEGIL
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ADECAALLCRFFRMPRRVFNAQRKAQS S TDPAARRVKIDGS YPYDVPDYAYPYDVPDYAYPYDV

PDYA (SEQ ID NO: 92)

Amino Acid Sequence of Cytidine Deaminase, ppAPOBECI1 fused to the N-terminal of
nickase PmaCas9 (CBE-nPmaCas9, D12A mutant)

MPAAKRVKLD I'SEKGPSTGDPTLRRRIESWEFDVEYDPRELRRKETCLLYEITKWGMSREIWRSSG

KNTTNHVEVNEFIRKRKEFTSERRFHSSISCSITWEFLSWS PCWECSQAIREFLSQHPGVTLVIYVARL

FWHMDQORNRQGLRDLVNSGVIIQIMRASEYYHCWRNEFVNYPPGDEAHWPQYPPLWMML YALELH

CIILSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVIWRLKSGGSSGGSS

GSETPGTSESATPESSGGSSGGES PKKKRKVGEKKINYTIGLAIGTDSVGWAVVKDDLELVKKRM

KVLGNTETNYIKKNLWGSLLFESGQTAKDRRLKRVARRRYERRRNRLTELQKIFAPATDEVDEN
FEFRLNESEFLVPEDKAFSKNPIFGTLGEDKTYYKTYPTIYHLROHLADSEEKADVRLIYLATLAH
MIKYRGHFLIEGKLDTEHIAINENLEQFFESYNALFSEEPIELRKEELTATENILREKNSRTVK
ERKRITSFLKDIGRANKQSPMMAFTITLIVGKKAKFKAAFNLEEEISLNLTDDSYDENLEILLNTI
GSDEFADLEDHAQRVYNAVELAGILSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSEIKANLPDQ
YDMTEVAPKDAQKKDLKGYAGYIDGNMSQDSEYKEVKDQLKEVPGSEKEFLDSIEKEDFLRKQRS
FYNGVIPNQVHLAEMEATILDRQENYYPWLKENREKIISLLTEFRIPYYVGPLADGQSEFAWLERK
SDEKIKPWNESDVVDLDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYQKYMVENELTKIAYLDE
ROKRMNLSSVEKKEIFETLFKKRSKVTEKQLVKEFFENYLQIDNPTIFGIEDAFNADYSTYVELA
KVPGMKSMMDDPDNEDLMEEIVKILTVEFEDRKMRRKOLEKYKERLSPEQIKELAKKHY TGWGRL
SKKLLVGIRDKETQKTILDYLVEDDNHSGGROQHLNRNLMOLINDDRLSEFKKTIAELOMIDPSAD
LYAQVQETAGSPATKKGILLGLKIVDEITRVMGEKPENIVIEMARENQTTARGKALSKRREAKT
KEGLAALGS SLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPLDEFDRLSQYDEDHIIPQSETV
DNSLDNLVLTNSSQNRGNKKDDVPSLEVVNRQLAYWRSLKDAGLMTQRKEDNLTKAMRGGLT DK
DRERFIQRQLVETRQITKNVAKLLDMRLNDKKDEAGNKIRETNIVLLKSAMASEFRKMEFRLYKV
RELNDYHHAHDAYLNAATAINLLALYPYMADDEVYGEFRYKKKPOAEKATYEKLRQWNLIKREG
EKQLEFTPDHEDCWNKERDIKTIKKVMGYRQVNVVKKAEERTGMLEFKETINGKTNKGSRIPIKKD
LDPSKYGGYIEEKMAYYAVISYEDKKKKPGKTIVGISIMDKKEFEYDSISYLGKLGESNPVVQI
LLKNYSLIAYPDGRRRY I'TGATKI' TKGKVELOQKANQIAMEQDLVNELYHLKNYDEISHPESYAR
VOSHTDYEFDRLEDSIEHYTRRELDAETNINRLRRIYEEEKKKDPVDIEALVASEFIELLKLTSAG
APADFIFMGEATISRRRYNSMTGLEDGQVIYOSLTGLYETRMRFEDGKRPAATKKAGOARKKKKGS
SGGSGGSGGSINLSDIIERETGKQLVIQESTI LMLPEEVEEVIGNKPESDILVHTAYDESTDENV

MLLTSDAPEYRPWALVIQDSNGENKIKMLSGGSGGSGGSTNLSDITERETGKQLVIQESTIIMLP
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EEVEEVIGNKPESDILVHTAYDES TDENVMLLTSDAPEYRKPWALVIQDSNGENKIKML Y PYDV P

DYAYPYDVPDYAY (SEQ ID NO: 93)

Amino Acid Sequence of Cytidine Deaminase, ppAPOBECI1 fused to the C-terminal of
nickase PmaCas9 (nPmaCas9-CBE, D12A mutant)

MPAAKRVKLD INLSDITERETGRKQLVIQESIIMLPEEVEEVIGNRPESDILVHTAYDESTDENV

MLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSGGSGGSTNLSDIIEKETGRKQLVIQESTIMLP

FEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSGG

SGGSPKKKRKVEKKTNYTIGLATIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY IKKNLWGSLL

FESGOQTAKDRRLKRVARRRYERRRNRLTELOQKIFAPATIDEVDENEFEFFRLNESFLVPEDKAEFSKN
PIFGTLGEDKTYYKTYPTIYHLRQHLADSEEKADVRLIYLALAHMIKYRGHFLIEGKLDTEHIA
INENLEQFFESYNALESEEPIELRKEELTATENILREKNSRTVKEKRITSFLKDIGRANKQSPM
MAFITLIVGKKAKEFKAAFNLEEETISLNLTDDSYDENLEILLNTIGSDEFADLEDHAQRVYNAVEL
AGILSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSFIKANLPDQYDMT EVAPKDAQKKDLKGYA
GYIDGNMSQDSEYKEVKDOLKEVPGSEKEFLDSIEKEDELRKOQRSEFYNGVIPNQVHLAEMEATLD
ROENYYPWLKENREKIISLLTEFRIPYYVGPLADGOSEFAWLERKSDEKIKPWNESDVVDLDRSA
EXKFIEQLIGRDTYLPDEYVLPKKSLIYQOKYMVENELTKIAYLDERQKRMNLSSVEKKEIFETLE
KKRSKVTEKQLVKEFFENYLOIDNPTIFGIEDAFNADYSTYVELAKVPGMKSMMDDPDNEDLMEE
IVKILTVFEDRKMRRKOLEKYKERLSPEQIKELAKKHY TGWGRLSKKLLVGIRDKETQKTILDY
LVEDDNHSGGROQHLNRNILMQLINDDRLSEFKKTIAELOQMIDPSADLYAQVQETAGSPATKKGILTL
GLKIVDEITRVMGEKPENIVIEMARENQTTARGKALSKRREAKTIKEGLAATLGSSLLKENLPGNA
DLSQRKIYLYYTQONGKDIYLDEPLDEFDRLSQYDEDHIIPQSETVDNSLDNLVLTNSSQNRGNKK
DDVPSLEVVNRQLAYWRSLKDAGLMTQRKEDNLTKAMRGGLTDKDRERFIQROQLVETRQITKNYV
AKLLDMRLNDKKDEAGNKIRETNIVLLKSAMASEEFRKMERLYKVRELNDYHHAHDAYLNAATAT
NLLALYPYMADDEVYGEFRYKKKPQAEKATYEKLROWNLIKREGEKQLFTPDHEDCWNKERDIK
TIKKVMGYRQVNVVKKAEERTGMLEFKETINGKTNKGSRIPIKKDLDPSKYGGY IEEKMAYYAV T
SYEDKKKKPGKTIVGISIMDKKEFEYDSISYLGKLGESNPVVOITILKNYSLIAYPDGRRRYITG
ATKTTKGKVELOQKANQTAMEQDLVNEFIYHLKNYDETISHPESYAFVQSHTDYFDRLEDSIEHYTR
RELDAETNINRLRRIYEEEKKKDPVDIEALVASEFIELLKLTSAGAPADEIFMGEATSRRRYNSM
TGLEDGQVIYQSLTGLYETRMREE DKRPAATKKAGQAKKKKGSSGGSSGGSSGSETPGTSESAT

PESSGGSSGGSISERGPSTGDPTLRRRIESWEFDVEYD PRELRRETCLLYE IKWGMSRKIWRS S

GRKNTTNHVEVNEFIRKRKFTSERRFHSSISCSITWFLSWSPCWECSQAIREFLSQHPGVILVIYVAR

LEWHMDORNRQGLRDLVNSGVIIQIMRASEYYHCWRNFEVNYPPGDEAHWPQYPPLWMMLYALEL
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HCIILSLPPCLKISRRWONHLAFFRLOALONCHYQTITPPHILLATGLIHPSVTWRYPYDVPDYAY

PYDVPDYAYPYDVPDYA (SEQ ID NO: 94)

Linker (underlined, no italics or bolding)

TadA8 (ABE) or ppABOBEC1 (CBE) (italics and underlined)

Nickase mutation: D10A mutation in ScoCas9, D14A mutation in SirCas9, D38A in
VapCas9, D12A in EpeCas9, D9A in LfeCas9, D12A in PmaCas9 (bold and italics)
2xUGI (bold, italics and underlined)

3xHA tag (italics), can be substituted with different tags

Example 6. Engineered Streptococcus constellatis (ScoCas9) NGC PAM variants

This example illustrates the engineering of ScoCas9 variants that recognize NGC

PAM variants.

Briefly, two variants were engineered, ScoCas9-NGC-v1, which contains amino acid
substitutions for NGC PAM recognition and ScoCas9-NGC-v2, which contains amino acid
substitutions for NGC PAM recognition and additional amino acid substitutions that enhance
SpyCas9 activity. The amino acid residues were identified by structural comparison between
S. pyogenes SpyCas9 and S. consrellatus ScoCas9. The amino acid sequence of ScoCas9-
NGC-v1 (SEQ ID NO: 95) comprised the following mutations from wild type ScoCas9
sequence: D1117M, S118Q, E1201F, A1299R, D1309A, R1312E, T1314R. The amino acid
sequence of ScoCas9-NGC-v2 (SEQ ID NO: 96) comprised the following mutations from
wild type ScoCas9 sequence: S4091, R6551L, D1117M, S118Q, E1201F, A1299R, D1309A,
RI312E, TI314R.

Amino acid sequence of Streptococcus constellatus (ScoCas9) variant (ScoCas9-NGC-v1)

MPKKRKRKVGMGKPYSIGLDIGTNSVGWAVVITDDYKVPAKKMKVLGNT DKQS IKKNLLGALLEDS
GETAEATRLKRTARRRYTRRKNRLRYLOQET FTGEMNKVDENFEFQRLDDSEFLVDEDKRGEHHPIF
GNIAAEVKYHDDEPTIYHLRROHLADTSKKADLRLVYLALAHMIKEFRGHELYEGDLKAENTDVQA
LEKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNTLEGNLIALSLD
LHPNFKTNFQLSEDAKLQFSKDTYEEDLEGFLGEVGDEYADLFASAKNLYDAILLSGILTVDDN
STKAPLSASMVKRYEEHOKDLKKLKDEIKVNAPDOYNATIEFKDKNKKGYASYIESGVKODEEFYKY
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LKGILLKINGSGDFLDKIDREDELRKQRTEDNGSIPHQIHLOEMHATLRROGEHYPEFLKENQDK
IEKILTFRIPYYVGPLARKGSRFAWAEYKADEKITPWNEDDILDKEKSAEKEFITRMTLNDLYLP
EEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKEFEFDTNMKQET FDHVEFKENRKVTKDKLLNY L,
NKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSEFLDDKANEKTIEDIIQTLTLEFEDRE
MIRQRLOKYSDIFTKAQLKKLERRHYTGWGRLSYKLINGIRNKENKKTILDYLIDDGYANRNEM
QLINDDALSFKEETARAQITIDDVDDIANVVHDLPGSPATIKKGILQOSVKIVDELVKVMGHNPANI
ITEMARENQTTDKGRRNSQORLKLLODSLKNLDNPVNIKNVENQQLONDRLELYYTONGKDMY T
GETLDINNLSQYDIDHIIPQAFIKDNSLDNRVLTRSDKNRGKSDDVPSIEVVHEMKS FWSKLLS
VKLITQRKEDNLTKAERGGLTEEDKAGEFIKRQLVETROQITKHVAQILDEREFNTEFDGNKRRIRN
VKIITLKSNLVSNEFRKEFELYKVREINDYHHAHDAYLNAVVGNALLLKYPQLEPEEFVYGEYPKY
NSYRSRKSATEKEFLEYSNILREFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTER
QTGGEFSKESILPKGESDKLIPRKTKNSYWDPKKYGGEFMQPVVAYSTILVEFADVEKGKSKKLRKVQ
DMVGITIMEKKREFEKNPVDEFLEQRGYRNVRLEKITKLPKYSLFELENKRRRLLASAKFLOKGNE
LVIPQRETTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEYTSVEFSRKYVLADNNLTKIEMLE
SKNKDAEVSSLAKSEFISLLTEFTAFGAPRAFNFEFGENIARKEYRSVTIECLNATLIHQSITGLYET
RIDLSKLGEDGEGADKRTADGSEFESPKKKRKV (SEQ ID NO: 95)

Amino acid sequence of Streptococcus constellatus (ScoCas9) variant (ScoCas9-NGC-v2)

MPKKKRKVGMGKPY SIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNT DKQS IKKNLLGALLEDS
GETAEATRLKRTARRRYTRRKNRLRYLOQET FTGEMNKVDENFFQRLDDSEFLVDEDKRGEHHPTIE
GNIAAEVKYHDDEPTIYHLRRHLADTSKKADLRLVYLALAHMIKFRGHELYEGDLKAENTDVQA
LEKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNTLEGNLIALSLD
LHPNFKTNFQLSEDAKLQFSKDTYEEDLEGEFLGEVGDEYADLFASAKNLYDATILLSGILTVDDN
STKAPLSASMVKRYEEHQKDLKKLKDETIKVNAPDQYNATFKDKNKKGYASYIESGVKQDEFYKY
LKGILLKINGSGDEFLDKIDREDFLRKQRTFDNGITPHQIHLQEMHATTLRROGEHYPFLKENQDK
IEKILTFRIPYYVGPLARKGSREFAWAEYKADEKITPWNEDDILDKEKSAEKEFITRMTLNDLYLP
FEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKEEFDTNMKQET FDHVEKENRKVTKDKLLNY L
NKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSFLDDKANEKTIEDITQTLT LEEDRE
MIRQRLOKYSDIFTKAQLKKLERLHYTGWGRLSYKLINGIRNKENKKTILDYLIDDGYANRNEM
QLINDDALSFKEETIARAQITIDDVDDIANVVHDLPGSPATIKKGILQSVKIVDELVKVMGHNPANTI
ITTEMARENQTTDKGRRNSQQORLKLLODSLKNLDNPVNIKNVENQQLONDRLEFLYYTONGKDMY T
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GETLDINNLSQYDIDHIIPOAEFIKDNSLDNRVLTRSDKNRGKSDDVPS IEVVHEMKS FWSKLLS
VKLITORKEFDNLTKAERGGLTEEDKAGEFIKRQLVETROQITKHVAQILDERENTEFDGNKRRIRN
VKIITLKSNLVSNFRKEFELYKVREINDYHHAHDAYLNAVVGNALLLKYPQLEPEFVYGEYPKY
NSYRSRKSATEKEFLEYSNILREFEFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQOVNIVKKTEER
QTGGEFSKESILPKGESDKLIPRKTKNSYWDPKKYGGEFMQPVVAYSILVEFADVEKGKSKKLRKVQ
DMVGITIMEKKREEKNPVDEFLEQRGYRNVRLEKITKLPKYSLEFELENKRRRLLASAKFLOKGNE
LVIPQREFTTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEYTISVESRKYVLADNNLTKIEMLE
SKNKDAEVSSLAKSEFISLLTEFTAFGAPRAFNFFGENIARKEYRSVTIECLNATLIHQSITGLYET

RIDLSKLGEDGEGADKRTADGSEFESPKKKRKV (SEQ ID NO: 96)

NLS (bold italics)
Linker (bold underlined)

ScoCas9-NGC variants were used to target a genomic locus that was randomly
integrated into the genome of HEK293T cells by lentivirus mediated insertion and tested for

nuclease and base editing activities.

Briefly, HEK293T cells were plated in a 96-well plate. Cells were transfected with
expression vectors containing ScoCas9-NGC variants, and guide RNA sequence
ATCGACAAGAAAGGGACTGA (SEQ ID NO: 97), 24 hours after plating. The ScoCas9
variants recognized an exemplary NGC 3° PAM sequence, AGC. Cells were harvested 72

hours post-transfection and total DNA was extracted.

Deep sequencing was carried out to characterize indel patterns in the HEK293T cells.
Exemplary targets were amplified using a two-round PCR to add Illumina adapters as well as
unique barcodes to the target amplicons. PCR products were run on a 2% gel and gel
extracted. Samples were pooled, quantified and cDINA libraries were prepared and sequenced

on MiSeq. Indel frequency was determined by deep sequencing 4 days after transfection.

The results showed nuclease activity of both ScoCas9-NGC variants. An indel
frequency of between about 20-35% was achieved with ScoCas9-NGC-v1 and ScoCas9-
NGC-v2 (FIG. 11A).

Fusions were constructed of ScoCas9-NGC variants with ABE base editors.



