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Figure S1 Representative examples of GFP reporter system. A, Representative fluorescence microscopy images 
showing CRISPR-Cas-mediated GFP knockout in HEK293T cells. Scale bar, 100 μm. B, Representative flow 
cytometry plots quantifying editing efficiency for PlmCas12e and SpCas9. 
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Figure S2 Initial editing efficiency screening of SpCas9-ATPase variants. Editing efficiency of SpCas9 fused to six 
ATPases at the N- or C-terminus via flexible or rigid linkers, targeting two EGFP sites. Data are presented as the 
mean from two biological replicates. 
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Figure S3 Further editing efficiency validation of spCas9 variants using the GFP reporter assay. A, Normalized 
frequency of GFP-negative cells for six ATPase variants fused to SpCas9 via rigid linkers, targeting five EGFP 
loci. B, Normalized frequency of GFP-negative cells for three small ATPase variants fused to SpCas9 via rigid 
linkers, targeting five EGFP loci. Data are presented as the mean from two biological replicates. 
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Figure S4 Further editing efficiency validation of PlmCas12e-DnaA variants. A, Representative NGS analysis of 
indels at the GFP-T1 locus, analyzed by CRISPResso2. B, Independent validation of editing efficiency using the 
GFP reporter system across three targets. Data are presented as the mean from two biological replicates. 
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Figure S5 GenomePAM analysis of PlmCas12e variants. A-C, Top-ranked perfect match reads from the 
GenomePAM assay using the Rep-1RC spacer in HEK293T cells. D-F, Summary of PAM motifs derived from 
associated perfect match reads, indicating that DnaA fusion does not alter the native PAM preference of PlmCas12e.  
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Figure S6 Molecular dynamics analysis of PlmCas12e variants. A, Representative snapshots of the PlmCas12e-WT 
and PlmCas12e-NR-DnaA ternary complexes extracted from the 300 ns simulation. Regions are colored as follows: 
Cas12e (dark gray), DnaA (purple), dsDNA (red), and sgRNA (light gray). B, Time-course RMSD of the Cas12e 
protein domain alone for PlmCas12e-WT and PlmCas12e-NR-DnaA. C, Time-course Rg of the Cas12e protein 
domain alone for PlmCas12e-WT and PlmCas12e-NR-DnaA. Data are presented as mean ± SD from three 
independent replicates. 
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Table S1 Information and functions of selected ATPase. 
 

ATPase Organism Length Main function 

Rad54 Homo sapiens 747 aa DNA recombination 

ERCC2 Homo sapiens 761 aa DNA transcription 

DnaA Escherichia coli 467 aa DNA replication 

RecD Escherichia coli 608 aa DNA repair 

RecQ Escherichia coli 609 aa DNA repair 

ClpX Escherichia coli 424 aa Subunit of CLP proteinase 

RecA Deinococcus radiodurans 363 aa DNA repair 

DrSSB Deinococcus radiodurans 301 aa DNA replication, recombination 

DdrB Deinococcus radiodurans 188 aa DNA repair, genome reconstitution 
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Table S2 Spacers for GFP disruption used in the study. 
 

ID Spacer 

GFP Disruption Targets for spCas9 

T1 GGCATCGACTTCAAGGAGGA 

T2 CAGAACACCCCCATCGGCGA 

T3 GACGTAGCCTTCGGGCATGG 

T4 GGGCACGGGCAGCTTGCCGG 

T5 GATGCCGTTCTTCTGCTTGT 

GFP Disruption Targets for PlmCas12e 

T1 AGGAGGACGGCAACATCCTG 

T2 CCTCGGCGCGGGTCTTGTAG 

T3 GGCATGGCGGACTTGAAGAA 

T4 GGGTCAGCTTGCCGTAGGTG 

T5 TCTGCACCACCGGCAAGCTG 

T6 GCCGCTACCCCGACCACATG 

T7 AGATCCGCCACAACATCGAG 

T8 GCTGGTAGTGGTCGGCGAGC 

 
 
 
Table S3 NGS Spacers and relative primers used in the study. 
 

