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Supplementary Information 

Supplementary Materials and Methods 

The Prokaryotic Genome Database 

A database containing 13,116 completely assembled archaeal and prokaryotic genomes in GenBank 1 was 
downloaded from the NCBI FTP site (ftp://ftp.ncbi.nlm.nih.gov/genomes/all/) in March 2019. The 
database contains 21,395,802 protein sequences annotated in 25,485 genome partitions. All proteins were 
clustered using MMseqs2 2 with the sequence similarity threshold of 0.75; for every pair of genomes i and 
j the number ni,j of sequences, belonging to the same cluster, was determined, then the distances between 
the genomes were calculated as di,j = -ln ni,j/min(ni,i,nj,j). A UPGMA (Unweighted Pair Group Method 
with Arithmetic mean) dendrogram was reconstructed from genome distances, then genome weights were 
calculated from this tree as previously described 3. 

CRISPR array detection 

14,634 potential CRISPR arrays were identified in the sequence database using minCED tool 
(https://github.com/ctSkennerton/minced), derived from the CRT CRISPR recognition tool 4, with default 
parameters. 

Identification of Cas proteins 

Protein sequences were annotated using PSI-BLAST 5 (e-value cutoff of 10-4 and effective database size 
of 2×107 amino acids). Profiles from the NCBI CDD database 6, as well as a collection of previously 
described CRISPR-Cas protein family profiles 7-10 were used as queries. In addition, several profiles were 
constructed anew for groups of CRISPR-linked proteins that were poorly recognized with the existing 
profiles. 

Alignments and phylogenetic analysis 

Relationships within diverse protein families were established using the following procedure: initial 
sequence clusters were obtained using MMseqs2 2 with the sequence similarity threshold of 0.5, and the 
sequences within each cluster were aligned using MUSCLE 11. Alternatively, previously constructed 
cluster alignments were used. Then, cluster-to-cluster similarity scores were obtained using HHSEARCH 
12 (including trivial clusters consisting of a single sequence each) and normalized by the minimum of the 
self-scores. Relative similarity scores were converted to distances using the d = -ln s formula, and a 
UPGMA dendrogram was constructed from the distance matrix. Highly similar clusters (pairwise score to 
self-score ratio >0.05) were aligned to each other using HHALIGN 12, and the procedure was performed 
iteratively. At the last step, sequence-based trees were constructed from the cluster alignments using the 
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FastTree program 13 (WAG evolutionary model, gamma-distributed site rates) and rooted by mid-point; 
these trees were grafted onto the tips of the profile similarity-based UPGMA dendrogram 

Assembly of CRISPR-cas genomic islands 

CRISPR-Cas genomic islands were assembled in three consecutive iterations. In each iteration, 15 ORFs 
flanking “anchor” cas genes were collected. The anchor cas genes were defined as genes belonging to the 
adaptation module (cas1, cas2, cas4) or the effector module (cas3, cas5, cas6, cas7, cas8, cas10, cmr7, 
csb3, csx19, csx22, csx24, csx25, csx26 for Class 1; cas9, cas12, cas13 for CRISPR-Cas Class 2). In the 
generated islands, CRISPR-Cas systems were identified and classified into types and subtypes using 
previously described procedures 7,10. The annotation for Type II islands was manually corrected according 
to the phylogeny of cas9. Due to the high similarity between Type V effector proteins and the TnpB 
proteins encoded by transposable elements, phylogenetic analysis and manual curation were used to 
determine sequences that belonged to clades consisting of known type V effectors. Type VI systems were 
identified using both matches to the respective profiles and manual curation due to a large number of false 
positive hits. For the first and second iterations, all islands that were annotated as partial were manually 
analyzed to identify potential novel CRISPR-Cas protein families; all islands selected by this procedure 
were added to the island set. Temporary profiles were created for all representatives of protein families 
identified during the manual curation step using MAFFT 14. To identify representatives of the newly 
detected protein families, the sequences identified during manual curation were used as PSI-BLAST 
search queries against the NR database 15, the sequences identified with this search were clustered with 
MMSeqs2 (with a 0.9 cutoff for sequence similarity), and the first member of each cluster was chosen as 
the representative of the respective alignment. The entire procedure was iterated using the updated 
CRISPR-Cas profile set. 

Bipartite gene-sharing network of CRISPR-Cas systems 

A bipartite gene-sharing network16,17 of CRISPR-Cas systems was built from 2,077 representative 
CRISPR-Cas loci encompassing 15,198 protein sequences, which were partitioned into 4,687 protein 
clusters. To build the network, each protein cluster was connected to all those loci that contained at least 
one representative from that cluster. Conversely, every locus was connected to all those protein clusters 
that were represented in that locus. To facilitate the computational analysis, only non-redundant loci and 
protein clusters that appeared in at least 2 loci were included, yielding a network with 1,946 loci, 1,190 
protein clusters, and 10,932 edges. To improve the performance of the community detection pipeline (see 
below), the network was split according to the classification of the loci into Class 1 and Class 2, and 
community detection was performed separately on each subnetwork. 

Community detection in the bipartite gene-sharing network was carried out with the software 
MODULAR 18 which partitions the network into modules that maximize the bipartite modularity index 19. 
Due to the combinatorial nature of the modularity maximization problem, programs such as MODULAR 
only can find approximate solutions when applied to large networks. To address this problem, a 
consensus clustering pipeline was implemented, which has been shown to greatly increase the 
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performance of modularity-based community detection approaches 20. First, MODULAR was run 100
times; then, a pairwise similarity matrix was built by recording, for each pair of nodes, the fraction of runs 
in which both nodes were assigned to the same module; finally, hierarchical clustering of the nodes based 
on the pairwise similarity matrix (UPGMA method) was carried out. In the last step, the number of 
modules was selected such that the resulting partition maximized the bipartite modularity index. The 
software OSLOM 21, with options ‘-singlet -r 0 -hr 0 -t 0.05’, was subsequently used to filter significant 
modules with a p-value threshold equal to 0.05. 
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Supplementary Figures 

Supplementary Figure 1. 

Subtype III-E CRISPR-Cas systems: Origin from subtype III-D and selected gene neighbourhoods 

For each gene neighbourhood, the organism name, genome partition and coordinates of the locus are 

indicated. Genes are shown by block arrows, with the length roughly proportional to the size of the 

corresponding gene. The cas genes are coloured as in Figure 1. Other genes are coloured based on 

sequence similarity. Gene names or brief annotations are given below the arrows. White arrows 

correspond to genes that are apparently not related to the CRISPR-Cas function. Abbreviations: gRAMP, 

predicted multidomain subtype III effector; HD, HD nuclease domain; RT, reverse transcriptase; CHAT, 

caspase family protease (CHAT domain); TPR, tetratricopeptide repeats; zf, zinc finger; wHTH, winged 

helix-turn-helix domain; Y1_Tnp, tyrosine transposase; xxx and yyy, uncharacterized proteins associated 

with the caspase. 

A. This panel shows several variants of the subtype III-D system inside the black box, including the one

from Kyrpidia tusciae that shows the highest similarity with the gRAMP including a unique shared insert 

in Cas7 (see the domain organization of gRAMP depicted for Candidatus Jettenia caeni gRAMP). The III-

D variant from Kyrpidia tusciae or a related bacterium likely gave rise to the gRAMP. Next to the arrow 

showing this origin, the inferred key events are described. Other subtype III-E loci from draft genomes 

are shown below. 

B. Key motifs of the gRAMP protein (see details in Supplementary Figure 2).
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Supplementary Figure 2 

Multiple alignment and HHpred outputs for gRAMP (giant RAMP), the predicted effector module 
of subtype III-E systems. 

Selected representatives of the gRAMP (predicted III-E effector) family were aligned using MUSCLE 
and colored using http://www.bioinformatics.org/sms2/color_align_cons.html server with default amino 
acid groups with 90% consensus. Domains and catalytic residues are colored according to the scheme 
explained above the alignment. 

The standard HHpred server (https://toolkit.tuebingen.mpg.de/#/tools/hhpred) output is shown. The 
search was done with OQY58162.1 protein as a query. The catalytic residues are highlighted. 



Domain 1 - Csm3-like (group 7 RAMP) with abnormal “G-rich” loop 
Domain 2 – putative small subunit (no sequence similarity but there is a conserved “W” and four large alpha 
helices predicted by Jpred in this region) 
Domain 3 - Csm3-like (group 7 RAMP), could be catalytic 
Domain 4 – Csm4-like (group 7 RAMP), red - catalytic aspartates based on Zhu X, Ye K.  
Nucleic Acids Res. 2015 Jan;43(2):1257-67; https://doi.org/10.1093/nar/gku1355) 
Domain 5 – Csm3-like with large insertion or subdomain (group 7 RAMP) 
Domain 6 - Cold shock protein-like domain (RNA-binding OB-fold) 
G-rich loop
Fe-S clusters – conserved cysteines
 
OGR07205.1 ------------------------------------------------------------------------------------------------------------------------MTKKP------------------------- 
PDWI01005922_5             MIPDLRSLVVHISFLTPYRQAPWFPPEKRRNNNRDWLRMQSYARWHKVAPE--EGH-------PFITGTLLRSRVIRAVEEELCLANGIWRGVACCPGEF----NSQAKKKPK------HLRRRTTLQWYPEGAKS-CS-KQDGRENACP 
KHE91659.1 -----MNITVELTFFEPYRLVEWFDWDARKKSHS-AMRGQAFAQWTWKGKGRTAGK-------SFITGTLVRSAVIKAVEELLSLNNGKWEGVPCCNGSF--QTDESKGKKPS------FLRKRHTLQWQAN-NKNIC-----DKEEACP 
KKO18793.1 MSKTDDKIDIKLTFLEPYRMVNWLENGLRMTDPR-YLRGLSFARWH-RNKNGKAGR-------PYITGTLLRSAVIRAAEELLSLNLGKWGKQLCCPGQF--ETEREMRKNKT------FLRRRPTPAWSAETKKEIC----TTHGSACA 
WP_007220849.1 ---MHTILPIHLTFLEPYRLAEWHAKADRKKNKR-YLRGMSFAQWH-KDKDG-IGK-------PYITGTLLRSAVLNAAEELISLNQGMWAKEPCCNGKF--ETEKD---KPA------VLRKRPTIQWKTG-RPAICDPEKQEKKDACP 
OQY58162.1 -------MKITLRFLEPFRMLDWIRPEERISGNKAFQRGLTFARWH-KSKADDKGK-------PFITGTLLRSAVIRAAEHLLVLSKGKVGEKACCPGKFLTETDTETNKAPT-----MFLRKRPTLKW-TD--RKGC-----DPDFPCP 
Domains //................................................................................................................................................... 

OGR07205.1 ------------------------------------------------------------------------------------------------------------------------------------------------------ 
PDWI01005922_5 FCLLLDR-FGGEKSEEGRKKNN---DYDVHFSNLNPFYPGSSPKVWSGPE--EIGRLRTLNRIDRLTTKAQDFFRIYEVDQVR--DFFGTITLAGDLPRKVDVEFLLRRGLGFVSTLCGAQCEIKVVDLKKKQNNK-------------- 
KHE91659.1 FCILLGR-FDNAGKVHERNK-----DYDIHFSNFD--LDH-KQE-KNDLRLVDIASGRILNRVDFDTGKAKDYFRTWEADYETYGTYTGRITLRN--EHAK---KLLLASLGFVDKLCGALCRIEVIK---------------------- 
KKO18793.1 FCLLLGR-RLHGGKEDVNEDAPGSCRKPVGFGNLS--LPF-QPT-KRQIQ--DVCKERVLNRVDFRTGKAQDYFRVFEIDHEDWGVYTGEITITE--PRVQ---EMLEASLKFVDTLCGALCRIEIVG--SADETK-------------- 
WP_007220849.1 LCMLLGR-FDKAGKRH-RDNKYDKHDYDIHFDNLN--LIT-DKK-FSHPD--DIASERILNRVDYTTGKAHDYFKVWEVDDDQWWQFTGTITMHDDCSKAK---GLLLASLCFVDKLCGALCRIEVTGNNSQDENKEYAHPDTGIITSLN 
OQY58162.1 LCELLGPGAVGKKEGEAGIN-----SY-VNFGNLS--FPG-DTG-YSNAR--EIAVRRVVNRVDYASGKAHDFFRIFEVDHIAFPCFHGEIAFGENVSSQAR--NLLQDSLRFTDRLCGALCVIRYDGD--------------------- 
Domains ...................................................................................................................................................... 

OGR07205.1 --------------------------------------------------------------------------------------------------GTED---------KATLWG-KESASK-----SVKTILEESIQGFTVEQ---K 
PDWI01005922_5 ----------------------------EDSILPVSEVPFFLEPEVLAKMCQDVFPSG-------------KLRMLADVILRLREEGPDNLT---LPMGSQGLGGRL----PHHLWD-VPLVSKDRETQTLRSCLEKIAAQCKSEQT--Q 
KHE91659.1 ----------KSESPLPSDTKEQSYTK-DDTVEVLSEDHND-ELRKQAEVIVEAFKQNDKLE---------KIRILADAIRTLRLHGEGVIEKDELPDGKEERDK------GHHLWD-IKVQGT-----ALRTKLKELWQSNKDI----G 
KKO18793.1 -----RTTSSKEGCPASTTTRDCSSS--ENDDTSPEDPVRE-DLKKIAHVIANAFQNSGNRE---------KVHALADAIRAMRLEESSIINT--LPKGKSEKTTEQIEVNKHYLWDEIPVNDT-----SVRHILIEQWRRWQSKKDDPE 
WP_007220849.1 LKYQNNSTIHQDAVPLSGSAHDNDEPPVHDNDSSLDNDTIT-LLSMKAKEIVGAFRESGKIE---------KARTLADVIRAMRLQKPDIWEK--LPKGIND---------KHHLWD-REVNGK-----KLRNILEELWRLMNKRN---A 
OQY58162.1 ---------------IPKCGKTAP--------LPETESIQN-AAEETARAIVRVFHGGRKDPEQAQIDKAEQIQLLSAAVRELGRDKKKVSA---LPLNHEGKE-------DHYLWD-KKAGGE-----TIRTILKAAAEKEAVAN---Q 
Domains ...................................................................................................................................................... 

