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Theexistencef adaptivammunityin prokaryotesameto light with thediscoveryof theClusteredRegularlyinterspaced
ShortPalindromicRepeat§CRISPR)in associationvith CRISPR-associatdas)proteins ThisRNA mediatedlefence
systemconfersresistancagainstheinvading mobile geneticelementsuchasphagesandplasmids.The CRISPR-Cas
systemoperateshy forming a ribonucleoproteircomplexthat comprisesof an invaderderivedsmall RNA and Cas
protein(s)HereinthesmallRNA actsasaguideto recognizehenucleicacidtargetwhereashe Casproteinsfacilitatetarget
annihilation.Giventhe cardinalrole adoptedby this smallRNA, its maturationfrom the pre-CRISPRranscriptformsa
pivot for successfuhdaptivammunity. Themandatedo generateheguide CRISPRRNA (crRNA) isfulfilled by specific
endoribonucleassvhich processethe pre-crRNAtranscriptin betweertherepeatgo liberatetheindividual interfering
units. Intriguingly, while someendoRNases dhe CRISPRsystemare able toprocess thgre-crRNAindependently
othersrequireparticipationof additionalCasproteinswhichform amulti-proteincomplexfor processinghepre-crRNA.
Additionally, someCRISPRvariantsrequirenon-Casauxiliary factorsto processhe pre-crRNA.The modeof crRNA
maturationfurther diversifiesas the endoRNaseth CRISPRvariantscoevolvewith repeatclustersthat exhibit high
diversityin sequencandfolding. Thereforethematuratiorof aspecificcrRNArequiresadistinctmechanisticolutionfor
substratediscriminationby theseendoRNaseshe understandingf which is essentialfor appreciatingthe CRISPR
biology. This review highlightsthe vivid modesadoptedby the diverseCRISPR-Casystemso generatehe mature
CrRNA.
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Surveillance Complex

Introduction

In orderto survive all organismsnustovercomeheir
predators. Th@rokaryotesandtheir viral predators
coexistin naturaland manmadeenvironmentand
thereforethe prokaryotesface a constantthreat of
getting infected by phage. This resultsin acute
pressure othemicrobialcommunityto coevolvewith
their predatorscausingan evolutionaryarmsrace
betweenprey and predator Pitted againsta hostile
environment,prokaryoteshave developedmulti-
layeredantiviraldefensesystens, whichactatvarious
stagesof the infection cycle of the invader These
includevariousinnatedeensesystemdike surface
exclusionreceptodownregulatioror masking) super

* Author for Correspondence: E-mail: banand@iitg.ernet.in

infection exclusion(Sie systens), restriction-
modificationsystemgR-M andR-M like systems),
and abortiveinfection systemgAbi) (Hymanand
Abedon,2010; Labrie et al., 2010; Westraet al.,
2012a).Theseinnate defensemechanismsare
diffusive in natureanddo not rely ontheidentity of
thepredatoto elicit aresponséFig 1). Addedto this
repertoireof arsenalsthe recently discovered
ClusteredRegularlyInterspacedshort Palindromic
Repeat(CRISPR)in associationwith CRISFR-
associatedCas) proteinsendowsthe bacteriaand
archaeawith an adaptiveimmunity (Janse et al.,
20023 Bolotin et al., 2005 Mojica et al., 2005
Pourcé et al., 2005 Makarovaet al., 2006;
Barrangotet al., 2007;Brounset al., 2008;Marraffini
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Fig. 1: The various antiviral defense systems of prokaryotes to counter the different stages of phage life cycle. The phage life
cycle is shown in the ovals. The various defense mechanisms of the host operating at a particular stage of phage life
cycle are shown in rectangle corresponding to that stage

andSontheimer2008;Haleet al., 2009;Garneatet
al.,2010;Haleetal., 2012;Zhanget al., 2012;Mojica
and Rodriguez-\lera,2016) (Fig. 2). This system
acquiresa fragmentof foreign nucleic acid during
invasionandemploygthisasanimmunologicaimemory
in orderto specificallyrecognizeandneutralizethe
recurrentinfections. In contrastto other known
defensemechanismsn prokaryotes CRISFR-Cas
systems anRNA mediatecadaptivdmmunesystem
thatholdsfunctionalanalogyto theRNA interferance
(RNAI) in higher organismsBoth thesesystems
utilize a guide RNA to direct the effector protein
complexto silencethe target(Fire et al., 1998;
Barrangolet al., 2007;Brounset al., 2008;Marraffini
and Sontheimer2008; Hale et al., 2009 Garnea et
al.,201Q Haleetal., 2012 Zhargetal., 2012;Swarts
etal., 2014;Swartset al., 2015;Miyoshiet al., 2016;
DoxzenandDoudna, 2017).