CA 03211495 2023-9-8

WO 2022/204268 PCT/US2022/021523

161

Amino acid sequence of a ScoCas9 variant fused to an adenine base editor (ABE-nScoCas9-
NGC-v1)

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAETMALR
OGGLVMONYRLYDATLYSTFEPCVMCAGAMIHSRIGRVVEGVRNARTGAAGS LMDV LHHPGMNH
RVEITEGILADECAALLCRFEFRMPRRVENAQKKAQSSTDSGGSSGGSSGSETPGTSESATPESS
GGSSGGSGKPYSIGLAIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQS IKKNLLGALLFDSGET
AEATRLKRTARRRYTRRKNRLRYLQETFTGEMNKVDENEFFOQRLDDSFLVDEDKRGEHHPIFGNI

AAEVKYHDDFPTIYHLRRHLADTSKKADLRLVYLALAHMIKFRGHFLYEGDLKAENTDVQALEK
DEVEEYDKTIEESHLSEITVDALSILTERKVSKSSRLENLIAHY PTEKKNTLEGNLIALSLDLHP
NEKTNEFQLSEDAKLQESKDTYEEDLEGELGEVGDEYADLEFASAKNLYDATILLSGILTVDDNSTK
APLSASMVKRYEEHOQKDLKKLKDE IKVNAPDQYNATIFKDKNKKGYASYIESGVKQDEFYKYLKG
ILLKINGSGDEFLDKIDREDELRKORTEDNGSIPHOIHLOEMHATILRROGEHY PELKENQDKIEK
ILTFRIPYYVGPLARKGSREFAWAEYKADEKITPWNEDDILDKEKSAEKFITRMTLNDLYLPEEK
VLPKHSPLYEAFTVYNELTKVKYVNEQGEAKFEFDTNMKQET FDHVFKENRKVTKDKLLNYLNKE
FEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSFLDDKANEKTIEDITQTLTLEFEDREMIR
QRLOKYSDIFTKAQLKKLERRHYTGWGRLSYKLINGIRNKENKKTILDYLIDDGYANRNEMQLT
NDDALSEFKEETARAQITIDDVDDIANVVHDLPGSPATIKKGILQOSVKIVDELVKVMGHNPANIITIR
MARENQTTDKGRRNSQQRLKLLODSLKNLDNPVNIKNVENQOQLONDRLELYYIQNGKDMYTGET
LDINNLSQYDIDHITPQAFIKDNSLDNRVLTRSDKNRGKSDDVPSIEVVHEMKS FWSKLLSVKL
ITOQRKEDNLTKAERGGLTEEDKAGFIKROLVETROITKHVAQILDEREFNTEEFDGNKRRIRNVKI
ITLKSNLVSNEFRKEFELYKVREINDYHHAHDAYLNAVVGNALLLKYPQLEPEFVYGEY PKYNSY
RSRKSATEKFLEYSNILRFFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTEEQTG
GEFSKESILPKGESDKLIPRKTKNS YWDPKKYGGEMQOPVVAYSILVEADVEKGKS KKLRKVQODMV
GITIMEKKRFEKNPVDFLEQRGYRNVRLEKIIKLPKYSLFELENKRRRLLASAKFLOKGNELVI
PORFTTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEYTISVESRKYVLADNNLTKIEMLESKN
KDAEVSSLAKSEFISLLTEFTAFGAPRAFNEFFGENIARKEYRSVIECLNATLIHQSITGLYETRID

LSKLGEDGEGADKRTADGSEFESPKKKRKV (SEQ ID NO: 98)

Amino acid sequence of a ScoCas9 variant fused to an adenine base editor (ABE-nScoCas9-
NGC-v2)

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAETMALR
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OGGLVMONYRLYDATLYSTFEPCVMCAGAMIHSRIGRVVEGVRNARTGAAGS LMDV LHIHPGMNH
RVEITEGILADECAALLCRFFRMPRRVFNAQRKKAQSSTDSGGSSGGSSGSETPGTSESATPESS

GGSSGGSGKPYSIGLATGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQS TKKNLLGALLEFDSGET
AEATRLKRTARRRYTRRKNRLRYLQEIFTGEMNKVDENFFORLDDSFLVDEDKRGEHHPTIEFGNI
AAFEVKYHDDFPTIYHLRRHLADTSKKADLRLVYLALAHMIKFRGHFLYEGDLKAENTDVQALEK
DEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLTIAHYPTEKKNTLEGNLIALSLDLHP
NEKTNEFQLSEDAKLQESKDTYEEDLEGELGEVGDEYADLEFASAKNLYDATLLSGILTVDDNSTK
APLSASMVKRYEEHOKDLKKLKDE IKVNAPDQYNATIFKDKNKKGYASYIESGVKQODEFYKYLKG
ILLKINGSGDFLDKIDREDFLRKQRTEDNGITIPHQIHLQEMHAITRROQGEHY PEFLKENQDKIEK
ILTFRIPYYVGPLARKGSREAWAEYKADEKITPWNEDDILDKEKSAEKEFITRMTLNDLYLPEEK
VLPKHSPLYEAFTVYNELTKVKYVNEQGEAKFEFDTNMKQET FDHVEFKENRKVTKDKLLNYLNKE
FEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSFLDDKANEKTIEDITQTLTLEFEDREMIR
QRLOKYSDIFTKAQLKKLERLHYTGWGRLSYKLINGIRNKENKKTILDYLIDDGYANRNEMQLT
NDDALSEFKEETARAQITIDDVDDIANVVHDLPGSPATKKGILQOSVKIVDELVKVMGHNPANTITITIE
MARENQTTDKGRRNSQORLKLLODSLKNLDNPVNIKNVENQQLONDRLELYYIQNGKDMYTGET
LDINNLSQYDIDHITPQAFIKDNSLDNRVLTRSDKNRGKSDDVPSIEVVHEMKSEFWSKLLSVKL
ITQRKEDNLTKAERGGLTEEDKAGFIKRQLVETROITKHVAQILDEREFNTEEFDGNKRRIRNVKI
ITLKSNLVSNEFRKEFELYKVREINDYHHAHDAYLNAVVGNALLLKYPQLEPEFVYGEY PKYNSY
RSRKSATEKFLEYSNILRFFRKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTEEQTG
GEFSKESILPKGESDKLIPRKTKNS YWDPKKYGGEMQPVVAYSILVEFADVEKGKSKKLRKVQODMV
GITIMEKKRFEKNPVDEFLEQRGYRNVRLEKIIKLPKYSLEFELENKRRRLLASAKEFLOKGNELVI
PORFTTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEYTISVESRKYVLADNNLTKIEMLESKN
KDAEVSSLAKSEFISLLTEFTAFGAPRAENEFGENIARKEYRSVIECLNATLIHQSITGLYETRID
LSKLGEDGEGADKRTADGSEFESPKKKRKV (SEQ ID NO: 99)

Linker (bold underlined)
TadA8 (ABE) (italics)

NLS (bold italics)

Deep sequencing was also carried out to characterize A-to-G conversion in the
HEK293T cells (FIG. 11B). Adenine-to-Guanine (A-to-G) conversions were measured by
NGS 4 days post transfection. The results showed base editing activity by both ABE-

nScoCas9-NGC variants. Both variants showed between about 20-30% A-to-G conversion.
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ScoCas9 that recognized NGG was used as a negative control and showed no base editing.

SpyCas9 was used as a positive control and showed about 40% A-to-G conversion.

Overall, the results showed that ScoCas9 variants engineered (o recognize NGC PAM

sequences could carry out nuclease as well as base editing activities.

EQUIVALENTS AND SCOPE

Those skilled in the art will recognize, or be able to ascertain using no more than
routine experimentation, many equivalents to the specific embodiments of the invention
10 described herein. The scope of the present invention is not intended to be limited to the

above Description, but rather is as set forth in the following claims.

CA 03211495 2023-9-8
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CLAIMS

1. An engineered, non-naturally occurring Cas9 protein modified from Streprococcus
constellatus Cas9, Sharpea Cas9, Veillonella parvula Cas9, Ezakiella peruensis Cas9,
Lactobacillus fermentum strain AF15-40LB CasY, or Peptoniphilus sp. Marseille-P376/
Cas9.

2. The Cas9 protein of claim 1, wherein the Streptococcus constellatus Cas9 has at least

80% sequence identity to

MGKPYSIGLDIGTNSVGWAVVIDDYKVPAKKMKVLGNTDKQOSIKKNLLGALLEDSGETAEAT
RLKRTARRRYTRRKNRLRYLQETITFTGEMNKVDENFEFORLDDSEFLVDEDKRGEHHPIEFGNIAA
EVKYHDDFPTIYHLRRHLADTSKKADLRLVYLALAHMIKFRGHFLYEGDLKAENTDVQALFEFK
DEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNTLEGNLIALSLDL
HPNFKTNFQLSEDAKLQFSKDTYEEDLEGFLGEVGDEYADLFASAKNLYDATLLSGILTVDD
NSTKAPLSASMVKRYEEHOQKDLKKLKDEIKVNAPDQYNATFKDKNKKGYASYIESGVKQDEF
YKYLKGILLKINGSGDFLDKIDREDFLRKQRTEFDNGSIPHQIHLOQEMHATTLRROGEHYPEFLK
ENQDKIEKILTFRIPYYVGPLARKGSRFAWAEYKADEKITPWNEDDILDKEKSAEKETITRMT
INDLYLPEEKVLPKHSPLYEAFTVYNELTRKVKYVNEQGEAKFEFDTNMKOQETIEFDHVEKENRKY
TKDKLLNYLNKEFEEFRIVNLTGLDKENKAENSSLGTYHDLRKILDKS FLDDKANEKTIEDT
TOTLTLFEDREMIROQRLCOKY SDIFTKAQLKKLERRHYTGWGRLSYKLINGIRNKENKKTILD
YLIDDGYANRNFMOLINDDALSEFKEETARAQIIDDVDDIANVVHDLPGSPATKKGILQOSVKI
VDELVKVMGHNPANI ITEMARENQTTDKGRRNSQOQRLKLLODSLKNLDNPVNIKNVENQQLQ
NDRLEFLYYTQONGKDMYTGETLDINNLSQYDIDHITPOQAFTIKDNSLDNRVLTRSDKNRGKSDD
VPSIEVVHEMKSEFWSKLLSVKLITQRKEDNLTKAERGGLTEEDKAGEIKRQLVETRQITKHV
AQILDEREFNTEFDGNKRRIRNVKIITLKSNLVSNEFRKEFELYKVREINDYHHAHDAYLNAVV
GNALLLKYPQLEPEEFVYGEY PKYNSYRSRKSATEKFLEYSNILREFEFKKEDIQTNEDGETIAWN
KEKHIKILRKVLSYPQVNIVKKTEEQTGGESKESILPKGESDKLIPRKTKNSYWDPKKYGGE
DSPVVAYSILVFADVEKGKSKKLRKVODMVGITIMEKKRFEKNPVDFLEQRGYRNVRLEKIT
KLPKYSLFELENKRRRLLASAKELQKGNELVIPQRETTLLYHSYRIEKDYEPEHREYVEKHK
DEFKELLEYISVESRKYVLADNNLTKIEMLESKNKDAEVSSLAKSEFISLLTETAFGAPAAFN

FFGENIDRKRYTSVIECLNATLIHQSITGLYETRIDLSKLGED (SEQ ID NO: 1).

3. The Cas9 protein of claim 1, wherein the Sharpea Cas9 has at least 80% sequence

identity to
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MAKNKDIRYSIGLDIGTNSVGWAVMDEHYELLKKGNHHMWGSRLEDAAEPAATRRASRSIRR
RYNKRRERIRLLRDLLGDMVMEVDPTEFFIRLLNVSELDEEDKOKNLGNDYKDNYNLETEKDFE
NDKTYYDKYPTIYHLRKELCENKEKADPRLIYLALHHIVKYRGNFLKEGQSFAKVYEDIEEK
LDNTLKKFMSLNDLDNLEVDNDINSMITVLSKIYQRSKKADDLLKIMNPTKEERAAYKEEFTK
ALVGLKENVSKMILAQEVKKDDKDIELDESNVDYDSTVDGLOAELGEYTIEFTEMLHSTINSWY
ELODILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNEVEFREDNPKLHNYLGY IKY
PEKNTPVEEFYEYIKRLLAKVDTGEAREILERIDLEKEMLKONSRTNGSIPYOMQOKDEMIQIT
DNQOSVYYPQLKENREKLISILEFRIPYYFGPLNTHSEFAWIKKFEDKQKERILPWNYDQIVD
IDATAEGEFIERMONTGTYEFPDKPVMAKNSLTVSKEFEVLNELNKIRINGKLIPVETKKELLSD
LEMKNKTITDKKLKDWLVTHQYYDTNEELKIEGYQKDLOFSTSLAPWIDETKIFGEINASNY
QLIEKITIYDISTFEDKKILKRRLKKVYQLDDLLVDKILKLNYTGWSRLSEKLLTGIKSKNSK
ETILSITLENSNMNLMEIINDESTLGFKQITEESNKKDIEGPFRYDEVKKLAGSPATKRGIWQA
LILVVQEITKFMKHEPSHIYIEFAREEQEKVRTESRIAKLQKIYKDLNLOTKEDQLVYESLKK
EDAKKKIDTDALYLYYLCOMGKSMYSGKPLDIDKLSTYHIDHILPRSLIKDDSLDNRVLVLPK
ENEWKLDSETVPEFEIRNKMMGEWOKLHENGLMSNKKEESLIRTDENEKDKKREINRQLVETR
QITKNVAVIINDHYTNTNVVIVRAELSHQFRERYKIYKNRDLNDLHHAHDAYTACILGQFIH
ONEGNMDVNMIYGQYKKNYKKDVOEINNYGEILNSMNHIHENDDNSVIWDPSYIGKIKSCEC
YKDVYVTKKLEQNDAKLEDLTILPSDKNSENGVIKAKIPVNKYRKDVNKYGGESGDAPIMLA
TEADKGKKHVRQVIAFPLRLKNYNDEERIKFIEKEKNLKNVKILTEVKKNQLTLINHQYFFT
TGTNELVNATQLKLSAKNTKNLENLVDANKHNKLESTIDDANFNEVIQELICKLOQEPIYSRYN
SIGKEFEDSYEKINAVTKODKLYITEYLTIATMSAKATQGYIKPELAREIGTNGKNKGRIKSE

TIDLNKTTFISTSVTGLFSKKYKL (SEQ ID NO: 4).

4. The Cas9 protein of claim 1, wherein the Veillonella parvula Cas9 has at least 80%

sequence identity to

MSIINFORRGLMETQASNQLISSHLKGYPIKDYEVGLDIGTSSVGWAVTINKAYELTLKERSHK
MWGSRLEDEGESAVARRGEFRSMRRRLERRKLRLKLLEELFADAMAQVDPTEFEMRLRESKYHY
EDKTTGHSSKHILFIDKNYNDODY FKEYPTVYHLRSELMKSGTDDIRKLEFLAVHHTILKYRGN
FLYEGATEFDSNASTLDDVIKQALENITENCEDCNSATISSIGQILMEAGKTKSDKAKATEHLV
DTYIATDTVDTSSKTQKDOVKEDKKRLKAFANLVLGLNASLIDLEGSVEELEEDLKKLOITG
DTYDDKRDELAKAWSDEIYIIDDCKSVYDAITILLSIKEPGLTISESKVKAENKHKDDLATILK
SLLKSDRSIYNTMEKVDEKGLHNYVHY IKQOGRTEETSCNREDEYKYTKKIVEGLSDSKDKEY
ILSQIELQILLPLOQRIKDNGVIPYQLHLEELKATILAKCGPKEFPEFLNEVADGESVAEKLIKML
EFRIPYYVGPLNTHHNVDNGGFAWAVRKASGRVT PWNEDDKIDREKSAAAFTKNLTNKCTYL
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LGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAVEFKODHKKMTKNRIEQEFLK
DNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGFDRSMAEEITITDITIFGESKKMLRE
TLRKKFASCLDDEATKKLTKLRYRDWGRLSQKLLNGIEGCDKAGDGTPETIIILMRNESYNL
MELLGDKESFMERIQEINAKLTEGQIVNPHDIIDDLALS PAVKRAVWOALRIVDEVAHTIKKA
LPARIFVEVTRSNKNEKKKKDSROQKRLSDLYAATKKDDVLLNGLNNEIFGELKSSLAKYDDA
ALRSKKLYLYYTOMGRCAYTGEITELSLLNTDNYDIDHIYPRSLTKDDSEFDNLVLCKRTANA
QKSDAYPISEEIQKTQOQKPEWTFLKQOGLISERKYERLTRITPLTADDLSGEIARQLVETNQS
VKAATTLLRRLYPGVDVVEVKAENVTDEFRHDNNEIKVRS LNHHHHAKDAYLNIVVGNVYHER
FTRNFRAFFKKNGANRTYNLAKMENY DVNCTNAKDGKAWDVKT SMDTVKKMMDSNDVRVTKR
LLEQTGALADATIYKATVAGKAKDGAY IGMKTKSSVEFADVSKYGGMTKIKNAYSTIIVQYTGK
KGEVIKEIVPLPIYLTNRNTTDODLINYVASTITPOQAKDISTITIYGKLCINQLVKVNGEYYYLG
GKTNSKEFCIDNATQVIVSNEWIPYLKVLEKFNNMRKDNKDLKANVVSTRALDNKHTIEVRIV
EEKNIEFFDYLVSKLKMPIYQKMKGNKAAELSEKGYGLFKKMSLEEQSTHLIELLNLLTNQK

TTFEVKPLGITASRSTVGSKISNQDEFKVINESITGLYSNEVTIV (SEQ ID NO: 8).

5. The Cas9 protein of claim 1, wherein the kzakiella peruensis Cas? has at least 80%

sequence identity to

MTKVKDYYIGLDIGTSSVGWAVIDEAYNVLKENS KKMWGVRLEDDAKTAEERRGORGARRRL
DRKKERLSLLQDFFAEEVAKVDPNEEFLRLDNSDLYMEDKDOKLKSKYTLENDKD FKDKNEFHK
KYPTIHHLLMDLIEDDSKKDIRLVYLACHYLLKNRGHFIFEGOQKEFDTKSSEFENSLNELKVHL
NDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKEFLKAVSAIMIGSSOKLVDLEE
NPEDEFDDSAIKSVDEFSTTSEDDKYSDYELALGDKIALVNILKEIYDSSILENLLKEADKSKD
GNKYISNAEFVKKYNKHGODLKEFKRLVRQYHKSAYEDIFRSEKVNDNYVSYTKSSISNNKRV
KANKFTDOEAFYKFAKKHLETIKYKINKVNGSKADLELIDGMLRDMEFKNEMPKIKSSDNGV
TPYQLKIMELNKILENQSKHHEFLNVSDEYGSVCDKIASTIMEFRIPYYVGPLNPNSKYAWIK
KOKDSEITPWNFKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKASLLYNEYMVLNELNNLK
INDLPITEEMKKKIFDOLEFKTRKKVI LKAVANLLKKEFNINGEILLSGTDGDEFKQGLNSYND
FRKATVGDKVDSDDYRDKIEETITKLIVLYGDDKSYLOKKIKAGYGKYFTDSETKKMAGLNYKD
WGRLSKKLLTGLEGANKITGERGSITHFMREYNLNLMELMSASEFTEFTEEIQKLNPVDDRKLS
YEMVDELYLSPSVKRMLWQSLRIVDEIKNIMGTDSKKIFIEMARGKEEVKARKE SRKNQLLK
FYKDGKKAFTISEIGEERYSYLLSEIEGEEENKFRWDNLY LYYTQLGRCMYSLEPIDISELSS
KNIYDQDHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDEILNKNCYAYWKILYDKGLI
GOKKYTRLTRRIGEFTDDELVQFISRQIVETROQATKETANLLKTICKNSEIVYSKAENASRER
QEFDIVKCRAVNDLHHMHDAYINIIVGNVYNTKEFTKDPMNEVKKQEKARSYNLENMEKY DVK
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RGGYTAWIADDEKGTVKNAS IKRIRKELEGTNYREFTRMNY ITESGALENATLORKNKGSRPLK
DKGPKSSIEKYGGYTNINKACFAVLDIKSKNKIERKLMPVEREIYAKQKNDKKLSDEIESKY
LKDREGIEDYRVVYPVVKMRTLLKIDGSYYFITGGSDKTLELRSALQLILPKKNEWATIKQID
KSSENDYLTIERIQODLTEELVYNTEFDIIVNKFKTSVEKKSEFLNLEFODDKIENIDEFKEKSMDE
KEKCKTLIMLVKATRASGVRODLKSIDLKSDYGRLSSKTNNIGNYQEFKIINQSITGLEFENE

VDLLKL (SEQ ID NO: 14).