OGR07205.1 RSFFANLADQLVSRAGEQ--GAKSVRSQGLIIGRKENYAK---PSAQEP---TRHHLYRQPSNA---SAFLATGWLIAETPFFIGSGTE---------------GQKQTDDQAESLHLRTLRDGHGRFRIPFTTIRGVMDKELRDIL-QA 
PDWI01005922_5             FRLFCQKLGSSLFRINKGVYLAPNSKISPEPCLDPSKTIR---TKGPVP---GKQKHRFSLLPP---FEWIITGTLKAQTPFFIPDEQ----------------------GSHDHTSRKILLTRDFYYRLPRSLLRGIIRRDLHEATDKG 
KHE91659.1 WRKFTEMLGSNLYLIYKK--ETGGVSTRFRILGDTEYYSK---AHDSEG---SDLFIPVTPPEGIETKEWIIVGRLKAATPFYFGVQQPSDSIPGKEK------KSEDSLVINEHTSFNILLDKENRYRIPRSALRGALRRDLRTAF-GS 
KKO18793.1 WWKFCDFLGECLYKEYKK--LTSGIQSRARVMGETEYYGALGMPDKVIP---LLKSDKT--------KEWILVGSLKAETPFFFGLET-------------------EQTEEVEHTSLRLVMDKKGRFRIPRSVLRGALRRDMRIAF-DS 
OQY58162.1 WRQFCIELSEELYKEAKK--AHGGLEPARRIMGDAEF------SDKSVP---DTVSHSIGISVE---KETIIMGTLKAETPFFFGIES----------------------KEKKQTDLMLLLDGQNHYRIPRSALRGILRRDIRSVL-GT 
Domains ...................................................................//................................................................................. 

OGR07205.1 GCAKGRSLRAPCPCQVCTLMRRIQVRDAIAADILPPDLRMRTRIDPSHGTVAH--LFSLEMAPQGLKLPFFLKLKGV-ETIDPDKELLEILNDWSA-----GQCFLGGLWGTGKGRFRL-DDLQW----HRLELDNADYYTPLLQDRFFA 
PDWI01005922_5 GCRVELAPDVPCTCQVCRLLGRMLLADTTSTTKVAPDMRHRVGVDRSCGIVRDGALFDTEYGIEGVCFPLEIRYRGN-KDL--EGPIRQLLSWWQQ-----GLLFLGGDFGIGKGRFRL-ENMKI----HRWDLRDESARADYVQKCGLR 
KHE91659.1 GCNVSLGGQILCNCKVCIEMRRITLKDSVSDFSEPPEIRYRIAKNPGTATVEDGSLFDIEVGPEGLTFPFVLRYRG--HKF--PEQLSSVIRYWEENDGKNGMAWLGGLDSTGKGRFAL-KDIKI----FEWDL--NQKINEYIKERGMR 
KKO18793.1 GCDVKLGSPLPCDCSVCQVMRSITIKDSRSEAGKLPQIRHRIRLNPFSGTVDEGALFDIEVAPEGVIFPFVMRYRG--EEF--PPALLSVIRYWQD-----GKAWLGGEGATGKGRFALAKDLKM----YEWKL-EDKSLHAYIDTYGHR 
WP_007220849.1 GCIVELGRMIPCDCKVCAIMRKITVMDSRSENIELPDIRYRIRLNPYTATVDEGALFDMEIGPEGITFPFVFRYRGE-DAL--PRELWSVIRYWMD-----GMAWLGGSGSTGKGRFAL-IDIKV----FEWDLCNEEGLKAYICSRGLR 
OQY58162.1 GCNAEVGGR-PCLCPVCRIMKNITVMDTRSSTDTLPEVRPRIRLNPFTGSVQEKALFNMEMGTEGIEFPFVLSYRGK-KTL--PKELRNVLNWWTE-----GKAFLGGAASTGKSIFQL-SDIHA----FSSDLSDETARESYLSNHGWR 
Domains ....................................................................................................................................................// 

https://doi.org/10.1093/nar/gku1355


OGR07205.1 GET--------ISDLRQG---------------------------LQSINIQPERIP-------AQTPSRNMPY------------------CRVDCILEFKSPVLSGDPVAALFESDAPDNVAYKKPVVQYDETGRLRTTDPGPVEMLT 
PDWI01005922_5 RGV--------GDDTAIN---------------------------LEKDLSLNL-------------PESGYPW------------------KKHAWKLSFQVPLLTADPIMAQTRHEE-DSVYFQKRIFTSDGRVVLVP---------- 
KHE91659.1 GKE--------KELLEMGES-------------------------SLPDGLIPYKFFEERECLFPYKENLKPQW------------------SEVQYTIEVGSPLLTADTISALTEPGNRDAIAYKKRVY-NDGNNAIEPEPR------F 
KKO18793.1 GNEHAIGTGQGIDGFRSG---------------------------SLSDLLSDISKESFRDPLASYHNYLDKRW------------------IKVGYQITIGAPLLSADPIGALLDPNNVDAIVFEKMKL-DGDQVKYLP---------- 
WP_007220849.1 GIE--------KEVLLENKTIAEITNLFKTEEVKFFESYSKHIKQLCHECIINQISF--LWGLRSYYEYLGPLW------------------TEVKYEIKIASPLLSSDTISALLNKDNIDCIAYEKRKW-ENGGIKFVP---------- 
OQY58162.1 GIM--------ENSIVHE---------------------------SPLEGGAGGCSF-------GLSDLPKLGWHAEDLKLSDIEKYKPFHRQKISVKITLNSPFLNGDPVRALTE-DVADIVSFKKY---TQGGEKIIY---------- 
Domains ...................................................................................................................................................... 

OGR07205.1 CLKGEGVRGVVAYLAGKAYDQ-------------HDLSHDSCNCTFCQAFGNGQKAGSLRFDDFMPVQFESDQAGNFSWSPHTPHA------------------------------MRSDRVALDVF-GGAMPEAKFDDRPLAASPGKPL 
PDWI01005922_5 ALRGEGLRGLLRTAVSRAYGIS-----------LINDEHEDCDCPLCKIFGNEHHAGMLRFDDMVPV-----G----TWND-----------------------------------KKIDHVSCSRFDASVVNK--FDDRSLVGSPDSPL 
KHE91659.1 AVKSETHRGIFRTAVGRRTGD------------LGKEDHEDCTCDMCIIFGNEHESSKIRFEDLELI-----NGNEFEKLE-----------------------------------KHIDHVAIDRFTGGALDKAKFDTYPLAGSPKKPL 
KKO18793.1 AIKGETIRGIVRTALGKRNNL------------LAKNDHDDCTCSLCAIFGNENETGKIRFEDLEVY-----D----KDIA-----------------------------------KKIDHVAIDRFTGGARDQMKFDTLPLIGSPERPL 
WP_007220849.1 TIKGETIRGIVRMAVGKRSGD------------LGMDDHEDCSCTLCTIFGNEHEAGKLRFEDLEVV-----E----EKLPSEQNSDSNKIPFGPVQDGDGNREKECVTAVKSYKKKLIDHVAIDRFHGGAEDKMKFNTLPLAGSFEKPI 
OQY58162.1 AYKSESFRGVVRTALGLRNQGNDDIT-GKKNVPLIALTHQDCECMLCRFFGSEYEAGRLYFEDLTFE-----S----EPEP-----------------------------------RRFDHVAIDRFTGGAVNQKKFDDRSLVPGKEGFM 
Domains ...................................................................................................................................................... 

OGR07205.1 NFKSTIWYREDMG-----KEAGKALKR------------------------ALIDLQNNMAAIGSGGGIGRGWVSRVCFEGDIPDFLED-----FPEPI-TVTEPEQDSQLLKNQAVADETAVSACDT-ADAPHPLAVTLEPGARYF-PR 
PDWI01005922_5 HFEGTFWLHRDFQ-------NDVEIKT------------------------ALQDFADGLYSIGGKGGIGYGWLFDMEIPRSLRK---------LNSGF-REASSIQDALLDSAKE-------------IPLSAPLTFTPVKGAVYN-PY 
KHE91659.1 KLKGRFWIKKGFS-----GDHKLLITT------------------------ALSDIRDGLYPLGSKGGVGYGWVAGISIDDN------------VPDDF-KEMINKTEMPLPEEVEESNNGPINNDYVHPGHQSPKQDHK-NKNIYY-PH 
KKO18793.1 RLKGLFWMRRDVS-----PDEKARILL------------------------AFLEIREGLYPIGGKTGSGYGWVSDLEFDGD------------APEAF-KEMNSKRGKQASFKEKISFR---------YPSGAPKHIQNLKATSFYYPH 
WP_007220849.1 ILKGRFWIKKDIV-----KDYKKKIED------------------------AMVDIRDGLYPIGGKTGIGYGWVTDLTILNPQSG---------FQIPVKKDISPEPGTYSTY----------------PSHSTP---SLNKGHIYY-PH 
OQY58162.1 TLIGCFWMRKDKE---LSRNEIEELGK------------------------AFADIRDGLYPLGAKGSMGYGQVAELSIVDDEDSDDENNPAKLLAESM-KNASPSLGTPTSL----------------KKKDAGLSLRFDENADYY-PY 
Domains .................................................................................................................................//................... 

OGR07205.1 VIIPR----------APTVKRDECVTGQ-----RYHTG-----RLSGKIFCELNTLGPLFVPDTDYSAGVPVPISDEQLAECQLQAVFENTSKFNEFFATYPEETVTKLKDLLCAADDKWILAVKDITADLRQEIGEDTFQRIIRKAG-- 
PDWI01005922_5 YYL-PFP--------AEKPERCLVPPSH----ARLQSD-----RYTGCLTCELETVSPLLLPDTCR-----------------------------------------------------------------------------EKDGN-- 
KHE91659.1 YFLDS----------GSKVYREKDIITH----EEFTEE-----LLSGKINCKLETLTPLIIPDTSD----------------------------------------------------------------------ENGLKLQGNKPG-- 
KKO18793.1 YFLEP----------GSKVIREQKMIGHEQYYESYPSGASGEKLLSGRIICSMTTHTPLIVPDTGV---------------------------------------------------------------------------IKDPENK-- 
WP_007220849.1 YFLAP----------ANTVHREQEMIGH----EQFHKEQKGELLVSGKIVCTLKTVTPLIIPDTEN----------------------------------------------------------------------EDAFGLQNTYSG-- 
OQY58162.1 YFLEP----------EKSVHRDPVPPGHE---EAFRGG-----LLTGRITCRLTVRTPLIVPNTET----------------------------------------------------------------------DDAFNMKEKAGKKK 
Domains    ...................................................................................................................................................... 

OGR07205.1 ---HKTQRFHQINDEIGLPGASLRGMVLSNYQILTNSCYRNLKATEEITRRMPADEA------------------KYRKAGRVT----VSGDGAQKKYS-----------------------------------------------IQEM 
PDWI01005922_5 ---YKEYPSFRLNNTPMIPGAGLRAAVSQVYEVLTNSCIRIMDQGQTLSWRMSTSEHK-----------------DYQ-PGKIT------DNGRK---------------------------------------------------IQPM 
KHE91659.1 ---HKNYKFFNINGELMIPGSELRGMLRTHFEALTKSCFAIFGEDSTLSWRMNADEKDYKIDSNSIRKMESQRNPKYRIPDELQKELRNSGNGLFNRLYTSERRFWSDVSNKFENSIDYKREILRCAGRPKNYKGGIIRQRKDSLMAEEL 
KKO18793.1 ---HATYDFFQMNNAIMIPGSEIRGMISAVYEAMTNSCFRIFHEKQYLTRRISPEDKE------------LR---EFI-PGIVR----IINGDVY---------------------------------------------------IEKA 
WP_007220849.1 ---HKNYQFFHINDEIMVPGSEIRGMISSVYEAITNSCFRVYDETKYITRRLSPEKKDESNDKNKSQDDASQ---KIR-KGLVK----KTDEGFS---------------------------------------------------IIEV 
OQY58162.1                 DAYHKSYRFFTLNRVPMIPGSEIRGMISSVFEALSNSCFRIFDEKYRLSWRMDADVKE------------LE---QFK-PGRVA------DDGKR---------------------------------------------------IEEM 
Domains ...................................................................................................................................................... 