Approximatelyhalf of all sequencedbacteria
andnearlyall sequencedrchaedarbouroneor more
CRISPRIoci (Grissaet al., 2007; Rousseatet al.,
2009;Makarovaet al., 2015),whichis composef
aseriesf directrepeat®of about20-50bp separated

by similarly sizedunique invaderderived spacer
sequencefishinoet al., 1987;Nakataet al., 1989;
Janseret al., 2002b;Bolotin et al., 2005;Mojica et
al., 2005;Pourcelet al., 2005)alongwith cas genes
in theirimmediatevicinity (Jansemt al., 2002aHaft
et al., 2005).A low complexity A/T rich, noncoding
sequenceanbefoundupstreanof theCRISPRarray
This is termedas“leader” andtypically this region
harbourgromoterfor CRISPR transcriptiodansen
et al., 2002b; Lillestol et al., 2006 Lillestol et al.,
2009 Pougactet al., 2010).In thoseCRISPRarrays
that are usually precededby a leadersequence,
individualexperimentastudiegevealthattheleader
containssignalsfor CRISPR-Casdaptationwhich
facilitatesthe spacerincorporationat leader-repeat
junctionin apolarizedfashion.(Jansert al., 2002b;
Lillestol et al., 2009;Bernicket al., 2012;Erdmann
andGarrett2012;Yosd et al., 2012 Diez-Villasena
etal.,, 2013 Erdmamet al., 2014 Wei et al., 2015a
Wei et al., 2015b;Nunezet al., 2016;Wanget al.,
2016;Yogananckt al., 2017).However in caseof
leaderles€RISPRarrayasin Neisseria straingtype
11-C), the new spacerintegrationseemsto occur
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Fig. 2: Mechanistic overview of CRISPR-mediated immunity The different stages of CRISPR-Cas immunity as exemplified in
type | system is shown. dage 1 —An infected prokaryote incorporates a piece of invading nucleic acid (the ptospacer)
into a genomic CRISPR locus as a new spaceait the leaderproximal end of the CRISPR. $ge 2 —The CRISPR locus

is transcribed as a single pre-crRNA transcript that is processed by Cas endoRNase either alone or in association with

other Cas proteins into mature crRNAs. Sage 3 —The crRNA aided large multi-protein complex targets the invading

nucleic acid. The sequence complementarity between the crRNA spacer and the invading nucleic acid triggers its

degradation

downstreanof thearray(Zhanget al., 2013).In such
CRISPRarrays,transcriptionmay occur from the
promotesproximd to CRISAR array (Lillestol et al.,
2004 Lillestol et al., 2009;Zhanget al., 2013).

The CRISHR-Cassystemshaows high diversity
owing to the dynamicevolutionof CRISPRIocus,
involving numerousrearrangementand horizontal
transferof completeor individual modulesand
thereforethis precludesa simple phylogenetic
classification.Recentclassificationschemesof
CRISHR-Cassystemsthat evolved over the years
combinethe analysisof signatureproteinfamilies,
featuresof the architectureof cas loci andthe
information of the effector modulesinvolved in
interferenceand categorizethem into two distinct

classessix typesandnineteersubtypegHaft et al.,
2005;Makarovaet al., 2006;Makaroveaet al., 2015;
Makarovaet al., 2017a;Makarovaet al., 2017b;
Shmakowet al., 2017).Classl employsmulti-protein
effectormodulefor targetinterferencavherea<lass
2 utilizesmulti-domainsingleeffectorprotein.These
highly diverseCRISHR-Casvariantsdisplay major
structuralandfunctionaldifferencesn theirmodeof
generatingesistancagainsinvadingnucleicacids.
Overall,the CRISPRimmunity canbeoperatiamally
distinguishednto threestages-adaptationmaturation
andinterferencéFig. 2) andthefunctionalmechanism
seemdo vary amonghedifferenttypesof CRISHR-
Cassystem.
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Sage 1:Adaptation