6. ‘The CasY protein of claim 1, wherein the Lactobacillus fermentum strain AL'15-40LB

Cas9 has at least 80% sequence identity to

MKEYHIGLDIGTSSIGWAVTDSQEFKLMRIKGKTAIGVRLEFEEGKTAAERRTERTTRRRLKRR
KWRLHYLDEIFAPHLQEVDENFLRRLKQSNIHPEDPAKNQAFIGKLLEPDLLKKNERGYPTL
IKMRDELPVEQRAHY PVTNIYKLREAMINEDRQFDLREVYLAVHHIVKYRGHEFLNNASVDKE
KVGRIDEDKSENVLNEAYEELONGEGSEFTIEPSKVEKIGQLLLDTKMRKLDROKAVAKLLEV
KVADKEETKRNKOQIATAMSKILVLGYKADFATVAMANGNEWKIDLSSETSEDEIEKFREELSD
AQONDILTEITSLESQIMLNEIVENGMSISESMMDRYWTHERQLAEVKEYLATQPASARKEED
QVYNKYIGOAPKEKGEFDLEKGLKKILSKKENWKEIDELLKAGDFLPKQRTSANGVIPHOMHQ
QELDRITEKQAKYYPWLATENPATGERDRHQAKYELDQLVSFRIPYYVGPLVTPEVQOKATSG
AKFAWAKRKEDGEITPWNLWDKIDRAESAEAFTIKRMTVKDTYLLNEDVLPANSLLYQKYNVL
NELNNVRVNGRRLSVGIKOQDIYTELEFKKKKTVKAGDVAS LVMAKTRGVNKPSVEGLSDPKKE
NSNLATYLDLKSIVGDKVDDNRYOQMDLENI IEWRSVEFEDGEIFADKLTEVEWLT DEQRSALV
KKRYKGWGRLSKKLLTGIVDENGORIIDLIMWNTDONEMOIVNQPVEKEQIDOLNOKATITNDG
MTLRERVESVLDDAYTSPONKKATIWQOVVRVVEDIVKAVGNAPKSISTIEFARNEGNKGEITRS
RRTOLOKLEFEDQAHELVKDT SLTEELEKAPDLSDRYYEYFTQOGGKDMYTGDPINFDEISTKY
DIDHILPQSEVKDDSLDNRVLVSRAENNKKSDRVPAKLYAAKMKPYWNQLLKQOGLITORKEE
NLTMDVDQTIKYRSLGEVKRQLVETRQVIKLTANILGSMYQEAGTDIIETRAGLTKQLREEF
DLPKVREVNDYHHAVDAYLTTFAGOYLNRRYPKLRSEFEFVYGEYMKEFKHGSDLKLRNENE'FHE
IMEGDKSQGKVVDQOTGELITTRDEVADY EFDWVINLKVMLISNETYEETGKYEFDASHESSSL
YLKNONKKSKLVVPLKNKLOPEYYGAYTGITOGYMVILKLLDKKGGEFGVYRIPRYAADTLNK
CHDEVAYRNKIAEITISSDPRAPKSFEVVVPRVLKGTELVDGEEKEFILSSYRYKVNATQLILP
VSDIKLIQODNFKALKKLNVEMQTKKLIETIYDNILRQVDKYYKLYDINKFRAKLHDGRSKEVE
LDDEGQODASKEKVIIKILRGLHEFGSDLONLKEIGEGTTPLGQEQVSEAGIRLSNTAEFTTEFKS

PTGLFNRKLYLKNL (SEQ ID NO: 84).
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7. The Cas9 protein of claim 1, wherein the Peploniphilus sp. Marseille-P3761 Cas9 has

at least 80% sequence identity to

MEKKTNYTIGLDIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY IKKNLWGSLLFESGQTAK
DRRLKRVARRRYERRRNRLTELQKIFAPAIDEVDENEFFEFRLNESEFLVPEDKAFSKNPIEFGTL
GEDKTYYKTYPTIYHLRCQHLADSEEKADVRLIYLALAHMIKYRGHFLIEGKLDTEHIAINEN
LEQFFESYNALFSEEPIELRKEELIAIENILREKNSRTIVKEKRITSFLKDIGRANKQS PMMA
FITLIVGKKAKFKAAFNLEEEISLNLTDDSYDENLEILLNTIGSDFADLFDHAQRVYNAVEL
AGILSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSEFIKANLPDQYDMT FVAPKDAQKKDLKG
YAGYIDGNMSQDSFEFYKFVKDOQLKEVPGSEKFLDSIEKEDFLRKQRSFYNGVIPNQVHLAEME
ATLDRQENYYPWLKENREKIISLLTFRIPYYVGPLADGQSEFAWLERKSDEKIKPWNESDVV
DLDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYQKYMVENELTKIAYLDERQKRMNLSSVEK
KEIFETLFKKRSKVTEKQLVKFEFENYLQIDNPTIFGILEDAEFNADYSTYVELAKVPGMKSMMD
DPDNEDIMEEIVKILTVFEDRKMRRKOLEKYKERLSPEQIKELAKKHYTGWGRLSKKLLVGI
RDKETQKTILDYLVEDDNHSGGROQHLNRNLMQLINDDRLSFKKTIAELOMIDPSADLYAQVQ
EIAGSPAIKKGILLGLKIVDEIIRVMGEKPENIVIEMARENQTTARGKALSKRREAKIKEGL
AALGSSLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPLDFDRLSQYDEDHITI PQSEFTVDN
SLDNLVLTNSSQONRGNKKDDVPSLEVVNRQLAYWRSLKDAGLMTQRKEDNLTKAMRGGLTDK
DRERFIQROLVETROQITKNVAKLLDMRLNDKKDEAGNKIRETNIVLLKSAMASEFRKMERLY
KVRELNDYHHAHDAYLNAATAINLLALYPYMADDEVYGEFRYKKKPQAEKATYEKLRQWNLI
KRFGEKQLFTPDHEDCWNKERDIKTIKKVMGYRQVNVVKKAEERTGMLEFKETINGKTNKGSR
IPIKKDLDPSKYGGYIEERMAYYAVISYEDKKKKPGKTIVGISIMDKKEFEYDSISYLGKLG
FSNPVVQITILKNYSLIAYPDGRRRYITGATKTTKGKVELQKANQIAMEQDLVNEIYHLKNYD
EISHPESYAFVQSHTDYFDRLFDSIEHYTRRFLDAETNINRLRRIYEEEKKKDPVDIEALVA
SFIELLKLTSAGAPADFIFMGEATISRRRYNSMTGLEDGQVIYQSLTGLYETRMRFED (SEQ
ID NO: 86).

8. The Cas9 protein of any one of claims 2-7 comprising an amino acid sequence that is
at least 85%, at least 90%, at least 92%, at least 95%, at least 96%, at least 97%, at least 98%,
or at least 99% identical to SEQ ID NOs: 1, 4, 8, 14, 84 or 86.

. The Cas9 protein of any one of the preceding claims, further comprising a nuclear
localization sequence (NLS) and/or a FLAG, HIS or HA tag.
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10. The Cas9 protein of claim 9, wherein the Streptococcus constellatus Cas9 has an

amino acid sequence at least 80% identical to

MPKKKRKVGGKPYSIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKOSIKKNLLGALLED
SGETAEATRLKRTARRRYTRRKNRLRYLOQETFTGEMNKVDENEFQRLDDSEFLVDEDKRGEHH
PIFGNIAAEVKYHDDEFPTIYHLRRHLADTSKKADLRLVYLALAHMIKFRGHFLYEGDLKAEN
TDVOALFKDEFVEEYDKTIEESHLSEITVDALSILTERKVSKSSRLENLIAHYPTEKKNTLEGN
LIALSLDLHPNFKTNEFQLSEDAKLOQFSKDTYEEDLEGFLGEVGDEYADLFASAKNLYDATLL
SGILTVDDNSTKAPLSASMVKRYEEHQKDLKKLKDEIKVNAPDOQYNAIFKDKNKKGYASYIE
SGVKODEFYKYLKGILLKINGSGDEFLDKIDREDFLRKORTEFDNGSIPHOIHLOEMHATLRRQ
GEHYPFLKENQDKIEKILTFRIPYYVGPLARKGSREFAWAEYKADEKITPWNEDDITLDKEKSA
EKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKEFEDTNMKQET F'DH
VEKENRKVTKDKLLNYLNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSELDDKA
NEKTIEDITIQTLTLFEDREMIRQRLOKYSDIFTKAQLKKLERRHYTGWGRLSYKLINGIRNK
ENKKTILDYLIDDGYANRNEFMOQLINDDALSEFKEETARAQITIDDVDDIANVVHDLPGSPAIKK
GILOSVKIVDELVKVMGHNPANITITEMARENQTTDKGRRNSQORLKLLODSLKNLDNPVNIK
NVENQOLONDRLEFLYYTONGKDMYTGETLDINNLSQYDIDHITPOAFTIKDNSLDNRVLTRSD
KNRGKSDDVPSIEVVHEMKS FWSKLLSVKLITQRKEDNLTKAERGGLTEEDKAGFIKRQOLVE
TROITKHVAQILDEREFNTEFDGNKRRIRNVKIITLKSNLVSNERKEFELYKVREINDYHHAH
DAYLNAVVGNALLLKYPQLEPEEFVYGEYPKYNSYRSRKSATEKELEYSNILREFKKEDI QTN
EDGEIAWNKEKHIKILRKVLSY POQVNIVKKTEEQTGGEFSKESILPKGESDKLIPRKTKNS YW
DPKKYGGFDSPVVAY STLVFADVEKGKSKKLRKVOQDMVGITIMEKKREFEKNPVDEFLEQRGYR
NVRLEKITIKLPKYSLEFELENKRRRLLASAKELQKGNELVIPORFTTLLYHSYRIEKDYEPEH
REYVEKHKDEFKELLEYISVESRKYVLADNNLTKIEMLESKNKDAEVSSLAKSEFISLLTETA
FGAPAAFNFFGENIDRKRYTSVTECLNATLTHQSTITGLYETRIDLSKLGEDGKRPAATKKAG

QAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 2).

10b. The Cas9 protein of claim 9, wherein the Streptococcus constellatus Cas9 has an amino

acid sequence at least 80% identical to

MPKKKRKVGMGKPYSIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQSTKKNLLGALLF
DSGETAEATRLKRTARRRYTRRKNRLRYLOETIFTGEMNKVDENEFFQRLDDSEFLVDEDKRGEH
HPIFGNIAAEVKYHDDEFPTIYHLRRHLADTSKKADLRLVYLALAHMIKEFRGHELYRGDLKAR
NTDVQALFKDEFVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNTLEG
NLTALSLDLEHPNFKTNEFQLSEDAKLQFSKDTYEEDLEGFLGEVGDEYADLEFASAKNLYDATTL
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LSGILTVDDNSTKAPLSASMVKRYEEHQKDLKKLKDEFIKVNAPDQYNAT FKDKNKKGYASYT
ESGVKQDEFYKYLKGILLKINGSGDFLDKIDREDFLRKQRTFDNGSIPHQIHLQEMHAILRR
QGEHYPFLKENQDKIEKILTFRIPYYVGPLARKGSRFAWAEYKADEKIT PWNFDDILDKEKS
AEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKFFDTNMKQEI FD
HVFKENRKVTKDKLLNYLNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKILDKSFLDDK
ANEKTIEDIIQILTLFEDREMIRQRLOKYSDIFTKAQLKKLERRHYTGWGRLSYKLINGIRN
KENKKTILDYLIDDGYANRNEFMQLINDDALSFKEEIARAQIIDDVDDIANVVHDLPGSPAIK
KGILQSVKIVDELVKVMGHNPANI I IEMARENQTTDKGRRNSQORLKLLODSLKNLDNPVN I
KNVENOQLONDRLFLYYIONGKDMYTGETLDINNLSOYDIDHI I PQAFIKDNSLDNRVLTRS
DKNRGKSDDVPSIEVVHEMKS FWSKLLSVKLITQRKFDNLTKAERGGLTEEDKAGFIKRQLV
ETRQITKHVAQOILDERENTEFDGNKRRIRNVKI ITLKSNLVSNFRKEFELYKVREINDYHHA
HDAYLNAVVGNALLLKYPQLEPEFVYGEYPKYNSYRSRKSATEKFLFYSNILRFFKKEDT QT
NEDGE IAWNKEKHIKILRKVLSYPQVNIVKKTEEQTGGFSKESILPKGESDKLI PRKTKNSY
WDPKKYGGEFMQPVVAYSILVFADVEKGKSKKLRKVQDMVGITIMEKKRFEKNPVDFLEQRGY
RNVRLEKIIKLPKYSLFELENKRRRLLASAKFLQKGNELVIPQRFTTLLYHSYRIEKDYEPE
HREYVEKHKDEFKELLEYISVFSRKYVLADNNLTKIEMLFSKNKDAEVS SLAKS FISLLTET
AFGAPRAFNFFGENIARKEYRSVTECLNATLIHQSITGLYETRIDLSKLGEDGEGADKRTAD
GSEFESPKKKRKV (SEQ ID NO: 95).

10c. The Cas9 protein of claim 9, wherein the Streptococcus constellatus Cas9 has an amino

acid sequence at least 80% identical to

MPKKKRKVGMGKPYSIGLDIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQSTKKNLLGALLE
DSGETAEATRLKRTARRRYTRRKNRLRYLOETFTGEMNKVDENEFEFQRLDDSELVDEDKRGEH
HPIFGNIAAEVKYHDDEFPTIYHLRRHLADTSKKADLRLVYLALAHMIKEFRGHELYEGDLKAE
NTDVQALFKDFVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHYPTEKKNTLEG
NLIALSLDLHPNEFKTNEFQOLSEDAKLOFSKDTYEEDLEGFLGEVGDEYADLEFASAKNLYDATL
LSGILTVDDNSTKAPLSASMVKRYEEHQKDLKKLKDEIKVNAPDQYNATEFKDKNKKGYASYT
ESGVKODEFYKYLKGILLKINGSGDFLDKIDREDFLRKORTEFDNGITPHQTHLOQEMHATLRR
QGEHYPEFLKENQDKIEKILTFRIPYYVGPLARKGSREFAWAEYKADEKITPWNEDDILDKEKS
AEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKFEFDTNMKQETIFD
HVEKENRKVTKDKLLNY LNKEFEEFRIVNLTGLDKENKAENSSLGTYHDLRKILDKSELDDK
ANEKTIEDIIQTLTLEFEDREMIRQRLOKYSDIFTKAQLKKLERLHYTGWGRLSYKLINGIRN
KENKKTILDYLIDDGYANRNEFMOQLINDDALSEFKEEIARAQITIDDVDDIANVVHDLPGSPAIK
KGILOSVKIVDELVKVMGHNPANIITIEMARENQTTDKGRRNSQORLKLLODSLKNLDNPVNT
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KNVENQOLONDRLELYYIONGKDMYTGETLDINNLSQYDIDHITIPQAFIKDNSLDNRVLTRS
DKNRGKSDDVPSIEVVHEMKSEFWSKLLSVKLITQRKEDNLTKAERGGLTEEDKAGEIKRQLV
ETROQITKHVAQILDERFNTEEFDGNKRRIRNVKIITLKSNLVSNFRKEFELYKVREINDYHHA
HDAYLNAVVGNALLLKYPQLEPEFVYGEYPKYNSYRSRKSATEKFLEYSNILREFKKEDIQT
NEDGETAWNKEKHIKILRKVLSYPQVNIVKKTEEQTGGFSKESILPKGESDKLI PRKTKNSY
WDPKKYGGEMQOPVVAYSILVEFADVEKGKSKKLRKVODMVGITIMEKKRFEKNPVDELEQRGY
RNVRLEKITKLPKYSLEFELENKRRRLLASAKFLOKGNELVIPQREFTTLLYHSYRIEKDYEPE
HREYVEKHKDEFKELLEYISVESRKYVLADNNLTKIEMLESKNKDAEVSSLAKSFISLLTET
AFGAPRAFNEFIFGENTIARKEYRSVIECLNATLIHOQSITGLYETRIDLSKLGEDGEGADKRTAD

GSEFESPKKKRKV (SEQ ID NO: 96).

11. The Cas9 protein of claim 9, wherein the Sharpea Cas9 has an amino acid sequence at

least 80% identical to

MPKKKRKVGAKNKDIRYSIGLDIGTNSVGWAVMDEHYELLKKGNHHMWGSRLEDAAEPAATR
RASRSIRRRYNKRRERIRLLRDLLGDMVMEVDPTEFEIRLLNVSELDEEDKOKNLGNDYKDNY
NLEIEKDENDKTYYDKYPTIYHLRKELCENKEKADPRLIYLALHHIVKYRGNFLKEGQSFAK
VYEDIEEKLDNTLKKEFMSLNDLDNLEVDNDINSMITVLSKIYQRSKKADDLLKIMNPTKEER
AAYKEFTKALVGLKENVSKMILAQEVKKDDKDIELDESNVDYDSTVDGLQAELGEYIEEFTEM
LHSINSWVELQDILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNEVEREDNPKLH
NYLGYIKYPKNTPVEEFYEY IKRLLAKVDTGEAREILERIDLEKEFMLKONSRTNGSIPYQMQ
KDEMIQIIDNQOSVYYPOLKENREKLISILEFRIPYYEFGPLNTHSEFAWIKKEFEDKOKERILP
WNYDQIVDIDATAEGEFIERMONTGTY FPDKPVMAKNSLTVSKEFEVLNELNKIRINGKLIPVE
TKKELLSDLFMKNKT ITDKKLKDWLVTHQYYDTNEELKIEGYQKDLOESTSLAPWIDETKIFE
GEINASNYQLIEKITIYDISIFEDKKILKRRLKKVYQLDDLLVDKILKLNYTGWSRLSEKLLT
GIKSKNSKETILSILENSNMNLMEITINDESLGFKQITEESNKKDIEGPFRYDEVKKLAGSPA
IKRGIWQALLVVQOEITKEFMKHEPSHIYIEFAREEQEKVRTESRIAKLOKIYKDLNLQOTKEDQ
LVYESLKKEDAKKKIDTDALYLYYLOMGKSMYSGKPLDIDKLSTYHIDHILPRSLIKDDSLD
NRVLVLPKENEWKLDSETVPFETIRNKMMGEWOKLHENGLMSNKKEESLTIRTDENEKDKKRET
NROLVETROIIKNVAVIINDHYTNTNVVIVRAELSHQFRERYKIYKNRDLNDLHHAHDAYTA
CILGQFIHONEFGNMDVNMIYGQOYKKNYKKDVQEHNNYGEFILNSMNHIHEFNDDNSVIWDPSYTI
GKIKSCECYKDVYVTKKLEQNDAKLEDLTILPSDKNSENGVIKAKIPVNKYRKDVNKYGGE'S
GDAPIMLATEADKGKKHVRQVIAFPLRLKNYNDEERIKEIEKEKNLKNVKILTEVKKNQLIL
INHOQYFFITGTNELVNATQLKLSAKNTKNLENLVDANKHNKLESIDDANEFNEVIQELICKLQ
EPTYSRYNSIGKEFEDSYEKINAVIKODKLYITEYLTAIMSAKATOGYIKPELAREIGTNGK
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NKGRIKSFTIDLNKTTFISTSVIGLFSKKYKLGKRPAATKKAGQAKKKKGSYPYDVPDYAYP
YDVPDYAYPYDVPDYA (SEQ ID NO: 5).

