FIGURE S1 (related to Figure 1)
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Figure S1 | Genomic architectures of all identified candidate novel CRISPR-Cas loci.

(A) The C2cl loci (subtype V-B). (B) The C2c3 loci (subtype V-C). (C) The C2c2 loci (type
VI). Genes are colored according to the schematic in Figure 2. The number of repeats in CRISPR
arrays is indicated. For each genomic contig, Genbank numeric ID and the coordinates of the

locus are indicated. Additional designations: ST-PknB, serine/threonine protein kinase; RT,
reverse transcriptase.



FIGURE S2 (related to Figure 1)
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Figure S2. Alignment of Listeria loci encoding putative Type VI CRISPR-Cas system.

The aligned syntenic region corresponds to Listeria weihenstephanensis FSL R9-0317 contig
AODJ01000004.1, coordinates 42281-46274 and Listeria newyorkensis strain FSL M6-0635
contig JNFB01000012.1, coordinates 169489-173541. Color coding: C2¢2 gene is highlighted
by blue, CRISPR repeats - red, degenerated repeat — magenta, spacers - bold.



FIGURE S3 (related to Figure 2)
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Figure S3 | The closest homologs of the new type V effector proteins among the transposon-
encoded proteins: non-overlapping sets of homologs.



FIGURE S$4 (related to Figure 2)
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EEEEHH---H HHHHHHHHHHHHHHHHHHHHHHH]
DSRFAPCHAVVIENLANYRPDETRTRLENRRLMTWSASKVHKYLSEACQLNGLY -================——
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FIGURE $4 (con’t)

544884152 Alicyclobacillus_acidoterrestris SDFDISQIRLRCDWGEVDGELVLIPRLTGKRT
652589596 _Alicyclobacillus_contaminans IP---RLPSVKCRRYVEAEGFAAVPSSTAFMKVHGKG:

ADSYSNKVFYTNTGVTYYERERGKKRRKVFAQEKLSEEEAELLVEADE
—-AFVSVDGEFYEYQKGRRVAV----NRADRTSSTLDEDEGDIGEEMLVSSN

652932497 Desulfovibrio_inopinatus GRCG-EAFRLVCQPHGDDVLRLASTPGARLLGALQQL-— ~ENGQGAFELVRDMGSTSQMNRFVMKSLGKKKIKPLQODNNGDDELEDVLSVLPEE
667765471_Desulfonatronum_thiodismutans GRCG- EAIRIVCNQLSVDGSTRYEMAKAPKARLLGALQQLKNGDAPFHLTSIPNSQKPENSYVMTPTNAGKKYRAGPGEKSSGEE——DELALDIVEQAEE
497199019_Opitutaceae_bacterium TAVS AAP--DRHDIHHRLRAENKKRILSLR-===—==——————————————————— LGTQREKARWPGGAPAVTLSTPNNGASPEDSDALPERVSNLFVDIAGV

654153037_Tuberibacillus_calidus TRTH-GLYRIRCESREIKDAVVLVPSDKDQKEKMENL -FGIGYLQPFKQENDVYKWVKGEKIKG---KKTSSQSDDKELV-SEILQEASVMADE
754485389 _Bacillus_thermoamylovorans TRTH-GFYKVYCKAYQVDGQTVYIPESKDQKQKIIEE: -FGEGY---FILKDGVYEWGNAGKLKI---KKGSSKQSSSELVDSDILKDSFDLASE
495056180 Brevibacillus_sp-_CF112 QRYN-ELFKVSCRVIVRDEEEYLVPKTKSVQAKLGKG -LFVKKS--DTAWKDVYVWDSQAKLKG---KTTFTEESESPEQ-LEDFQEIIEEAEE
651512544 _Bacillus_sp-_NSP2-1 QRYN-ELFKVSCRVIVRDEEEYLVPKTKSVQAKLGKG-— --LFVKKS--DTAWKDVYVWDSQAKLKG---KTTFTEESESPEQ-LEDFQEIIEEAEE

Secondary_structure_for_ 651512544 (Jpred)
654874074_Desulfatirhabdium butyrativorans
652569729 Allcyclobac1llus herbarius
652589403 _Alicyclobacillus_contaminans
411770298 Citrobacter freundii ATCC 8090
696372964 Citrobacter freundii

492410745 Brevibacillus_agri QRYN-ELFKVSCRVIVRDEEEYLVPKTKSVQAKLGKG-—-——--——— LEFVKKSDTAWKDVYVWDSQAKLKG---KTTFTEESESPEQ-LEDFQEIIEEAEE
492410748 Brevibacillus_agri
495062547 Brevibacillus_sp- CF112
506407588_Methylobacterium nodulans TQHG-DAFRLPCGKSAVQGQIRWAPLSMGKRQAGALG-----=-- GFGYLEPTGHDSGSCQWRKTTEAEWRRLSGAQKDRDEAAAAEDEELQGLEEELLE
219945206_Methylobacterium nodulans_ORS_2060
760065057_Methylobacterium nodulans
CONSENSUS_0.8

RuvC-like motifs

--EE--EEEE---EEEEE----HHHHH EEE EEEEEE----HH----- HEHHH----- HH-HHHHHHHHHHHH-
DWPGKWWYVPCD: PVSFESKMDYVKGCAAVKVGQPLRQPAQTNADGAASKIRKGKKNRTAG