CRISPR adaptationinvolves acquiring the
immunologicalmemoryof infectionin the form of
nucleicacidsfrominvadingmobilegeneticelements
(MGESs)(Barrangotet al., 2007 Brourset al., 2008
Deveal et al., 2008 Datsenb et al., 2012 Yosd et
al., 2012 Wei et al., 2015h Jacksoret al., 2017).
Theinvade-derived nucleic acid prior to integration
into the CRISPRarray as “spacers”is referredas
protospacerThe integrationof new protospacers
occursatoneendof theCRISPRarrayin apolarized
fashionandthis biasedntegrationrseemdo maintain
the chronologyof the infection (Yosefet al., 2012;
McGinn andMarraffini, 2016; Nunezet al., 2016;
Wright and Doudna,2016; Wright et al., 2017;
Yoganandet al., 2017).At the end of adaptation
processanewspacegetsintegratednto theCRISPR
arrayfollowed by the duplicationof therepeat.The
selectionof protospacefragmentfor integrationis
baseddnthe presencef asmallsequencenotif (2-
7 nt) referredto asprotospaceadjacenmotif (PAM),
which canbelocatedeitheratthe5’- orthe3’-endof
theprotospace(Deveatet al., 2008;Horvathet al.,
2008; Mojica et al., 2009; Wei et al., 2015a).In
CRISPR-Cassystems,two modesof spacer
adaptationare known (i) Naive adaptationwhich
occursduringa maideninfectionandit involvesthe
participationof adaptatiommachineryalone(Yosefet
al., 2012;:Arslanet al., 2014;HootonandConnerton,
2014)and (ii) Primedadaptationthat occurswhen
the CRISPRcontainsa previouslyintegratedspacer
that is complementaryto the invading DNA and
requiresbothadaptatiorandinterferencanachinery
(Datsenkoet al., 2012;Fineranet al., 2014;Hynes
etal., 2014;Li et al., 2014 Kunreet al., 2016 Rao
etal., 2016 Staak et al., 2016) Adaptatio leads to
highly efficient and selectiveacquisitionof spacers
with consensu$AM and mostspacersare capable
of protectingthehost(Datsenkcet al., 2012;Swarts
etal., 2012;Li et al., 2014;Richteret al., 2014;Wei
et al., 2015b). The adaptationmoduleis largely
invariantacross CRISPR-Casystems.Casland
Cas2Zhatareubiquitouslyconserve@crossCRISPR-
Cas systemareessentialor protospaceintegration.
In addition, this processis orchestratedy several
hostderivedaccessoryactors(lvanéice-Bazeet al .,
2015;Nunez et al., 2016;Fagerlundet al., 2017;
Wrightet al., 2017;Yoganandtt al., 2017).

Stage 2: Maturation

In the secondstagetermedas maturation,the
CRISPRoocusistranscribedo form asingleprimary
transcriptcalledthepre-CRISPRRNA (pre-crRNA)
by RNA polymeraseSubsequentlythe pre-crRNA
is cleaved endonucleolytically by specific
endoribonucleage yieldmaturecrRNA, whichthen
bindsto Caseffectorproteinsandservesasguidein

thethird stageof CRISHR-mediateddefensgCarte
et al., 2008; Deltchevaet al., 2011; Sashitalet al.,

2011; Garsideet al., 2012;Namet al., 2012;Fonfara
et al., 2016).Thus,basednits function,thecrRNA

is alsoreferredas prokaryoticsilencing (psiRNA)

(Haleetal., 2009 or guice RNA (Brourset al., 2008

Carte et al., 2008) The mechansm of crRNA

maturatian is elaboratedh later part of the section
(seebelow).

