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Supplementary Figures

1. Adenine nucleotide occurrences in human genome.
Comparisons of candidate orthologs.
CRISPR cassettes of candidate orthologs.
Flow cytometry gating strategy for PAM-SCANR assay.
tracrRNA determination for SpyMac.
Comparison of SpyMac to Cas12a as A-rich targeting platforms.
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Supplementary Figure 1. (A) Dinucleotide and (B) Trinucleotide occurrences in the
human reference genome GRCh38. Tallies were carried out using the compseq
EMBOSS command line software tool. Dashed gray lines mark what the expected
percentages would be for a uniform representation of all sequences of length 2 or 3.



Spy Casy

Sz Caso
Sudal Casa
Sudo? Cas

Spy Cas9

Suda2 Cas9

Spy Cas?

Suda2 Cas9

Spy a9
Smac Casd
St Casd
Sudel Casd
Sudo? Cas9

Suda? Casd

Spy Casd
Smac Cas9
S Cas9
2 Casg
Sudo? Cass
Suda2 Cas9

Spy Casy
Smae Casg
Sl Caso
Smu2 Case
Sudal Cas9
Suga2 Cass

Spy Cas9

Ortholog of Interest NCBI Accession

MDKKYS | GLD | GTNSVGWAV | TDE YK VP SKKEKVLGNTDRHS IKKNL | GALLFDSGETAEATRLKR!’ARRRVTRRKNHICVLQE IFSNEMAKVDDS FFHRLEES F LVEEDKKHERHP | FGN WDEVAWEKWT\ YHLRKKLVDS TDKADLRL | YLALAHMIK

YLLFFCKRFSKEKI T P v G A M KSH L N KDR RNAIL AE AE Q9 N TND  EFDS KAE EHHF F H E
K P v D A MT KSH L N ADR RAR I L AE S D TECKR LEE 'K NF QY A NPE V v |
K P D A M KSH L N ADR RuAIL AE N [} TOD  NFDS KAE D QF HA E v
MSN P D M K F E T DR LR P IS s DD P RGSKY = ATLAE KE KNF Q AN KE
MSN P Vi D M K F ECTIADR LR AE NS oo P RGSKY = ATLAE KE KNF Q A KE

FRGHFL 1 EGDLNPDNSDVDKLF | OLVQTYNGLFEENP INASGVDAKAIL SARL SKSRRLENL \AQLFGEKKNGL FGNL \ALSLGLTPNFKSNFDLAEDAKLQL SKDTYDDDLDNLLAQ | GDQYADLFLAAKNLSDAILLSDILRVNTE | TKAPLSASM|KRYDEHHQDLTLLKALVR

Q@ KAE TN QT 'DDF EV DKTV 'SHLSE--15V55 TEKI T T 5 EE_ GE | GK N s ¥l G TIDDNT E°QE  AQ KFI

KEDTR N QR QEFLAV DNT NSSLQEQN QVEE TDKI AKKDRVLKLF N S R AEFLK 1V uuno KH E E KTP r EEE EV NYAELFLSAKKLYDS G T TDVS Q N QM AQ QFI

E_AE T Q  ADF GV DRT DDSHLSEIT. SS' TEKI K NNY K i T KS F EE EE/ GK D TL Y G TADDSS E EK EFIK
b Y ESFDIK N 1Q | NEFIS| DNT GSSLSGONAQVE FTDKI ~ AKR RVLKLF D ST  SEFLK |V NGAD KH E K P F EVE .G DF VAAKKLY: G T TDPS E EN QK AV QFIK
Y Y EAFDIK N 1Q | NEFINI DNT GSSLSGONEQVE F DKI ~ AKR RVLKLF D ST  SEFLK IV NQAD KH E K P F EOLENLLG GF VoK Y G T TDPS E QN OGN AS QFIK