544884152 Alicyclobacillus_acidoterrestris
652589596_Alicyclobacillus_contaminans GAGEFVRMFYDESGYVGYG- RWMDSKVFWGKVRQIVHRATIQDQVEKRAAARGENGATSSR—

6529324977Desulfovibrioiinopinatus DDTGRITVFRDSSGIFFPCN VWIPAKQFWPAVRAMIWKVMASHSLG-——-—-————=—-———
667765471 _Desulfonatronum thiodismutans LAQGRKTFFRDPSGVEFFAPD RWLPSEIYWSRIRRRIWQVTLERNSSGRQERAEMDEMPY:!
497199019_Opitutaceae_bacterium_TAVS ANFERVTIEGVSQ-- KFATGRGLWASVKQRAWNRVARLNETVTDNNRNEEEDDT PM-
654153037 _Tuberibacillus_calidus LKGNRKTLFRDPSGYVFPKD---RWYTGGRYFGTLEHLLKRKLAER--~RLFDGGSSRRGLFNGTDSNTNVE
754485389_Bacillus_thermoamylovorans LKGEKLMLYRDPSGNVFPSD---KWMAAGVFFGKLERILISKLTNQYSISTIEDDSSKQSM-
495056180_Brevibacillus_sp-_CF112 AKGTYRTLFRDPSGVFFPES-—-ViYPQKDFWGEVKRKLYGKLRERFLTKAR-—
651512544_Bacillus_sp-_NSP2-1 AKGTYRTLFRDPSGVFFPES—-—-ViYPQKDFWGEVKRKLYGKLRERFLTKAR-—
Secondary_structure_for_651512544_(Jpred) ---EEEEEEE----EEE

654874074_Desulfatirhabdium butyrativorans
652569729 _Alicyclobacillus_herbarius
652589403 _Alicyclobacillus_contaminans
411770298 Citrobacter freundii ATCC 8090
696372964 Citrobacter freundii
492410745_Brevibacillus_agri AKGTYRTLFRDPSGVEFFPES-~--VWYPQKDFWGEVKRKLYGKLRERFLTKAR= == ======== === —————
492410748 Brevibacillus_agri -—
495062547 _Brevibacillus_sp-_CF112
506407588_Methylobacterium nodulans RSGERVVFFRDPSGVVLPTD---LWFPSAAFWSIVRAKTVGRLRSHLDAQAEASYAVARGL-===-=====-—
219945206_Methylobacterium nodulans_ORS_2060
760065057_Methylobacterium nodulans
CONSENSUS_0.8

RuvC-like motifs

Figure S4. Multiple alignment of C2c1 protein family.

The alignment was built using MUSCLE program and modified manually on the basis of local
PSI-BLAST pairwise alignments. Each sequence is labelled with GenBank Identifier (GI)
number and systematic name of an organism. Secondary structure was predicted by Jpred and
shown underneath the sequence which was used as a query (designations: H- alpha helix, E —
beta strand). CONSENSUS was calculated for each alignment column by scaling the sum-of-
pairs score within the column between those of a homogeneous column (the same residue in all
aligned sequences) and a random column with homogeneity cutoff 0.8. Active site motifs of
RuvC-like domain are shown below alignment.



FIGURE S5 (related to Figure 2)

100000002 CEPX01008730.1 WRKQISGLA-RRTKETVETYKFPLETDAAET -~ DFDKAVQTYGIAEGVGHGSLIGLVCAFHLSGFRLE SKAGEAMAFRNRSRY PTDAFAEKLSATMGT
100020996 AUX0013399408.1 -----I MKKFELKQNFRNNYSG KTLRNFRQTLAQIANKKSSDSILTIKFKLDCSKTGKLPKYENLISLYDTIEDIKKGTLSYYLFTLIVSGFKFFGSASQAKAFSTKDIFKDNDFYNQFKIQSHL
100022927 CEQE01148443. WRKQISGLA-RRTKETVETYKFPLETDAAET -~ DFDKAVQTYGIAEGVGHGSLIGLVCAFHLSGFRLE SKAGEAMAFRNRSRY PTDAFAEKLSAIMGT
100000004 CEVA01036528. - -MNARDWRKHVGVLA-QQHKETTRTYTFPLDTTGSAT -~ DF DAALQAYNAVEGVGY GSLLGLACAVHLSGFRLFSTGKEAATFRNRARY PNAAFOAALRKELGT
100021577 CEPS01188136.1 MVAGLKKIKRDGVTMKSNYHGGVKARAWRKRIGGLA-RRQKETVFTYKFPLETEEAGI--DFDKAVQTYGIAEGISQGSLIGLVCAFHLSGFRLFSKADETKAFCNQGRY PNOAFAEKLRNELSY
Jpred Secondary structure