OGR07205.1                 ---------------EVLRLPIYDNMNTP-------DNMPDVAKQATT------------------AKRCNNLMN-EAAKTSRVELK-------ARWREGQ-------------SKIKYQIIDALN------------------------ 
PDWI01005922_5 GK-------------QAIRLPLYDEVIHHVSTPGDTDDLEKLKAIVLELTRPWKELPEE--QKKKRFEKCKNIL--DGRMLQQKELRALENSGFAYWRDKTSLTFDSFLKDAIEQEYPRYSGDYQR-----IKALVVNITLPWKLLKKEE 
Ga0114919_10000047_40      T--------------NMVRVPVYNCPQTFFDGLTQGQISGKEETKLWVKNYEWRISLCNPWTHHSRKSKKEWEKNIPGRILNNQGDKIVLNI--SYKQEERKITLIL-------DDKDRVVLDGIT------------------------ 
KHE91659.1                 ---------------KVHRLPLYDN-----------FDIPDSAYKANDHCRKSATCSTS--RGCRERFTCGIKVRDKNRVFLNAANN---NR--QYLNNIK-------------KSNHDLYLQYLK------------------------ 
KKO18793.1                 E--------------REYRLPLYDDVHII-------TNYEELEYEKYI----------K--KNPGREQKIKNAHR-FNKNIARIAES---NR--NYLCSLD-------------RAVRREILSGRK------------------------ 
WP_007220849.1             ERYSMKTKGGTKLVDKVYRLPLYDSE----------AVIASIQFEQYG----------E--KNEKRNAKIRAAIK-RNEVIAEVARK---NL--IFLRSLT-------------PEELKKVLQGEI------------------------ 
Ga0180009_10000113_2       ---------------EEIRLPLYDNP----------DLLPNIKKEGEKGFYRTKKIRDS--NGRERLKKGQPTGTDSLINIHSAEIR-------EFLKENKHLSS---------GQIPTKWFRCFP------------------------ 
Ga0193932_10482_5          ---------------KEYRYPFYDR-----------DCSDKKSQEAYFDEWERSITLTD--DSLEKMAERKGDIS-PKDLKVLKSLK---GK--NYKSTEGLLAAFKDKGGDTGGNILGLIFKYAE-RIGDVPRYEHPTDTDRMMLSLSE 
OQY58162.1                 ---------------KEIRYPFYD------------RTYPERNAQNGYFRWDARISLTD--NSMRKMEKDGVP---RNVIYKLNTLK---NK--AYKSEKSFLFDLKNKAGGV-GRYKKLVLKHAEVRGGEIPYYSHPTPTDCKLLSLVG 
Domains ...................................................................................................................................................... 

OGR07205.1                 --KVDPIIQVISSSKQINPNNGK--------TGW------------------------------------------------------------------------------------------GYVKYTGANVFAKSLVAPIDCLRKKD 
PDWI01005922_5             RHKRFDKCRRILKGQQPLTKDERKALEESGFANWHGRELLFDRFLKDENSCLIKAETTDRVIASVAKNNRDYLFEIKQQDFARYKRIIQGLERVPFSLRSLAKSKETSFQIACLGLRRGRFLRKGYLKISGPNNANVEISGG--SHSNSG 
Ga0114919_10000047_40      -PKQLGGKEEIRLWLRISQYQKAFRKKPDNNGGW--------------------------------------------------------------------------------------KMQTGYLHIMGPNKVEIDSSGTS-REGLQD
KHE91659.1                 ------GEKKIRFNSKVITGSER------SPIDV-------------------------------------------------------------------------------IAELNERGRQTGFIKLSGLNNSNKSQ-----GNTGTT
KKO18793.1                 ----------KVNFRLVKVNDNK------NPDKE-------------------------------------------------------------------------------AVELCKTGPLEGLVKFSGLNAVNISNLRP--GTAEEG
WP_007220849.1 -------------LVKFSLKSGK------NPNDY-------------------------------------------------------------------------------LAELHENGTERGLIKFTGLNMVNIKNV----NEEDKD
Ga0180009_10000113_2       -HPGKRGFDGLALLKIPKEWHNK------NTSGW---------------------------------------------------------------------------------------IAEGYVNLTGTNKVETRRSGKGISIRETS
Ga0193932_10482_5          YNRNQ-KSDGKRAYKIIKPASKL------GKGAY---------------------------------------------------------------FMFAGTSVENKRICNPACTDKANKSVKGYLKISGPNKLEKYNISEP-ELDGVP
OQY58162.1                 PNRQLCRQDTLVQYRIIKHRRGA------KPEED---------------------------------------------------------------FMFVGTPSENQK-----GHKENNDHGGGYLKISGPNKIEKENVLTS-GVPSVP
Domains ...................................................................................................................................................... 

OGR07205.1 AGHVCCQVNLNPAWEA-SNFDILINEKCPVER---------QSGPRPTLRCKG-QDSAWYTLTKRSERIFTDK-----KPVPDPINIPPREVKRYNELRDSYKKNTAH--VPKPLQTFF-NQES--LANGDLVYFEVN--QFGEASQLTP 
PDWI01005922_5 ---------YSDIWDDPLDFSFRLSGKSELRPNTQKT----REYPRPSFTCT--VDGKQYTVNKRCERVFEDS-------AAPAIELPRMVREGYKGILTDYEQNAKH--IPQGFQTRFSSYRE--LNDGDLVYYKTD--SQGRVTDLAP 
Ga0114919_10000047_40      ---------LPETWKD-AQCNSPD-GKIFSGK----------------------DGNAVYTMNKYCEMFFYNE-------QKKSYRVPQAVLNQYRQMIEESMSNPQA--PPAIFRSKPIREKDTALKAGDLVYFRKNENREGEVDAVIP 
KHE91659.1                 ---------FNSGWDR-FELNILL-DDLETRPSK-------SDYPRPRLLFT--KDQYEYNITKRCERVFEID-----KGNKTGYPVDDQIKKNYEDILDSYDGIKDQ-EVAERFDTFT-RGSK--LKVGDLVYFHID--GDNKIDSLIP 
KKO18793.1                 ---------FDAKWDM-WSLNIIL-NRMDVRNSQK------KEYPRPALHFN--HDGKEYTIPKRCERVFVRAEAGKRAETEGSYKVPRKVQEQYQNILRDYESNIGH--IDNTFRTLI-ENCG--LNNGSLVYFKPD-NSRKEVVAITP 
WP_007220849.1 ---------FNDTWDW-EKLNIFH-NAHEKRNSLK------QGYPRPVLKFI--KDRVEYTIPKRCERIFCIP-----VKNTIEYKVSSKVCKQYKDVLSDYEKNFGH--INKIFTTKI-QKRE--LTDGDLVYFIPNEGADKTVQAIMP 
Ga0180009_10000113_2       ---------KDEQINI-IHNEVTL-EEKPVNSSKLGQV--LRKRAIPKYVTY--KNGYEYTMTKRCERIFIPL------QKPTKHIVSRNVENKFLQLCEEYKQNAEK--IPKVFRTRMPKNYK--LNDGDLIYFRQE---LGEVVEIIP 
Ga0193932_10482_5          ---------EDRNCQI-IHNRIYL-RKIFVANAKKRKE---RDRLVGEFACYDPEKKVTYSMTKRCERIFIKD-------RGRTLPITHEASELFEILVQEYRENAKRQDTPEVFQTLLPDNGR--LNPGDLVYFREE---KGKTVEIIP 
OQY58162.1                 ---------ENMGAVV-HNCPPRL-VEVTVRCGRKQEEECKRKRLVPEYVCADPEKKVTYTMTKRCERIFLEK-------SRRIIPFTNDAVDKFEILVKEYRRNAEQQDTPEAFQTILPENGT--VNPGDLLYFREE---KGKAAEIVP 
Domains ...................................................................................................................................................... 

OGR07205.1 VSISRTTDLFPIGGRLPQGHKDLFPCTAMCLSECKNCVPAS---FCEFHSRSHEKLCPACSLAGTTGNRGRIKFSEAWL---SGLPKWHSVSQDNVGRGLGVTMPRLERSRRTWHLPTK--------------------DAYLLGQSIYL 
PDWI01005922_5 VCLSRLADDRPLGKRLP---EEYRPCAHVCLEECDPCTGKDCPVPIYREGYPARGFCPACQLFGTQMYKGRVRFSFGVPVNSTRSPQ-----------LKYVTLPSQERPRPTWVLPESC----------------KGKEKDVPGRKFYL 
Ga0114919_10000047_40      VRIYRESHRKPLGKRFPDGLHDLRPCTFECLDDCDKC-PDRCNELKEFFNPHPKGLCPACRLFGTTSYKSRVSFGFARLCSEDKKAKWYGVEEDAEQ-GKPLTLPLLERPRPTWSMPDK--------------------DAKIPGRKFYV 
KHE91659.1 VRISRKCASKTLGGKLD---KALHPCTGL-----------------------SDGLCPGCHLFGTTDYKGRVKFGFAKY---ENGPEWLITRGNNP--ERSLTLGVLESPRPAFSIPDD--------------------ESEIPGRKFYL 
KKO18793.1 VKISRKTDRLPQGDRFPHTSSDLRPCVRDCLDTEGDIRMLENSPFKRLFHIHPEGLCPACQLFGTTNYRGRVRFGFASL---SDGPKWFRKDEGNE--TCHITLPLLERPRPTWSMPDD--------------------TSTIPGRKFYV 
WP_007220849.1 VPLSRITDSRTLGERLP--HKNLLPCVHEVNEGLLSGILDSL--DKKLLSIHPEGLCPTCRLFGTTYYKGRVRFGFANL---MNKPKWLTERENGC--GGYVTLPLLERPRLTWSVPSD--------------------KCDVPGRKFYI 
Ga0180009_10000113_2       VRISRAVDDEVLGEKFV--NDDFRPCVREILNRETEKKITSAG-FKEVFHHHPKGLCPACAIFGTTFYKGRVSFGFAYL---KNNETKLVEN------GAYITLPLLERPRPTWAMPTK--------------------DSKVPGRKFYV 
Ga0193932_10482_5 VRISRKIDDSPIGKRLR---EDLRPCHGEWIEGDDLSQLSEYP-EKKLFTRNTEGLCPACRLFGTGAYKGRLRFGFAKL---ENDPKWLMKNSDGPSHGGPLTLPLLERPRPTWSMPDDTLNRLKKDGKQEPKKQKGKKGPQVPGRKFYV 
OQY58162.1 VRISRKVDDRHIGKRID---PELRPCHGEWIEDGDLSKLDAYPAEKKLLTRHPKGLCPACRVFGTGSYKSRVRFGFAAL---KGTPKWLKEDPAEPSQGKGITLPLLERPRPTWAVLHN-----------------DKENSEIPGRKFYV 
Domains ...................................................................................................................................................... 

OGR07205.1 NH--------------PVPAILPSD--QVPSENNQTVEPLGPKNIFSFQLAFDNLSIEELGLLLYSLELESGMAHRLGRGRALGMGSVQISVKDIQIRDNKSFLFSSNISKKSE-----WIQCGKDEFAQEAWFGE----------SWDN 
PDWI01005922_5 RH-----DGWREMWGDDDKPDSRP----SSEECQDIIEGIGPGEKFHFRVAFENLDKNELGRLLYSLELDAGMNHHLGRGKAFGFGQVKIRVTKLERRLEPGQWR---SEKICT-----DLPVTSSELV------------------ISS 
Ga0114919_10000047_40      HHPHSVDSSIRDMQFDPELSDKENQGKIRPNKNNRTVEPLDKGNEFTFDIRFMNLKEWELGLLLYSLQLETGLAHKLGMGKAQGFGSVEIDVEKVEIRNGPGDWKSKTSHKITE-----WITKGKDKLE--KWFKTD---------DWNN 
KHE91659.1                 HH-----NGWRIIR--QKQLEIRE---TVQPERNVTTEVMDKGNVFSFDVRFENLREWELGLLLQSLDPGKNIAHKLGKGKPYGFGSVKIKIDSLHTFKINSNNDKIKRVPQSD-IRE-YINKGYQKLI--EWSGNNSIQKGNVLPQWHV 
KKO18793.1                 HH-----MGYETV--------KKNQRTLVKTENNRTVKALDKENEFTFEVFFENLREWELGLLLHCLELEPEMGHKLGMGKPLGFGSVKIRIDKLQKCVVNVKDGCVLWEPEEDKIQH-YIAKGLGKLT--TWFGK----------EWDR 
WP_007220849.1 HH-----NGWQEV--------LRNNDITPKTENNRTVEPLAADNRFTFDVYFENLREWELGLLCYCLELEPGMGHKLGMGKPMGFGSVKIAIERLQTFTVHQ--DGINWKPSENEIGV-YVQKGREKLV--EWFTPSAPHKNM---EWNG 
Ga0180009_10000113_2       HH-----QGWKNI---VEDSKNES---TEKNENNRSVQAIDRNQVFLFEVRFENLRPWELGLLIYSLQLEPKLAHKLGMGKPLGFGSVKIKVENVTSSRQKDVNDNTLPEAVEKELKEIWGKETEPDFT--------------------- 
Ga0193932_10482_5          HH-----DGWKEINCGCHPTTKEN---IVQNQNNRTVEPLDKGNTFSFEICFENLEPYELGLLLYTLELEKGLAHKLGMAKPMGFGSIDIEVENVSLRTDSGQWKDAN-EQISE-----WTDKGKKDAG--KWFKT----------DWEA 
OQY58162.1         HH-----NGWKGISEGIHPISGEN---IEPDENNRTVEVLDKGNRFVFELSFENLEPRELGLLIHSLQLEKGLAHKLGMAKSMGFGSVEIDVESVRVKHRSGEWDYKDGETVDG-----WIEEGKRGVA--------------------A 
Domains ...................................................................................................................................................... 