Stage 3: Interference

Thelaststageof CRISHR-Cassystenis Interference
wheretheinvadingplasmidor phageDNA istargeted
by nucleolyticcleavageherebyprotectingthe host
frominvasiveattack. Degradation tfie targeDNA
is initiatedwith theidentification ofprotospacer by an
interferencecomplex(Brounset al., 2008;Garneau
et al., 2010).In Class1, interferencecomplex
comprise®f amulti-subunitibonucleoproteifRNP)
complexcalledasCRISHR- associatedomplexfor
antiviral defence(Cascade)vhereasjn Class2, a
singleproteindegradeshetarget.With theexception
of typelll subtypen Classl, recognitionof targetby
the CRISPRmachineryrequiresthe presenceof a
PAM (Mojicaet al., 2009;Marrafiini andSontheimer
2010;Semenovat al., 2011; Gasiunast al., 2012;
Jineket al., 2012;Pyensoret al., 2017).Theprimary
function of PAM sequencas to protectthe host
genomegainssel-targetingandto selectivelytarget
the invading DNA (Westraet al., 2013). PAM is
recognisedby theinterferenceomplexandmutations
in PAM sequenceleads to target evasion
(Sapranauskaset al., 2011; Westraet al., 2012b;
Hayeset al., 2016). In addition, cleavage of
protospacedependsn the sequence locatgabximal
tothe AM calledasseedsequenceSeedsequences
areusually8-9ntlongandarecrucialfor interference
(Semenovat al., 2011; Wiedenhd et al., 2011b).
Targetbindingreliesonthebasepairingbetweerthe
protospaceandthe spacerregionof crRNA, which



Diverse Mechanisms of CRISPR RNA Maturation

459

is apartof theinterferenceomplex.crRNA binding
leadsto thedisplacemenof thenon-complementary
strandformingaDNA/RNA hybrid calledasR-loop.
In addition, the targetcleavagemechanisnvaries
strikingly betwea Class 1 and Class 2 (Hille ard
Charpentier2016 Mohanraju et al., 2016 Nishimasu
andNureki, 2016;Wright et al., 2016;Makarovaet
al., 2017a;Makarovaet al., 2017b).

In this review, we focus on the recent
advancemenwnthedistinctmodesof maturatiorof
the crRNA among CRISPRvarians, which are
presentedh thefollowing section.

Mechanism of CRISPR RNA Maturation

Thematuratiorstagecanbefurtherdividedinto two
sequentiasteps(i) thetranscriptiorof CRISPRocus
and (ii) the crRNA processingpoth of which are
requiredfor successfuinterference.

The Transcription of CRISPR Locus

Transcriptionof a CRISPRIlocusinto a primary
transcriptor pre-crRNAwasfirst observedn high
throughputanalysesof non-codingRNAs in the
archaeaArchaeoglobus fulgidus and Sulfolobus
solfataricusP2(Targ et al., 2002 Tang et al., 2005).
The transcriptsrangedfrom a minimum length
correspondingp thedistancéetweertwo successive
repeatsin the CRISPRclusterto higher order
multiplesof thissinglerepeat-spacemit. Thedetected
sequencesorrespondedo variouspositionsof the
CRISPRarray suggestinghat the whole locus is
transcribedsalongtranscriptwhichis subsequently
processednto smallerrepeat- spaceunits. Later,
the transcriptionof CRISPRIoci was shownin a
numberof speciessuchasEscherichia coli (Brouns
et al., 2008;Pougactet al., 2010;Pul et al., 2010),
Thermus thermophilus (Agari et al., 2010),
Xanthomonas oryzae (Semenoveet al., 2009),
Pyrococcus furiosus (Hale et al., 2009),
Saphylococcus epidermidis (Marraffini and
Sontheimer 2008), Sulfolobus solfataricus and
Sulfolobus acidocaldarius (Tang et al., 2005;
Lillestol et al., 2009) All thesestudiessuggestethe
unidirectionatranscriptiorfrom theleadeproximal
end of the locus. The analysisof the transcription
start-sitesand leaderregionsof the Sulfolobales
revealedputativeBRE andTATA box motifs within
25 nt of the transcriptionstart site in the leader

sequenceThis suggestedhe existenceof promoter
in theleadermregion(Lillestol et al., 2009).Also, the
reversetranscriptsof the repeatclusterswere
detectedin S. solfataricus and S. acidocaldarius
(Lillestol et al., 2009), suggestinghe existenceof
putative BRE and TATA box elementsdownstream
of the CRISPRarrays, but their processingeems
to belessefficientandtherefordt remainsunknown
whethertheyproduceunctionalrepeat-spacemits.
GenerallyCasproteinsandpre-crRNAareexpressed
constitutivelybutundercertainconditionghesdevels
canberegulatedsuggestinga feedbackmechanism
to monitorthe presencef invasivenucleicacid.The
processhas strikingdifferencesamongvarious
CRISHR-Cassystens, whichhighlighttheremarkable
ability of CRISPRsystemsto adaptand evolve
accordingo environmentapressureslhefollowing
typesof regulationhave beenobservedin the
transcriptionof CRISPRarraysandcas genes