12. The Cas9 protein of claim 9, wherein the Veillonella parvula Cas9 has an amino acid

sequence at least 80% identical to

MPKKKRKVGSIINFOQRRGLMETQASNQLISSHLKGYPIKDYEVGLDIGTSSVGWAVINKAYE
LLKERSHKMWGSRLEDEGESAVARRGFRSMRRRLERRKLRLKLLEELEFADAMAQVDPTEEFMR
LRESKYHYEDKTTGHSSKHILFIDKNYNDQDYFKEYPTVYHLRSELMKSGTDDIRKLEFLAVH
HILKYRGNFLYEGATFDSNASTLDDVIKQALENITENCEDCNSATISSIGQILMEAGKTKSDK
AKATEHLVDTYIATDTVDTSSKTQKDOVKEDKKRLKAFANLVLGLNASLIDLEGSVEELEED
LKKLQITGDTYDDKRDELAKAWSDEIYIIDDCKSVYDAITILLSIKEPGLTISESKVKAEFNKH
KDDLAITLKSLLKSDRSIYNTMEKVDEKGLHNYVHYTIKQGRTEET SCNREDEYKYTKKIVEGL
SDSKDKEYILSQIELQILLPLORIKDNGVIPYQLHLEELKATILAKCGPKEFPEFLNEVADGESV
AEKLIKMLEFRIPYYVGPLNTHHNVDNGGEFAWAVRKASGRVT PWNEDDKIDREKSAAAETKN
LTNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLI EAVEKQDHKKMTK
NRIEQFLKDNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGEDRSMAEEIITDITIFEG
ESKKMLRETLRKKFASCLDDEATKKLTKLRYRDWGRLSQKLLNGIEGCDKAGDGTPETIIIL
MRNESYNIMELLGDKESEFMERIQEINAKLTEGQIVNPHDITIDDLALSPAVKRAVWOQATLRIVD
EVAHIKKALPARIFVEVTRSNKNEKKKKDSROQKRLSDLYAATKKDDVLLNGLNNETIFGELKS
SLAKYDDAATLRSKKLYLYYTQOMGRCAYTGEITELSLLNTDNYDIDHIYPRSLTKDDSEDNLV
LCKRTANAQKSDAYPISEEIQOKTOKPEFWIT FLKQOQGLISERKYERLTRITPLTADDLSGEIAR
QLVETNQSVKAATTLLRRLY PGVDVVEVKAENVTDERHDNNEFIKVRSLNHHHHAKDAYLNIV
VGNVYHERFTRNEFRAFEFKKNGANRTYNLAKMENY DVNCTNAKDGKAWDVKT SMDTVKKMMDS
NDVRVTKRLLEQTGALADATIYKATVAGKAKDGAYIGMKTKSSVEADVSKYGGMTKIKNAYS
ITVOYTGKKGEVIKEIVPLPIYLTNRNTTDODLINYVASIIPQAKDISITIYGKLCINQLVKV
NGEYYYLGGKTNSKECIDNAIQVIVSNEWIPYLKVLEKENNMRKDNKDLKANVVSTRALDNK
HTIEVRIVEEKNIEFEFDYLVSKLKMPIYQKMKGNKAAELSEKGYGLEFKKMSLEEQSTHLIEL
INLLTNOKTTFEVKPLGITASRSTVGSKISNQODEFKVINESTTGLYSNEVTIVGKRPAATKK

AGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 9).

13. The Cas9 protein of claim 9, wherein the Ezakiella peruensis Cas9 has an amino acid

sequence at least 80% identical to

MPKKKRKVGTKVKDYYIGLDIGTSSVGWAVTDEAYNVLKENSKKMWGVRLEDDAKTAEERRG
QRGARRRLDRKKERLSLLODEFFAEEVAKVDPNEFLRLDNSDLYMEDKDQKLKSKYTLENDKD
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FKDKNFHKKYPTIHHLLMDLIEDDSKKDIRLVYLACHYLLKNRGHEFIFEGQKEFDTKSSEFENS
LNELKVHLNDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKFLKAVSAIMIGSS
QKLVDLFENPEDFDDSAIKSVDFSTTSFDDKYSDYELALGDKIALVNILKEIYDSSILENLL
KEADKSKDGNKY ISNAFVKKYNKHGODLKEFKRLVROYHKSAYFDIFRSEKVNDNYVSYTKS
STISNNKRVKANKFTDQEAFYKFAKKHLETIKYKINKVNGSKADLELTIDGMLRDMEFKNEMPK
IKSSDNGVIPYQLKLMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMEFRIPYYVGPLNP
NSKYAWIKKQKDSEITPWNEKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKASLLYNEYMV
LNELNNLKLNDLPITEEMKKKIFDQLFKTRKKVTILKAVANLLKKEFNINGEILLSGTDGDFK
QGLNSYNDEFKAIVGDKVDSDDYRDKIEEITKLIVLYGDDKSYLOQKKIKAGYGKY FTDSEIKK
MAGLNYKDWGRLSKKLLTGLEGANKITGERGSITITHFMREYNLNLMELMSASEFTFTEEIQKLN
PVDDRKLSYEMVDELYLSPSVKRMLWQSLRIVDEIKNIMGTDSKKIFIEMARGKEEVKARKE
SRKNQLLKEFYKDGKKAFISEIGEERYSYLLSEIEGEEENKFRWDNLYLYYTQLGRCMYSLEP
IDISELSSKNIYDQDHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDEILNKNCYAYWK
ILYDKGLIGQKKYTRLTRRTGFTDDELVQEFISRQIVETRQATKETANLLKTICKNSEIVYSK
AENASREFRQEFDIVKCRAVNDLHHMHDAYINIIVGNVYNTKETKDPMNEVKKQEKARSYNLE
NMEFKYDVKRGGYTAWIADDEKGTVKNASIKRIRKELEGTNYREFTRMNYIESGALFNATLQRK
NKGSRPLKDKGPKSS IEKYGGYTNINKACFAVLDIKSKNKIERKLMPVERE I YAKQKNDKKL
SDEIFSKYLKDREFGIEDYRVVYPVVKMRTLLKIDGSYYFITGGSDKTLELRSALQLILPKKN
EWATKQIDKSSENDYLTIERIQDLTEELVYNTFDITIVNKEFKTSVEFKKSFLNLEFQDDKIENTID
FKEFKSMDFKEKCKTLLMLVKATRASGVRODLKSIDLKSDYGRLSSKTNNIGNYQEFKIINQS
ITGLFENEVDLLKLGKRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA
(SEQ ID NO: 15) (D12A mutant in bold).

14. The Cas9 protein of claim 9, wherein the Lactobacillus fermentum strain AF15-401.B

Cas9 has an amino acid sequence at least 80% identical to

MPKKKRKVGKEYHIGLDIGTSSIGWAVTDSQFKLMRIKGKTAIGVRLEFEEGKTAAERRT FRT
TRRRLKRRKWRLHYLDETFAPHLQEVDENEFLRRLKOQSNIHPEDPAKNQAFIGKLLEPDLLKK
NERGYPTLIKMRDELPVEQRAHYPVTNIYKLREAMINEDRQEFDLREVYLAVHHIVKYRGHEL
NNASVDKEKVGRIDEDKSENVLNEAYEELONGEGSETIEPSKVEKIGOLLLDTKMRKLDRQK
AVAKLLEVKVADKEETKRNKQIATAMSKILVLGYKADFATVAMANGNEWKIDLSSETSEDETE
KEFREELSDAONDITLTEITSLESQIMLNEIVPNGMSISESMMDRYWIHERQLAEVKEYLATQP
ASARKEFDOQVYNKYIGQAPKEKGEFDLEKGLKKILSKKENWKEIDELLKAGDELPKQRTSANG
VIPHOMHOQOELDRITEKQAKYYPWLATENPATGERDRHQAKYELDQLVSEFRIPYYVGPLVTPE
EVOKATSGAKEFAWAKRKEDGEITPWNLWDKIDRAESAEAFIKRMTVKDTY LLNEDVLPANSL
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LYOKYNVLNELNNVRVNGRRLSVGIKQDIYTELFKKKKTVKAGDVASLVMAKTRGVNKPSVE
GLSDPKKFNSNLATYLDLKS IVGDKVDDNRYOQMDLENITIEWRSVFEDGEIFADKLTEVEWLT
DEQRSALVKKRYKGWGRLSKKLLTGIVDENGQRIIDIMWNTDONFMQIVNQPVEFKEQIDQLN
QKAITNDGMT LRERVESVLDDAYTSPONKKAIWQVVRVVEDIVKAVGNAPKSISIEFARNEG
NKGEITRSRRTQLOKLFEDQAHELVKDTSLTEELEKAPDLSDRYYFEFYFTQGGKDMYTGDPIN
FDEISTKYDIDHILPQSEVKDDSLDNRVLVSRAENNKKS DRVPAKLYAAKRMKPYWNQLLKQG
LITORKFENLTMDVDQTIKYRSLGEFVKRQLVETROVIKLTANILGSMYQEAGTDIIETRAGL
TKOLREEFDLPKVREVNDYHHAVDAYLTTFAGQYLNRRYPKLRSFEVYGEYMKEFKHGSDLKL
RNENFFHELMEGDKSQGKVVDQOQTGELITTRDEVADYFDWVINLKVMLISNETYEETGKYFED
ASHESSSLYLKNONKKSKLVVPLKNKLOQPEYYGAYTGITQGYMVILKLLDKKGGFGVYRIPR
YAADILNKCHDEVAYRNKIAETIISSDPRAPKSFEVVVPRVLKGTFLVDGEEKFILSSYRYKV
NATQLILPVSDIKLIQDNFKALKKLNVEMOQTKKLIETIYDNILRQVDKYYKLYDINKFRAKLH
DGRSKEVELDDEFGQODASKEKVIIKILRGLHEFGSDLONLKEIGEGTTPLGQFOVSEAGIRLSN
TAFIIFKSPTGLFNRKLYLKNLGKRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPY
DVEDYZ (SEQ ID NO: 85).

15. The Cas9 protein of claim 9, wherein the Peproniphilus sp. Marseille-P3761 Cas9

has an amino acid sequence at least 80% identical to

MPKKKRKVGEKKTNYTIGLDIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY IKKNLWGSLL
FESGQTAKDRRLKRVARRRYERRRNRLTELQKIFAPAIDEVDENEFFFRLNESEFLVPEDKAE'S
KNPIFGTLGEDKTYYKTYPTIYHLROHLADSEEKADVRLIYLALAHMIKYRGHEFLIEGKLDT
EHTAINENLEQFFESYNALFSEEPIELRKEELIATENILREKNSRTVKEKRITSFLKDIGRA
NKOSPMMAFITLIVGKKAKFKAAFNLEEETISLNLTDDSYDENLEILLNTIGSDEADLEDHAQ
RVYNAVELAGILSGDVKNTHAKLSAQMVAMYERHKEQLKEYKSEFIKANLPDQYDMTEVAPKD
AQKKDLKGYAGYIDGNMSQODSEFYKEVKDOQLKEVEPGSEKFLDSIEKEDFLRKQRS FYNGVIPN
OVHLAEMEATLDRQENYYPWLKENREKIISLLTEFRIPYYVGPLADGOSEFAWLERKSDEKIK
PWNESDVVDLDRSAEKFIEQLIGRDTYLPDEYVLPKKSLIYQKYMVENELTKIAYLDERQKR
MNLSSVEKKETFETLFKKRSKVTEKQLVKEFENYLOIDNPTTFGIEDAFNADYSTYVELAKV
PCGMKSMMDDPDNEDIMEEIVKILTVEFEDRKMRRKOQLEKY KERLSPEQIKELAKKHYTGWGRL
SKKLLVGIRDKETQKTILDYLVEDDNHSGGROHLNRNLMQLINDDRLSFKKTIAELOMIDPS
ADLYAQVQOETAGSPATIKKGILLGLKIVDEITRVMGEKPENIVIEMARENQTTARGKALSKRR
EAKIKEGLAALGSSLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPLDEDRLSQYDEDHIT
POSETVDNSLDNLVLTNSSQNRGNKKDDVPSLEVVNRQLAYWRSLKDAGLMTQRKEDNLTKA
MRGGLTDKDREREFIQROLVETROITKNVAKLLDMRLNDKKDEAGNKIRETNIVLLKSAMASE
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FREKMFRLYKVRELNDYHHAHDAYLNAATATINLLALYPYMADDEVYGEFRYKKKPQAEKATYE
KLROWNLIKREFGEKQLETPDHEDCWNKERDIKTIKKVMGYRQVNVVKKAEERTGMLEKETIN
GKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYAVISYEDKKKKPGKTIVGISIMDKKEFEYDS
ISYLGKLGESNPVVQITILKNYSLIAYPDGRRRY ITGATKTTKGKVELOKANQIAMEQDLVNE
IYHLKNYDETISHPESYAFVQSHTDYFDRLEDSTEHYTRRFLDAETNINRLRRIYEEEKKKDP
VDIEAILVASFIELLKLTSAGAPADFIFMGEAISRRRYNSMTGLEDGOVIYQSLTGLYETRMR

FEDGKRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: §87).

16. The Cas9 protein of any one of the preceding claims, wherein the amino acid
sequence of the Cas9 protein comprises at least one, at least two, at least three, at least four,
at least five, at least six, at least seven, at least eight, at least nine, or at least 10 mutations in

SEQ ID NO: 1, 4, 8, 14, 84 or 86.
17. The Cas9 protein of claim 16, wherein the mutation is an amino acid substitution.

18. The Cas9 protein of any one of the preceding claims, wherein the Cas9 protein has

nickase activitly.

18b. The Cas9 protein of claim 18, wherein the nickase mutation at an amino acid positions
corresponds to one or more amino acids 10, 12, 17, 762, 840, 854, 863, 982, 983, 984, 986,
987 of wild type SpCas9.

19. The Cas9 protein of claim 16, wherein the at least one mutation results in an inactive

Cas9 (dCas9).

20. The Cas9 protein of any one of the preceding claims, wherein the Cas9 protein

comprises at least one amino acid mutation in PAM Interacting, HNH and/or RuvC domain.

20b.  The Cas9 protein of claim 20, wherein the mutation at an amino acid position

corresponds to amino acid 14 in the RuvC domain of SirCas9.

20c. The Cas9 protein of claim 20, wherein the mutation at an amino acid position

corresponds to amino acid 12 in the RuvC domain of EpeCas9.

20d. The Cas9 protein of claim 20, wherein the mutation at an amino acid position

corresponds to amino acid 9 in the RuvC domain of LfeCas9.
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20e. The Cas9 protein of claim 20, wherein the mutation at an amino acid position

corresponds to amino acid 12 in the RuvC domain of PmaCas9.
20f. The Cas9 protein of claim 20, wherein the Cas9 protein is a hyper-accurate Cas9.

20g. The Cas9 protein of claim 20, wherein the Cas9 protein comprises mutations
corresponding 10 N692A, M694A, Q695A and/or H698A with reference to SpyCas9 (SEQ 1D
NO: 173).

20h. The Cas9 protein of claim 20, wherein the Cas9 protein is a high-fidelity Cas9.

201. The Cas9 protein of claim 20, wherein the Cas9 protein comprises mutations
corresponding to N467A, R661 A, Q695A and/or Q926A with reference to SpyCas9 (SEQ ID
NO: 173).

20j. The Cas9 protein of claim 20, wherein the Cas9 protein is a SuperFi-Cas9.

20k. The Cas9 protein of claim 20, wherein Y1016, R1019, Y1010, Y1013, K1031, Q1027

and/or V1018 residues corresponding to SpyCas9 are mutated to aspartic acid.

21. An engineered, non-naturally occurring Cas9 fusion protein comprising a Cas9
protein having at least 80% identity to SEQ ID NOs: 1, 4, 8,14, 84 or 86 and wherein the

Cas9 protein is fused to a histone demethylase, a transcriptional activator, or to a deaminase.

21b.  The engineered, non-naturally occurring Cas9 fusion protein of claim 21 further

comprising a nuclear localization sequence (NLS) and/or a FLAG, HIS or HA tag.

21c.  The engineered, non-naturally occurring Cas9 fusion protein of claim 22 having at

least 80% identity to SEQ ID NOs: 2,5, 9, 15, 85, 87, 95 or 96.

22. The Cas9 protein ol claim 21, wherein the Cas9 protein is (used to a cylosine

deaminase or to an adenosine deaminase.