OGR07205.1 IDHIQRLRQALTIP---VKGDVGCIRYPKLEAEG------GMPDYIKLRK--R-------LTPLCDREEPVRYRINPVQLARMILPFVPWHGACPALLNEQVMIEAKRLTELXXXDRANWPC---------------------------- 
PDWI01005922_5 LKKVEERRKLLRLV--MTPYKGLTACYPGLEREN------GRPGYTDLKMLAT-------YDPYRELVVQIGSNQ----------PLRPWYEPGKSFKPSPGNDCTGRGGSVSKSLISEPKVVPAIAPFCEGVVKWFNSVKGFGFIETKE 
Ga0114919_10000047_40      VDHIADLKKFLYFL--DPQEIKPKVRYPSLSRDDDKKD--HFPGYVDLKRKPSKEKPNPYYVPEDKRRALLTR------------PWEPWYVMPKSSM---------------------------------GTVKWFNEEKNYGFILRDN 
KHE91659.1                 IPHIDKLYKLLWVPFLNDSKLEPDVRYPVLNEESKGYIEGSDYTYKKLGDK-D-------NLPYKTRVKGLTT------------PWSPWNPFQVIAEHEEQEVNVTGSRPSVTDK------------------------------IERD 
KKO18793.1 LEHIQGLRSLQRLL-----------------------------------------------------------------------PL--------------------------------------------------------------- 
WP_007220849.1 VKHIKDLRSLLSIP-----GDKPTVKYPTLNKDAEGAI--SDYTYERLSD-TK-------LLPHDKRVEYLRT------------PWSPWNAFVKEAEYSPSEKSDEKGRETIRTKPKSLPS-----VKSIGKVKWFDEGKGFGILIMDD 
Ga0180009_10000113_2       -RSLEGLYKALHYE----SKNGIQVRYPKLEKEKKDDPG-EKPGYLELAD--G-------PFSTENRKEKLKE------------IWGNWA-----------------------------------------------------------
Ga0193932_10482_5          AEHIKNLKKLLFLP---GEEQNPRVIYPALKQKDIPNS--RLPGYEELKK----------NLNMEKRKEMLTT------------PWAPWHPIKK-------------------------------------------------------
OQY58162.1                 KGKANDLRKLLYLP---GEKQNPHVHYPTLKKEKKGDP----PGYEDLKKS-F-------REKKLNRRKMLTT------------LWEPWHK----------------------------------------------------------
Domains ...................................................................................................................................................... 



OGR07205.1 --------------------------------------------- 
PDWI01005922_5             QRDIFVHFSAIRGEGYKILEPGEKVRFEIGEGRKGPQAINVIRIR 
Ga0114919_10000047_40      GEDIFVHRSDINGS-LGTLTEGQKVIFEVKQGPKGLQATNVKVIS 
KHE91659.1                 GKMV----------------------------------------- 
KKO18793.1                 --------------------------------------------- 
WP_007220849.1 GKEVSISKNSIRGN--ILLKKGQKVTFHIVQGLI-PKAEDIEIAK 
Ga0180009_10000113_2       --------------------------------------------- 
Ga0193932_10482_5          --------------------------------------------- 
OQY58162.1                 --------------------------------------------- 
Domains ............................................. 

//////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////// 

HHpred search results (OQY58162.1 protein as a query): 
 

Csm3 (group 7),  
Probability: 95.58 E-value: 0.012  Score: 50.24  Aligned Cols: 144  Identities: 21%  Similarity: 0.244

Q ss_pred CCccchHHHHHHHHHHHHHHHHhhhcCccCceecCCceeccccccccCCCCCceeccCCcccccCCCCCC 
Q Q_4784969 46 GKPFITGTLLRSAVIRAAEHLLVLSKGKVGEKACCPGKFLTETDTETNKAPTMFLRKRPTLKWTDRKGCD  115 (413) 
Q Consensus 46 GkPyITGTLLRSaVi~a~E~ll~l~~gk~~~~~CC~g~f~Te~dk~~~~~~p~FLRKRPt~~w~~~~~Cd  115 (413) 

|.|||-||-++-++..+++.+.......... ....|. 
T Consensus 41 g~p~IPgsslKG~lR~~~~~~~~~~~~~~~~---------------------------------~~~~~~  77 (204) 
T TIGR02582 41 DLPYIPGSSLKGKIRSLLERSLGAVSNKGKY---------------------------------RYHNCD  77 (204) 
T ss_pred CCeecchhhHHHHHHHHHHHHhhhhcccccc---------------------------------ccCCCC 

Q ss_pred CCCCCcchhhcCCCCcCcccccCcccceeeecccCCCCCC-----CCCcHHHHHHHHHhHHhhhhccccc 
Q Q_4784969 116 PDFPCPLCELLGPGAVGKKEGEAGINSYVNFGNLSFPGDT-----GYSNAREIAVRRVVNRVDYASGKAH  180 (413) 
Q Consensus 116 p~~~CplC~lLGr~d~ggK~~~~g~~~~VhF~N~s~~~~~-----~~~~~~dIa~~RILNRVD~~tGkA~  180 (413) 

...|+.|.++|........ .......+.|++.......     ...........|.-+++|..||.|. 
T Consensus 78 -~~~~~~~~lFG~~~~~~~~-~~~~~g~l~~~D~~~~~~~~~~~~~~~~~~~~~~~~~~~~idr~t~~~~  145 (204) 
T TIGR02582 78 -PGECEVCRLFGSAPENDEE-SIKGPTRLIVRDAFLTEDTKEELARNDTDLPYTEIKFENAIDRITSKAN  145 (204)
T ss_pred -CCccHHHHHHCCCCCCCCc-cCCCCceEEEEEeeeCcccHHHHhcCCCCCCcceeeecccccCCCCCcC
Q ss_pred cceEEEEEccccCCeeeEEEEcCCchhH---HHHHHHHHHHHHH--HHhhce
Q Q_4784969 181 DFFRIFEVDHIAFPCFHGEIAFGENVSS---QARNLLQDSLRFT--DRLCGA  227 (413)
Q Consensus 181 DyFrv~EvD~~~~~~ftG~I~i~d~~~S---~~k~LL~~sL~fv--d~LcGa  227 (413)

+ |..-.|  ..-..|+++|.+......   ....+|..+|..+  ..|.|. 
T Consensus 146 ~-~~~e~i--~~g~~f~~~i~~~~~~~~~~~~~~~~l~~~l~~l~~~~iG~~  194 (204) 
T TIGR02582 146 P-RQIERV--PAGAKFKFEIIYSVYEGDEEEEDFKNILEGLKLLEDDYLGGS  194 (204)
T ss_pred C-eeEEEe--CCCCEEEEEEEEEeCCCCCchHHHHHHHHHHHHcccCCCCCC

4WNZ_B Cmr4; Nuclease, RAMP domain, CRISPR-Cas system; 2.8A {Pyrococcus furiosus DSM 3638}; Related PDB entries: 4W8W_C 4W8W_B 4W8W_A 4W8W_D 4RDP_B 4RDP_A 4WNZ_A 
Probab=99.70  E-value=2.1e-19  Score=210.94  Aligned_cols=175  Identities=19%  Similarity=0.156  Sum_probs=0.0  Template_Neff=7.900 

Q ss_pred EEEEEEEcCCeeecCCCCCCCcccchhEeCC-CCCEEeCchHHHHHHHHHHHHHhc--cCccccccCCCCCCCcceeeee 
Q Q_4784969       402 IMGTLKAETPFFFGIESKEKKQTDLMLLLDG-QNHYRIPRSALRGILRRDIRSVLG--TGCNAEVGGRPCLCPVCRIMKN  478 (1659) 
Q Consensus       402 i~g~Le~lSPLhIGSGe~~~~~~D~~L~RD~-~G~PyIPGTSLAGaLRa~l~~~~~--~~~~~~LFG~~~~~~~~~~~S~  478 (1659) 

+.+++++.||||||+|.+.. .+|.+|+||. .|.||||||||+|+||+++.....  ......+||.+... .....+. 
T Consensus 4 ~~~~i~~~splhiG~G~~~~-~~D~~v~rd~~~g~P~IPGSslKG~lR~~~~~~~~~~~~~~~~lFG~~~~~-~~~~~g~   81 (301) 
T 4WNZ_B            4 YLVGLYTLTPTHPGSGTELG-VVDQPIQRERHTGFPVIWGQSLKGVLRSYLKLVEKVDEEKINKIFGPPTEK-AHEQAGL   81 (301) 
T ss_dssp EEEEEEESSCBCC------------CCCBCTTTCCBCBCHHHHHHHHHHHHHHTSCCCHHHHHHHTC-----------CC 
T ss_pred             EEEEEEEcCCeecCCCCCcC-CccccEeEecCCCCeEeecchHHHHHHHHHHHhccCChHHHHHHHCCCCcc-cccccce 

Q ss_pred             EEEEeccCC--C-------------------------------------------------------------------- 
Q Q_4784969       479 ITVMDTRSS--T--------------------------------------------------------------------  488 (1659) 
Q Consensus       479 l~V~Da~l~--~-------------------------------------------------------------------- 488 (1659) 

+.|.|+.+.  .                                                                    
T Consensus 82 ~~f~da~l~~~p~~~~~~~~~~vtcp~~l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~  161 (301) 
T 4WNZ_B 82 ISVGDAKILFFPVRSLKGVYAYVTSPLVLNRFKRDLELAGVKNFQTEIPELTDTAIASEEITVDNKVILEEFAILIQKDD  161 (301) 



T ss_dssp EEECCBEEEEEEEEBSSSSEEEEECHHHHHHHHHHHHHTTC----CCCCCCSSEEEECTTTBSSSEEEETTEEEEECCCT 
T ss_pred             EEEeceEEeeeecccCCCCeEEeccHHHHHHHHHHHHHcCCCCCccCCchhccccccccccccCCEEEEEehhheeecCc 

Q ss_pred ---------------------------------------CCCCccccceeecCCCCcccCCeeeeEEEeCCCcEEEEEEE 
Q Q_4784969       489 ---------------------------------------DTLPEVRPRIRLNPFTGSVQEKALFNMEMGTEGIEFPFVLS  529 (1659) 
Q Consensus       489 ---------------------------------------~~~t~vR~gVrIDr~TGTA~dgaLFd~EvVP~Gt~F~f~Le  529 (1659) 

...+.+|++|+||+.||+|+++.||+.|+||+|+.|.+.|. 
T Consensus       162 ~~~~~~~~~~l~~~f~~~~~~~~~~~~~iv~d~~~~~l~~~~~~~r~~v~Idr~tG~a~~g~Lf~~E~v~~g~~F~~~i~  241 (301) 
T 4WNZ_B 162 KGILESVVKAIEQAFGNEMAEKIKGRIAIIPDDVFRDLVELSTEIVARIRINAETGTVETGGLWYEEYIPSDTLFYSLIL  241 (301) 
T ss_dssp TCHHHHHHHHHHHHHCHHHHHHHTTSEEECCHHHHHHHHHSCCC-----------------------CBCSSCEEEEEEE 
T ss_pred             chhHHHHHHHHHHHhChHHHHHhhCCEEEEehHHHHHHHHhCceEEEecEeeCCCCcccCCCeeEEEEeCCCcEEEEEEE 

Q ss_pred             EeCCcc--hhHHHHHHHHHHHcCCCcCCCCcCCCCCEEEEeecEEEeccCC 
Q Q_4784969       530 YRGKKT--LPKELRNVLNWWTEGKAFLGGAASTGKSIFQLSDIHAFSSDLS  578 (1659) 
Q Consensus       530 l~~~~~--~~~lL~~LL~~l~~G~irLGg~rsRGfGRvrL~~~~~~~~Dl~  578 (1659) 

+.....  ..+++..+|..+..+..+||+++++|+|+|++.......-+.. 
T Consensus       242 ~~~~~~~~~~~~l~~~L~~l~~~~~~lGg~~srG~G~v~i~~~~~~~~~~~  292 (301) 
T 4WNZ_B          242 VTPRAKDNDMALIKEVLGKINGKYLQIGGNETVGKGFVKVTLKEVTNNGGT  292 (301) 
T ss_dssp ECTTCCHHHHHHHHHHHHTTTTEEEECSSCTTTTCCEEEEEEEEC------ 
T ss_pred             EccCCCCCchHHHHHHHHHhcCCceEeCCCcccccCEEEEEEeeecCCCcc 

>4WNZ_B Cmr4; Nuclease, RAMP domain, CRISPR-Cas system; 2.8A {Pyrococcus furiosus  DSM 3638}; Related PDB entries: 4W8W_C 4W8W_B 4W8W_A 4W8W_D 4RDP_B 4RDP_A 4WNZ_A
Probab=99.23  E-value=5.9e-13  Score=157.06  Aligned_cols=175  Identities=15%  Similarity=0.155  Sum_probs=0.0  Template_Neff=7.900