e 56 ass ane
oow;xvn|;musws‘mcvmrmsar;rwrmvugmnnnn VKLNREDLLRKQRTFONGS | PHQ I HLGELHA | LRRQEDFYPFLKONREK IEK I LTFR | PYYVGPLARGNSRFAWMTRK SEET | TPWNF EEVVDKGASAQSF |

ags azs

as6
ERMTNFOKNL PNFKVLPKHSLLVFV

N DQ 5V S KTD KTN A Y NM 5 TE ADYF D ID F v QM GEY E QD KG AEY ADKKV DDIL  EK LN LY E VYET
K SDO NV SV D KTN A YL GL N IE SGYF D IE F Q MR 1 AE A QDR K D LS ADK DI ES YOLYLPHQ K
ANK L HD ET EN VK D YL NT 5 IA SDYF D IE F QM G Y E QDR K AEYH D AV DQ 1 ES N LY PK
™ VVs D KTT A Y NL S F ADYF D IE VF Q MNT GEH E K RD L N DQA R 1VDKAS ¥ LY E T
NN DV S D V KTT A Y NL S FE ADYF E IE F Q MN GEH E K RD L N DOA R IoAs YOLYLPE T

5 &
FTVYNE LT‘VKVV'IFGMRKFAFLS(FDKKA\\IDL LFKTNRKVTVKQLKEDYFKK IECFDSVE | srvrnn———rm\sl GTYHOLLK | | KDKDF LDNE FNFD ILED IVLTLTLFEDREM