e

o

CONSENSUS_0.8  teiiireninrnranenennanens R..RK.I..LA..... ET..T..F.Lieveuen.n, FD..I..Y...E.V..G.Lev.u.n.. LSGFR.F....EA..F..... S
100000002 CEPX01008730.1 QLPTLSPEGLDLIFQSPPRSRDGIAPVWSENEVRNRLYTNWIGRGPANKPDEHLL-EIAGEIAKQVFPKFGGNDDLASDPDKALAAADKYFQSQ-GDFPSIASLPAATIMLSPANSTVDFEGD--Y
100020996 AUX0013399408.1 DLPDFVPSKIYQRLKKNVRSTNGKDNAFKASVIVAEYRKEIGKLKNKDESSEHQCEELFKKIGTALETRF: DLINNCSTGCEIIDEILNDSFGTLPSIKKM--VLASTTQSSDGEQDGI--A
100022927 CEQE01148443.1 QLPTLSPEGLDLIFQSPPRSRDGIAPVWSENEVRNRLYTNWT PDEHLL-EIAGEIAKQVFPKFGGWDDLASDPDKALAAADKYFQSQ-GDFPSIASLPAATMLSPANSTVDFEGD--Y
100000004 CEVA01036528.1 TITTLTPETLDRLFSSRPKRRNGVPLPWNODSIRDRLYTNWVKPRPGDTPDAVLE-QIATGIAQEITEDVSSWTDLAKNSDRGLKARHRY FARV-GGFPAFDNLTPPATVQPTDTTIDYDPNAPF
100021577 CEPS01188136.1 TLPKLSPQSLDVLFQSSPKSKNGVAPEWSKNAIRNRLYTNWTGKGAGTNPDEHLL-EIAEDIAAREIDSDLDGWKDLEEHPEKGLSARDRY FQAQ-GDFPSLTGLPPSVPLTPQNSTVAFEGD--P

Jpred Secondary structure
CONSENSUS_0.8

100000002 CEPX01008730.1 IAIDPAAETL----LHQAVSRCAARLGRERPDLDQNKGPFVSSLQDALVSSONNGLSWLFGVGFQHWKEKSPKELIDEYKVPADQHGAVTQVKSFVDAIPLNPLEDTTH---~YGEFRASVAGKV
100020996 AUX0013399408.1 IAYDPDSTFIKSDELLNPYFAVATILKSMPPEIQQDKKS--AYVKANLTTPTHNALSWIFGKGLTLFQTESTEKLCAMFNY-~SDKRVIEQVODAAKAVKLPAELDLNHCTLKFQDFRSSLGGHL
100022927 CEQE01148443.1 IAIDPAAETL----LHQAVSRCAARLGRERPDLDONKGPFVSSLODALVSSONNGLSWLEGVGFQHWKEKSPKELIDEYKVPADQHGAVTQVKSFVDAIPLNPLEDTTH- -~ ~YGEFRASVAGKYV
1
1

100000004 CEVA01036528. HLVSHADQTL- THQSISLCAHRIRQEDPALDPNKSGFIKQLONNFLSQTFYGLSWLFGAGYVHFRECTANDLAIQYGIPNNCRDGIHQIKSFADAILPNTFFEKKH-~-~--YRKDSRSVGKKA
100021577 CEPS01188136. VCLNPSDNTL- LHQAVARCAGRILQEQPNLSPDKNRFINQLQDELVSSQNNGLSWLFGVGFKYWKEMSVDQLADDYKVKSTDLDALKQVKSFIDAIPLNPLFDTPH-~~-YGEFRASVAGKM
Jpred Secondary structure
CONSENSUS_0.8  ...ewnnn. EOTS A.L....P.L...K...... LTS LSWLFG.G....... S. LYVl I.QVK....AT...... D..H....Y..... SV....

100000002 CEPX01008730.1 RSWVANYWKRLLDLKSLLATTE-FTLPESISDPKAVSLFSGLLVDPQG----~ LKKVADSL~--PARLVSAEEAIDRLMGVGI P-~TAADIAQVERVADEIGAFIGQVQOFNNOVKOKLENLODAD
100020996 AUX0013399408.1 DSWITNYLKRLDELNDLL-----LNLPKNLSLPDIFMIDGKDFIEYSGCNRDEIQQMIDFVVNEQNRIKLOESLNALLGKGNNQICSDDISTVKDFSEIVNSLHSFVQOIDNSLEQSSNEANSTF
100022927 CEQE01148443.1 RSWVANYWKRLLDLKSLLATTE-FTLPESISDPKAVSLESGLLVDPQG- LKKVADSL--PARLVSAEEAIDRLMGVGI P-~TAADIAQVERVADEIGAF IGOVQOFNNOVKOKLENLODAD
1
1

100000004 CEVA01036528.1 KSWISNYWQRLLOLQTWVDDHTWVTLPQELTEAQFKPLFRGLLYDAVE-----LMAIAERL--PQRLADCRDSLDCLMGKGPQAATKNDVE IVEKVREE I ESFVGQTEQLGNQLRHOLENENN-~
100021577 CEPS01188136. RSWVKNYWKRLLDLKSQLGTAN-INLPEGLDEQRAENLFSGLLIDSKG-=-==~ LRQVTDKL--PSRLKKAEDTIDRLMGDGNP--TSDDIEQVETVAAEISAFIGQVEQFNNQLEQRLENPLEGD
Jpred Secondary structure
CONSENSUS_0.8 .SW..NY.KRL.