ID Spacer Primer-F Primer-R 
Endogenous Targets of PlmCas12e 

B2M-1 
ATGTCGGATGGATG
AAACCC 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTTCCCGAT
ATTCCTCAGGTACTCCAAAG 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTGCTGAA
AGACAAGTCTGAATGCTCC 

B2M-2 
CACGGCAGGCATAC
TCATCT 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTCAGACTT
GTCTTTCAGCAAGGACTGG 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTGACTAC
TCATACACAACTTTCAGCAG
C 

FANCF-1 
CTAATCCCGGAACT
GGACCC 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGTTCTCC
AGCAGGCGCAGAG 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTCTGCGC
CACATCCATCGGC 

FANCF-2 
GAAGGTCATAGTGC
AAACGT 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTCTATTGT
GCAACTCCTCCCAGGG 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTCTTTTGT
CGCGCCCTCCCAG 
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VEGFA-1 
TGGATGTCTATCAG
CGCAGC 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGAGCTGG
GTGGAGAGAGGGG 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTGGCTTG
AAGATGTACTCGATCTCATC
AG 

VEGFA-2 
TGATGATTCTGCCC
TCCTCC 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGTGGCTG
GGCCTGTGCAC 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTTTAGGC
CATCCACCCATCCCCTG 

VEGFA-3 
AGATTATGCGGATC
AAACCT 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTCTGGGTG
CTGAGTGGCAGG 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTACATCC
TCACCTGCATTCACATTTGT 

Exogenous Targets of PlmCas12e 

GFP-T1 
AGGAGGACGGCAA
CATCCTG 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGTTCGAG
GGCGACACCCTG 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTGTTCAC
CTTGATGCCGTTCTTCTG 

GFP-T2 
CCTCGGCGCGGGTC
TTGTAG 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGCCGCTA
CCCCGACCAC 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTCCCCAG
GATGTTGCCGTCC 

GFP-T3 
GGCATGGCGGACTT
GAAGAA 

ACACTCTTTCCCTACACGAC
GCTCTTCCGATCTGAAGTTC
ATCTGCACCACCGG 

GTGACTGGAGTTCAGACGTG
TGCTCTTCCGATCTTCGGCG
CGGGTCTTGTAG 

 
 
 
Table S4 Protein sequences used in the study. 
 

Protein ID Sequence 

PlmCas12e 

QEIKRINKIRRRLVKDSNTKKAGKTGPMKTLLVRVMTPDLRERLENLRKKPENIPQ
PISNTSRANLNKLLTDYTEMKKAILHVYWEEFQKDPVGLMSRVAQPAPKNIDQRK
LIPVKDGNERLTSSGFACSQCCQPLYVYKLEQVNDKGKPHTNYFGRCNVSEHERLI
LLSPHKPEANDELVTYSLGKFGQRALDFYSIHVTRESNHPVKPLEQIGGNSCASGPV
GKALSDACMGAVASFLTKYQDIILEHQKVIKKNEKRLANLKDIASANGLAFPKITL
PPQPHTKEGIEAYNNVVAQIVIWVNLNLWQKLKIGRDEAKPLQRLKGFPSFPLVER
QANEVDWWDMVCNVKKLINEKKEDGKVFWQNLAGYKRQEALLPYLSSEEDRKK
GKKFARYQFGDLLLHLEKKHGEDWGKVYDEAWERIDKKVEGLSKHIKLEEERRS
EDAQSKAALTDWLRAKASFVIEGLKEADKDEFCRCELKLQKWYGDLRGKPFAIEA
ENSILDISGFSKQYNCAFIWQKDGVKKLNLYLIINYFKGGKLRFKKIKPEAFEANRF
YTVINKKSGEIVPMEVNFNFDDPNLIILPLAFGKRQGREFIWNDLLSLETGSLKLAN
GRVIEKTLYNRRTRQDEPALFVALTFERREVLDSSNIKPMNLIGIDRGENIPAVIALT
DPEGCPLSRFKDSLGNPTHILRIGESYKEKQRTIQAAKEVEQRRAGGYSRKYASKA
KNLADDMVRNTARDLLYYAVTQDAMLIFENLSRGFGRQGKRTFMAERQYTRME
DWLTAKLAYEGLPSKTYLSKTLAQYTSKTCSNCGFTITSADYDRVLEKLKKTATG
WMTTINGKELKVEGQITYYNRYKRQNVVKDLSVELDRLSEESVNNDISSWTKGRS
GEALSLLKKRFSHRPVQEKFVCLNCGFETHADEQAALNIARSWLFLRSQEYKKYQ
TNKTTGNTDKRAFVETWQSFYRKKLKEVWKPAV 
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spCas9 

DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKH
ERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLI
EGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIA
QLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIG
DQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALV
RQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNR
EDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVG
PLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVL
PKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQ
LKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVL
TLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG
KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAI
KKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGI
KELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP
QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKF
DNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREV
KVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFV
YGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETN
GETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIAR
KKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKN
PIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYV
NFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKV
LSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATL
IHQSITGLYETRIDLSQLGGD 

ERCC2 

KLNVDGLLVYFPYDYIYPEQFSYMRELKRTLDAKGHGVLEMPSGTGKTVSLLALI
MAYQRAYPLEVTKLIYCSRTVPEIEKVIEELRKLLNFYEKQEGEKLPFLGLALSSRK
NLCIHPEVTPLRFGKDVDGKCHSLTASYVRAQYQHDTSLPHCRFYEEFDAHGREV
PLPAGIYNLDDLKALGRRQGWCPYFLARYSILHANVVVYSYHYLLDPKIADLVSK
ELARKAVVVFDEAHNIDNVCIDSMSVNLTRRTLDRCQGNLETLQKTVLRIKETDE
QRLRDEYRRLVEGLREASAARETDAHLANPVLPDEVLQEAVPGSIRTAEHFLGFLR
RLLEYVKWRLRVQHVVQESPPAFLSGLAQRVCIQRKPLRFCAERLRSLLHTLEITD
LADFSPLTLLANFATLVSTYAKGFTIIIEPFDDRTPTIANPILHFSCMDASLAIKPVFE
RFQSVIITSGTLSPLDIYPKILDFHPVTMATFTMTLARVCLCPMIIGRGNDQVAISSKF
ETREDIAVIRNYGNLLLEMSAVVPDGIVAFFTSYQYMESTVASWYEQGILENIQRN
KLLFIETQDGAETSVALEKYQEACENGRGAILLSVARGKVSEGIDFVHHYGRAVIM
FGVPYVYTQSRILKARLEYLRDQFQIRENDFLTFDAMRHAAQCVGRAIRGKTDYG
LMVFADKRFARGDKRGKLPRWIQEHLTDANLNLTVDEGVQVAKYFLRQMAQPF
HREDQLGLSLLSLEQLESEETLKRIEQIAQQL 
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Rad54 

RRSLAPSQLAKRKPEGRSCDDEDWQPGLVTPRKRKSSSETQIQECFLSPFRKPLSQL
TNQPPCLDSSQHEAFIRSILSKPFKVPIPNYQGPLGSRALGLKRAGVRRALHDPLEK
DALVLYEPPPLSAHDQLKLDKEKLPVHVVVDPILSKVLRPHQREGVKFLWECVTS
RRIPGSHGCIMADEMGLGKTLQCITLMWTLLRQSPECKPEIDKAVVVSPSSLVKNW
YNEVGKWLGGRIQPLAIDGGSKDEIDQKLEGFMNQRGARVSSPILIISYETFRLHVG
VLQKGSVGLVICDEGHRLKNSENQTYQALDSLNTSRRVLISGTPIQNDLLEYFSLV
HFVNSGILGTAHEFKKHFELPILKGRDAAASEADRQLGEERLRELTSIVNRCLIRRT
SDILSKYLPVKIEQVVCCRLTPLQTELYKRFLRQAKPAEELLEGKMSVSSLSSITSLK
KLCNHPALIYDKCVEEEDGFVGALDLFPPGYSSKALEPQLSGKMLVLDYILAVTRS
RSSDKVVLVSNYTQTLDLFEKLCRARRYLYVRLDGTMSIKKRAKVVERFNSPSSPD
FVFMLSSKAGGCGLNLIGANRLVMFDPDWNPANDEQAMARVWRDGQKKTCYIY
RLLSAGTIEEKIFQRQSHKKALSSCVVDEEQDVERHFSLGELKELFILDEASLSDTH
DRLHCRRCVNSRQIRPPPDGSDCTSDLAGWNHCTDKWGLRDEVLQAAWDAASTA
ITFVFHQHSHEEQRGLR 