N N -QG Al FDANM QE F HV E KDK LNYLN EF E RI NLT LDKENKA § RE (L=DKSF LUDKVNEK L] e RQ QK SDI TTQQL K E H A GY ID Y¥S
K -QG T FDANM QE F GV VY KDK MDFLE EFDE RI DLT LDKENKA ¥ RK 11~ SK K RK EN SD LTKEQV K E H AE H N E R Y ID NS
Y 1 -IGEAK FDANL QE F G HE K K RTFLDANFDE R1.D Q-LDKETET YA Q v VM P AE N KQ AK DV K 1D A H AL € MY ID AQS
A FIA DYQ 'DSG K INQ KK EDNIIDCLG - DNY G| LK | I R E M DPK G NVIH 1 KQ AQ NSI E | A S KH K A T Y MD  KS
A FIA L DYQ DSG Q 'N@ EK E DIIQYLHN- VDCY Gl LK | KQ EMDSK E/ N H I KQ AQ DSI E I AT H K A T ¥ 1D YS
L 701 7 m ] 53 6 m 790 [ 859
NrMoLMDDSLTFKFD\QKAQVSEQGDS'HEH\ANLACSFMxka\LorvkvvnnvkvMGRHanw FMARFNQTTQKGOKNERFRMKRIFFGIK"”FLGSQ\LKFHFVFNTQLQNFKLYLVVLQNGRDMYVDOFLDINRI.EDYDVDH\VPQSFLKDDS\DNKVLTREDKNR
N P E AR | ET D NQLVSD! sLod SN A A RRS GQQ LA NLDHD NHK TD QA DR F TEDP | |
N AS EA | ET N NQWVSDI sL PMG=HE v F NQ RR QQ L GLTDS F s DR F TGE Y Q | AN
L T N DV YVDNS D QWvVQs sLid -KE Q@ ¥ A RR QQ Y LK A SLDRD NHK TD QA NR F TGES I VI Al N
KODEL SETE | RQWVQ P s11 —HAFES AR K GQQ Y DSL NLASG B N N TD W DR F K TGEA N @ 5 | oAl
N G S | F KTNDVKGYVQE P SU1E -HE TR K Q@Y NSL ILASG N K TN DR F K TGEA Q. sC | oAl
1 27 7 a7 o8
uKsDNVPsEEVVKKMKNMNLLNAKL\TQRKFDNLTM——=RGL‘LSELDKAGF—Ixaz)wnaq TKHVAQ\LDSRMNTKYDENDKL REVKVITLKSKLVSDFRKUFQFVKV‘?E\NNYHHAHUAYLNAVVGIAL\KKVPKLEEEFVYGDYK\WDVRKM\AKSE”QE\GKATAKYF
D NR RPF NK SCG §  ¥S K ARFNTKRDENKKVIRDVE ) N Q K 3} 1 K LBV Q P E
0 D NR RPF NK 556G 5 YN K RM: E F KEF DN R R IV NLVSSFRKEFEL D VK LV P E Q
D D NR RPF NK 55G S5 YN K RM E F KEF D NR R IV N S EEL D VK LV P E Q
LiVVE T VEAFIQT DS 1 SETCYN ER N v A F KEVT KN KN N | NM N E GL [} AK 1L P QK LKRY S E
CLEVVDXMKVFWQOLLDF#L | § N DR V R FOEVT K KN'N 1 NLVSNFRKEFGL D AKIL P QK LKRY SR KDPKD E  E
1043 0 1465 s 1985 1 118 1128 1136 11
FYSNIMNFFKTE | TLANGE | RKRPL | ETNGETGE | VWDKGRDFATVRKVLSMPQVN IVKKTEVQT GGFSKES | LPKRN SDKLIAFIKKSWDPKKYEGFDSPTVAYSVLVVAKV[KEKSKKLKSVKELLG\'INERSSFEKNP\DFLEAKGYKEUKKDL\ IKLPKYSLFELE
K DD D N K DEHISNIKR Y v [ VGaN LFODNPKSPLEVT PS VPL ELN T P Q@ VK RDR QQ G NDF T VDIG
M SKVK DDQ VE M VD A TKHIT K Y v [ 1GON LFDDNPKSPLEVI PS VPL ALN E TPl Q VK KD  QQIE NNFV VDIG
M SKVK DDQ VE M VD A TKHIT K Y V[ 1GoN LFDDNPKSPLEVI PS VPL ALN E T Pl Q VK KD QQIE NNFV T VDIG
LL E VHY D T V EN YSKD AN EK 1K F E VGQN LFONN VS EKVVDAS  PI SGLS E | RD NLY RNL INN SH- V OHTVL FK
LL E VHY D T V EN ¥5KD AN CEK 1K1 E_VGON __LFONN VS KKVVDA Pl _SGLS & I £ NINPN EN
1208 1755 1265 273 1383 12 13 1354 1360
= —NGMRM[ASAGMQKGMLALPSKWNFLvuwvskuasvmmwmWFQHKH——HDFw \FQ\SFFSKR\HLAUANLDKVLSAVNKHRD KPIRFUAFN\ |HLFTLTNLGAPAAEKYFOTT | DRE SRYTSTKEVL----DATL | HQS I TGLYETR IDLSQLGGD
T 1 LW SK v VLFNE | KCK GRERIQ TENV SNKKNAA E L SF K LGF Q TSP NFLGVKLNG Q@ KGK DYILPCIEG R VO SKIGE
1o sk owa q Wk SQDL ILFNE TS  KCK GKEHIQ IEE SAS E L D:.F K LGF TSP SFLGIKLNG @ GK DY LPCME K
I LW SK VH  Q YVSK SGD ILFNE TS  KCK GKEHIQ TSP SFLGIKLNG @ GK DY LPCME K
HKYGTYR FIV NQ KRA QIFVTT QMKUSQVTTLQ = EH LLKNNQQL [--QS WN_FL MLATD VNKK- nvDEULrNNnTIEE( N\MNRV TYLSK IN GQKKI| D LSLPI RWQFADSDKMVKK | IES K E
G OR 51 |__YHFTAL HTORIN ISEPIHKQ QNEF--K LLTT [SL K-YIiQKP VESL QOAFEQA D YQLS SF 5 LK SF G FLGVE 5@ S8V KPNSOF KLGE