100000002 CEPX01008730.1 DE---EFLKGLKIEL-PSGDKEPPAINRISGGAPDAAAEISELEEKLORLLDARSEHFQTISEWAEENAVTLDPIAAMVELER-LRLAERGATGDPEEYALRLLLORIGRLANRVSPVSAGSTRE
100020996 AUX0013399408.1 SELKKKIEKNEKWDIWKNNLKKIPKLNKLSGGVPDAWKEIREIEQKFHEISENQKKHFTEVMEWIDAGNGTIDIFESRFKYDELLKKSKKNNLQSADELAFRSVLNKLGRFARQGNDLVCEKTKN
100022927 CEQE01148443.1 DE---EFLKGLKIEL-PSGDKEPPAINRISGGAPDAAAEISELEEKLQRLLDARSEHFQTISEWAEENAVTLDPIARMVELER-LRLAERGATGDPEEYALRLLLQRIGRLANRVSPVSAGSIRE
1
1

100000004 CEVA01036528.1 DQVHRDNLHQLKNRL-PLDLRRPOALNKISGGVPDVAKSIRGLETQLDQVLKERRSHFGRLTKWAKECGI TLDPLQPLIESEK-QRVAERGSAHDAKELATRLLLORIGRLGHRLS PTNATAIQE
100021577 CEPS01188136.1 DE---TFLKQLKIDL-PAEFKKPPAINRISGGSPDPTAEIAELEEKLDRLMSARKEHYETIAEWASANKVTLDPMEAMTTLEA-QRLTERGAEGDQEEFALRLLLORIGRLANRLSPQGATAIRD
Jpred Secondary structure
CONSENSUS_0.8 Eeieeeaios Ko.Lo.... K....IN.ISGG.PD...ET..LE.K.......... HF..I.EW...... TLD.vunn... E...R...R....n.. E.A.R.LL.RIGR............ I..

100000002 CEPX01008730.1 LLKP--VFMEEREFNLFFHNRLGSLYRSPYSTSRHQPFSIDVG-KAKAIDWIAGLDQISSDIEKALSGAGEALGDQLRDWINLAGFATSQRLRGLP-~DTVPNALAQVRCPD-~-DVRIPPLLAM
100020996 AUX0013399408.1 WFKEQNIFDSSKDFNRYFINQKGFIFKHPSSKKDNSPYNLSANLLEKRYEVTNTVGALLEQCESDPAIVNDPFS--MRSLVEFRALWFSINISGISKEQHI PTKIAQPKLDDSTYQESVSPTLKY
100022927 CEQE01148443.1 LLKP--VFMEEREFNLFFHNRLGSLYRSPYSTSRHQPFSIDVG-KAKATDWIAGLDQISSDIEKALSGAGEALGDQLRDWINLAGFATSQRLRGLP-~DTVPNALAQVRCPD-~-DVRIPPLLAM
1
1

100000004 CEVA01036528.1 LLRP--VFAVKREFNLFFHNHMGALYRSPYSTSRHQPFQINVD-VAHGTDWIGTIETLIONLFTQIQ--DDAL---LRDLVOLEGFVFSHKLRALP--GVIPSELARPNNLO---QMGLPALLLY
100021577 CEPS01188136.1 LLRP--VFTEKREFNLFFHNRMGSLYRSPYSTSRHQPFTIDVA-VAKNTDWMDALDGIAET IMKGLSQAGDELSLRLRDWINISGFSLSQRLRGLP-~DTVPGELALVRSAD--~DVRIPPMLAL
Jpred Secondary structure EEEE-E; EEE

CONSENSUS_0.8  ...... VF...REFN.FF.N..G.LYR.P.S..... PF.T

100000002 CEPX01008730.1 LLEEDDIARDVCLKAFNLYVSAINGCLFGALREGFIVRTRFQRIGTDQIHYVPKDKAWEYPDRLNTAKGPINAAVSSD--~WIEK-~DGAVIKPVETVRNL-SSTGFAGAG-VSEYLVOAPHDWY
100020996 AUX0013399408.1 RLEKEQITSSELNSIFTVYKSLLSGLSIRLSRNSFYLRTKFSWIGNNSLIYCPKETTWKIPAAYFKSDLWNEYKDKQILIVNEEY--DVDVVKTFESVYKIVKSKDNNEKNRILPLLKQLPHDWM
100022927 CEQE01148443.1 LLEEDDIARDVCLKAFNLYVSAINGCLFGALREGFIVRTRFQRIGTDQIHYVPKDKAWEYPDRLNTAKGPINAAVSSD---WIEK--DGAVIKPVETVRNL-SSTGFAGAG-VSEYLVOAPHDWY
100000004 CEVA01036528.1 LLOADQVHRETVLRVFNLYGSAINGYLFQALRPGFIVRAGFQRLETKKLRYVPKAQSWQYPDRLHHAKSATKNSLSAG---WIKKNHQGAIL-PQKTLTALVKOKSLKDTG-VPEYLVOAPHDWY
100021577 CEPS01188136.1 QLEEDEVSREVCLKAFNLYVSAINGCLFRALREGFIVRTKFQRLERDVLSYVPKTKLWNYPORLDTARGPTHSALAAA---WINK--EGSVIDPVETVTAL-SDTGFSDDG-IPEYLVOAPHDWY
Jpred Secondary structure
CONSENSUS_0.8 LLE.D.T........ F.LY.S.I.G...... R..F.VR..F..T. . LY PR Wi Pe e e e VI...ETV..L...oouonnn.. V...L.Q.PHDW.