23. The Cas9 protein of claim 22, wherein the Cas9 protein is fused to a adenosine

deaminase and has an amino acid sequence at least 80% identical to

()
MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLH
DPTAHAEIMALRQGGLVMONYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAA
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GSLMDVLHHPGMNHRVEITEGILADECAALLCREFFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGGKPYSIGLAIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQSIK
KNLLGALLEFDSGETAEATRLKRTARRRYTRRKNRLRYLOEIFTGEMNKVDENEFEFQRLDDSEFL
VDEDKRGEHHPIFGNIAAEVKYHDDFPTIYHLRRHLADT SKKADLRLVYLALAHMIKERGHE
LYEGDLKAENTDVQALFKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLTAHYP
TEKKNTLEGNLIALSLDLHPNFKTNEFQLSEDAKLQESKDTYEEDLEGELGEVGDEYADLFEFAS
AKNLYDATLLSGILTVDDNSTKAPLSASMVKRYEEHOKDLKKLKDEFIKVNAPDQYNATEKDK
NKKGYASYIESGVKQDEFYKYLKGILLKINGSGDEFLDKIDREDEFLRKOQRTEDNGSIPHQIHL
QEMHATITLRROGEHYPFLKENODKIEKILTFRIPYYVGPLARKGSRFAWAEYKADEKITPWNE
DDILDKEKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKEFFED
TNMKQETFDHVEFKENRKVTKDKLLNY LNKEFEEFRIVNLTGLDKENKAFNSSLGTYHDLRKT
LDKSFLDDKANEKTIEDITQTLTLEFEDREMIRQRLOKYSDIFTKAQLKKLERRHYTGWGRLS
YKLINGIRNKENKKTILDYLIDDGYANRNEMQLINDDALSFKEEIARAQITIDDVDDIANVVH
DLPGSPAIKKGILQSVKIVDELVKVMGHNPANITITEMARENQTTDKGRRNSQQRLKLLODSL
KNLDNPVNIKNVENQQLONDRLELYYIQNGKDMYTGETLDINNLSQYDIDHITIPQAETKDNS
LDNRVLTRSDKNRGKSDDVPSIEVVHEMKSEWSKLLSVKLITQRKEDNLTKAERGGLTEEDK
AGEIKROLVETROITKHVAQILDERENTEEFDGNKRRIRNVKITITLKSNLVSNERKEEFELYKV
REINDYHHAHDAYLNAVVGNALLLKYPQLEPEFVYGEYPKYNSYRSRKSATEKFLEYSNILR
FFRKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTEEQTGGESKESILPKGESDKL
IPRKTKNSYWDPKKYGGEDS PVVAYSILVEFADVEKGKSKKLRKVODMVGITIMEKKREEKNE
VDFLEQRGYRNVRLEKIIKLPKYSLFELENKRRRLLASAKELQKGNELVIPQRETTLLYHSY
RIEKDYEPEHREYVEKHKDEFKELLEYISVESRKYVLADNNLTKIEMLESKNKDAEVSSLAK
SEFISLLTFTAFGAPAAFNEFEFGENIDRKRYTSVIECLNATLIHQSITGLYETRIDLSKLGEDG
KRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 20);

(b)

MPAAKRVKLDGSEVEEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLH
DPTAHAEIMAILRQGGLVMONYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVEGVRNAKT GAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCREFEFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGAKNKDIRYSIGLAIGTNSVGWAVMDEHYELLKKGNHHMWGSRL
FDAAEPAATRRASRSIRRRYNKRRERIRLLRDLLGDMVMEVDPTEFEFIRLLNVSEFLDEEDKQK
NLGNDYKDNYNLEFIEKDENDKTYYDKYPTIYHLRKELCENKEKADPRLIYLATLHHIVKYRGN
FLKEGQSFAKVYEDIEEKLDNTLKKEMSLNDLDNLEVDNDINSMITVLSKIYQRSKKADDLL
KIMNPTKEERAAYKEFTKALVGLKENVSKMILAQEVKKDDKDIELDESNVDYDSTVDGLQOAERE
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LGEYIEFIEMLHSINSWVELODILGNNSTISAAMVERYEEHKNDLRVLKKVIREELPDKYNE
VEREDNPKLHNYLGY IKYPKNTPVEEFYEYIKRLLAKVDTGEAREILERIDLEKFMLKQNSR
TNGSIPYOMQKDEMIQIIDNQSVYYPQLKENREKLISILEFRIPYYFGPLNTHSEFAWIKKE
EDKOKERILPWNYDOQIVDIDATAEGEIERMONTGTYEPDKPVMAKNSLTVSKEFEVLNELNKT
RINGKLIPVETKKELLSDLEFMKNKTITDKKLKDWLVTHQYYDTNEELKIEGYQKDLQEFSTSTL
APWIDFTKIFGEINASNYQLIEKITIYDISIFEDKKILKRRLKKVYQLDDLLVDKILKLNYTG
WSRLSEKLLTGIKSKNSKETILSILENSNMNLMEIINDESLGEFKQITEESNKKDIEGPERYD
EVKKLAGSPATKRGIWQALLVVQEITKFMKHEPSHIYIEFAREEQEKVRTESRIAKLOKIYK
DLNLOTKEDOLVYESLKKEDAKKKIDTDALYLYYLOMGKSMYSGKPLDIDKLSTYHIDHILP
RSLIKDDSLDNRVLVLPKENEWKLDSETVPEFEIRNKMMGEFWQKLHENGLMSNKKEFESLIRTD
FNEKDKKRETINROQLVETROI TKNVAVIINDHYTNTNVVTVRAELSHOQFRERYKIYKNRDLND
LHHAHDAYTACILGQFIHONEFGNMDVNMIYGQYKKNYKKDVOQEHNNYGEFTILNSMNHTHENDD
NSVIWDPSYIGKIKSCECYKDVYVTKKLEQNDAKLEDLTILPSDKNSENGVTKAKIPVNKYR
KDVNKYGGESGDAPIMLAIEADKGKKHVROQVIAFPLRLKNYNDEERIKEFIEKEKNLKNVKIL
TEVKKNQLILINHQYFEFITGTNELVNATQLKLSAKNTKNLENLVDANKHNKLES IDDANENE
VIQELICKLOQEPIYSRYNSIGKEFEDSYEKINAVIKODKLYITEYLIAIMSAKATQGYIKPE
LAREIGTNGKNKGRIKSETIDLNKTTEFISTSVTGLESKKYKLGKRPAATKKAGOAKKKKGSY
PYDVPDYAYPYDVPDYAYPYDVEDYA (SEQ ID NO: 6);

©

MPAAKRVKLDGSEVEEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLH
DPTAHAETIMATRQGGLVMONYRLYDATLYVTEFEPCVMCAGAMIHSRIGRVVEGVRNAKT GAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCRFFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGSIINEFQRRGILMETQASNQLISSHLKGYPIKDYEVGLAIGTSSV
GWAVTNKAYELLKEFRSHKMWGSRLEDEGESAVARRGERSMRRRLERRKLRLKLLEELEFADAM
AQVDPTFFMRLRESKYHYEDKTTGHSSKHILFIDKNYNDQDYFKEYPTVYHLRSEIMKSGTD
DIRKLFLAVHHITLKYRGNFLYEGATEDSNASTLDDVIKOALENITENCEFDCNSATISSTIGQIL
MEAGKTKSDKAKATEHLVDTYIATDTVDTSSKTQKDOVKEDKKRLKAFANLVLGLNASLIDL
FGSVEELEEDLKKLQITGDTYDDKRDELAKAWSDEIYTITIDDCKSVYDATTILLSTIKEPGLTIS
ESKVKAFNKHKDDLAILKSLLKSDRSIYNTMEKVDEKGLHNYVHYIKQGRTEETSCNREDEY
KYTKKIVEGLSDSKDKEYILSQIELQITLPLORIKDNGVIPYQLHLEELKATILAKCGPKEPFE
ILNEVADGESVAEKLIKMLEFRIPYYVGPLNTHHNVDNGGEFAWAVRKASGRVTPWNEDDKIDR
EKSAAAFTIKNLTNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAV
FRKODHKKMTKNRIEQFLKDNGYISETHKHEITGLDGETIKNDLASYRDMVRILGDGEFDRSMAE
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EITTDITIFGESKKMLRETLRKKEFASCLDDEATIKKLTKLRYRDWGRLSQKLLNGIEGCDKAG
DGTPETIIILMRNESYNLMELLGDKESFMERIQEINAKLTEGQIVNPHDITIDDLALSPAVKR
AVWOALRIVDEVAHIKKALPARIEFVEVTRSNKNEKKKKDSROKRLSDLYAATKKDDVLLNGL
NNETIFGELKSSLAKYDDAALRSKKLYLYYTOMGRCAYTGEITELSLLNTDNYDIDHIYPRSL
TKDDSFDNLVLCKRTANAQKSDAYPISEETQKTQKPEFWT FLKQQGLISERKYERLTRITPLT
ADDLSGEFIARQLVETNQSVKAATTLLRRLYPGVDVVEVKAENVTDEFRHDNNEIKVRSLNHHH
HAKDAYINIVVGNVYHERFTRNEFRAFFKKNGANRTYNLAKMENYDVNCTNAKDGKAWDVKTS
MDTVKEKMMDSNDVRVTKRLLEQTGALADATIYKATVAGKAKDGAYIGMKTKSSVEFADVSKYG
GMTKIKNAYSIIVQYTGKKGEVIKEIVPLPTIYLTNRNTTDODLINYVASITIPOQAKDISIIYG
KLCINQLVKVNGEYYYLGGKTNSKECIDNATIQVIVSNEWIPYLKVLEKEFNNMRKDNKDLKAN
VVSTRALDNKHTIEVRIVEEKNIEFEFDYLVSKLKMPTIYQOKMKGNKAAELSEKGY GLEKKMST
EEQSIHLIELLNLLTNQKTT FEVKPLGITASRSTVGSKISNOQDEFKVINESTTGLYSNEVTT

VGKRPAATKKAGQAKKKKGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ ID NO: 10);

()

MPKKKRKVSIINEFQRRGLMETOQASNQLISSHLKGYPIKDYEVGLAIGTSSVGWAVINKAYEL
LKFRSHKMWGSRLEFDEGESAVARRGFRSMRRRLERRKLRLKLLEELFADAMAQVDPTEFEMRL
RESKYHYEDKTTGHSSKHILEFIDKNYNDQDYFKEYPTVYHLRSELMKSGTDDIRKLELAVHH
ILKYRGNFLYEGATEDSNASTLDDVIKQALENITENCEDCNSAISSIGQILMEAGKTKSDKA
KATEHLVDTYIATDTVDTSSKTQKDOVKEDKKRLKAFANLVLGLNASLIDLEGSVEELEEDL
KKLOITGDTYDDKRDELAKAWSDEIYIIDDCKSVYDAIILLSIKEPGLTISESKVKAENKHK
DDLATILKSLLKSDRSIYNTMEFKVDEKGLHNYVHY IKQGRTEETSCNREDEFYKYTKKIVEGLS
DSKDKEYILSQIELOILLPLORIKDNGVIPYQLHLEELKATLAKCGPKFPEFLNEVADGESVA
EKLIKMLEFRIPYYVGPLNTHHNVDNGGFAWAVRKASGRVT PWNEDDKIDREKSAAAFTKNTL
TNKCTYLLGEDVLPKSSLLYSEFMLLNELNNVRIDGKPLEKVVKEHLIEAVEKQDHKKMT KN
RIEQFLKDNGYISETHKHEITGLDGEIKNDLASYRDMVRILGDGEDRSMAEETIITDITIEFGE
SKEKMLRETLRKKFASCLDDEATIKKLTKLRYRDWGRLSOQKLLNGIEGCDKAGDGT PETITIILM
RNESYNIMELLGDKESEFMERIQEINAKLTEGQIVNPHDIIDDLALSPAVKRAVWQALRIVDE
VAHIKKALPARIEFVEVTRSNKNEKKKKDSROKRLSDLYAATKKDDVLLNGLNNEIFGELKSS
LAKYDDAALRSKKLYLYYTOMGRCAYTGEITELSLLNTDNYDIDHIYPRSLTKDDSEDNLVL
CKRTANAQKSDAYPISEEIQKTQKPEFWTEFLKQQGLISERKYERLTRITPLTADDLSGEIARQ
LVETNQSVKAATTLLRRLYPGVDVVEVKAENVTDEFRHDNNEFIKVRSLNHHHHAKDAYLNIVV
GNVYHERFTRNFRAFEFKKNGANRTYNLAKMENYDVNCTNAKDGKAWDVKT SMDTVKKMMDSN
DVRVTKRLLEQTGALADATIYKATVAGKAKDGAYIGMKTKSSVEFADVSKYGGMTKIKNAYST
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IVOYTGKKGEVIKEIVPLPIYLTNRNTTDODLINYVASIIPOAKDISITIYGKLCINQLVKVN
GEYYYLGGKTNSKECIDNAIQVIVSNEWIPYLKVLEKFNNMRKDNKDLKANVVSTRALDNKH
TIEVRIVEEKNIEFEFDYLVSKLKMPIYQKMKGNKAAELSEKGYGLEFKKMSLEEQSTHLIELL
NLLTNQKTTFEVKPLGITASRSTVGSKISNQDEFKVINESITGLYSNEVTIVKRPAATKKAG
QAKKKKSGSETPGTSESATPESSGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNR
VIGEGWNRAIGLHDPTAHAETIMATLRQOGGLVMONYRLYDATLYVTFEPCVMCAGAMIHSRIGR
VVEGVRNAKTGAAGS LMDVLHHPGMNHRVEITEGILADECAALLCREEFRMPRRVENAQKKAQ

SSTDPAAKRVKLDGSYPYDVPDYAYPYDVPDYAYPYDVPDYA (SEQ IDNO: 11);

O)

MPAAKRVKLDGSEVEEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLH
DPTAHAETIMATRQGGLVMONYRLYDATLYVTEFEPCVMCAGAMIHSRIGRVVEGVRNAKT GAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCREFFRMPRRVENAQKKAQSSTDGSSGSETPG
TSESATPESSGPKKKRKVGTKVKDYYIGLAIGTSSVGWAVTDEAYNVLKENSKKMWGVRLED
DAKTAEERRGQRGARRRLDRKKERLSLLODEFEFAEEVAKVDPNEEFLRLDNSDLYMEDKDQOKLK
SKYTLENDKDEKDKNFHKKYPTIHHLIMDLIEDDSKKDIRLVYLACHYLLKNRGHEIEFEGQOK
FDTKSSFENSLNELKVHLNDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKELK
AVSATMIGSSQKLVDLFENPEDEDDSATKSVDEFSTTSEFDDKYSDYELALGDKIALVNILKET
YDSSILENLLKEADKSKDGNKYISNAFVKKYNKHGODLKEFKRLVROYHKSAYFDIFRSEKV
NDNYVSYTKSSISNNKRVKANKEFTDOEAFYKFAKKHLET IKYKINKVNGSKADLELIDGMLR
DMEFKNEMPKIKSSDNGVIPYQLKILMELNKILENQSKHHEFLNVSDEYGSVCDKIASIMEERR
IPYYVGPLNPNSKYAWIKKQKDSEITPWNEKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPK
ASLLYNEYMVLNELNNLKLNDLPITEEMKKKIFDQLEKTRKKVTILKAVANLLKKEFNINGET
LLSGTDGDEKQGLNSYNDEKAIVGDKVDSDDYRDKIEETITIKLIVLYGDDKSYLOKKIKAGYG
KYFTDSEIKKMAGLNYKDWGRLSKKLLTGLEGANKITGERGSITIHEFMREYNLNLMELMSASE
TEFTEEIQKLNPVDDRKLSYEMVDELYLSPSVKRMLWOSLRIVDETIKNIMGTDSKKIFTIEMAR
GKEEVKARKESRKNQLLKEFYKDGKKAFISEIGEERYSYLLSETEGEEENKEFRWDNLYLYYTQO
LGRCMYSLEPIDISELSSKNIYDODHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDET
INKNCYAYWKILYDKGLIGQKKYTRLTRRTGEFTDDELVQFISROQIVETROATKETANLLKTT
CKNSEIVYSKAENASREFRQEFDIVKCRAVNDLHHMHDAY INTTVGNVYNTKETKDPMNEVKEK
QEKARSYNLENMEFKYDVKRGGYTAWIADDEKGTVKNASIKRIRKELEGTNYRETRMNYIESG
ALEFNATLORKNKGSRPLKDKGPKSSIEKYGGYTNINKACFAVLDIKSKNKIERKIMPVERET
YAKQKNDKKLSDEIEFSKYLKDREGIEDYRVVYPVVKMRTLLKIDGSYYEFITGGS DKTLELRS
ALQLILPKKNEWATKQIDKSSENDYLTIERTIQDLTEELVYNTEDITVNKEFKTSVFKKSELNL
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FODDKIENIDFKFKSMDFKEKCKTLLMLVKAIRASGVRQDLKSIDLKSDYGRLSSKTNNIGN
YQEFKIINQSITGLFENEVDLLKLGKRPAATKKAGQOAKKKKGSYPYDVPDYAYPYDVPDYAY
PYDVPDYA (SEQ ID NO: 16);

®

MPKKKRKVTKVKDYYIGLAIGTSSVGWAVIDEAYNVLKENSKKMWGVRLEDDAKTAEERRGQ
RGARRRLDRKKERLSLLQDFFAEEVAKVDPNEFFLRLDNSDLYMEDKDQKLKSKYTLENDKDE
KDKNFHKKYPTIHHLIMDLIEDDSKKDIRLVYLACHYLLKNRGHEIFEGOKEDTKSSEENSL
NELKVHLNDEYGLDLEFDNENLINILTDPKLNKTAKKKELKSVIGDTKEFLKAVSAIMIGSSOQ
KLVDLFENPEDFDDSATIKSVDESTTSFDDKYSDYELALGDKTALVNILKETIYDSSTILENLLK
EADKSKDGNKYISNAFVKKYNKHGODLKEFKRLVRQYHKSAYEDIFRSEKVNDNYVSYTKSS
ISNNKRVKANKEFTDQEAFYKFAKKHLETIKYKINKVNGSKADLELIDGMLRDME FKNEFMPKT
KSSDNGVIPYQLKLMELNKILENOSKHHEFLNVSDEYGSVCDKIASIMEFRIPYYVGPLNPN
SKYAWIKKQKDSEITPWNEFKDVVDLDSSREEFIDSLIGRCTYLKDEKVLPKASLLYNEYMVL
NELNNLKLNDLPITEEMKKKIFDOQLEKTRKKVTLKAVANLLKKEEFNINGETILLSGTDGDEKQ
GLNSYNDFKAIVGDKVDSDDYRDKIEEITKLIVLYGDDKSYLOKKIKAGYGKYEFTDSETIKKM
AGLNYKDWGRLSKKLLTGLEGANKITGERGSITHFMREYNLNLMETLMSASEFTFTEETQKLNP
VDDRKLSYEMVDELYLSPSVKRMLWQOSLRIVDEIKNIMGTDSKKIFIEMARGKEEVKARKES
RKNQLLKEYKDGKKAFISEIGEERYSYLLSEIEGEEENKEFRWDNLYLYYTQLGRCMYSLEPT
DISELSSKNIYDQDHIYPKSKIYDDSIENRVLVKKDLNSKKGNSYPIPDEILNKNCYAYWKTI
LYDKGLIGOKKYTRLTRRTGEFTDDELVQEFISROQIVETROATKETANLLKTICKNSEIVY SKA
ENASRFRQEFDIVKCRAVNDLHHMHDAYINTIIVGNVYNTKETKDPMNEVKKOQEKARSYNLEN
MEKYDVKRGGYTAWIADDEKGTVKNASTKRIRKELEGTNYRFTRMNYTESGALEFNATLORKN
KGSRPLKDKGPKSSTEKYGGYTNINKACFAVLDIKSKNKIERKLMPVERETYAKQKNDKKLS
DEITFSKYLKDREFGIEDYRVVYPVVKMRTLLKIDGSYYFITGGSDKTLELRSALQLILPKKNE
WAIKQIDKSSENDYLTIERIQDLTEELVYNTEDIIVNKEKTSVEKKSEFLNLEQDDKIENIDE
KEFKSMDEFKEKCKTLLMLVKATRASGVRODLKSIDLKSDYGRLSSKTNNIGNYQEFKITINQST
TGLFENEVDLLKLKRPAATKKAGQAKKKKSGSETPGTSESATPESSGSEVEFSHEYWMRHATL
TLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAETIMALROGGLVMQONYRLYDA
TLYVTFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHHPGMNHRVEITEGILADE
CAALLCREFFRMPRRVENAQKKAQSSTDPAAKRVKLDGSYPYDVPDYAYPYDVPDYAYPYDVP