Q ss_pred CeEEEEEEEECCCEEeCCccccCCcccccccccccccCCCC-ceEEEechHHHHHHHHHHHHHHccCCCcccCccCCchh 
Q Q_4784969       643 RQKISVKITLNSPFLNGDPVRALTEDVADIVSFKKYTQGGE-KIIYAYKSESFRGVVRTALGLRNQGNDDITGKKNVPLI  721 (1659) 
Q Consensus       643 ~~~I~l~Lt~~sPLLI~~~~~~~~~~~pD~~~l~~~~~~g~-~~~~vIPGSSIRGALR~r~~lrtl~~~~~~~~~a~~~~  721 (1659) 

...+.+.++..+|++|+++.....   .|.+....     . .+.|+||||||||+||+.+......
T Consensus 1 m~~~~~~i~~~splhiG~G~~~~~---~D~~v~rd-----~~~g~P~IPGSslKG~lR~~~~~~~~~-------------   59 (301) 
T 4WNZ_B            1 MKAYLVGLYTLTPTHPGSGTELGV---VDQPIQRE-----RHTGFPVIWGQSLKGVLRSYLKLVEKV------------- 59 (301) 
T ss_dssp -CEEEEEEEESSCBCC--------------CCCBC-----TTTCCBCBCHHHHHHHHHHHHHHTSCC-------------
T ss_pred             CceEEEEEEEcCCeecCCCCCcCC---ccccEeEe-----cCCCCeEeecchHHHHHHHHHHHhccC-------------

Q ss_pred hhcccccchhhHHHhCCc-----ceeeeEEEEeeeecCCC---------------------------------------- 
Q Q_4784969       722 ALTHQDCECMLCRFFGSE-----YEAGRLYFEDLTFESEP----------------------------------------  756 (1659) 
Q Consensus       722 ~~~~~~~~~~v~~LFGs~-----~~rG~L~vsD~~i~~~~---------------------------------------- 756 (1659) 

..+.++.|||..     ..+|.|.|.|+.+...+                                        
T Consensus 60 ------~~~~~~~lFG~~~~~~~~~~g~~~f~da~l~~~p~~~~~~~~~~vtcp~~l~~~~~~~~~~~~~~~~~~~~~~~  133 (301) 
T 4WNZ_B 60 ------DEEKINKIFGPPTEKAHEQAGLISVGDAKILFFPVRSLKGVYAYVTSPLVLNRFKRDLELAGVKNFQTEIPELT  133 (301) 
T ss_dssp ------CHHHHHHHTC----------CCEEECCBEEEEEEEEBSSSSEEEEECHHHHHHHHHHHHHTTC----CCCCCCS 
T ss_pred ------ChHHHHHHHCCCCcccccccceEEEeceEEeeeecccCCCCeEEeccHHHHHHHHHHHHHcCCCCCccCCchhc 

Q ss_pred ---------------------------------------------------------------------CcceEeccccc 
Q Q_4784969       757 ---------------------------------------------------------------------EPRRFDHVAID  767 (1659) 
Q Consensus       757 ---------------------------------------------------------------------~~~~~~HVAID  767 (1659) 

....++||+|| 
T Consensus       134 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~l~~~f~~~~~~~~~~~~~iv~d~~~~~l~~~~~~~r~~v~Id  213 (301) 
T 4WNZ_B          134 DTAIASEEITVDNKVILEEFAILIQKDDKGILESVVKAIEQAFGNEMAEKIKGRIAIIPDDVFRDLVELSTEIVARIRIN  213 (301) 
T ss_dssp SEEEECTTTBSSSEEEETTEEEEECCCTTCHHHHHHHHHHHHHCHHHHHHHTTSEEECCHHHHHHHHHSCCC-------- 
T ss_pred             cccccccccccCCEEEEEehhheeecCcchhHHHHHHHHHHHhChHHHHHhhCCEEEEehHHHHHHHHhCceEEEecEee 

Q ss_pred CCCCCCCCCCCeeEEEeCCCCccceEEEEEEEecCcccCCHHHHHHHHHHHHHHHcCCCccCCCCCCcccEEEEEEEeCC 
Q Q_4784969       768 RFTGGAVNQKKFDDRSLVPGKEGFMTLIGCFWMRKDKELSRNEIEELGKAFADIRDGLYPLGAKGSMGYGQVAELSIVDD  847 (1659) 
Q Consensus       768 RFTGGa~DGALFteeal~~G~~~~~~l~l~I~i~~~~~~~~~~l~LLllaLrDL~~G~LpLGggtarGyG~v~v~~i~~~  847 (1659) 

|.||.+.+|+||+++++.+|.    .|...|.+...  ..++...+|..+|+++..+.+.||+++++|||+|++...... 
T Consensus       214 r~tG~a~~g~Lf~~E~v~~g~----~F~~~i~~~~~--~~~~~~~~l~~~L~~l~~~~~~lGg~~srG~G~v~i~~~~~~  287 (301) 
T 4WNZ_B          214 AETGTVETGGLWYEEYIPSDT----LFYSLILVTPR--AKDNDMALIKEVLGKINGKYLQIGGNETVGKGFVKVTLKEVT  287 (301) 
T ss_dssp ---------------CBCSSC----EEEEEEEECTT--CCHHHHHHHHHHHHTTTTEEEECSSCTTTTCCEEEEEEEEC- 
T ss_pred             CCCCcccCCCeeEEEEeCCCc----EEEEEEEEccC--CCCCchHHHHHHHHHhcCCceEeCCCcccccCEEEEEEeeec 



Q ss_pred  CCC 
Q Q_4784969       848 EDS  850 (1659) 
Q Consensus       848 ~~~  850 (1659) 

... 
T Consensus       288 ~~~  290 (301) 
T 4WNZ_B          288 NNG  290 (301) 
T ss_dssp --- 
T ss_pred CCC 

>cd09683 Csm3_III-A; CRISPR/Cas system-associated RAMP superfamily protein Csm3. CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) and associated Cas proteins
comprise a system for heritable host defense by prokaryotic cells against phage and other foreign DNA.
Probab=96.63  E-value=0.00011  Score=72.95  Aligned_cols=57  Identities=25%  Similarity=0.390  Sum_probs=0.0  Template_Neff=9.800

Q ss_pred EEEEEEEEcCCEEccCCCCCchhhhhhhccCccccccccccceee-CCeEeecHHHHHHHHHHHHHHHHcc 
Q Q_3743303_3      50 RITCRLTVRTPLIVPNTETDDAFNMKEKAGKKKDAYHKSYRFFTL-NRVPMIPGSEIRGMISSVFEALSNS  119 (782) 
Q Consensus        50 ~I~c~Ltt~TPL~I~~~~~~~~~~~~~~~~~~~~~~hk~y~ff~~-~~~p~IPGSsLRGMIRSayEavTnS  119 (782) 

.|.++|++.|||.|+............             .+... .+.|+||||||||+||+++|.+..+ 
T Consensus         5 ~~~~~l~~~s~l~ig~g~~~~~~~~d~-------------~~~~~~~g~p~IPgSSlKG~lR~~~~~~~~~   62 (216) 
T cd09683           5 KISGILENQTPLRIGYGKSQEPTGPDD-------------PVIKDANGRPIIPGSSFKGALRSLAERYLKR   62 (216) 
T ss_pred EEEEEEEECCCEEeccCCCCCCCCCCC-------------CceeCCCCCEeeChhHHHHHHHHHHHHHHHH 

>cd09684 Csm3_III-A; CRISPR/Cas system-associated RAMP superfamily protein Csm3. CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) and associated Cas proteins
comprise a system for heritable host defense by prokaryotic cells against phage and other foreign DNA.
Probab=97.01  E-value=0.00017  Score=71.25  Aligned_cols=126  Identities=24%  Similarity=0.326  Sum_probs=0.0  Template_Neff=10.000

Q ss_pred ccCCHHHHHhCCccc-------CCCeEEEEEEEcCCcccccCCCCCCCCCCcccCcCcCCCCCcchhhccCCCCCeeCeE 
Q Q_3743303_3     524 KGLCPACRVFGTGSY-------KSRVRFGFAALKGTPKWLKEDPAEPSQGKGITLPLLERPRPTWAVLHNDKENSEIPGR  596 (782) 
Q Consensus       524 ~~LcpAcrLFG~~a~-------~GRVrFsdA~~~~~~~~~~~~~~~~~~~~~~~L~iL~sPKPs~~~fYl~~~~~~lrGR  596 (782) 

...|+.|+|||....       +|+|+|+||.+..              .....+.      +.         ....... 
T Consensus        77 ~~~~~~~~lFG~~~~~~~~~~~~g~l~~~D~~~~~--------------~~~~~~~------~~---------~~~~~~~  127 (215) 
T cd09684          77 QGDCEVCRLFGSAPNAGEGIKGPTRLIVRDAFLTE--------------DTKKEAE------ST---------DLPYTEI  127 (215) 
T ss_pred CCCcchHHHhCCCCCCCCCCCCCeeEEEEcceeCh--------------hhhhhhh------cC---------CCCcceE 

Q ss_pred EEEecCCCcccccccccCCCCCCCCCccceeEEEECCCCCEEEEEEEEeCCC----HHHHHHHHHHcCCCCCceeEcCCC 
Q Q_3743303_3     597 KFYVHHNGWKGISEGIHPISGENIEPDENNRTVEVLDKGNRFVFELSFENLE----PRELGLLIHSLQLEKGLAHKLGMA  672 (782) 
Q Consensus       597 KfY~H~~~~~~~~~~~~~~~~~~~~~~~~~~~i~~v~~G~~F~f~I~FeNLs----~~ELGaLLwaL~l~~~~~HKLG~G  672 (782) 

+.+-......               .......++.+.+|++|+++|.+.+..    +.++.+|+.+|..-...  .||.+ 
T Consensus       128 ~~~~~id~~~---------------g~~~~~~~e~i~~g~~f~~~i~~~~~~~~~~~~~~~~l~~~l~~~~~~--~lG~~  190 (215) 
T cd09684         128 KFENAIDRIT---------------SKANPRQIERVPAGAKFKFELIYSVYEGDDEEEDFKNILEGLKLLEDD--YLGGS  190 (215) 
T ss_pred EeeeccCCCC---------------CCcCCceeEEeCCCCEEEEEEEEEecCCCCcHHHHHHHHHHHHHhhcC--CCCCC 

Q ss_pred CCCCcceEEEEEEEEEEEEccce 
Q Q_3743303_3     673 KSMGFGSVEIDVESVRVKHRSGE  695 (782) 
Q Consensus       673 KPLGlGSVkI~I~~l~l~~~~~~  695 (782) 

+.-|+|.|++++..+...+...+ 
T Consensus       191 ~s~G~G~~~~~~~~~~~~~~~~~  213 (215) 
T cd09684         191 GSRGYGKVKFRDIKLITKPGEYY  213 (215) 
T ss_pred CCCCcceEEEEEEEEEEeccCcc 

TIGR03986 TIGR03986; CRISPR-associated protein. Members of this protein family, part of the larger RAMP family, are found exclusively in species with CRISPR systems, in local 
contexts containing other RAMP (Repeat-Associated Mystery Proteins). 
Probab=100.00  E-value=2.5e-57  Score=568.13  Aligned_cols=500  Identities=26%  Similarity=0.416  Sum_probs=0.0  Template_Neff=8.200 

Q ss_pred cccccCCccccCCC----CCCCCcchhccCCceeEEEEEEEEEcCCEEccCCCCChhhchhhhcCCccccccccccceee 
Q Q_4784969       896 PYYFLEPEKSVHRD----PVPPGHEEAFRGGLLTGRITCRLTVRTPLIVPNTETDDAFNMKEKAGKKKDAYHKSYRFFTL  971 (1659) 
Q Consensus       896 PY~Fv~~~~~v~~d----~~p~~h~~~~~~~~~SG~I~ctLtt~TPL~I~d~~~~~~~~~~~~~~~~~~~~hk~y~ff~~  971 (1659) 

||||||+++.+...    ..|.+|+ .+..+++||+|+|+|++.|||+|+++.....           ...+..+.||.. 