1. crRNAs are often quantitativelyidentified as
dominantform of smallRNAs in bacteriaand
archaea.This suggeststhe constitutive
expressionf CRISPRoci, whichcanbefurther
inducedby viral challenge This is consistent
with asurveillancanodeof actionandhasbeen
observedn archaedTanget al., 2002;Haleet
al., 2009; Lillestol et al., 2009; Semenovaet
al., 2009). Further expressioncan be
upregulatedby cAMP receptorproteinin
respons¢o phag infection (Agari et al., 2010)
This pathwg also ges activatel during carbm
limitation stress Another study suggestghe
upregulatiorof casgeneexpressiolin response
to envelopestress(Perez-Rodriguezt al.,
2011).

2. Thenegativeregulationof casoperonby DevS
along with the dev operon,which controls
developmentaktageshasbeenobservedin
Myxococcus xanthus (Viswanathanet al.,
2007).In E. cali, transcriptian is suppressgby
theHeatstabkNucleod Structurirg protein (H-
NYS) - atypicaltranscriptionatepressoin gram-
negativebacteria whichbindsto thepromoter
regionin the leadersequencef the CRISPR
locus (Pul et al., 2010). This repressionis
relievedby thetranscriptionategulatorLeuO,
by binding to the samegenomicregion and
reversingthe cooperativebinding of H-NS



460

Ankita Punetha et al.

dimersalongthe DNA andalsoby directly or
indirectly promotingthe CRISFR-associated
transcription(Westraet al., 2010).

Biogenesis of CRISPR RNA

Thebiogenesi®f crRNA involvesprocessingf the
CRISPRarray(consistingof repeat-spacemits) by
endoRNasesyhich cleavein-betweenthe repeats
of pre-CRISPR transcripnd liberate eachspacer
unitflankedby partialrepeasequencenbothsides.
Thisin somecasesnaygetfurthertrimmedonedges
in orderto becomea maturecrRNA. Distinct setof
enzymesis employedto processpre-crRNAsiIn
varioustypesof CRISAR-Cassystens (Makarowa
etal., 2015 Mohanraji et al., 2016 Makarowaet al.,
20173 Makarow et al., 2017b; Shmakovet al.,
2017). TheseendoRNaseperform two specific
functions First, they recogrize and processthe
precursortranscriptto generatahe matureform of
crRNAs andsecondthey retainthe maturecrRNA
for subsequenibadingonto the respectiveeffector
proteinsor complexeghat mediateinterferenceln
someCRISPRvariantssuchastypel-A, I-B, I-D, II
A-C andlll A-B, theendoRNas¢hatproceses the
pre-CRISPRranscriptdoesn’tseento be a part of
the effector complex (Makarovaet al., 2017a;
Makarovaet al., 2017b).

Diversity in crRNA Maturation

Thesix typesandthenineteersubtypeof CRISHR-
CasemploydistinctendoRNases tprocesghe pre-
crRNA transcripi{Makaroveet al., 2015;Mohanraju
et al., 2016; Makarovaet al., 2017a;Makarovaet
al., 2017b; Shmakovet al., 2017). The current
repertoireof the known endoribonucleasdabat are
involved in maturationof the crRNA in currently
known CRISHR-Cas systemis shownin Table 1.
Interestinglytheaboveclassificatiorof the CRISHR-
Cassystemis basedexclusivelyon the diversity of
the cas componentHowever anotherdimensionto
thisclassificatiorcanbeaddedasednthediversity
of theCRISPRcomponentKuninet al., 2007).This
will revealspecificrelationshipdetweenCRISHR-
Cassubtypesandis alsoadvantageous instances
where CRISPRarraysoccurin the absencenf cas
genesTherepeatpresenin variousCRISHR- Cas
types and subtypesdiffer in their sequenceand
structure andcanattaina structuredarchitecturan
the form of stem-loopor remainunstructuredThe