DnaA 

SLSLWQQCLARLQDELPATEFSMWIRPLQAELSDNTLALYAPNRFVLDWVRDKYL
NNINGLLTSFCGADAPQLRFEVGTKPVTQTPQAAVTSNVAAPAQVAQTQPQRAAP
STRSGWDNVPAPAEPTYRSNVNVKHTFDNFVEGKSNQLARAAARQVADNPGGAY
NPLFLYGGTGLGKTHLLHAVGNGIMARKPNAKVVYMHSERFVQDMVKALQNNA
IEEFKRYYRSVDALLIDDIQFFANKERSQEEFFHTFNALLEGNQQIILTSDRYPKEIN
GVEDRLKSRFGWGLTVAIEPPELETRVAILMKKADENDIRLPGEVAFFIAKRLRSN
VRELEGALNRVIANANFTGRAITIDFVREALRDLLALQEKLVTIDNIQKTVAEYYKI
KVADLLSKRRSRSVARPRQMAMALAKELTNHSLPEIGDAFGGRDHTTVLHACRKI
EQLREESHDIKEDFSNLIRTLSS 

RecQ 

VNVAQAEVLNLESGAKQVLQETFGYQQFRPGQEEIIDTVLSGRDCLVVMPTGGGK
SLCYQIPALLLNGLTVVVSPLISLMKDQVDQLQANGVAAACLNSTQTREQQLEVM
TGCRTGQIRLLYIAPERLMLDNFLEHLAHWNPVLLAVDEAHCISQWGHDFRPEYA
ALGQLRQRFPTLPFMALTATADDTTRQDIVRLLGLNDPLIQISSFDRPNIRYMLMEK
FKPLDQLMRYVQEQRGKSGIIYCNSRAKVEDTAAALQSKGISAAAYHAGLENNVR
ADVQEKFQRDDLQIVVATVAFGMGINKPNVRFVVHFDIPRNIESYYQETGRAGRD
GLPAEAMLFYDPADMAWLRRCLEEKPQGQLQDIERHKLNAMGAFAEAQTCRRLV
LLNYFGEGRQEPCGNCDICLDPPKQYDGSTDAQIALSTIGRVNQRFGMGYVVEVIR
GANNQRIRDYGHDKLKVYGMGRDKSHEHWVSVIRQLIHLGLVTQNIAQHSALQL
TEAARPVLRGESSLQLAVPRIVALKPKAMQKSFGGNYDRKLFAKLRKLRKSIADES
NVPPYVVFNDATLIEMAEQMPITASEMLSVNGVGMRKLERFGKPFMALIPAHVDG
DDEE 

RecD 

KLQKQLLEAVEHKQLRPLDVQFALTVAGDEHPAVTLAAALLSHDAGEGHVCLPLS
RLENNEASHPLLATCVSEIGELQNWEECLLASQAVSRGDEPTPMILCGDRLYLNRM
WCNERTVARFFNEVNHAIEVDEALLAQTLDKLFPVSDEINWQKVAAAVALTRRIS
VISGGPGTGKTTTVAKLLAALIQMADGERCRIRLAAPTGKAAARLTESLGKALRQL
PLTDEQKKRIPEDASTLHRLLGAHRGSQRLRHHAGNPLHLDVLVVDEASMIDLPM
MSRLIDALPDHARVIFLGDRDQLASVEVGAVLGDICAYANAGFTAERARQLSRLT
GTHVPAGTGTEAASLRDSLCLLQKSYRFGSDSGIGQLAAAINRGDKTAVKTVFQQ
DLTDIEKRLLQSGEDYIAMLEEALAGYGRYLDLLQARAEPDLIIQAFNEYQLLCAL
REGPFGVAGLNERIEQFMQQKRKIHRHPHSRWYEGRPVMIARNDSALGLFNGDIGI
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ALDRGQGTRVWFAMPDGNIKSVQPSRLPEHETTWAMTVHKSQGSEFDHAALILPS
QRTPVVTRELVYTAVTRARRRLSLYADERILSAAIATRTERRSGLAALFSSRE 