C

PAM-SCANR Post-Sort (GFP+)
ACCT

JN_b\VA_/\AM

%Agreement to Spy1-1099 %Agreement to Spy1100-1368 %Agreement to Smac1100-1368 Spy-Ortholog Hybrid dCas9

Smac Cas9 WP_003079701 64.6 379 - Spy-mut1/2
Smut1 Cas9 BAQ19582 63.5 0.9 85.4
Smutz Cas9 WP_024784268 65.7 409 85.4
Sudo1 Cas® WP_049510439 64.4 302 399 Spy-udo1
Sudo2 Cas9 WP_049538452 64.8 488 268

Spy-udo2

S = Streptococcus, py = pyogens, mac = macacae, mut = mutans, udo = pseudopneumoniae

Supplementary Figure 2. (A) Sequence alignment (Geneious software) for selected
orthologs of interest that substitute at least one critical PAM-contacting arginine residue
within the region highlighted in red. A blue box marks the C-terminal component grafted
onto truncated SpyCas9 to form dCas9 hybrids. (B) Table listing the homology shared
within and outside of the box to those regions in the corresponding SpyCas9 and
SmacCas9 reference sequences. (C) Chromatograms representing the PAM-SCANR
based enrichment of variant-recognizing PAM sequences from a 5'-NNNNNNNN-3'
library.



Smac CRISPR Cassette (NCBI: NZ_AEUW02000001) Notable Spacer Mappings

repest
CTTCTECTTTTGTAGTTGETAAACAAATGTTTTAGAGETGTGTTGTTTCGAATGGTTCCAAAACTGCACTTTAATCTCGTTAAAAGACTCGGTGGTTTTAGAGETGTGTTGTT TGETTCCAARACAA H
CTECTTTTGTAGTTGETAAACARATETTTTAGAS GTTTCGAATGETTECA crTTAATETC GAcTCaGTSGTTT ToTToTTTE GTTCCAAAACA Putative
) ) ) Protospacer PAM Strain/Species Source

ATGATGGTCAATAATGAAGEGGAAATCTGT TTTAGAGETGTGTTGTTTCOAATGGTTCCAAAACTAGCTACGTTTACTTTCTTCTATCTTETGAGTTTTAGAGETGTGTTGTTTCOAATGGTTCCAAAACTA
ermna ermna

CTAATCTAGCTAATGGTGTA TCAATTITTT Macaca fascicularis (Host; Primate)

Repest Repest
TEGAACAGGAGCTTACTACAACETACCCGTTTTAGAGETGTGTTGTTTCGAATGETTCCAAAACTACGGTTGETGAAGATATAATAGACGETATGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACAT AACATTTGAGATACCTCTTT AMGTAAGGE Macaca fascicularis (Host; Primate)
Repeat Ropoat
CTTTTTGOGCGAAATCACCGATTA GTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACACTTGGECCOAAATTEECGAGGTTGTTGCAGTTTTAGAGETGTETTGTTTCOAATGGTTCCAALACAG
WA RN
Repest Rupest

GEGCAAAAGTAGCCTGAATT CTAAGGATAG Macaco fascicularis (Host; Primate)
TETTEGCAGATAGTACAGTTGETTECATGT TTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACAAAACAAGTTTEGTAGCCGTGETECTGGTAGTTTTAGAGCTGTSTTGTTTCGAATGGCTTACTTGETT
ermnA ermnA