T Consensus 1 PYnFVPl~~~~~~~~~~~~~~~~Hd-~~~~~~~Sg~i~~~l~~~tpl~ig~~~~~~~-----------~~~~~~~~~~~~   68 (562) 
T TIGR03986         1 PYNFVPLPDKVIKAYDLEDGPPSHD-RYHKDLLSGRIECTLTTKTPLFIGDSKKENN-----------ENQHKSYEFFSD   68 (562) 
T ss_pred CcccccCChhccccccCCCCCCccc-cccCCcceEEEEEEEEEcCCEEeCCCCccCc-----------cccccccccccC 

Q ss_pred -CCeeeecHHHHHHHHHHHHHHHHcceeeeecCCCceEEeccCChhhhccccc------------EEEee--CCCeEEEe
Q Q_4784969       972 -NRVPMIPGSEIRGMISSVFEALSNSCFRIFDEKYRLSWRMDADVKELEQFKP------------GRVAD--DGKRIEEM 1036 (1659) 
Q Consensus       972 -~~~p~IPGSsLRGMIRSayEavTnScf~vf~~~~~L~yR~~a~~~~~~~~~p------------g~l~~--~~~~~~i~ 1036 (1659) 

++.|+||||||||||||++|++|+|||++|++ ++|+||+.+.  ......+            |+|..  .++.|.++ 
T Consensus        69 ~~~~p~IPGSsikG~lR~~~e~~~~~~~~~~~d-~~~~~R~~~~--~~~~~~~~~~~~~~~~~~~G~l~~~~~~~~~~~~  145 (562) 
T TIGR03986        69 PDGKPAIPGSSLRGMLRNLVEILTNSKFRVFND-KRLFYRDPAG--RGGSYKPAYIRGLPNRDKAGFLKLVKEKDEYAIR  145 (562) 
T ss_pred CCCCEEeChHHHHHHHHHHHHHHhcCCCcEeCC-ccceeeCCCC--CCCccccceecCCCCCCcccEEEEecCCCceEEe 

Q ss_pred ccccCCcccccCccccccCCccccchhccccchhHhhhhcCCCcceEEEehhhhccccccccccchhchhcccCCcccch 
Q Q_4784969      1037 KEIRYPFYDRTYPERNAQNGYFRWDARISLTDNSMRKMEKDGVPRNVIYKLNTLKNKAYKSEKSFLFDLKNKAGGVGRYK 1116 (1659) 
Q Consensus      1037 ~~~r~~~~~~~l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~g~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1116 (1659) 

++...+.+......... .......+|++.+...+.
T Consensus       146 ~~~~~~~~~~~~~~~~~---------------~~~~~~~~~~~~~~~~~~------------------------------  180 (562) 
T TIGR03986       146 PAVKGPSYRIDGKVVKL---------------YLLKKEKKIDEFKYAKTS------------------------------ 180 (562) 
T ss_pred eccCCCccccCCceehh---------------hhhhcccccchhhccccc------------------------------ 

Q ss_pred hheeehhhhcCCCCcccCCCCcccceeeeccCCCh-hhccccccchhhhhcccCCCCCcccccccCCCccccCCCcccCC 
Q Q_4784969      1117 KLVLKHAEVRGGEIPYYSHPTPTDCKLLSLVGPNR-QLCRQDTLVQYRIIKHRRGAKPEEDFMFVGTPSENQKGHKENND 1195 (1659) 
Q Consensus      1117 ~~~~~~~~~~~~~~~~~~~~~~~~~~v~~~~~~~~-~~~~~~~~v~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1195 (1659) 

......+......++.+..+..... .
T Consensus       181 ----------~~~~~~~~~~~~~~~~~~~~~~~~~~~-------------------------------------------  207 (562) 
T TIGR03986       181 ----------EGYKPVRHKGKKVVAKSIEIARSRNWL------------------------------------------- 207 (562) 
T ss_pred ----------cCCCCcccCCceEEEEeeehhhhcccc------------------------------------------- 

Q ss_pred cceEEEEEcCCCCccccccccCCCCCCchhccccccCCCcceeeeeeecCCcchhHhhhccCCceeEecCccccCccC-C 
Q Q_4784969      1196 HGGGYLKISGPNKIEKENVLTSGVPSVPENMGAVVHNCPPRLVEVTVRCGRKQEEECKRKRLVPEYVCADPEKKVTYT-M 1274 (1659) 
Q Consensus      1196 ~g~g~v~~t~~~~~~~~~~~~~~~~~~p~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~g~~~~~~~~~~~~~~~~~-~ 1274 (1659) 

........ .+|    |++     ..+++ . 
T Consensus       208 -------------------------------------------------~~~~~~~~-~~G----~l~-----~t~~~~~  228 (562) 
T TIGR03986       208 -------------------------------------------------HFPEENGL-TEG----YLV-----KTGRIVG  228 (562) 
T ss_pred -------------------------------------------------ccCccCCc-cee----EEE-----EcCccCC 

Q ss_pred             CcceEEEEEeC---CCCcccCCHHHHHHHHHHHHHHHHHhhccCCchHHHhhccCcCCCCCC-cEEEEEEeC--CeEEEE 
Q Q_4784969      1275 TKRCERIFLEK---SRRIIPFTNDAVDKFEILVKEYRRNAEQQDTPEAFQTILPENGTVNPG-DLLYFREEK--GKAAEI 1348 (1659) 
Q Consensus      1275 ~K~~ErIF~~~---~~~~i~i~~~v~~~~~~lI~~Y~~n~~~~~~~~~~~~~~~~~~~l~~G-~pVy~~~~~--~~v~~L 1348 (1659) 

+|++|+||+..   ....++|++++++.|++.++.|..+.........+....    ++.+| .||||...+  ++|.+| 
T Consensus       229 ~k~~~~~~~~~~~~~~~~~~i~~~~i~~y~~~~~~~~~~~~~~~~~~~~~~~~----~~~~~~~pvfy~~~~~~~~v~~l  304 (562) 
T TIGR03986       229 KKHNYAFFFPPKEEEDARIRLDKELIEDYQEDESEQLKGRRDNNSSDLLKEYR----KLPEGLKPVFYVEPDEGGKVTSF  304 (562) 
T ss_pred CceEEEEEcCccccchhcccCCHHHHHHHHHHHHHHHhccccCCChHHHHHHH----hCCCCcccEEEEeeCCCCcEEEE 

Q ss_pred EeceeccccCCCCHHHhCCccccCCCccccccCCccccccChhHHhhhcCCcccCCHHHHHhCCC--------ccCCcEE 
Q Q_4784969      1349 VPVRISRKVDDRHIGKRIDPELRPCHGEWIEDGDLSKLDAYPAEKKLLTRHPKGLCPACRVFGTG--------SYKSRVR 1420 (1659) 
Q Consensus      1349 ~Pv~I~R~~y~~sp~dll~~~l~pc~~~~~~~~~~~~~~~~pa~~~~~~~~~~~LcpAcrLFG~~--------~~kGRVr 1420 (1659) 

+|+++.|.+|..|+.|++|+.++||.                        ....+||||+|||++        +++|||+ 
T Consensus       305 g~s~~~R~~y~~si~d~l~~~~~p~~------------------------~~~~l~~a~~LFG~~~~~~~~~~~~~grV~  360 (562) 
T TIGR03986       305 GHSPIYRLAYERSIGDLLPEELKPSE------------------------SEEKLDPAEAIFGWVDGDAGESQALAGRVS  360 (562) 
T ss_pred EecceeceecCCCHHHhCchhhCCCC------------------------CcccCCHHHHHhCccCCCCCccccccccEE 

Q ss_pred EEEeEecCCcccccCCCCCCCCCCCcCCccccCCCCccccccCC--------------CCCCccCceEEecccCCccccc 
Q Q_4784969      1421 FGFAALKGTPKWLKEDPAEPSQGKGITLPLLERPRPTWAVLHND--------------KENSEIPGRKFYVHHNGWKGIS 1486 (1659) 
Q Consensus      1421 f~dA~l~~~~~~~~~~~~~~~~~~~~tL~iL~sPKPT~~~fYL~--------------~~~~~irGRK~Y~Hh~~~~~~~ 1486 (1659) 

|+||.+.+.....         ...++|++|++||||+.+|||.              .....++||||||||....... 
T Consensus       361 f~da~~~~~~~~~---------~~~~~l~iLgsPKps~~~~Yl~~~~~~~~~~~~~~~~~~~~~~GrK~Y~h~~~~~~~~  431 (562) 
T TIGR03986       361 FSDAVLVKPGPEY---------DEEVTLAILGSPKPTTYQFYLEQRDGADRDTYDGYDDEGAVLRGRKFYWHHRESDDEL  431 (562) 
T ss_pred EEEeEEeCCCCCC---------ccceeecccCCCCCCccchhcccCCCCCcccCCcccCCCCeeCcEEEeecCCCccchh 



Q ss_pred cCCCCCCCCCCCCCcceEEEEEccCCCeEEEEEEEeCCCHHHHHHHHHhccCCCCceeECCCCCCCccceEEEEEEeeEE 
Q Q_4784969      1487 EGIHPISGENIEPDENNRTVEVLDKGNRFVFELSFENLEPRELGLLIHSLQLEKGLAHKLGMAKSMGFGSVEIDVESVRV 1566 (1659) 
Q Consensus      1487 ~~~~~~~~~~~~~~~~n~tI~~l~pG~~F~F~I~FENLS~~ELGaLLW~L~l~~~~~HkLGmGKPLGfGSVkI~i~~l~l 1566 (1659) 

..   ........+++.+++++|.+|++|+|+|+|+||+++|||+|||+|++.+.++|+||+|||+|||+|+|++..+.+ 
T Consensus       432 ~~---~~~~~~~~~~~~~~~~~v~~g~~F~~~I~f~nl~~~ELg~Ll~aL~~~~~~~~~lG~gKp~G~G~v~i~~~~~~~  508 (562) 
T TIGR03986       432 EK---NSENPNKNEKLNTVIKPVKEGTTFRFRIRFENLSPVELGALLWALDLGEGWYHKIGMGKPLGFGSVKITVDGLFL  508 (562) 
T ss_pred hh---cCCCCCccccccEEEEEeCCCCEEEEEEEEeCCCHHHHHHHHHHhccCCCcceecCCCCCccceEEEEEEeeEEE 

Q ss_pred EecCCceeecCCCchH---------HHHHHHHH----HHhhhhhHHHHHHHhcC 
Q Q_4784969      1567 KHRSGEWDYKDGETVD---------GWIEEGKR----GVAAKGKANDLRKLLYL 1607 (1659) 
Q Consensus      1567 ~~~~~~w~~~~~~~~~---------~~~~~~~~----~~~~~~~i~~L~~il~~ 1607 (1659) 

......+..-......         +|.++|..    .+.+.+.+++|++|+++ 
T Consensus       509 ~~~~~~y~~~~~~~~~~~~~~~~~~~f~~~~~~~~~~~~~~~~~i~~l~~~~~~  562 (562) 
T TIGR03986       509 LNRKERYSSLFASDDATEKVDEYIEAFKKYMEEKLGSSLKETAQIEDLKALLSW  562 (562) 
T ss_pred EchHHhhhhccCCCchhHHHHHHHHHHHHHHHHHhccCHHhhHHHHHHHHHhcC 
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Supplementary Figure 3 

Selected gene neighbourhoods of subtype III-F CRISPR-Cas systems 

Designations and abbreviations are the same as in Supplementary Figure 1. See also the system 

description in the text. 
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Supplementary Figure 4 

Selected gene neighbourhoods of subtype IV-C CRISPR-Cas systems 

Designations and abbreviations are the same as in t Supplementary Figure 1. See also the system 

description in the text. 

A. Two representatives of the known type IV subtypes.

B. Selected gene neighborhoods of subtype IV-C CRISPR-Cas system. A subtype I-A system that is

inserted into the subtype IV-C locus of Thermococcus sp is shaded. 

Additional abbreviations: PD-DExK, nuclease of the PD-DExK family (also known as RecB or restriction 

endonuclease family). 
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Supplementary Figure 5 – Derived Class 1 systems lacking CRIPSR arrays. 

Designations and abbreviations are the same as in the Supplementary Figure 1. 

A. HRAMP (Halobacterial RAMP) system representative. The HRAMP system has been described in

detail22. XXX, a signature protein of the HRAMP system that it not similar to any other protein family. 

DEDDy, a nuclease of the DnaQ family of 3'-5' exonucleases; HNH, DNase of the HNH family. 

B. Derived CRISPR-Cas systems from metagenomic sequences of Asgard archaea.
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Supplementary Figure 6 

Deep relationships between Type V effector families. 

Profile-profile comparisons were performed and the UPGMA dendrogram was constructed as described 

in Supplementary Methods. Multiple alignments used for this analysis are available in Supplementary 

Dataset 2 (see prefix “Type_V”). The dashed rectangle corresponds to the tree depth D between 1.5 and 2 

(D = 2 roughly corresponds to the pairwise HHsearch similarity score of exp(-2D) ≈ 0.02 relative to the 

self-score). This region typically reflects sequence relationships that could be reproduced using other 

methods, such as PSI-BLAST. Generally, if profiles are grouped between 1 and 1.5 distance units they are 

assigned to one subtype. The proposed renaming scheme for smaller type V effector is shown in green. 

These relationships were further confirmed using phylogenetic analysis in which the respective type V 

effectors were combined with TnpB sequences (Supplementary Dataset 4_trees). 
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Supplementary Figure 7 

Deep relationships between Type VI effector families and several most similar HEPN domain 

families. 

To identify the families of HEPN domain-containing proteins with the highest similarity to Cas13, a PSI-

BLAST search against the NCBI NR database was performed with the N-terminal domain of Cas13b 

(WP_004919755.1, Riemerella anatipestifer, 1-195 aa) as the query, with the following parameters: no 

low complexity filtering, E-value = 0.01, and eukaryotic sequences excluded. After 3 iterations, 5 distinct 

best scoring HEPN proteins were manually selected.  Each of these proteins was used as a query for a 

PSI-BLAST search, and 8 to 10 diverse sequences from the 100 best hits were selected and aligned using 

MUSCLE. These families were designated according to the previously published description of the 

HEPN domain families 23. These alignments (profiles) were combined with profiles for N- and C-terminal 

domains of known Cas13 families. Profile-profile comparisons and the UPGMA dendrogram were 

performed as described in Supplementary Methods. Multiple alignments used for this analysis are 

available in Supplementary Dataset 2 (see prefix “Type_VI”). The dashed rectangle corresponds to the 

tree depth between 1.5 and 2 distance units (see also Supplementary figure 6). 
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Supplementary Figure 8. 

Identification and characterization of a distinct variant of type VI in several Brachyspira species. 

A. Selected gene neighbourhoods of the type VI variant from Brachyspira species. Designations

are the same as in the Supplementary Figure 1. XXX, an uncharacterized protein with weak but

reliable sequence similarity to DUF3800 (see panel B).