100000002 CEPX01008730.1 TPLDLRDV-AHLVTGLPVEK---NITKLKRL--TNRTAFRMVGASSFKTHLDSVLLSDKIKLGDFTIIIDQHYROSVTY-GGKVKISYEPERLQVEAAVPVVDTRDRTVPEPDTLFDHIVAIDLG
100020996 AUX0013399408.1 FKLPFGASNAEKCKVLKLEK---NNKKFKPLSVSKDSLARLSGPSTYFNQIDEIMMNDESELSEMTLLADEPVROQMS --NGKIEII--PDDYVMSLAIPIT-RSLKKGNTESFPFKNIVSIDOG
100022927 CEQE01148443.1 TPLDLRDV-AHLVTGLPVEK---NITKLKRL--TNRTAFRMVGASSFKTHLDSVLLSDKIKLGDFTIIIDQHYRQSVTY-GGKVKISYEPERLQVEAAVPVVDTRDRTVPEPDTLFDHIVAIDLG
1
1

100000004 CEVA01036528.1 VPIDLRGP-AIPIEGLTVGTEGPELTQLGPM--KDDCAFRAIGPSSFKSKIDAGLLPQDVKYGDMTLIFDOHYQQSISFANGTFSIQYQPTSLQVKAATPVVDKRPRDTRNNSHLYDRIVAIDLG
100021577 CEPS01188136.1 TPIDLRDI-SKPVSGLPVKK---NITGLKRQ--KKQTAFRMVGPSSFKSHLDSTLLSEEVKLGDFTLIFDQYYKQRVSY-NGRVKITFEPDRLHVEAAVPYVIDKRVRPSTEEDALFDHLLAIDLG
Jpred Secondary structure H

CONSENSUS_0.8
RuvC-like_motifs

100000002 CEPX01008730.1 FAVFDIKSCLRTGEVKPIHDNNGNPVVGTVAVPSIRRL PNQKVNQTYSTALQNYRENVIGDVCNRIDTLMERYNAFPVLEFQIKNFQAGAKOLETVYGS—===-=====
100020996 AUX0013399408.1 EAGFAYAVFKLSDC-GNERAEPIAT-------| GLIPIPSIRRLIHSVKKYRGKKQRIONFNQKFDSTMFTLRENVTGDICGLIVALMKKYNAFPTLEKOVGNLESGSKQLMLVYKAVNSKFLAAK
100022927 CEQE01148443.1 ERSVGFAVFDIKSCLRTGEVKPIHDNNGNPVVGTVAVPSIRRLMK; PNQKVNQTYSTALQNYRENVIGDVCNRIDTLMERYNAFPVLEFQTKNFQAGAKQLETVYGSVLHRYTFSG
100000004 CEVA01036528.1 ERKIGYAIFDLKQVLKSEQLEPMRE-DGKPLIGSISIRSIRGLMKAVQTHRNRROPNYRIDQTYSKALMHYRESVIGDVCNAIDTLCARYGGFPVLESSVRNEE QLKTVY RRYTW.

100021577 CEPS01188136.1 EKRVGYAVYDIKACLRTGDIKPLEDGDGKPIVGSVAVPSIRRLMKAVRSHRQORQPNQKVNQTYSTALMNYRENVIGDVCNRIDTLMEKYNAFPVLESSVMNFEAGSRQLEMVYGSVLHRYTYSK

Jpred Secondary structure
CONSENSUS_0.8
RuvC-like_motifs

Y. FPVLE .V.N.E.GS.QL..VY..V.

100000002 CEPX01008730.1

100020996 AUX0013399408.1 VDMQNDQRRSWWYQGN: ———
100022927 CEQE01148443.1 VDRHKAK WY1 LWEHPYLMA EISSDGLLELDDGTIRLFETSDYDEDKFKQSR
100000004 CEVA01036528.1 VDAHKNQRQQYWLGGTKDKIPIWTHPYLMTREWDEKNSK- VLDDQGQLDLDDGTIRLNSGY-IDTTEIKRAR
100021577 CEPS01188136.1 IDAHTAKRKEYWYTGE LM TRS- EINADGSLELDDGTICLYEGYDYSPEEYKKAK
Jpred Secondary structure EE: EEE- HHHHH
CONSENSUS_0.8 VD..... Roo.W..Govnnnnn L P ©V.. . .TS..CH.C.RN....L........V......u. [ 0 T

100000002 CEPX01008730.1
100020996 AUX0013399408.1 RKPDRLTPVKNLA--KKGNRERTYASINERAP-#--MSKDTTQSRYFCVFKNCPCHNKEQHADVNAAINIGRRFLKDCILDDNKEKD---~
100022927 CEQE01148443.1 REKRRLDANVLLSGRHRAEYIYTVAKRNLRRPPKNVMTKDTTQSRYTCLYKNCS---WTGHADENAAINIGRRYLAERIDMPASKTKAAV-
100000004 CEVA01036528.1 RKKIRLPENKPLTGSHKTSHVRAVARRNLROPPKSTRAKDTTQSRYTCLYVDCG---HECHADENAAINIGRKYLOERTHIEASRQALSTR
100021577 CEPS01188136.1 REKRRLDPNVPLSGRHQAKHVSAVAKRNLRRPTVSMMSGDTTQARYVCLYTDCD---FTGHADENAAINIGWKYLTERTALSESKDKAGV-
Jpred Secondary structure
CONSENSUS_0.8 R...RL..... Loeiiiiennnn ALN.R.P....... DITQ.RY.C....C....... HAD NAAINIG...L...I....oounnn..
S oo -1

Figure S5. Multiple alignment of C2c¢3 protein family.