DYA (SEQ ID NO: 17):

(2)
MPAAKRVKLDGSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLH
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DPTAHAEIMALRQGGLVMQNYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVEFGVRNAKT GAA
GSLMDVLHHPGMNHRVEITEGILADECAALLCRFFRMPRRVENAQKKAQSSTDGSSGSET PG
TSESATPESSGPKKKRKVGKEYHIGLAIGTSSIGWAVTDSQFKLMRIKGKTAIGVRLFEEGK
TAAERRTFRTTRRRLKRRKWRLHYLDEIFAPHLQEVDENFLRRLKQSNIHPEDPAKNQAFIG
KLLFPDLLKKNERGY PTLTKMRDELPVEQRAHY PVTNTYKLREAMINEDRQFDLREVYLAVH
HIVKYRGHFLNNASVDKFKVGRIDFDKSENVLNEAYEELQNGEGSFTIEPSKVEKIGOLLLD
TKMRKLDRQKAVAKLLEVKVADKEETKRNKQIATAMSKLVLGYKADFATVAMANGNEWK I DL
SSETSEDEIEKFREELSDAQNDILTEITSLESQIMLNEIVPNGMSISESMMDRYWIHERQLA
EVKEYLATQPASARKEFDOVYNKY IGQAPKEKGFDLEKGLKKILSKKENWKEI DELLKAGDF
LPKQRTSANGVIPHQMHQQELDRI IEKQAKYYPWLATENPATGERDRHQAKYELDQLVS FRT
PYYVGPLVTPEVOKATSGAK FAWAKRKEDGEIT PWNLWDKIDRAESAEAFTKRMTVKDTYLL
NEDVLPANSITLYQKYNVLNELNNVRVNGRRLSVGTKQDI YTELFKKKKTVKAGDVASTVMAK
TRGVNKPSVEGLSDPKKFNSNLATYLDLKS IVGDKVDDNRYQOMDLENI IEWRSVFEDGEI FA
DKLTEVEWLTDEQRSALVKKRYKGWGRLSKKLLTGIVDENGQRI I DLMWNTDON FMQIVNQP
VFKEQIDQLNQKAITNDGMT LRERVESVLDDAYTSPONKKAIWQOVVRVVEDIVKAVGNAPKS
ISIEFARNEGNKGEITRSRRTQLOKLFEDQAHELVKDTS LTEELEKAPDLSDRY YEYFT QGG
KDMYTGDPINFDEISTKYDIDHILPQOSFVKDDSLDNRVLVSRAENNKKS DRVPAKLYAAKMK
PYWNOLLKOGLITORKFENLTMDVDOT IKYRSLGFVKROLVETROVIKLTANILGSMYQOEAG
TDITIETRAGLTKQLREEFDL PKVREVNDYHHAVDAYLTT FAGQY LNRRY PKLRS FFVYGEYM
KFKHGSDLKLRNFNFFHELMEGDKS QGKVVDQQTGELITTRDEVADY FDWVINLKVMLI SNE
TYEETGKYFDASHESSSLYLKNQNKKSKLVVPLKNKLQPEYYGAYTGITQGYMVILKLLDKK
GGFGVYRIPRYAADILNKCHDEVAYRNKIAEIISSDPRAPKSFEVVVPRVLKGT FLVDGEEK
FILSSYRYKVNATQLILPVSDIKLIQDNFKALKKLNVEMQTKKLIEIYDNILRQVDKYYKLY
DINKFRAKLHDGRSKFVELDDFGQDASKEKVIIKILRGLHFGSDLONLKEIGFGTTPLGQFQ
VSEAGIRLSNTAFIIFKSPTGLENRKLYLKNLGKRPAATKKAGOAKKKKGSYPYDVPDYAYP
YDVPDYAYPYDVPDYA (SEQ ID NO: 88);

)

MPKKKRKVGKEYHIGLAIGTSSIGWAVTDSQFKLMRIKGKTAIGVRLEFEEGKTAAERRT F'RT
TRRRLKRRKWRLHYLDETFAPHLOQEVDENEFLRRLKOSNIHPEDPAKNOQAFIGKLLEPDLLKK
NERGYPTLIKMRDELPVEQRAHYPVTNIYKLREAMINEDRQFDLREVYLAVHHIVKYRGHEL
NNASVDKFKVGRIDEFDKSENVLNEAYEELONGEGSETIEPSKVEKIGOLLLDTKMRKLDRQK
AVAKLLEVKVADKEETKRNKQIATAMSKLVLGYKADFATVAMANGNEWKIDLSSETSEDETIE
KEFREELSDAQNDITLTEITSLESQIMLNEIVPNGMSISESMMDRYWIHERQLAERVKEYLATQP
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ASARKEFDOVYNKYIGQAPKEKGEDLEKGLKKILSKKENWKEIDELLKAGDELPKQRTSANG
VIPHOMHOQOELDRITEKQAKYYPWLATENPATGERDRHQAKYELDQLVSEFRIPYYVGPLVTP
EVOKAT SGAKFAWAKRKEDGEITPWNLWDKIDRAESAEAFIKRMTVKDTYLLNEDVLPANSL
LYOKYNVLNELNNVRVNGRRLSVGIKQDIYTELFKKKKTVKAGDVASLVMAKTRGVNKPSVE
GLSDPKKENSNLATYLDLKS IVGDKVDDNRYQOMDLENITEWRSVFEDGETFADKLTEVEWLT
DEORSALVKKRYKGWGRLSKKLLTGIVDENGQRIIDLMWNTDONEMOIVNQPVEKEQIDQLN
QKAITNDGMTLRERVESVLDDAYTS PONKKAIWQVVRVVEDIVKAVGNAPKSISIEEFARNEG
NKGEITRSRRTQLOKLFEDQAHELVKDTSLTEELEKAPDLSDRYYEFYEFTQGGKDMYTGDPIN
FDEISTKYDIDHILPQSEVKDDSLDNRVLVSRAENNKKS DRVPAKLYAAKMKPYWNQLLKQG
LITOQRKFENLTMDVDQTIKYRSLGEVKRQLVETROVIKLTANILGSMYQEAGTDITETRAGL
TKOLREEFDLPKVREVNDYHHAVDAYLTTEFAGQYTLNRRY PKLRSEFEVYGEYMKEFKHGSDLKL
RNENFEFHELMEGDKS QGKVVDQOTGELITTRDEVADY FDWVINLKVMLISNETYEETGKYED
ASHESSSLYLKNONKKSKLVVPLKNKLOQPEYYGAYTGITQGYMVILKLLDKKGGEFGVYRIPR
YAADILNKCHDEVAYRNKIAETITISSDPRAPKSFEVVVPRVLKGTEFLVDGEEKEFILSSYRYKV
NATQLILPVSDIKLIQODNEFKALKKLNVEMOTKKLIEIYDNILRQVDKYYKLYDINKERAKLH
DGRSKEVELDDFGOQDASKEKVITIKILRGLHEFGSDLONLKEIGEFGTTPLGQFQVSEAGIRLSN
TAFIIFKSPTGLENRKLYLKNLKRPAATKKAGQAKKKKSGSETPGTSESATPESSGSEVEES
HEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATIGLHDPTAHAETMATRQGGLV
MONYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSIMDVLHHPGMNHRVE
ITEGILADECAALLCREFFRMPRRVENAQKKAQSSTDPAAKRVKLDGSYPYDVPDYAYPYDVE

DYAYPYDVPDYA (SEQ ID NO: 89); or

®

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHAETMA
LROGGLVMONYRLYDATLYSTFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSIMDVLHHP
GMNHRVEITEGILADECAALLCREEFRMPRRVENAQKKAQSSTDSGGSSGGSSGSETPGTSES
ATPESSGGSSGGSGKPYSIGLAIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKQOS IKKNLLGA
LLEDSGETAEATRLKRTARRRYTRRKNRLRYLQEIFTGEMNKVDENFFQRLDDS FLVDEDKR
GEHHPIEFGNIAAEVKYHDDEPTIYHLRRHLADTSKKADLRLVYLALAHMIKERGHEFLYEGDL
KAENTDVOALEFKDEVEEYDKTIEESHLSEITVDALSILTEKVSKSSRLENLIAHY PTEKKNT
LEGNLIALSLDLHPNEFKTNFQLSEDAKLQEFSKDTYEEDLEGFLGEVGDEYADLFASAKNLYD
ATLLSGILTVDDNSTKAPLSASMVKRYEEHQKDLKKLKDEFIKVNAPDQYNATEFKDENKKGYA
SYIESGVKODEFYKYLKGILLKINGSGDELDKIDREDFLRKQRTEDNGSIPHOQITHLOQEMHAT
LRROGEHYPFLKENQDKIEKILTEFRIPYYVGPLARKGSRFAWAEYRADEKITPWNEFDDILDK
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EKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKE FDTNMKQE
IFDHVFKENRKVIKDKLLNY LNKEFEEFRIVNLTGLDKENKAFNSSLGT YHDLRKILDKSFL
DDKANEKTIEDIIQTLTLFEDREMIRQRLQKYSDIFTKAQLKKLERRHYTGWGRLSYKLING
IRNKENKKTILDYLIDDGYANRNFMQLINDDALSFKEEIARAQI IDDVDDIANVVHDLPGSP
ATKKGILQSVKIVDELVKVMGHNPANT I TEMARENQTTDKGRRNSQQRTLKLLQDSTKNLDNP
VNIKNVENQQLONDRLFLYYIQNGKDMYTGETLDINNLSQYDIDHIIPQAFIKDNSLDNRVL
TRSDKNRGKSDDVPS IEVVHEMKS FWSKLLSVKLITQRKEDNLTKAERGGLTEEDKAGELKR
QLVETRQITKHVAQILDERFNTEFDGNKRRIRNVKIITLKSNLVSNFRKEFELYKVREINDY
HHAHDAYLNAVVGNALLLKY POQLEPEFVYGEYPKYNSYRSRKSATEKFLFYSNILRFFKKED
IQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTEEQT GGFSKESILPKGESDKLIPRKTK
NSYWDPKKYGGFMQPVVAYSILVFADVEKGKSKKLRKVODMVGI T IMEKKRFEKNPVDELEQ
RCYRNVRLEKI IKLPKYSLFELENKRRRLLASAKFLOKGNELVI PQRFTTLLYHSYRTIEKDY
EPEHREYVEKHKDEFKELLEYISVFSRKYVLADNNLTKIEMLESKNKDAEVSSLAKSFISLL
TEFTAFGAPRAFNFFGENIARKEYRSVTECLNATLIHQOSITGLYETRIDLSKLGEDGEGADKR
TADGSEFESPKKKRKV (SEQ ID NO: 98);

0

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATIGLHDPTAHAETIMA
LROGGLVMONYRLYDATLYSTFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGS LMDVLHHP
GMNHRVEITEGILADECAALLCREFEFRMPRRVENAQKKAQSSTDSGGSSGGSSGSETPGTSES
ATPESSGGSSGGSGKPYSIGLAIGTNSVGWAVVTDDYKVPAKKMKVLGNTDKOS IKKNLLGA
LLEDSGETAEATRLKRTARRRYTRRKNRLRYLQETEFTGEMNKVDENFEFQRLDDS FLVDEDKR
GEHHPIFGNIAAEVKYHDDEFPTIYHLRRHLADTSKKADLRLVYLALAHMIKEFRGHFLYEGDL
KAENTDVOALFKDEVEEYDKTIEESHLSETITVDALSTILTEKVSKSSRLENLTAHYPTEKKNT
LEGNLIALSLDLHPNFKTNEFQLSEDAKLQEFSKDTYEEDLEGEFLGEVGDEYADLEFASAKNLYD
ATLLSGILTVDDNSTKAPLSASMVKRYEEHQKDLKKLKDEFIKVNAPDQYNATEFKDKNKKGYA
SYIESGVKODEFYKYLKGILLKINGSGDELDKIDREDFLRKQRTEFDNGIIPHQIHLOEMHAT
LRROGEHYPFLKENQDKIEKILTEFRIPYYVGPLARKGSRFAWAEYKADEKITPWNEFDDILDK
EKSAEKFITRMTLNDLYLPEEKVLPKHSPLYEAFTVYNELTKVKYVNEQGEAKE FDTNMKQE
IFDHVEFKENRKVTKDKLLNY LNKEFEEFRIVNLTGLDKENKAENSSLGTYHDLRKILDKS E'L
DDRKANEKTIEDITIQTLTLFEDREMIRQRLOKYSDIFTKAQLKKLERLHYTGWGRLSYKLING
IRNKENKKTILDYLIDDGYANRNEFMOLINDDALSFKEETARAQIIDDVDDIANVVHDLPGSPE
ATKKGILOSVKIVDELVKVMGHNPANITTEMARENQTTDKGRRNSQQRLKLLODSTLKNLDNFE
VNIKNVENQQLONDRLEFLYYIQNGKDMYTGETLDINNLSQYDIDHIIPQAFTIKDNSLDNRVL
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TRSDKNRGKSDDVPS IEVVHEMKSEFWSKLLSVKLITOQRKEDNLTKAERGGLTEEDKAGE IKR
QLVETRQITKHVAQILDERFNTEFDGNKRRIRNVKIITLKSNLVSNFRKEFELYKVREINDY
HHAHDAYLNAVVGNALLLKYPQLEPEFVYGEYPKYNSYRSRKSATEKEFLEYSNILREEFKKED
IQOTNEDGEIAWNKEKHIKILRKVLSYPOVNIVKKTEEQTGGEFSKESILPKGESDKLIPRKTK
NSYWDPKKYGGFMQPVVAYSTILVFADVEKGKSKKLRKVQDMVGITIMEKKRFEKNPVDELEQ
RGYRNVRLEKITIKLPKYSLEFELENKRRRLLASAKFLOKGNELVIPOREFTTLLYHSYRIEKDY
EPEHREYVEKHKDEFKELLEY ISVESRKYVLADNNLTKIEMLESKNKDAEVSSLAKSELSLL
TEFTAFGAPRAFNFFGENTARKEYRSVTECLNATLTIHQSITGLYETRIDLSKLGEDGEGADKR

TADGSEFESPKKKRKV (SEQ ID NO: 99).

24, The Cas9 protein of claim 22, wherein the Cas9 protein is fused to a cytosine

deaminase and has an amino acid sequence at least 80% identical to

()

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEFDVEFYDPRELRKETCLLYETIKWGMSRKIWRS
SGKNTTNHVEVNEIKKETSERREFHSSISCSITWELSWSPCWECSQATREFLSQHPGVTLVIY
VARLEWHMDQRNRQGLRDLVNSGVTIQIMRASEYYHCWRNEVNYPPGDEAHWPQYPPLWMML
YALELHCIILSLPPCLKISRRWONHLAFFRLHLOQNCHYQTIPPHILLATGLIHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPKKKRKVGGKPYSIGLATGTNSVGWAVVTDD
YKVPAKKMKVLGNTDKQS IKKNLLGALLEDSGETAEATRLKRTARRRYTRRKNRLRYLQETE
TGEMNKVDENFFQRLDDSFLVDEDKRGEHHPI FGNIAAEVKYHDDFPTIYHLRRHLADTSKK
ADLRLVYLALAHMIKFRGHFLYEGDLKAENTDVQALEFKDEFVEEYDKTIEESHLSEITVDALS
ILTEKVSKSSRLENLIAHYPTEKKNTLFGNLIALSLDLHPNFKTNFQLSEDAKLQFSKDTYE
EDLEGFLGEVGDEYADLFASAKNLYDATILLSGILTVDDNSTKAPLSASMVKRYEEHQKDLKK
LKDEFIKVNAPDQYNATFKDKNKKGYASYIESGVKODEFYKYLKGILLKINGSGDFLDKIDRE
DEFLRKQRTEDNGSIPHQIHLQEMHAILRRQGEHYPFLKENQDKIEKILTFRIPYYVGPLARK
GSRFAWAEYKADEKITPWNEDDILDKEKSAEKFITRMTLNDLYLPEEKVLPKHS PLYEAFTV
YNELTKVKYVNEQGEAKFFDTNMKQEI FDHVEFKENRKVTKDKLLNYLNKEFEEFRIVNLTGL
DKENKAFNSSLGTYHDLRKILDKSFLDDKANEKTIEDIIQTLTLFEDREMIRQRLOQKYSDIF
TKAQLKKLERRHYTGWGRLSYKLINGIRNKENKKTILDYLIDDGYANRNFMQLINDDALSFEFK
EETARAQIIDDVDDIANVVHDLPGSPAIKKGILQSVKIVDELVKVMGHNPANITI IEMARENQ
TTDKGRRNSQORLKLLODSLKNLDNPVNIKNVENQOLONDRLELYYIQONGKDMYTGETLDIN
NLSQYDIDHITIPQAFIKDNS LDNRVLTRSDKNRGKSDDVPSIEVVHEMKSEFWSKLLSVKLIT
QRKEFDNLTKAERGGLTEEDKAGEFIKRQLVETRQITKHVAQILDERFNTEFDGNKRRIRNVKI
ITLKSNLVSNFRKEFELYKVREINDYHHAHDAY LNAVVGNALLLKYPQLEPEFVYGEYPKYN
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SYRSRKSATEKFLEYSNILREFFKKEDIQTNEDGEIAWNKEKHIKILRKVLSYPQVNIVKKTE
FOTGGFSKESILPKGESDKLIPRKTKNSYWDPKKYGGEFDSPVVAYSILVFADVEKGKSKKLR
KVODMVGITIMEKKREFEKNPVDEFLEQRGYRNVRLEKIIKLPKYSLEFELENKRRRLLASAKEL
OKGNELVIPORFTTLLYHSYRIEKDYEPEHREYVEKHKDEFKELLEY ISVESRKYVLADNNL
TKIEMLESKNKDAEVSSLAKSFISLLTFTAFGAPAAFNFFGENIDRKRYTSVTECLNATLTIH
QSITGLYETRIDLSKLGEDGKRPAATKKAGOAKKKKGSSGGSGGSGGSTNLSDITEKETGKQO
IVIQESIIMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNG
ENKIKMLSGGSGGSGGSTNLSDITEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTA
YDESTDENVMLLTSDAPEYKPWALVIQODSNGENKIKMLYPYDVPDYAYPYDVPDYAYPYDVP
DYA (SEQ ID NO: 21);