B. HHpred output for protein XXX encoded in some of the Brachyspira type VI loci. The

DUF3800 family belongs to RNase H fold with the highest similarity to RNase H (eg. HHpred

search initiated with a DUF3800 representative WP_041466413.1 identifies profile TIGR00716,

ribonuclease HIII, with probability 92%). The predicted catalytic aspartate is shown by the red

arrow.

C. Alignment of CRISPR miniarrays identified in two Brachyspira species. Identical nucleotide

positions are shown in blue for repeats and orange for spacer regions.

D. UPGMA dendrogram for the N- and C-HEPN domains of the Cas13 proteins from the

Brachyspira type VI variant and other type VI systems. The tree was built as described for

Supplementary Figure 7. Two additional Brachyspira alignments are available in Supplementary

Dataset 2 (see prefix “Brachyspira _Type_VI”).

E. Multiple alignment of N and C- terminal HEPN motifs of the Cas13 proteins from the

Brachyspira type VI variant. The catalytic motifs of the HEPN domains are highlighted in red.



Brachyspira hampsonii NZ_LZOF01000048 47827..54830

cas1 cas2 cas13
WP_069732040.1 WP_069732041.1

cas13

cas13

cas13

xxx

xxx

Brachyspira alvinipulli ATCC 51933 NZ_KI912403 271954..268055

B.intermedia vs B.alvinipulli

CRISPR

Brachyspira hampsonii 30446 ALNZ01000023 848..6600

Brachyspira intermedia PWS/A NC_017243 1248229..1252039

1

HEPN Rnase H fold?HEPN

1

-TTAAAGAGCAGTTTTAATAAACTGTTTCTGGATATACAGGAAAGCGGGATTA--TACGACATTCCATCGGTGCTTTGTGTAGTCTCGATACCCTGTTG--CTTATAGCTTAAAGAGCAGTTTTAATAAACTGTTTCTGGATATACAGGAAAGCGGGATTA

CTTAAAGAGTGGTTTTAATAAACTGTTTCTGGATATACAGGAAAGCGGGATTT--CCACCAGCTACTGCAATAGTTTTTTAGGTCTCGATACCCTGTTG--CTTATGGCTTAAAGAGAGGTTTTAATAAACTGTTTCTGGATATACAGGAAAGCGGGATTT

2 distance units

 Cas13b N

 Cas13b C
 Cas13c C

 Cas13a C
 Cas13d C

 Cas13d N
 Cas13a N

 Cas13c N

 Cas13 C

 Cas13 N

PF12686.7 ; DUF3800 ; Protein of unknown function (DUF3800)

Probability: 93.9   E-value: 0.73 Score: 42.74 Aligned Cols: 115 Identities: 14% Similarity: 0.086

Q ss_pred EEeCCCCCccCCe---eEEeeeEEeccCCcchhhHHHHHHHHHHHhhcCCccccceeeEehhHccCchhh

Q Q_8757787_7 195 IYIDESGKIINNE---EFLVGGYFIEDINFRCWNEKARRLFYNILGKYSNNISNKKIIYHRNEIKNKKLK  261 (918)

Q Consensus 195 iYiDEsGnI~~n~---~F~vGGYf~kdi~~~dW~~~~~a~l~~l~~kY~~n~~~~~iiyHR~eI~n~~~k  261 (918)

+||||||....+.   .|++||..+.+..   +....-..+....+++ ++..+++-.+..

T Consensus 2 ~yiDESG~~~~~~~~~~~v~a~v~~~~~~---~~~~~~~~~~~~~~~~----------~~~~e~~~~~~~  58 (174)

T PF12686.7 2 AFIDESGTVGIPGGTHFLVVALLSTGQPR---EIELPIRHAMKKYGPS----------LSRGEIKAANFE  58 (174)

T ss_pred eEEeCCCCCCCCCCCeEEEEEEEEeCChH---HhHHHHHHHHHHHCcc----------cCCCCccccccC

Q ss_pred ccccHHHHHHHHhcCCeEEEEEecCCCCceechhHHHHHHHHHHHHHHHHHHHhcCccccCCeeEEEE

Q Q_8757787_7 262 KNITYDVFNFVKINNGKFISICENKVKNNLFSRRYYISLLSELIMYTVRTIIVENKINLIDDKLLLII  329 (918)

Q Consensus 262 K~ITkdiFnFik~N~gkfvcIyEn~pngieFtr~YY~dL~S~LIv~Tl~kIi~e~~idl~~~kiLLII  329 (918)

...-..+++.+.+.+..++++.-++ ......+...-.....++..+|..+.. ....+.+++

T Consensus 59 ~~~~~~~~~~i~~~~~~~~~~~i~k-~~~~~~~~~~~~~y~~~~~~ll~~~~~------~~~~~~i~~  119 (174)

T PF12686.7 59 EKAITRLLTEIAKENVSIFATIVDQ-SVIVKPPAEMEEIYRRAVSKTVYKLVE------QCPRVNICL  119 (174)

T ss_pred HHHHHHHHHHHHhcCCcEEEEEEec-cccCCCCcchhHHHHHHHHHHHHHHHh------hCCCEEEEE

C-terminal HEPN domain

N-terminal HEPN domain

UPGMA dendrogram of 
profile-profile similarity scores

potential first catalytic aspartate of RNase H fold

WP_069732040.1 NNDKMTPKISETIKDVRNMICHMRVKD--
CCY77332.1 YNKSTDKKLEGKLSVVKNILAHGRLSD--
ELV06347.1 NNDKMTPKISETIKDVRNMICHMRVKDGT
WP_028329891.1 NNSAFDDSETEKIINVRNMLAHGRLFDES
WP_107926119.1 ANYKYNKSLPNEIKTCRIMLSHGRLFDSL

WP_069732040.1 VIDASYKQAIDFIMDFRNILIHKNVRDDH 
CCY77332.1 KIEKSFEDAMIFLRDFRNIMIHKNIKEDT
WP_028329891.1 KINNAFTEAAVFLRDFRNIMMHKNVKEDT
WP_107926119.1 KIDSAFNQAAKFLHSFKNIMMHKNIKDKT

A

C

D E
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Supplementary Figure 9 

Bipartite network analysis of CRISPR–Cas systems. 

A. Bipartite network architecture: genomes, CRISPR–cas loci and cas genes. The network

contains two categories of nodes, CRISPR–cas genomic loci and cas genes that are

connected by an edge when a given locus includes a particular gene. This approach yields

modules that combine loci and genes of which they are comprised. The figure shows a

specific example, with five CRISPR–Cas loci that can be split into two modules, one

characterized by the presence of cas9, i.e type II (A-Loc1, B-Loc1, and C-Loc1), and the

other by the combination of cas8, cas7, and cas5, i.e. type I (A-Loc2 and B-Loc2). For

clarity, only some representative cas genes are included.

B. Modules identified in the bipartite networks of CRISPR–cas loci and cas genes. The

vertical axis shows module numbers, and the horizontal axis shows CRISPR–Cas

subtypes. The modules are color-coded according to the number of CRISPR–cas loci

they include (see the color gradient to the right of the maps).
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 Supplementary Tables 

 Supplementary Table 1. The core proteins of CRISPR-Cas systems   

Family Biochemical evidence/in silico prediction Examples of available structures 
and structural features 

Cas1 Metal-dependent deoxyribonuclease 24,25 that 
functions as the integrase during adaptation 26; 
deletion of Cas1 in E. coli results in increased 
sensitivity to DNA damage and impaired 
chromosomal segregation 27.  

Typically, forms complex with Cas2, but at least 
one subfamily does not require Cas2 for spacer 
integration 28. 

PDB: 3GOD, 3LFX, 2YZS 

Unique fold with two domains: N-
terminal β stranded domain and 
catalytic C-terminal α-helical 
domain. 

Cas2 RNase specific to U-rich regions 29, double-
stranded DNAse; forms a tight complex with 
Cas1 and appears to perform a structural role 
during adaptation. Cas2 proteins are predicted to 
be active nucleases in many CRISPR-Cas 
systems but appear to be inactivated in others. 
The role of the nuclease activity of Cas2 in 
CRISPR-Cas function (if any) remains unclear.  

PDB: 2IVY, 2I8E, 3EXC, 4P6I 

RRM (ferredoxin) fold. 

Cas3 
(helicase 
and HD 
domain) 

Single-stranded DNA nuclease (HD domain) 
and helicase 30; required for interference 31. 

PDB: 4QQW, 4QQX, 4QQZ, 4QQY 

Cas3’’  
(stand alone 
HD 
nuclease) 

Metal-dependent deoxyribonuclease specific for 
double-stranded oligonucleotides 32. 

PDB: 3S4L, 3SKD 

Cas4 PD-(DE)xK superfamily nuclease with four 
conserved cysteines coordinating one [4Fe-4S] 
or [2Fe-2S] cluster 33-35; cleaves ssDNA in the 5' 
to 3' or both directions 34-36. A component of the 
adaptation complexes in many subtypes, 
assisting in precise protospacer processing and 
PAM selection 37,38. 

PDB: 4IC1 
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Cas5 Subunit of Cascade complex interacting with 
large subunit and Cas7 subunit and binding the 
5’-handle of crRNA 31,39-44. In subtype I-C, Cas5 
is the ribonuclease that replaces the Cas6 
function 45. 

PDB: 3KG4; 3VZI; 3VZH 

Two domains of RRM (ferredoxin) 
fold, the C-terminal domain is 
deteriorated in many Cas5 proteins 
of Type I systems. 

Cas6 Metal-independent endoribonuclease that 
generates crRNAs 31,39,46-50. 

PDB: 2XLJ, 1WJ9,3I4H, 4C8Z, 
4DZD 

Two domains of RRM (ferredoxin) 
fold, RAMP superfamily.  

Cas7 Subunit of Cascade complexes binding crRNA 
31,41-44; often present in Cascade complexes in 
several copies.  

PDB: 3PS0, 4N0L and many others. 

RRM (ferredoxin) fold with 
subdomains, RAMP superfamily. 

Cas8abcefu, 
(large 
subunit) 

Subunit of Class 1 Cascade complex, involved 
in PAM recognition 31,44,51-53. 

PDB: 4AN8 

Cas9 Type II effector protein. In Type II CRISPR-Cas 
systems, Cas9 is essential for pre-crRNA 
processing and to cleave the target DNA 54,55, 
although it requires help of the house-keeping 
RNase III and a dedicate trans-activating (tracr) 
RNA encoded in the respective CRISPR-cas 
locus 56. Both the RuvC and HNH nuclease 
domains of Cas9 are involved in the cleavage of 
the target DNA 57,58. Additionally, Cas9 
contributes to adaptation, in particular, by 
recognizing the PAM motif 59,60.  

PDB: 4OGC, 4OO8, 4CMP 

Cas9 contains several subdomains, 
including RuvC and HNH nuclease 
domains and adopt a bi-lobed 
general structure 61,62. 

Cas10   
(large 
subunit) 

Subunit of Cascade (Cmr and Csm) complex 41-

43,47.  
PDB: 3UNG, 4DOZ 

Two domains homologous to Palm 
domain polymerases and cyclases, 
both belong to RRM (ferredoxin) 
fold; Zn finger containing domain 
and C-terminal alpha helical domain 
63; Fusion: HD nuclease domain. 

Cas11 

(small 
subunit) 

Small, mostly alpha helical protein, subunit of 
Class 1 Cascade complexes 31,39,41-43,47,50,64.  

PDB: 2ZCA (Cse2); 2ZOP, 2OEB 
(Cmr5); 3ZC4 (Csa5); 
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Cse2 has two alpha helical bundle-
like domains; Cmr5 has a domain 
matching N-terminal domain of 
Cse1 and Csa5 has a domain 
matching C-terminal domain of 
Cse2. 

Cas12 Type V effector protein. In Type V CRISPR-
Cas systems, the respective Cas12 variants show 
highly diverse properties 9,65-69. Most of the Cas 
12 proteins contain an active RuvC-like 
nuclease domain that is typically responsible for 
the cleavage of both strands of the target DNA. 
Several Cas12 also contain a subdomain 
involved in processing of pre-crRNA, but other 
type V loci, similarly to type II, encode a 
tracrRNA that is involved in the processing of 
pre-crRNA along with the house-keeping 
bacterial RNase III. 

PDB: 5NFV and many others 
(Cas12a); 5WQE and others 
(Cas12b); 6NY1 (Cas12e);  

Cas12 adopts a bilobed shape and 
contains several subdomains, 
including RuvC nuclease domain, 
and often, an OB-fold domain 
involved in pre-RNA cleavage 70-72. 

Cas13 Type VI effectors. All Cas13 proteins contain 
two HEPN superfamily RNase domains. 
Accordingly, type VI systems target exclusively 
RNA 73-76. Cas13a and Cas13d are active in 
processing of pre-crRNA 69,75,77,78. Once 
activated by the RNA target recognition, Cas13 
becomes a non-specific RNase that appears to be 
toxic for the cell, inducing dormancy 73,75,79. 

PDB: 5XWP, 5W1I (Cas13a); 
6DTD, 6AAY (Cas13b); 6E9E 
(Cas13d)80,81 76,82,83  

Cas13 proteins adopt a bilobed 
shape and contain two HEPN 
superfamily RNase domains.  



Supplementary Table 2. 