Table 1: Distinct crRNA processor of various CRISPR-Cas
system

Type EndoRNase
I-A Cas6

I-B Casb6

I-C Cas5

I-U Casb5-Cas6

I-D Cas6

I-E Casb6

I-F Cas6

11-A Casb6

11-B Cas6

li-C I
-0 ]
v I
1-A RNase Il #
1I-B RNase Il #
II-C RNase Il #
V-A Cpfl/Casl2a
V-B C2cl/Casl2b
V-C C2c3/Casl2t
V-U I
VI-A C2c2/Casl3al
VI-B Cas13b*

VI-C Casl3a2*

The crRNA processing endoRNases that belong to different
subtypes of CRISPR-Cas system are shoiine Type [-U
system shows the fusion of the Casb5-Cas6 proteins, the
functionality of which needs to be explored. In type Il system,
the requirement of Cas9 to direct RNase Il to specifically cleave
the repeat is shown by hash (#). The possibility of the effector
nucleases involvement in crRNA maturation is indicated by star
(*). The boxes coloured with pink indicate that the crRNA
processor is yet to be identified in those CRISPR- Cas systems

propensityof eachrepeatsequenceo form stable
secondargtructure, typically astem-loopstructure,
dependson the palindromic natureof the repeat
sequenceBasedon the sequencesimilarity, the
CRISPR repeatsan be organizedinto multiple
clustersresultingin someclusterswith stable highly
conservedRNA secondarnystructureswhile others
lack the detectablestructuresThe alignmentof the
repeats followed by clusteringof the sequence
similarity, generate®3 repeatlusters,12 of which
contained.0or moremembersyith thelargestluster
(clusterl) containirg 94 repea sequencg(Kunin et
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al., 2007). Someclustescontaing repeas
from organismsas distantly relatedas
archaeaand bacteria,supportingthe
horizontaltransferof the CRISHR-Cas
systemsbetweenmicroorganismsBased
on this repeatclustering,the various
CRISHR-Cas systemscan be associated
with diverseclusters— differing in the
sequenceandstructureof repeataindalso
on the phyletic distribution as shownin
Table 2. Among the structuredclusters,
variationswereobservedn sequencethe
lengthof thestem andts positionrelative
to the 5’- or 3’-end of the repeat.For
examplejn cluster4 thestemis typically 5
bp long andis foundin the middle of the
repeatwhereasn cluster3it is typically 7
bplong,andisfoundtowardshe5’-endof
the repeat.Thus, the specificrecognition
of a repeatRNA requiresa distinct
mechanistic solution for substrate
discriminationby endoRNasesuggesting
variationsin the mechanisnof substrate
recognitiorandprocessingmongCRISPR
variants.

Type | and Type |11 CRISPR Systems

A CRISPR-specificendoribonuclease

Casb6associatedavith mosttype | (except
I-C) andtypelll (exceptlll-C andllI-D)
bindsandcleavegherepeatlementsn a
sequenceand structue specifc manne
(Brours et al., 2008 Cart et al., 2010
Gesne €t al., 2011; Lintner et al., 2011;
Sashitalet al., 2011; Wanget al., 2011,
Haurwitz et al., 2012; Sternberget al.,
2012;ShacandLi, 2013;Shacet al., 2016).
Theseproteinsare part of the RAMP
(RepeatAssociatedMysteriousProteins)
superfamily whictencompassesplethora
of proteinfamilieshavingtandenor single
ferredoxin-likefolds, alsocalledasRNA
recognitiormotifs (RRM) for RNA binding
(Haurwitzet al., 2010;Wanget al., 2011).
In mosttypel systemgexceptl-A andl-
B), Cas6associatewith otherCasproteins
to form alargeRNPsurveillancecomplex
referred toas Cascadehat takespartin
both the crRNA maturationand invader