The alignment was built using MUSCLE program. Each sequence is labelled with local assigned
number and the Genbank ID for metagenomics contig coding for respective C2c3 protein.
Secondary structure was predicted by Jpred and shown underneath the alignment (designations:
H- alpha helix, E — beta strand). CONSENSUS was calculated for each alignment column by
scaling the sum-of-pairs score within the column between those of a homogeneous column (the
same residue in all aligned sequences) and a random column with homogeneity cutoff 0.8.
Active site motifs of RuvC-like domain are shown below alignment for the C-terminal domain.



FIGURE S6 (related to Figure 2)

564875111
769144435
551041827
671463495
Secondary
652829192
736546968
736550717
503209049
502750493
738100542
738133341
544240864
738101039
545623740
545623306
506250229
Secondary
545661797
545620493
517262777
CONSENSUS

Rhodobacter capsulatus R121
Lachnospiraceae bacterium MA2020
Lachnospiraceae bacterium NK4A179
Clostridium aminophilum
structure for 671463495 (Jpred)
Lachnospiraceae bacterium NK4A144
Carnobacterium gallinarum
Carnobacterium gallinarum
Paludibacter propionicigenes
Listeria seeligeri

Listeria weihenstephanensis
Listeria newyorkensis
Leptotrichia wadei F0279
Leptotrichia wadei

Leptotrichia
Leptotrichia
Leptotrichia

wadei
wadei
buccalis

structure for 506250229 (Jpred)

Leptotrichia
Leptotrichia

sp oral taxon 225
sp oral taxon 879

MQIGKVQGRTISEFGD--PAGGLKRKISTDGKNRKELPAHLSSD-PKALIGQWISG-————-—~— ID---—-—----
MQISKVNHKH VAVGQKDRERITGFIYNDPVGDEKSL-EDVVAKRANDTKVLENVENT -
ISKVREENRGAKLTVNAKTAVVSENRSQEGILYNDPSRYGKS-RKNDEDRDRYI--ESRLKSS—
MKEFSKVDHTR: AVGIQKATDSVHGMLY TDPKKQEVNDLDKRFDQLNVKAKRLYNVENQ!
E EEEEE----EEEEEE
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Supplementary Figure S6

The alignment was built using MUSCLE program and modified manually on the basis of local
PSI- BLAST pairwise alignments. Each sequence is labelled with GenBank Identifier (GI)
number and systematic name of an organism. Secondary structure was predicted by Jpred and
shown underneath the sequence which was used as a query (designations: H- alpha helix, E —
beta strand). CONSENSUS was calculated for each alignment column by scaling the sum-of-
pairs score within the column between those of a homogeneous column (the same residue in all
aligned sequences) and a random column with homogeneity cutoff 0.8. Active site motifs of
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FIGURE S7 (Related to Figures 3 and 4)
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Figure S7. Additional functional validation off type V-B (C2c1 loci) and type VI (C2c2 loci)
CRISPR-Cas systems.



(A) Predicted structures of tracrRNAs base-paired with the repeats. TracrRNA for
Alicyclobacillus acidoterrestric was identified using RNAseq. For the remaining loci, putative
tracrRNAs were identified based on presence of an anti-direct repeat (DR) sequence. Anti-DRs
were identified using Geneious (www.geneious.com) by searching for sequences within each
respective CRISPR locus that are highly homologus to DR. The 5’ and 3’ ends of each putative
tractrRNA was determined though computational prediction of bacterial transcription start and
termination sites using BPROM (www.softberry.com) and ARNOLD (rna.igmors.u-
psud.fr/toolbox/arnold/) respectively. Co-folding predictions were generated using Geneious. 5’
ends are colored blue and 3’ ends are colored orange.

(B) Heterologous expression of the Alicyclobacillus acideoterrestris C2¢1 locus in pACYC- 184
transformed into E. coli shows identical results to the expression observed in the endogenous
strain (Fig. 4A). Processed crRNAs have a 5’ 14-nt DR and 20-nt spacer and a putative 79-nt
tractrRNA is expressed robustly.

(C) The Bacillus thermoamylovorans locus was heterologously expressed in E. coli. The putative
tractrRNA 1is significantly expressed and is processed to 91 nt. Processed crRNAs are also present
with a 5’ 14 nt DR and 19nt spacer.

(D) In silico co-folding of the crRNA direct repeat and putative tracrRNA shows stable
secondary structure and complementarity between the two RNAs. 5’ bases are colored blue and
3’ bases are colored orange.

(E) Depletion from the 5’ left PAM library reveals a 5> ATTN PAM. Depletion is measured as
the negative log2 fold ratio and PAMs above a threshold of 3.5 are used to calculate the entropy
score at each position.

(F) RNA-sequencing of the Leptotrichia shahii DSM 19757 locus expressed in E. coli shows
processing of the CRISPR array in the 3’ to 5° direction (direction of the locus). crRNAs are
processed to have a 5° DR that is 28nt in length and spacers with lengths 14-28nt. Inset: In silico
folding of the L. shahii crRNA DR predicts stable secondary structure.

(G) RNA-sequencing of the endogenous Leptotrichia shahii DSM 19757 C2c2 locus shows
similar results to (A).