The classes, types and subtypes of CRISPR-Cas systems, their signature proteins and key 
features 

subtype Mono-
phyletic 
in Cas1 
tree 

Signature proteins: 
Strong/weak* (other 
name) 

Comment 

Class 1: multisubunit effector complexes 

Type I: Cascade effector complexes 

I-A No Cas8a,  

Csa5 (small subunit) 

Cas3 is often split into the helicase Cas3’ and HD nuclease 
Cas3’’ and a separate gene for small subunit csa5 is often 
present. Several distinct subfamilies of Cas8a exist. 

I-B No Cas8b I-B systems belong to several distinct clades on the Cas1 tree.
Characterized only by gene composition: all loci have cas5,
cas7, cas8 and cas6 genes. Usually the cas3 gene is not split.
Several distinct subfamilies of Cas8b exist.

I-C No Cas8c These systems usually do not have a cas6 gene. Cas5 is 
catalytically active and replaces Cas6 function. 

I-D No Cas10d (large 
subunit) 

The HD domain is associated with the large subunit rather than 
with Cas3 but lacks the circular permutation of the motifs like 
the HD domain fused with Cas10 in type III systems. 

I-E Yes Cse1 (Cas8e), Cse2 
(small subunit) 

The cas4 gene is not associated with this system. 

I-F1 Yes Cas8f (Csy1),   
Cas5f1 (Csy2), 
Cas7f1 (Csy3), 
Cas6f  

The cas4 gene is not associated with this system, cas2 is fused 
to cas3. There is no separate gene for a small subunit, which is 
either missing or fused to the large subunit. 

I-F3 N/A Cas8f/Cas5f 

(Csy1/Csy2) fusion 

The cas1-cas2-cas3 genes are not present. Usually three genes 
(csy1/csy2 fusion, csy3 and cas6f) are present in an operon, 
Effector complex interacts with the transposase subunits 
(TniQ/TnsD family proteins) and guides the insertion of the 
Tn7-like  transposon to the vicinity of  the protospacer. 

I-F2 Yes Cas5f2 
(PBPRB1993) 
Cas7f2 
(PBPRB1992) 

A derived variant of I-F with two distinct genes of group Cas5 
(PBPRB1992) and group Cas7 (PBPRB1993) RAMPs. Large 
subunit is missing. 

I-G No GSU0054 

(Cas5 group RAMP) 

These systems usually do not have identifiable cas6. Cas5 has 
several specific insertions or fusions, but is likely to be 
catalytically active. There are systems with different 
subfamilies of the large subunit, which are often severely 



deteriorated and sometimes even missing. Cas3 contains a C-
terminal HD domain. 

Type III: Csm (III-A,D,F,E) and Cmr (III-B,C) effector complexes 

III-A No Csm2 

(small subunit) 

Also known as the Csm module and Cas10 usually has active 
catalytic motifs, which are involved in synthesis of a signaling 
molecule, the cyclic oligoadenylate. The III-A loci typically 
contain several cas7 group genes and is often linked to csm6 
which has CARF and C-terminal HEPN domain. Might be 
associated with cas1-cas2 gene pairs of different origin. 

III-B No Cmr5 

(small subunit) 

Also known as the Cmr (or RAMP) module. Cas10 often has 
active catalytic motifs, which are involved in synthesis of a 
signaling molecule, the cyclic oligoadenylate. These systems 
are usually associated with several Cas7 group RAMPs and are 
rarely present in a genome as a stand-alone system They are 
usually not linked to cas1-cas2 gene pair. Cmr1 has a 
duplication of RAMP domains both from the Cas7 group. 

III-C No Cas10 (MTH326 or 
Csx11) 

Have a small subunit and several Cas5 and Cas7 RAMP protein 
shared with Type III-B. The large subunit is often inactivated 
and some Cmr1 family proteins possess only one RAMP 
domain.  

III-D No Csx10 (Cas5 group 
RAMP) 

Csx19 
(uncharacterized 
component) 

Have small subunit and several Cas5 and Cas7 RAMP protein 
shared with Type III-A. The signature gene is csx10 which is 
related to Cas5 group RAMPs. Another specific gene 
csx19(all1473) is likely to be a component of effector complex 
but is not similar to any known Cas proteins. The large subunit 
is often lacking the HD domain, but has active catalytic motifs, 
which are involved in synthesis of a signaling molecule, the 
cyclic oligoadenylate. Csx10 could be fused to the small 
subunit in some systems and Cas7 group RAMPs are often 
fused and have large insertions. 

III-E N/A gRAMP 
(SCABRO_02597) 

The gRAMP protein contains three Cas7 group RAMP 
superfamily domain and a putative small subunit domain. 
Typically, it is associated with CHAT (caspase) domain 
containing protein. 

III-F Yes Small subunit 
(TLET_RS00525), 

Large subunit 
(TLET_RS00515) 

The large subunit, Cas7 and Cas5 group RAMP proteins of the 
system shows remote but significant similarity with type III 
system components, whereas the putative small subunit does 
not. III-F systems contain only one cas7-like gene. Cas10-like 
subunit has inactivated cyclase/polymerase domain. 

Type IV: Csf effector complexes and IV-C effector complex 

IV-A No Large subunit (Csf1) These systems possess Cas5, Cas7 and a gene for a very 
reduced large subunit which typically contains Zn finger 
domain. Occasionally associated with adaptation module, Cas6 
and CRISPR array. DinG-like helicase is an ancillary gene that 



is often present in the loci. Mostly found on plasmids or other 
integrated elements. 

IV-B N/A Small subunit 
(RHA1_ro10070) 

Large subunit, Cas5 and Cas7 are homologous to respective 
components of subtype IV-A. Additionally a gene for putative 
small subunit is present in the same loci (eg. RHA1_ro10070). 
The system is linked to CysH. Most systems are encoded on 
plasmids or prophages. 

IV-C N/A LS (D6793_05715) 

SS (D6793_05710) 

Csf2-like protein (Cas7 group RAMP) and Csf3 (Cas5 group 
RAMP) resemble respective homologs from subtypes IV-A and 
IV-B. Putative large and small subunit lack any similarity with
respective proteins from any other CRISPR-Cas systems. The
putative large subunit contains HD nuclease domain with the
same order of conserved motifs as in HD domain of Cas3 .

Class 2: Single protein (multidomain) effector complexes 

Type II: Cas9 effector protein 

II-A Yes Csn2 Monophyletic group on Cas9 and Cas1 tree. There are four 
genes in these operons with csn2 gene in addition to cas1_2_9. 
Typically, Csn2 is inactivated ATPase involved in spacer 
acquisition. There are at least 7 distinct families of Csn2. 

II-B Yes Cas9 

(Csx12 subfamily) 

Monophyletic group on Cas9 tree with four gene operons 
containing cas4 in addition to cas1_2_9. 

II-C No N/A Only three genes are present in the II-C operon - cas1_2_9. 

Type V: Cas12 effector protein 

V-A Yes Cas12a (Cpf1) A founding member of type V. Cas12a is a large protein which 
C-terminal region shares a significant similarity with TnpB the
ORF encoded by transposable element IS605. Contains RuvC-
like nuclease which is sufficient to cleave both DNA strands.
Does not require tracrRNA; contains catalytic subdomain for
pre-crRNA cleavage.

V-B Yes Cas12b (C2c1) Cas12b2 is much smaller than Cas12b1 (originally 
characterized Cas12b). 

V-C Yes (C 
and D 
clade) 

Cas12c (C2c3) Cas12c has been shown to demonstrate strong interference 
activity in E. coli indicative of dsDNA targeting. The minimal 
active system consists of a RuvC-containing effector, crRNA, 
and tracrRNA showing only a short anti-repeat complementary 
to the crRNA direct repeat. The system is linked to with an 
adaptation module containing only Cas1.  

V-D Yes (C 
and D 
clade) 

Cas12d (CasY) Distant homolog of Cas12c. The system is linked to with an 
adaptation module containing only Cas1. 



V-E Yes Cas12e (CasX) A distinct type V effector with limited structural similarity with 
Cas12a. Contains RuvC-like nuclease domain in the C-terminal 
region, which is sufficient for dsDNA cleavage. Requires 
tracrRNA for activity. Adaptation module contains cas4 in 
addition to cas1_2. 

V-F N/A Cas12f 
(c2c4,c2c8,c2c9,c2c10
,Cas14a,Cas14b,Cas14
c) 

Cas12f proteins contain RuvC-like nuclease domain in the C-
terminal region, which displays high similarity with TnpB. 
Each subfamily forms a distinct branch in the TnpB tree, but 
the branches are paraphyletic. N-terminal region is unique for 
each variant. The length of effectors varies from 600 to 800 aa. 
Cas12f1 shows single-stranded DNA targeting resulting in 
collateral ssDNA cleavage and require tracrRNA for activity. 
Some of V-F loci contain adaptation module consisting of 
Cas1_2_4 genes 

V-G N/A Cas12g Cas12g proteins contain RuvC-like nuclease domain in the C-
terminal region. Cas12g is differentiated from other 
characterized type V systems by RNA-targeting that triggers 
collateral cleavage of both ssRNA and ssDNA. This 
mechanism of interference is abolished by mutation of RuvC 
catalytic residues. The minimal Cas12g system consists of the 
compact (~770aa) RuvC-containing effector, crRNA, and a 
tracrRNA.  

V-H N/A Cas12h Cas12h proteins contain RuvC-like nuclease domain in the C-
terminal region. Compact (~870aa) has been shown to 
demonstrate strong interference activity in E. coli indicative of 
dsDNA targeting. Does not require tracrRNA. The type V-H 
system does not appear to contain an adaptation module.  

V-I N/A Cas12i Cas12i proteins contain RuvC-like nuclease domain in the C-
terminal region. Showing distant similarity to Cas12b, the 
Cas12i effectors are differentiated in-part by significant N-
terminal truncations. The minimal Cas12i system, consisting of 
the effector and no tracrRNA, is capable of pre-crRNA 
maturation, dsDNA cleavage with predominant nicking, and 
ssDNA collateral cleavage. 

V-K N/A Cas12k Cas12k is a component of CRISPR-associated transposase 
(CAST) interacting with Tn7-like transposase subunits TnsB, 
TnsC and TniQ. CAST catalyzes RNA-guided DNA 
transposition by unidirectionally inserting segments of DNA 
60-66 bp downstream of the protospacer. Typically Cas12k and
cognate CRISPR array are encoded at the left end of the Tn7-
like transposon.

Type VI: Cas13 effector protein 

VI-A no Cas13a Cas13a is the original CRISPR effector characterized as having 
RNA target-activated collateral RNA cleavage. The active 
Cas13a complex consists of the dual HEPN domain-containing 



effector, and processes its own pre-crRNA. The system 
contains no tracrRNA and preferentially target sites with a PFS. 

VI-B1 N/A Cas13b1, Csx28 The type VI-B system does not appear to contain an adaptation 
module. The type VI-B CRISPR systems consist of the dual 
HEPN domain-containing Cas13b effector. Cas13b1 proteins 
form a distinct branch in the Cas13b tree and specifically 
associated with Csx28 accessory protein, which have four 
predicted transmembrane domains. Csx27 represses Cas13b 
RNA nuclease activity.  

VI-B2 N/A Cas13b2, Csx27 The Cas13b2 effectors has the same features as Cas13b. 
Cas13b2 proteins form a distinct branch in the Cas13b tree and 
specifically associated with Csx28 accessory proteins, wich has 
a predicted transmembrane domain. Csx28 enhances Cas13b 
RNA nuclease activity.  

VI-C N/A Cas13c The type VI-C system does not appear to contain an adaptation 
module. Cas13c effector family has two HEPN domains, like 
other Cas13 effector, but otherwise it is not similar to other 
Cas13 proteins. 

VI-D Yes Cas13d The smallest of the type VI RNA-targeting CRISPR effectors, 
Cas13d (~928aa) shows strong RNA target-activated collateral 
RNA cleavage with no requirement for a protospacer-flanking 
motif (PFS). Cas13d is co-occurs with polyphyletic WYL 
domain-containing accessory protein families. It has been 
shown that Cas13d RNA cleavage is positively regulated by 
WYL1. Type VI-D contains only limited co-occurrence with 
Cas1/2 adaptation modules.     

Note: * Strong/weak – is the characteristic of the signature protein family with respect to 
subtype recognition/classification ability using the respective profile. Strong means that it has a 
relatively high specificity and high selectivity, i.e. is a reliable signature, whereas weak means 
that search for this family yields either a high fraction of false positives or false negatives, but 
nevertheless, the family remains the best available signature for a particular subtype. 
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Supplementary Datasets 

All datasets are available at ftp://ftp.ncbi.nih.gov/pub/wolf/_suppl/CRISPRclass19/ 

Supplementary Dataset 1. Detailed annotation of CRISPR-Cas loci 

Supplementary Dataset 2.  Multiple alignments (profiles) used to search for Cas and ancillary 

proteins. 

Supplementary Dataset 3. Detailed information and comments for 126 modules derived from 

network analysis 

Supplementary Dataset 4. Phylogenetic trees for the following protein families: 

1. Cas1

2. Cas9

3. TnpB and Cas12F variants

Supplementary Dataset 5. Detailed annotation of CRISPR-Cas loci corresponding to new subtypes 

and yet unclassified systems. 

Supplementary Dataset 6. Distribution of CRISPR-Cas systems across prokaryotic diversity 
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