®)

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEEFDVEYDPRELRKETCLLYEIKWGMSRKIWRS
SGRKNTTNHVEVNEIKKEFTSERRFHSSISCSITWFLSWSPCWECSQATREFLSQHPGVTLVIY
VARLEFWHMDQORNRQGLRDLVNSGVTIQIMRASEYYHCWRNEVNYPPGDEAHWPQYPPLWMML
YALELHCITILSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPKKKRKVGSTIINEFQRRGILMETQASNQLTSSH
LKGYPIKDYEFVGLAIGTSSVGWAVTNKAYELLKEFRSHKMWGSRLEDEGESAVARRGERSMRR
RLERRKLRLKLLEELFADAMAQVDPTFFMRLRESKYHYEDKTTGHSSKHILEIDKNYNDQDY
FKEYPTVYHLRSELMKSGTDDIRKLELAVHHILKYRGNFLYEGATEFDSNASTLDDVIKQOALE
NITENCEDCNSAISSIGOILMEAGKTKSDKAKAIEHLVDTYIATDTVDTSSKITQKDOVKEDK
KRLKAFANLVLGLNASLIDLEFGSVEELEEDLKKLQITGDTYDDKRDELAKAWSDETIYTITIDDC
KSVYDAITILLSIKEPGLTISESKVKAFNKHKDDLATLKSLLKSDRSIYNTMEKVDEKGLHNY
VHYIKQGRTEETSCNREDEYKYTKKIVEGLSDSKDKEYILSQIELQILLPLORIKDNGVIPY
QLHLEELKAILAKCGPKFPEFLNEVADGEFSVAEKLIKMLEFRIPYYVGPLNTHHNVDNGGEFAW
AVRKASGRVT PWNEDDKIDREKSAAAFTIKNLTNKCTYLLGEDVLPKSSLLYSEFMLLNELNN
VRIDGKPLEKVVKEHLIEAVEFKODHKKMTKNRIEQEFLKDNGYISETHKHEITGLDGETIKNDL
ASYRDMVRILGDGEDRSMAEEIITDITIEFGESKKMLRET LRKKFASCLDDEATKKLTKLRYR
DWGRLSQKLLNGIEGCDKAGDGTPETITTIMRNFSYNIMELLGDKESEFMERIQEINAKLTEG
QIVNPHDIIDDLALS PAVKRAVWQALRIVDEVAHIKKALPARTIEFVEVTRSNKNEKKKKDSRQ
KRLSDLYAATKKDDVLLNGLNNETIFGELKSSLAKYDDAALRSKKLYLYYTOMGRCAYTGEIT
ELSLLNTDNYDIDHIYPRSLTKDDSEDNLVLCKRTANAQKSDAYPISEEIQKTQKPEWT F'LK
QOGLISERKYERLTRITPLTADDLSGFIARQLVETNQSVKAATTLLRRLYPGVDVVEVKAEN
VIDERHDNNFIKVRSLNHHHHAKDAYLNIVVGNVYHERFTRNEFRAFEFKKNGANRTYNLAKME
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NYDVNCTNAKDGKAWDVKTSMDTVKKMMDSNDVRVTKRLLEQTGALADATIYKATVAGKAKD
GAYIGMKTKSSVFADVSKYGGMTKIKNAYSTIIVQYTGKKGEVIKEIVPLPIYLTNRNTTDQD
LINYVASITPQAKDISIIYGKLCINQLVKVNGEFYYYLGGKTNSKECIDNAIQVIVSNEWIPY
LKVLEKENNMRKDNKDLKANVVSTRALDNKHT IEVRIVEEKNIEFEFDYLVSKLKMPIYQOKMK
GNKAAELSEKGYGLFKKMSLEEQSTHLIELLNLLTNQKTTFEVKPLGITASRSTVGSKISNQ
DEFKVINESITGLYSNEVTIVGKRPAATKKAGQAKKKKGSSGGSGGSGGSTNLSDITEKETG
KOLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDS
NGENKIKMLSGGSGGSGGSTNLSDITEKETGKQLVIQESTIIMLPEEVEEVIGNKPESDILVH
TAYDESTDENVMLLT SDAPEYKPWALVIQDSNGENKIKMLYPYDVPDYAYPYDVPDYAY
(SEQ ID NO: 12);

©

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEEFDVEYDPRELRKETCLLYEIKWGMSRKIWRS
SGKNTTNHVEVNFIKKEFTSERREFHSSISCSITWELSWSPCWECSQATREFLSQHPGVTLVIY
VARLEFWHMDORNRQGLRDLVNSGVTIQIMRASEYYHCWRNEVNY PPGDEAHWPQYPPLWMML
YALELHCITLSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLIHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPRKKKRKVGTKVKDYYIGLATGT SSVGWAVTD
EAYNVLKENSKKMWGVRLEDDAKTAEERRGQRGARRRLDRKKERLSLLODEFEFAEEVAKVDPN
FEFLRLDNSDLYMEDKDOKLKSKYTLENDKDEKDKNEFHKKYPTIHHLIMDLIEDDSKKDIRLV
YLACHYLLKNRGHEFIFEGQKEFDTKSSFENSLNELKVHLNDEYGLDLEEFDNENLINILTDPKL
NKTAKKKELKSVIGDTKELKAVSAIMIGSSQKLVDLEENPEDEDDSAIKSVDESTTSEDDKY
SDYELALGDKIALVNILKEIYDSSILENLLKEADKSKDGNKYISNAFVKKYNKHGOQDLKEFK
RLVROYHKSAYEFDIFRSEKVNDNYVSYTKSSISNNKRVKANKETDOEAFYKEFAKKHLET IKY
KINKVNGSKADLELIDGMLRDMEEFKNFMPKIKSSDNGVIPYQLKLMELNKILENQSKHHEEFTL
NVSDEYGSVCDKIASIMEFRIPYYVGPLNPNSKYAWIKKQKDSEITPWNEKDVVDLDSSREE
FIDSLIGRCTYLKDEKVLPKASLLYNEYMVLNELNNLKLNDLPITEEMKKKIEFDQLEKTRKK
VILKAVANLLKKEFNINGEILLSGTDGDEFKQGLNSYNDFKATIVGDKVDSDDYRDKIEETIIKL
IVLYGDDKSYLQKKIKAGYGKYEFTDSEIKKMAGLNYKDWGRLSKKLLTGLEGANKITGERGS
ITHEFMREYNLNLMELMSASEFTFTEEIQKLNPVDDRKLSYEMVDELYLSPSVKRMLWQSLRIV
DETIKNIMGTDSKKIFIEMARGKEEVKARKESRKNQLLKEYKDGKKAFISEIGEERYSYLLSE
IEGEEENKEFRWDNLYLYYTQLGRCMYSLEPIDISELSSKNIYDQDHIYPKSKIYDDSIENRV
LVKKDLNSKKGNSYPIPDEILNKNCYAYWKILYDKGLIGQKKYTRLTRRTGETDDELVQEIS
ROIVETROATKETANLLKTICKNSEIVYSKAENASREFROEFDIVKCRAVNDLHHMHDAYINT
IVGNVYNTKETKDPMNEVKKQOQEKARSYNLENMEFKYDVKRGGYTAWIADDEKGTVKNASIKRI
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RKELEGTNYRFTRMNYIESGALENATLORKNKGSRPLKDKGPKS SIEKYGGYTNINKACEAY
LDIKSKNKIERKLMPVEREI YAKQKNDKKLSDEIFSKYLKDREGIEDYRVVYPVVKMRTLLK
IDGSYYFITGGSDKTLELRSALQLILPKKNEWAIKQIDKSSENDYLTIERIQDLTEELVYNT
FDITVNKEFKTSVEFKKSEFLNLFODDKIENIDEFKFKSMDFKEKCKTLLMLVKATRASGVRODLK
SIDLKSDYGRLSSKTNNIGNYQEFKIINQSITGLFENEVDLLKLGKRPAATKKAGQAKKKKG
SSGGSGGSGGSTNLSDITEKETGKOLVIQESTILMLPEEVEEVIGNKPESDILVHTAYDESTD
ENVMLLTSDAPEYKPWALVIODSNGENKIKMLSGGSGGSGGSTNLSDITEKETGKQLVIQES
ITMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKM

LYPYDVPDYAYPYDVPDYAY (SEQ ID NO: 18);

Y

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEFDVEYDPRELRKETCLLYETKWGMSRKIWRS
SGRNTTNHVEVNEIKKEFTSERREFHSSISCSITWEFLSWSPCWECSQATIREFLSQHPGVTLVIY
VARLEFWHMDORNRQGLRDLVNSGVTIQIMRASEYYHCWRNEVNYPPGDEAHWPQYPPLWMML
YALELHCITLSLPPCLKISRRWONHLAFFRLHLOQNCHYQTIPPHILLATGLTHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPKKKRKVGKEYHIGLAIGTSSIGWAVTDSQF
KIMRIKGKTATIGVRLFEEGKTAAERRTFRTTRRRLKRRKWRLHYLDEIFAPHLQEVDENFLR
RLKOSNIHPEDPAKNQAFIGKLLEPDLLKKNERGYPTLIKMRDELPVEQRAHYPVITNIYKLR
EAMINEDROQEFDLREVYLAVHHIVKYRGHELNNASVDKEKVGRIDEDKSENVLNEAYEELQONG
EGSFTIEPSKVEKIGQLLLDTKMRKLDROQKAVAKLLEVKVADKEETKRNKQIATAMSKLVLG
YKADFATVAMANGNEWKIDLSSETSEDEIEKFREELSDAQNDILTEITSLESQIMLNEIVPN
GMSISESMMDRYWIHERQLAEVKEYLATQPASARKEEFDOQVYNKY IGQAPKEKGEDLEKGLKK
ITLSKKENWKEIDELLKAGDEFLPKORTSANGVIPHOMHQOELDRITEKOAKYYPWLATENPAT
GERDRHOAKYELDQLVSFRIPYYVGPLVTPEVOKATSGCGAKFAWAKRKEDGEITPWNLWDKID
RAESAEAFTIKRMTVKDTYLLNEDVLPANSLLYQKYNVLNELNNVRVNGRRLSVGIKQDIYTE
LEKKKKTVKAGDVASLVMAKTRGVNKPSVEGLSDPKKENSNLATYLDLKSIVGDKVDDNRYQ
MDLENITIEWRSVEFEDGEIFADKLTEVEWLTDEQRSALVKKRYKGWGRLSKKLLTGIVDENGQ
RITDLMWNTDONEFMQIVNQPVEFKEQIDQLNQKAITNDGMTLRERVESVLDDAYTSPONKKAT
WOVVRVVEDIVKAVGNAPKSISIEFARNEGNKGEITRSRRTOQLOKLFEDQAHELVKDTSLTE
ELEKAPDLSDRYYEYFTQGGKDMYTGDPINEFDEISTKYDIDHILPOSEVKDDSLDNRVLVSR
AENNKKSDRVPAKLYAAKMKPYWNQLLKQGLITQRKEFENLTMDVDQTIKYRSLGEFVKRQLVE
TROVIKLTANILGSMYQEAGTDITETRAGLTKOQLREEFDLPKVREVNDYHHAVDAYLTTEAG
QYLNRRYPKLRSFEVYGEYMKFKHGS DLKLRNENFEFHELMEGDKSQGKVVDQOTGELITTRD
EVADYFDWVINLKVMLISNETYEETGKYEFDASHESSSLY LKNONKKSKLVVPLKNKLQPEYY
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GAYTGITOQGYMVILKLLDKKGGEGVYRIPRYAADITLNKCHDEVAYRNKIAETITSSDPRAPKS
FEVVVPRVLKGTEFLVDGEEKFILSSYRYKVNATQLILPVSDIKLIQDNFKALKKLNVEMQTEK
KLIEIYDNILRQVDKYYKLYDINKEFRAKLHDGRSKEVELDDEFGQDASKEKVITIKILRGLHEG
SDLONLKEIGEGTTPLGQOFQOVSEAGIRLSNTAFITEFKSPTGLENRKLYLKNLGKRPAATKKA
GOAKKKKGSSGGSGGSGGSTNLSDITEKETGKQLVIQESITMLPEEVEEVIGNKPESDI LVH
TAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKMLSGGSGGSGGSTNLSDIIEKETG
KOLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDS

NGENKIKMLYPYDVPDYAYPYDVPDYAY (SEQ ID NO: 90);

O)

MPAAKRVKLDTSEKGPSTGDPTLRRRIESWEFDVEYDPRELRKETCLLYEIKWGMSRKIWRS
SGRNTTNHVEVNEIKKETSERREFHSSISCSITWEFLSWSPCWECSQATREFLSQHPGVTLVIY
VARLEFWHMDORNRQGLRDLVNSGVTIQIMRASEYYHCWRNEVNYPPGDEAHWPQY PPLWMML
YALELHCITLSLPPCLKISRRWONHLAFFRLHLONCHYQTIPPHILLATGLTHPSVTWRLKS
GGSSGGSSGSETPGTSESATPESSGGSSGGSPKKKRKVGEKKTNYTIGLATIGTDSVGWAVVK
DDLELVKKRMKVLGNTETNY IKKNLWGSLLEFESGQTAKDRRLKRVARRRYERRRNRLTELQK
TFAPATIDEVDENFEFFRLNESFLVPEDKAFSKNPIFGTLGEDKTYYKTYPTIYHLRQHLADSE
EKADVRLIYLALAHMIKYRGHEFLIEGKLDTEHIAINENLEQFFESYNALESEEPIELRKEEL
TATENILREKNSRTVKEKRITSEFLKDIGRANKQSPMMAFITLIVGKKAKFKAAFNLEEETISL
NLTDDSYDENLEILLNTIGSDFADLEDHAQRVYNAVELAGILSGDVKNTHAKLSAQMVAMYE
RHKEQLKEYKSEFIKANLPDQYDMT EVAPKDAQKKDLKGYAGYIDGNMSODSEYKEVKDOLKE
VPGSEKFLDSIEKEDFLRKQRSEFYNGVIPNQVHLAEMEATLDRQENYYPWLKENREKTITSTTL
TERIPYYVGPLADGOSEFAWLERKSDEKIKPWNESDVVDLDRSAEKEFIEQLIGRDTYLPDEY
VLPKKSLIYQKYMVENELTKIAYLDERQKRMNLSSVEKKEIFETLEFKKRSKVTEKQLVKEFE
NYLQIDNPTIFGIEDAFNADYSTYVELAKVPGMKSMMDDPDNEDIMEEIVKILTVEFEDRKMR
RKOLEKYKERLSPEQIKELAKKHYTGWGRLSKKLLVGIRDKETQKTILDYLVEDDNHSGGRQ
HLNRNLMOLINDDRLSEFKKTIAELOMIDPSADLYAQVQETAGSPATKKGILLGLKIVDEIIR
VMGEKPENIVIEMARENCTTARGKALSKRREAKIKEGLAALGSSLLKENLPGNADLSQRKIY
LYYTONGKDIYLDEPLDEDRLSQYDEDHITPOSEFTVDNSLDNLVLTNSSONRGNKKDDVPST
EVVNRQLAYWRSLKDAGLMTQRKEDNLTKAMRGGLTDKDREREFIQRQLVETRQITKNVAKLL
DMRLNDKKDEAGNKIRETNIVLLKSAMASEFRKMEFRLYKVRELNDYHHAHDAYLNAATATNL
LALYPYMADDEVYGEFRYKKKPOAEKATYEKLROQWNLIKREFGEKQLEFTPDHEDCWNKERDIK
TIKKVMGYRQVNVVKKAEERTGMLEKETINGKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYA
VISYEDKKKKPGKTIVGISIMDKKEEFEYDSISYLGKLGESNPVVQITILKNYSLIAYPDGRRR
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YITGATKTTKGKVELQKANQIAMEQDLVNEFIYHLKNYDEISHPESYAFVQSHTDYFDRLEDS
IEHYTRRFLDAETNINRLRRIYEEEKKKDPVDIEALVAS FIELLKLTSAGAPADFIFMGEAT
SRRRYNSMTGLFDGOVIYQSLTGLYETRMRFEDGKRPAATKKAGQAKKKKGSSGGSGGSGGS
TNLSDIIEKETGKQLVICESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAP
EYKPWATLVIQDSNGENKIKMLSGGSGESGGSTNLSDI TEKETGKQLVIQESTIMLPEEVEEV
IGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQODSNGENKIKMLY PYDVPDYAY
PYDVPDYAY (SEQ ID NO: 93);