Table S1 (related to Figure 1)
The discovered Class 2 CRISPR-Cas loci. Please

see accompanying Excel spreadsheet.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Computational sequence analysis
The multiple alignments of the C2¢c1, C2¢2, C2¢3 and Casl proteins in the Fasta format and the
complete phylogenetic tree for Casl proteins in the Newick format are available at

ftp://ftp.ncbi.nih.gov/pub/wolf/ suppl/Class2/.

Growth of Bacterial Strains

For RNA-sequencing, Alicyclobacillus acidoterrestris(ATCC) was cultured using ATCC
Medium 1655 in suspension at 50°C and 300 rpm. E. coli containing heterologous constructs
were cultured in Luria broth supplemented with appropriate antibiotics in suspension at 37°C and

300rpm. Both strains were grown in aerobic conditions and harvested in stationary growth phase.

For the PAM screen, E. coli were grown on LB-agar plates supplemented with ampicillin and the
appropriate antibiotics (chloramphenicol or kanamycin) for maintenance of the C2cl locus

plasmid at 37°C.

Generation of heterologous plasmids

To generate the AacC2c1 locus for heterologous expression, genomic DNA was purified from
Alicyclobacillus acidoterrestris using the Qiagen DNeasy Blood and Tissue kit and the C2cl
locus was PCR amplified for cloning into pACYC-184. The BthC2c1 and LseC2c2 locus was
synthesized by Genscript into a pET-28 vector. Cells harboring plasmids were made competent

using the Z-competent kit (Zymo).

RNA extraction and Northern blotting

The procedure was performed essentially as described previously (Pougach and Severinov,
2012). E. coli BL21 Al cells were transformed with plasmids pACYCduet-1 containing, under
inducible T7 promoters, A. ac. or L. sh. cas operons and plasmids pCDF-1b containing the
respective minimal CRISPR cassettes with single spacers. Total RNA was extracted from 5 mL
of E. coli cells induced with 1 mM arabinose/0.2 mM IPTG and grown until ODgy 0.8 — 1.0. The
cells were lysed by 5-minute treatment using Max Bacterial Enhancement Reagent followed by

RNA purification with the TRIzol reagent (Thermo Fisher Scientific). 15 mg of total RNA were



separated on a denaturing 8 M urea - 12% polyacrylamide gel and electrophoretically transferred
to Hybond-XL membrane (GE Healthcare) using a Mini Trans-Blot Electrophoretic Transfer
Cell (Bio-Rad). The membrane was dried and then UV cross-linked. ExpHyb hybridization
solution (Clontech) was used for hybridization according to manufacturer’s instructions for 1

hour at 40 °C with **P-end labeled oligonucleotide probes.

Preparation of C2c1 Protein Lysate

C2cl proteins codon optimized for human expression and designed with an N-terminal nuclear
localization tag. The protein sequences were synthesized and cloned into the pcDNA3.1
expression plasmid by Genscript. Using Lipofectamine 2000 reagent (Life Technologies),
2,000ng of the expression plasmids were transfected into HEK293FT cells (6-well plates at 90%
confluence). After 48 hours, cells were washed with DPBS (Left Technologies), lysed using lysis
buffer [20mM Hepes pH 7.5, 100mM KCl, 5SmM MgCl,, 1 mM DTT, 5% glycerol, 0.1% Triton
X-100, 1X cOmplete Protease Inhibitor Cocktail Tablets (Roche)]. After sonicating for 10
minutes in a Biorupter sonicators (Diagenod) (50% duty cycle on high), the lysate was

centrifuged and the supernatant was frozen at -80°C for later use in cleavage assays.

Primers used in this work

Primer Description ‘ Sequence (5' to 3')

PAM library generation
ggccagtgaattcgagctcggtacccgggNNNNNNNtgtttggtaaagg
taaaaagacgaatgatgcatccagcttggcgtaatcatggtcatagctg
tt
ggccagtgaattcgagctcggtacccgggtgtttggtaaaggtaaaaag

Oligo for 5' AacC2cl
PAM library (forward)

Oligo for 3' AacC2cl
PAM library (forward)

acgaatgatgcatccNNNNNNNagcttggcgtaatcatggtcatagctg
tt

Oligo for 5' BsC2c1

ggccagtgaattcgagctcggtacccgggNNNNNNNcggggagaagtca
tttaataaggccactgttaaaaagcttggcgtaatcatggtcatagctg

PAM library (forward) |

Oligo for 3' BsC2c1 ggccagtgaattcgagctcggtacccggggagaagtcatttaataagge
PA)AlﬂxaQ/ﬁbﬂde) cactgttaaaaNNNNNNNNagcttggcgtaatcatggtcatagectgttt
Oligo for reverse strand

%HHhGﬂSOfPAﬁA AAACAGCTATGACCATGATTACGCCAA

library (reverse)