Repeat Repeat TCCATGAAATTTCCAATCTG TAAAGTCTGT Streptococcus phage APCME1/M162/M102AD
Smut1 CRISPR Cassette (NCBI;: AB742518) TACGTTCCTAAMACTTGECC AMATCC Parasteatoda tepidariorum (House Spider)
ATGTCOTGAC GAAAATTBGT CCACGAGET TTTAGAGET TG T TG TTTE AT GGTTCEAAAAECALATTAGEACTTGTEATCTEATAAGETGCGTTT TAGAGETGTGTTGTTTCOANTGETTECAAAACAT
CrRNA 2
. — GCGATGATTACGCTTGAGTT AATAGAAATG Condidatus Izimaplasma (Bacteria)
AAAGAANGAGECARA RS TAGCETaAACEETTTTARAGE T 6 TET TETTTCOAR TOETTCEARAREETATTCOATT TEEATEARATT TCCARTETOETTTTASAGETETETTGTTTCARATCATTECAARACAG
BT CrRNA GATATTGACTGTGTCGTTTC CARATTCTCT Streptococcus phage M182AD
Jo— —
CAATAAAGTACGTTCCTAAMACTTGCCCGTTTTAGA GTGTTGTTTCGAATGGTTCCAAAACGATTGAAAAAACTATTGTCTATAGAATTTTGTTTTAGAGCTGTGTTGTTTCGAATGGTTCCAAAACAG TTTTCAGTTTCCTTACAAAC TAAGATTTTC Streptococcus phage APCMB1
N A
Repest epest

- - " ” ” " TTITTCGETTTCCTTACARAL CAAGATTTTC Streptococcus phage M182/M182A0
AGGTGGCATTAGTAACAATAGAAGAGTTTGTTTTAGAGCTGTETTGTTTCGAATGGTTCCAAAACCCCAAAGATTTTTGCCTGTATTATAGTATGGTTTTAGAGCTGTGTTGTTTCGAATGETTCCARAACA !
s cmnA

Repeat Reseat

TARAAGETCCTGCTGTGTCT TTAAGGTGEC Danio rerio (Zebrafish)
GACTTAGATGAGATGATTACGETTGAGTTGTTTTAGAGETGTETT6TTTCOAATGOTTCCAARACATAGCACACAAAAGGGEGCAGAAGEGTATEGTTTTAGAGETETETTGTTTCOAATGOTTCCARRACE
“ Resest § Reveat GATAMAGGAAAAGCCATGAC TCAACGCAAA Ovis canadensis (Bigharn Sheep)
ATGAGAGATEATATTGACTGTGTCETTTCGTTTTAGAGCTGTETTGTTTCGAATGOTTCCAAAACTCAACCATGTTTTTEAGTTTCCTTACAAACGTTTTAGAGCTGTETTGTTTCEAATGGTTCCAAAACS o . "
aNA cANA GATAAAGGCAAGGLCATGAC CAAAGCCATC Streptococcus phage APCME1
Repeat Reseat
T TG A G T T T ARG E T C T GETa TG T TG T T TAGAGE TG T6TT6T T TCGAAT GO TTCCARAAE TGO TAATGE GEATAAAGGAARAGCEATGACTTTT TAGASETGTGTTATTTCEARTGETTCCARAACA TGTGCTTGTGTCACAGCTAG AAGGTTCTCT Lepisosteus oculatus (Spotted Gar)
Repest feseat

ARAAAGACAGGAGTAATCAG TAAAAGATAC Pieris rapae (Cabbage White Butterfly)

TTGATTGETTETGTCACAGCT.

TTTAGA

TTTAGAGCTGTGTTGTTTCGAATGGTTCCARARCT

TETGTTGTTTCGAATGOTTCCAAAACTARGGTCGAGAAAAAGACAGGAGTAATCAGG

Repeat s AARAALAACAGGTIGTAATCAG CAARACACTA Streptococcus phage M162

CCGATTAAAATCTTAAACATTTTTE

TTTTAGAGCTGTETTGTTTCGAATGET TCCAAAACTGCAAAATCAGCAACAGEATACATTATCACGTTTTAGAGCTGTETTGTTTCGAATGGTTCCAARACA
N =

Regeat Rosest
ATAGAATCAAATTCTECTA,

CATETTAGTTACTGATTTACTAAAATGEATTATGCGARAGAT TTTTAAATAAGCAAAAGACACTTGAAGCAATAATTCAAGTGTETTTTATGS

ACTAAGACCGCCAACITAAC TAACTTGGAR Streptococcus phage M182/H1824D

Smut2 CRISPR Cassette (NCBI: NZ_ALYX01000034) ACCAAGACCGCAAACTTAAC TAACTTAGAA Streptococcus phage APCMEI