®

MPAAKRVKLDTNLSDITEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDE
NVMLLTSDAPEYRKPWALVIQDSNGENKIKMLSGGSGGSGGSTNLSDITEKETGKQLVIQEST
IMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSDAPEYKPWALVIQDSNGENKIKML
SGGSGGSGES PKKKRKVEKKTNYT IGLAIGTDSVGWAVVKDDLELVKKRMKVLGNTETNY ITK
KNLWGSLLEFESGQTAKDRRLKRVARRRYERRRNRLTELOKIFAPATIDEVDENEFEFFRLNESETL
VPEDKAFSKNPIFGTLGEDKTYYKTYPTIYHLROHLADSEEKADVRLIYLATLAHMIKYRGHE
LIEGKLDTEHIAINENLEQFFESYNALFSEEPIELRKEELIATENILREKNSRTVKEKRITS
FLKDIGRANKQSPMMAFITLIVGKKAKFKAAFNLEEETSILNLTDDSYDENLEILLNTIGSDE
ADLEFDHAQRVYNAVELAGILSGDVKNTHAKLSAQMVAMY ERHKEQLKEYKSEIKANLPDQYD
MTEVAPKDAQKKDLKGYAGY IDGNMSQDSEYKEVKDOLKEVPGSEKFLDSIEKEDFLRKQORS
FYNGVIPNQVHLAEMEAILDRQENYY PWLKENREKIISLLTEFRIPYYVGPLADGQSEFAWLE
RKSDEKIKPWNESDVVDLDRSAEKEFIEQLIGRDTYLPDEYVLPKKSLIYQKYMVENELTKIA
YLDERQKRMNLSSVEKKEIFETLEFKKRSKVTEKQLVKEFFENYLOIDNPTTIFGIEDAEFNADYS
TYVELAKVPGMKSMMDDPDNEDLMEEIVKILTVEFEDRKMRRKOLEKYKERLSPEQIKELAKK
HYTGWGRLSKKLLVGIRDKETQKTILDYLVEDDNHSGGRQHLNRNLMOQLINDDRLSEFKKT IA
ELOMIDPSADLYAQVQETAGSPATKKGILLGLKIVDEITIRVMGEKPENIVIEMARENQTTAR
GKALSKRREAKIKEGLAALGSSLLKENLPGNADLSQRKIYLYYTONGKDIYLDEPLDEDRLS
QYDEDHITIPOSEFTVDNSLDNLVLTNS SOQNRGNKKDDVPSLEVVNRQLAYWRSLKDAGLMT QR
KEDNLTKAMRGGLTDKDRERFIQOROLVETROITKNVAKLLDMRLNDKKDEAGNKIRETNIVL
LKSAMASEFRKMFRLYKVRELNDYHHAHDAYLNAATATNLLALYPYMADDEVYGEFRYKKKP
QAEKATYEKLROQWNLIKREFGEKQLEFTPDHEDCWNKERDIKTIKKVMGYRQVNVVKKAEERTG
MLEKETINGKTNKGSRIPIKKDLDPSKYGGYIEEKMAYYAVISYEDKKKKPGKTIVGISIMD
KKEFEYDSISYLGKLGESNPVVQIILKNYSLIAYPDGRRRYITGATKTTKGKVELOQKANQIA
MEQDLVNEFIYHLKNYDEISHPESYAFVQSHTDYFDRLEFDSTEHYTRRFLDAETNINRLRRIY
EEEKKKDPVDIEALVASFIELLKLTSAGAPADFIFMGEATISRRRYNSMTGLEDGQVIYQSLT
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GLYETRMRFEDKRPAATKKAGQAKKKKGSSGGSSGGSSGSETPGTSESATPESSGGSSGGST
SEKGPSTGDPTLRRRIESWEFDVEYDPRELRKETCLLYETIKWGMSRKIWRSSGKNTTNHVEV
NEIKKEFTSERRFHSSISCSITWELSWSPCWECSQAIREFLSQHPGVTLVIYVARLEWHMDQR
NROGLRDLVNSGVTIQIMRASEYYHCWRNEVNY PPGDEAHWPQYPPLWMMLYALETLHCIILS
LPPCLKISRRWONHLAFFRLHLONCHYQTIPPHITLLATGLIHPSVTWRYPYDVPDYAYPYDV

PDYAYPYDVPDYA (SEQ ID NO: 94).

25. The CasY protein of claim 2, wherein the Cas9 protein recognizes a PAM sequence

comprising 5°- NGG - 3°.

26. The Cas9 protein of claim 3, wherein the Cas9 protein recognizes a PAM sequence

comprising 5° — NAGHC — 3°, wherein H is adenine, cytosine, or thymine.

27. The Cas9 protein of claim 4, wherein the Cas9 protein recognizes a PAM sequence
comprising 5° — NRHRRH — 3°, wherein H is adenine, cytosine or thymine, and R is adenine

or guanine.

28. The Cas9 protein of claim 5 or claim 7, wherein the Cas9 protein recognizes a PAM

sequence comprising 5° — NGG - 3.

29. The Cas9 protein of claim 6, wherein the Cas9 protein recognizes a PAM sequence

comprising 5’— NNAAA- 3",

29b.  The Cas9 protein of claim 10b or 10¢, wherein the Cas9 protein recognizes a PAM

sequence comprising 5'— NGG-3’.
30. A nucleic acid encoding the Cas9 protein ol any one of the preceding claims.

31. The nucleic acid of claim 30, wherein the nucleic acid is codon-optimized for

expression in mammalian cells.

32. The nucleic acid of claim 31, wherein the nucleic acid is codon-optimized for

expression in human cells.
33. A eukaryotic cell comprising the Cas9 protein of any one of claims 29.
34. The eukaryotic cell of claim 33, wherein the cell is a human cell.

35. A method of cleaving a target nucleic acid in a eukaryotic cell comprising:



WO 2022/204268 PCT/US2022/021523
192

conlacting the cell with a Cas9 of any one of claims 1-29, and an RNA guide or a
nucleic acid encoding the RNA guide, wherein the RNA guide comprises a direct repeat

sequence and a spacer sequence capable of hybridizing to the target nucleic acid, and

wherein the Cas9 protein is capable of binding to the RNA guide and of causing a

5  break in the target nucleic acid sequence complementary to the RNA guide.

36. A method of altering expression of a target nucleic acid in a eukaryotic cell

comprising:

contacting the cell with a Cas9 of any one of claims 1-29, and an RNA guide or a
nucleic acid encoding the RNA guide, wherein the RNA guide comprises a direct repeat

10  sequence and a spacer sequence capable of hybridizing to the target nucleic acid, and

wherein the Cas9 protein is capable of binding to the RNA guide and of causing a

break in the targetl nucleic acid sequence complementary 1o the RNA guide.

37. A method of altering expression of a target nucleic acid in a eukaryotic cell
comprising:
15 contacting the cell with a Cas9 of any one of claims 1-29, and an RNA guide or a

nucleic acid encoding the RNA guide, wherein the RNA guide comprises a direct repeat

sequence and a spacer sequence capable of hybridizing to the target nucleic acid, and

wherein the Cas9 protein is capable of binding to the RNA guide and editing the

target nucleic acid sequence complementary to the RNA guide.
20 38 A method of modifying a target nucleic acid in a eukaryotic cell comprising:

contacting the cell with a Cas9 of any one of claims 1-29, and an RNA guide or a
nucleic acid encoding the RNA guide, wherein the RNA guide comprises a direct repeat

sequence and a spacer sequence capable of hybridizing to the target nucleic acid, and

wherein the Cas9 protein is capable of binding to the RNA guide and editing the

25  target nucleic acid sequence complementary to the RNA guide.
39. The method of claim 37 or 38, wherein the Cas9 protein is an inactive Cas9 (dCas9).

40. The method of claim 39, wherein the dCas9 is fused to a deaminase.

CA 03211495 2023-9-8
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41. The method of any one of claims 35-40, wherein the RNA guide comprises a crRNA
and a tractrRNA.

42 The method of any one of claims 35-39, wherein the RNA guide comprises a sgRNA.

43, The method of claim 42, wherein the sgRNA for use with Streprococcus constellatus

Cas9 comprises a scallold comprising a sequence having at least about 80% identlity to

5°-
GUUUUAGAGCUGUGCUGUUUAAACAACACAGCAAGUUAAAAUAAGGCUUUGU
CCGUACUCAAGCUUGCAAAAGCGUGCACCGAUUCGGUGCU-3" (SEQ ID NO: 3).

44. The method of claim 42, wherein the sgRNA for use with Sharpea Cas9 comprises a

scaffold comprising a sequence having at least about 80% identity to

52
GUUUUAGAGUUGUGUUAUUGAAAAAUAACACAACGAGUUAAAAUAAAGCUUA
UGCUUAAAUGCCAGCUUUGCUGGUGUCAUUUAGAUGACUUUACUAAGGUUGC
UUCGGCAACCUUUUU-3’ (SEQ ID NO: 7)

45. The method of claim 42, wherein the sgRNA for use with Veillonella parvula Cas9

comprises a scaffold comprising a sequence having at least about 80% identity to

5
GUUUGAGAGUAGUGUGAAAACAUUACGAGUUCAAAUACAAAUUAAUUUACAA
UGCCUUCGGGCUGCCCGACGUAGGGCACCUACUCUCAAUUCUUCGGAAUUGAG
UU-3" (SEQ ID NO: 13).

46. The method of claim 42, wherein the sgRNA for use with Lzakiella peruensis Cas9

comprises a scaffold comprising a sequence having at least about 80% identity to

5°-
GUUUGAGAGUUAUGUAAUUGAAAAAUUACAUGACGAGUUCAAAUAAAAAUUU
AUUCAAACCGCCUAUUUAUAGGCCGCAGAUGUUCUGCAUUAUGCUUGCUAUU
GCAAGCUU-3’ (SEQ ID NO: 19).
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47. The method of claim 42, wherein the sgRNA (or use with Lactobacillus fermentum
strain AF'15-40LB Cas9 comprises a scaffold comprising a sequence having at least about

80% identity to

5°-
GUCUUGGAUGAGUGUGAAAACACUCAUAGUCAAGAUCAAACGAGUGGUUUUC
CACGAGUUAUUACUUUUGAGGUCUUAUAUGGCCCAUACAUAAAAAGGAGUCG
GAAUUUCCGGCUCCUUUUCUU-3’ (SEQ ID NO: 95)

48. The method of claim 42, wherein the sgRNA for use with Peptroniphilus sp.
Marseille-P3761 Cas9 comprises a scaffold comprising a sequence having at least about 80%

identity to

5
GUUUUAGAGCCAUGUAGAAAUACAUUGCAAGUUAAAAUAAGGCUUUGUCCGU
AAUCAACUUGAAAAAGUGGCGCUGUUUCGGCGCUUU-3 (SEQ ID NO: 96)

49, The method of claim 41, wherein the crRNA comprises a guide sequence of between

about 16 and 26 nucleotides long.

50. The method of claim 49, wherein the crRNA comprises a guide sequence between 18

and 24 nucleotides long.

51. The method of claim 35 or 36, wherein the break in the target nucleic acid is a single-

stranded or double-stranded break.

52. The method of claim 51, wherein the break in the target nucleic acid is a single-
stranded break.
53. The method of claim 34 or 35, wherein the Cas9 protein is a nuclease that cleaves

both strands of the target nucleic acid sequence, or is a nickase that cleaves one strand of the

target nucleic acid sequence.

54. The method of any one of claims 34-53, wherein the target nucleic acid is 5° to a

protospacer adjacent motif (PAM) sequence.
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55. The method of any one of claims 34-54, wherein the Cas9 is operably linked (o a
promoter sequence for expression in a eukaryotic cell, and wherein the guide RNA is

operably linked to a promoter sequence for expression in a eukaryotic cell.

56. The method of claim 55, wherein the eukaryotic cell is a human cell.

57. The method of claim 55, wherein the promoler sequence is a eukaryotic or viral
promoter.

58. An engineered, non-naturally occurring CRISPR-Cas system comprising:

an RNA guide or a nucleic acid encoding the RNA guide, wherein the RNA guide
comprises a direct repeat sequence and a spacer sequence capable of hybridizing to a target

nucleic acid; and

a codon-optimized CRISPR-associated (Cas) protein having at least 80% sequence identity to
SEQ ID NOs: 1, 4, 8,14, 84 or 86, and wherein the Cas protein is capable of binding to the
RINA guide and of causing a break in the target nucleic acid sequence complementary to the

RNA guide.

58b. The engineered, non-naturally occurring CRISPR-Cas system of claim 58 where the
codon-optimized CRISPR-associated (Cas) protein further comprising a nuclear localization
sequence (NLS) and/or a FLAG, HIS or HA tag.

58c. The engineered, non-naturally occurring CRISPR-Cas system of claim 59 where the

codon-optimized CRISPR-associated (Cas) protein having at least 80% sequence identity to
SEQIDNOs: 2, 5,9, 15, 85, 87, 95 or 96, and wherein the Cas protein is capable of binding
to the RN A guide and of causing a break in the target nucleic acid sequence complementary

to the RNA guide.
59. An engineered, non-naturally occurring CRISPR-Cas system comprising:

an RNA guide or a nucleic acid encoding the RNA guide, wherein the RNA guide
comprises a direct repeat sequence and a spacer sequence capable of hybridizing to a target

nucleic acid; and

a codon-optimized CRISPR-associated (Cas) protein having at least 80% sequence
identity to SEQ ID NOs: 1, 4, 8, 14, 84 or 86;
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wherein the Cas protein is [used 1o a deaminase, and wherein the Cas protein [usion is
capable of binding to the RNA guide and of editing the target nucleic acid sequence
complementary to the RNA guide.

59b.  The engineered, non-naturally occurring CRISPR-Cas system of claim 59 where the
codon-optimized CRISPR-associated (Cas) protein further comprising a nuclear localization

sequence (NLS) and/or a FLAG, HIS or HA lag.

59¢.  The engineered, non-naturally occurring CRISPR-Cas system of claim 59b where the
codon-optimized CRISPR-associated (Cas) protein having at least 80% sequence identity to
SEQID NOs: 2, 5,9, 15, 85, 87, 95 or 96, wherein the Cas protein is fused to a deaminase,
and wherein the Cas protein fusion is capable of binding to the RNA guide and of editing the

target nucleic acid sequence complementary to the RNA guide.
60. The system of claim 59, wherein the Cas9 protein is an inactive Cas9 (dCas9).

6l. The system of claim of any one of claims 58-60, wherein the RNA guide comprises a
crRNA and a tractrRNA.

62. The system of any one of claims 58-60, wherein the RNA guide comprises an sgRNA.

63. The system of claim 62, wherein the sgRNA for use with Strepfococcus constellatus

Cas9 comprises a scaffold comprising a sequence having at least about 80% identity to

5°-
GUUUUAGAGCUGUGCUGUUUAAACAACACAGCAAGUUAAAAUAAGGCUUUGU
CCGUACUCAAGCUUGCAAAAGCGUGCACCGAUUCGGUGCU-3" (SEQID NO: 3).

o4, The system of claim 62, the sgRNA for use with Sharpea Cas9 comprises a scaffold

comprising a sequence having at least about 80% identity to

5-
GUUUUAGAGUUGUGUUAUUGAAAAAUAACACAACGAGUUAAAAUAAAGCUUA
UGCUUAAAUGCCAGCUUUGCUGGUGUCAUUUAGAUGACUUUACUAAGGUUGC
UUCGGCAACCUUUUU-3’ (SEQ ID NO: 7).

65. The system of claim 62, wherein the sgRNA for use with Veillonella parvula Cas9

comprises a scaffold comprising a sequence having at least about 80% identity to
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5°-
GUUUGAGAGUAGUGUGAAAACAUUACGAGUUCAAAUACAAAUUAAUUUACAA
UGCCUUCGGGCUGCCCGACGUAGGGCACCUACUCUCAAUUCUUCGGAAUUGAG
UU-3’ (SEQ ID NO: 13).

66. The system of claim 62, wherein the sgRNA for use with Ezakiella peruensis Cas9

comprises a scallold comprising a sequence having at least about 80% identlity lo

5
GUUUGAGAGUUAUGUAAUUGAAAAAUUACAUGACGAGUUCAAAUAAAAAUUU
AUUCAAACCGCCUAUUUAUAGGCCGCAGAUGUUCUGCAUUAUGCUUGCUAUU
GCAAGCUU-3" (SEQ ID NO: 19).

67. The system of claim 62, wherein the sgRNA for use with Lactobacillus fermentum
strain AF15-40LB Cas9 comprises a scaffold comprising a sequence having at least about

80% identity to

5-
GUCUUGGAUGAGUGUGAAAACACUCAUAGUCAAGAUCAAACGAGUGGUUUUC
CACGAGUUAUUACUUUUGAGGUCUUAUAUGGCCCAUACAUAAAAAGGAGUCG
GAAUUUCCGGCUCCUUUUCUU-3" (SEQ ID NO: 95).

68. The system of claim 62, wherein the sgRNA for use with Peproniphilus sp. Marseille-

P3761 Cas9 comprises a scaffold comprising a sequence having at least about 80% identity to
5°-
GUUUUAGAGCCAUGUAGAAAUACAUUGCAAGUUAAAAUAAGGCUUUGUCCGU
AAUCAACUUGAAAAAGUGGCGCUGUUUCGGCGCUUU-3" (SEQ ID NO: 96).

69. The system of any one of claims 58-68, wherein the Cas protein is operably linked to
a promoter sequence for expression in a eukaryotic cell, and wherein the guide RNA is

operably linked to a promoter sequence for expression in a eukaryotic cell.
70. The system of claim 69, wherein the eukaryotic cell is a human cell.

71. The system of claim 70, wherein the promoter sequence is a eukaryotic promoter

sequence.
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72. A nucleic acid encoding the system ol any one of claims 58-71.
73. A vector comprising the system of any one of claims 58-72.
74. The vector of claim 73, wherein the vector is a plasmid vector or a viral vector.
75. The vector of claim 74, wherein the viral vector is an adeno associated virus (AAV)
vector or a lentiviral vector.
76. The vector of claim 75, wherein the viral vector is an AAV vector.
77. The vector of claim 76, wherein more than one AAYV vector is used for packaging the
system of claims 59-71.
78. A method of treating a disorder or a disease in a subject in need thereof, the method

comprising administering to the subject a system of any one of claims 58-71,

wherein the guide RNA is complementary to at least 10 nucleotides of a target nucleic

acid associated with the condition or disease;
wherein the Cas protein associates with the guide RNA;
wherein the guide RNA binds to the target nucleic acid;

wherein the Cas protein causes a break in the target nucleic acid, optionally wherein
the Cas9 is an inactive Cas9 (dCas9) fused to a deaminase and results in one or more base

edits in the target nucleic acid, thereby treating the disorder or disease.

79. The method of claim 78, wherein the guide RNA is complementary to about 18-24

nucleotides.
80. The method of claim 79, wherein the guide RN A is complementary to 20 nucleotides.
81. A base editor comprising the fusion protein of any one of claims 16-19.

82. The base editor of claim 81 comprising an adenosine deaminase domain or a cytidine

deaminase domain.

82b. The base editor of claim 81 comprising an adenosine deaminase domain and a

cytidine deaminase domain.

83. A method of editing a nucleobase of a polynucleotide, the method comprising

contacting the polynucleotide with the base editor of claim 81 in complex with one or more
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guide RNAs, wherein the base editor comprises an adenosine deaminase domain and wherein
the one or more guide RN As target the base editor to effect an A*T to G+C alteration in the

polynucleotide.

84. A method of editing a nucleobase of a polynucleotide, the method comprising

contacting the polynucleotide with the base editor of claim 81 in complex with one or more
guide RNAs, wherein the base editor comprises a cytidine deaminase domain, and wherein
the one or more guide RN As target the base editor to effect an C+G to T A alteration in the

polynucleotide.

85. The method of claim 83 or 84, wherein the editing results in less than 50% indel

formation in the target polynucleotide sequence.

86. The method of any one of claims 83-85, wherein the editing generates a point

mutation.
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