Northern Blot Probes




Aac_tracrRNA probel

tctttttgagaagctcaacggg

Aac _crRNA probe2

cctttaccaaacagtgccacttctcagatcgcetce

Aac _crRNA probe3

tcagtgatccgacggatgcatcattcgtctttttacc

Lsh crRNA probel

ggtagaacagcaatctagttttagtccccttcgat

Lsh crRNA probe2

attggggtggtctatatcaatatggattacttggt

Lsh crRNA probe3

atcgaaggggactaaaactagattgctgttctacc

Lsh crRNA probe4

accaagtaatccatattgatatagaccaccccaat

Cloning

Aac cas Nco d

acgtccatggccgtcaaatccatcaaagtg

Aac cas Kpn r

cgtaggtacctcaaaataccaatcccttcaaatccaatgg

Aac cas Nde d

cagctggctcatatgcaccgacg

Aac cas Nde r

cgtcggtgcatatgagccagctg

AacC2cl PAM
Validation Target TTT
Forward

ctagTTttgtttggtaaaggtaaaaagacgaatgatgcatcc

AacC2cl PAM
Validation Target TTA
Forward

ctagTtatgtttggtaaaggtaaaaagacgaatgatgcatcc

AacC2cl PAM
Validation Target TTC
Forward

ctagTTctgtttggtaaaggtaaaaagacgaatgatgcatcc

AacC2cl PAM
Validation Target TTG
Forward

ctagTTgtgtttggtaaaggtaaaaagacgaatgatgcatcc

AacC2cl PAM
Validation Target GGA
Forward

ctagGgatgtttggtaaaggtaaaaagacgaatgatgcatcc

AacC2cl PAM
Validation Target TTT
Reverse

agctggatgcatcattcgtctttttacctttaccaaacaaaa

AacC2cl PAM
Validation Target TTA
Reverse

agctggatgcatcattcgtctttttacctttaccaaacataa

AacC2cl PAM
Validation Target TTC
Reverse

agctggatgcatcattcgtctttttacctttaccaaacagaa

AacC2cl PAM
Validation Target TTG
Reverse

agctggatgcatcattcgtctttttacctttaccaaacacaa

AacC2cl PAM
Validation Target GGA
Reverse

agctggatgcatcattcgtctttttacctttaccaaacatcc




crRNA/tracrRNA IVT

AacC2cl crRNA
targeting EMX1 target 1

gaaatTAATACGACTCACTATAGGGCGAGCGATCTGAGAAGTGGCACCA
GAACCGGAGGACAAAGTA

AacC2cl crRNA
targeting AacC2cl
spacer 1

gaaatTAATACGACTCACTATAGGGCGAGCGATCTGAGAAGTGGCACTG
TTTGGTAAAGGTAAAAAG

AacC2cl tracrRNA
151nt

GTCTAGAGGACAGAATTTTTCAACGGGTGTGCCAATGGCCACTTTCCAG
GTGGCAAAGCCCGTTGAGCTTCTCAAAAAGAACGCTCGCTCAGTGTTCT
GACCTTTCGAGCGCCTGTTCAGGGCGAAAACCCTGGGAGGCGCTCGAAT
CATA

AacC2cl tracrRNA 96nt

GTCTAGAGGACAGAATTTTTCAACGGGTGTGCCAATGGCCACTTTCCAG
GTGGCAAAGCCCGTTGAGCTTCTCAAAAAGAACGCTCGCTCAGTGTT

AacC2cl tracrRNA 90nt

GTCTAGAGGACAGAATTTTTCAACGGGTGTGCCAATGGCCACTTTCCAG
GTGGCAAAGCCCGTTGAGCTTCTCAAAAAGAACGCTCGCTC

AacC2cl tracrRNA 78nt

GTCTAGAGGACAGAATTTTTCAACGGGTGTGCCAATGGCCACTTTCCAG
GTGGCAAAGCCCGTTGAGCTTCTCAAAAA

AacC2cl tracrRNA 67nt

GTCTAGAGGACAGAATTTTTCAACGGGTGTGCCAATGGCCACTTTCCAG
GTGGCAAAGCCCGTTGAG

AacC2cl sgRNA
targeting EMX1 target 1

gaaatTAATACGACTCACTATAGGGGTCTAGAGGACAGAATTTTTCAAC
GGGTGTGCCAATGGCCACTTTCCAGGTGGCAAAGCCCGTTGAGCTTCTC
AAATCTGAGAAGTGGCACCAGAACCGGAGGACAAAGTA

AacC2cl sgRNA
targeting AacC2cl
spacer 1

gaaatTAATACGACTCACTATAGGGGTCTAGAGGACAGAATTTTTCAAC
GGGTGTGCCAATGGCCACTTTCCAGGTGGCAAAGCCCGTTGAGCTTCTC
AAATCTGAGAAGTGGCACTGTTTGGTAAAGGTAAAAAG

Plasmid and codon-optimized C2¢1/C2c2 protein-coding sequences used in this work

Constructs used for RNA-sequencing, Bacterial Interference, and Lysate Cleavage

C2cl locus constructs

Permanent Sequence Links

AacC2cl locus cloned in pACYC184

https://benchling.com/s/YfIMfbu2/edit

BtC2cl locus in pET28a

https://benchling.com/s/7SJzEUPG/edit

C2c2 locus constructs

LshC2c2 locus cloned in pACYC184

https://benchling.com/s/gco8u7H8/edit

LseC2c2 locus cloned in pET28a

https://benchling.com/s/3NojkRem/edit




C2cl human codon optimized constructs

AacC2cl Human Codon Optimized Protein https://benchling.com/s/WivDaY fG/edit

Constructs used for Northern Blotting

AacC2cl and Cas genes in pACY Cduet https://benchling.com/s/wgb¥Y gHeZ/edit
AacC2cl CRISPR array in pCDF https://benchling.com/s/kjfElooT/edit
LshC2c2 and Cas genes in pACY Cduet https://benchling.com/s/mFzf1 E7u/edit
LshC2c¢2 CRISPR array in pCDF https://benchling.com/s/v26xY 1KC/edit
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