AATGTCGTS T BT T T A A G 6T T TG T € G AAT GG T T CAAAACAA TG TG GGG TACT AGACCGEARACCTAAC T TTTAGAGETGTETTGTTTCCAATGGTTCCAAARCEA GCTAMMACCCGTGCAGATGA TAACTTCGTT Streptocaccus phage M202
Repeat
CTAATACTGETAARAC TCGTGCAGATEAGTTTTAGAGETGTGTTGT TTCGAATGGTTCCAAMAL TACAACCAAACACAGGAGACAACCACCAATGTTTTAGAGCTGTGTTGTTTEGAATGGTTCCAAARCTT GCTAAAACTCGTGCAGATGA TAATTTTGTT Streptococcus phage APCMBI
e o
Repeat Aepeot

TCAMAGTITCTGAGTAGTCA TATATGTAAR Streptococcus phage M162/M182A0
GATTTC

CAAAGTCTETGAGTAATCAGTTTTAGAGETGTGTTGTTTCGAATGGTTCCAAMACGCAGATTATGACTTAGAACGAGCGCARAAGETTTTAGAGETGTGTTGTTTCGAATEGTTCCAAAATTE
i ey

e L TCAGAGTCTCAGAATAGTCA TATATGTAAA Streptococcus phage APCMEI
GCACATATAATCCOTAAAGGCGGEACATGTTTTAGAGECATGTTAGTTACTEATTTACTAAAACACATTATGCGAAAGATTTTTARATAAGC AAAAGACACTTGAAGEAATAATTCAAGTGTETTTTATGEE
o

Regeat

Supplementary Figure 3. (A) Annotated CRISPR cassettes obtained from the
genomes corresponding to orthologs that substitute both PAM-contacting arginine
residues to glutamine. (B) Mappings of CRISPR cassette spacers to their putative target
source for listed crRNA, identified via an online BLAST and/or SPAMALOT.
SPAMALOT uncovered most cases of mismatch-tolerated mappings to Streptococcus
phage. Underlined bases indicate mismatches that are tolerated for the mapping.
Additional line spacing separates analysis for each CRISPR cassette.
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Supplementary Figure 4. 10,000 gated events for data analysis based on default
FSC/SSC parameters for E. coli. The GFP+ gate was established both by a "no dCas9"
negative control and a "dSpyCas9" positive control.
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Supplementary Figure 5. (A) SDS-PAGE gel image of SpyMac after purification by
affinity chromatography. SYBR-stained agarose gels running in vitro digestion reactions
are shown that assay dependencies on (B) crRNA spacer length and (C) tracrRNA
sequence origin. (D) Sequence alignment (Geneious software) of tracrRNA from S.
pyogenes and S. mutans highlighted in a color code that reflects the base-pairing in
their (E) duplex gRNA secondary structure. SYBR-stained agarose gels running in vitro
digestion reactions are shown that assay dependencies on (F) positions 5-8 in the PAM
sequence and (G) increments to the distribution of adenine content in positions 1-5 in
the PAM sequence. All experiments in this figure were performed in independent
biological duplicates (n=2), and experiments were repeated to ensure reproducibility.



PAM in VEGFA
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Supplementary Figure 6. (A) Schematic diagram for matching Cas9 and Cas12a
guides in a manner that enforces their recognition of the same PAM sequence and
therefore facilitates their comparison (a "Cas12a vs Cas9 Comparator"). (B) Dot plots of
absolute and relative gene modification efficiency in HEK293T cells by Cas9 and
Cas12a variants targeting common PAM sequences located in the VEGFA gene.
Values were quantified in a T7E1-based assay and are consistent with two independent
biological replicates (n=2) that were run in parallel. Source data are provided as a
Source Data file.