ClpX 

TDKRKDGSGKLLYCSFCGKSQHEVRKLIAGPSVYICDECVDLCNDIIREEIKEVAPH
RERSALPTPHEIRNHLDDYVIGQEQAKKVLAVAVYNHYKRLRNGDTSNGVELGKS
NILLIGPTGSGKTLLAETLARLLDVPFTMADATTLTEAGYVGEDVENIIQKLLQKCD
YDVQKAQRGIVYIDEIDKISRKSDNPSITRDVSGEGVQQALLKLIEGTVAAVPPQGG
RKHPQQEFLQVDTSKILFICGGAFAGLDKVISHRVETGSGIGFGATVKAKSDKASE
GELLAQVEPEDLIKFGLIPEFIGRLPVVATLNELSEEALIQILKEPKNALTKQYQALF
NLEGVDLEFRDEALDAIAKKAMARKTGARGLRSIVEAALLDTMYDLPSMEDVEK
VVIDESVIDGQSKPLLIYGKPEAQQASGE 

SSB 

ARGMNHVYLIGALARDPELRYTGNGMAVFEATVAGEDRVIGNDGRERNLPWYH
RVSILGKPAEWQAERNLKGGDAVVVEGTLEYRQWEAPEGGKRSAVNVKALRME
QLGTQPELIQDAGGGVRMSGAMNEVLVLGNVTRDPEIRYTPAGDAVLSLSIAVNE
NYQDRQGQRQEKVHYIDATLWRDLAENMKELRKGDPVMIMGRLVNEGWTDKD
GNKRNSTRVEATRVEALARGAGNANSGYAAATPAAPRTQTASSAARPTSGGYQS
QPSRAANTGSRSGGLDIDQGLDDFPPEEDDLPF 

RecA 

SKDATKEISAPTDAKERSKAIETAMSQIEKAFGKGSIMKLGAESKLDVQVVSTGSLS
LDLALGVGGIPRGRITEIYGPESGGKTTLALAIVAQAQKAGGTCAFIDAEHALDPV
YARALGVNTDELLVSQPDNGEQALEIMELLVRSGAIDVVVVDSVAALTPRAEIEG
DMGDSLPGLQARLMSQALRKLTAILSKTGTAAIFINQVREKIGVMYGNPETTTGGR
ALKFYASVRLDVRKIGQPTKVGNDAVANTVKIKTVKNKVAAPFKEVELALVYGK
GFDQLSDLVGLAADMDIIKKAGSFYSYGDERIGQGKEKTIAYIAERPEMEQEIRDR
VMAAIRAGNAGEAPALAPAPAAPEAAEA 

DdrB 

LQIEFITDLGARVTVNVEHESRLLDVQRHYGRLGWTSGEIPSGGYQFPIENEADFD
WSLIGARKWKSPEGEELVIHRGHAYRRRELEAVDSRKLKLPAAIKYSRGAKVSDP
QHVREKADGDIEYVSLAIFRGGKRQERYAVPGGAAGNGQGRPAPQGQPAQARPQ
ATAARPAARPPVQPGQEEETPF 
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Table S5 SgRNA sequences used in the study. 
 

ID Sequence 

PlmCas12e 
sgRNA-Scaffold 

GGCGCTTTTATCTCATTACTTTGAGAGCCATCACCAGCGACTATGTCGTATGG
GTAAAGCGCTTATTTATCGGAGAAACCGATAAATAAGAAGCATCAAAGgggtct
tcgagaagaccc 

spCas9 
sgRNA-Scaffold 

GgggtcttcgagaagaccaGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAA
TAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT 

Bold: DEST spacer for BbsI cleavage. 
 
 
Table S6 dsODN sequences used in the study. 
 

ID Sequence 

dsODN-Top 
5’-Phos-
ACTTCGGTACGCGTCGACGTACGGTCGACGAGTCGCGCGTACGACGATCGA*G*A*C 

dsODN-Bot 
5’-Phos-
GTCTCGATCGTCGTACGCGCGACTCGTCGACCGTACGTCGACGCGTACCGA*A*G*T 

 
 
Table S7 Scores of ipTM and pTM for the AlphaFold3 predicted structures. 
 

Structure ID ipTM pTM 

PlmCas12e-WT 0.8 0.83 

PlmCas12e-NR-DnaA 0.77 0.68 

 