Table 2: Clustering of repeats belonging to different types of CRISPR system

Repeat Clusters

12
bacterial

11

archaeal

10
bacterial

Repeat architecture

archaeal

archaeal bacterial

bacteridbacterial/archaeal archaeal

bacterial
folded

folded

bacterial
Folded

bacterial

Phyletic distribution

folded

unfolded unfolded unfolded

folded

unfolded

unfolded

folded

unfolded

Repeat folding

type I-A/ Apern

type I-B / Hmari

type 1-B / Tneap

type I-C / Dvulg

type I-E / Ecoli

type I-F /Ypest

type II-A / Nmeni

type llI-A / Mtube

The information is derived from Kunin et al (2007) and the classification scheme that is in vogue is pressntetion of the specific repeat cluster with particular CRISPR variant

is indicated by cell filled with green colodthe repeat folding and phyletic distribution of the various clusters among the CRISPR variants are alsthehdusters (1-12) dir in
the sequence, size and position of stem in the repeat. More than one kind of repeat cluster can be associated with a particular Cas subtypesclastapfianaly associated

exclusively with any of the recognized Cas subtypes and occurs in genomes that contain other CRISPR repeat clusters as well. It was found to be associated withaamst of {hg core

genesasl-4 andcas6) and lacks any of the additional type-defining genes (Ketrah, 2007)
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silencing(Brounset al., 2008;Lintner et al., 2011;
Hochstrasserand Doudng 2015 Hille and
Charpentier2016 Makarow et al., 2017a) In suc
cases Ca$ actsas a single turnover catalystand
remainsboundto the maturedcrRNA aftercleavage
to becone patt of the interferene complex (Brours
et al., 2008 Jor et al., 2011; Sashitaet al., 2011;
Haurwitzet al., 2012;Sternbergt al., 2012;Jackson
et al., 2014; Niewoehneret al., 2014;Zhaoet al.,
2014;Hayeset al., 2016).However in caseof type
Il systemspre- CRISPRtranscriptis processedby
Casé@in solitudeandnotaspartof theeffectorcomplex
(Carteet al., 2008; Carteet al., 2010; Wanget al.,
2011; ShacandLi, 2013;Shacet al., 2016;Makarova
et al., 2017a).Further Cas6/Ill doesnot becomea
constituentf interferenceomplex(Haleet al., 2009;
Zhanget al., 2012;Rouillon et al., 2013;Spilmanet
al., 2013; Bendaet al., 2014; Staalset al., 2014;
Osaweet al., 2015;Tayloret al., 2015;Makarovaet
al., 2017a),with the exceptionbeing Csm/IlI-A
complexfrom Sreptococcus thermophilus that
shows we&k transien interactiors with Ca$
(Tamulaits et al., 2014). This possiblygrantsCas6/
Il theflexibility requiredto associatevith multiple
subtypesthat potentiallydiffer at the interference
stage.This allows sharingof crRNA processing
pathwayswith thematurecrRNAsultimatelygetting
loadedontospecificeffectorcomplex Typelll system
displayswo kindsof effectorcomplexes-Csm(Type
[1I-A/D) or Cmr (Type IlI-B/C) (Haleet al., 2009;
Zhanget al., 2012; Hatoum-Aslanet al., 2013;
Rouillonet al., 2013;Tamulaitiset al., 2014;Zhang
et al., 2016),which showdistantrelationshipwith
Typel effectorcomplex(Rouillonet al., 2013;0sawa
et al., 2015;Tayloret al., 2015).

A primaryprocessedrRNAtypically contains
8 nt repeatsequencet the 5’-end (often called 5’
handle),a spacersequencdguide) (Brounset al.,
2008;Haurwitzet al., 201Q Lintner et al., 2011) ard
avariabke 3’-endin sorreinstanceswhichstemdrom
further trimming at 3’-erd by asyet unidentified
nuclease(s(Hale et al., 2008 HatoumAslan et al.,
2011; Richteret al., 2012; Zhanget al., 2012;
Hatoum-Aslaret al., 2013;Rouillonetal., 2013;Shao
andLi, 2013;Tamulaitiset al., 2014).Intriguingly, the
extentof processingppearso beeffectorcomplex-
specific(Haleet al., 2009;Lintneretal., 2011; Zhang
et al., 2012 HatoumAslan et al., 2013 Rouillon et
al., 2013 Tamulaits et al., 2014. For example S.

solfataricus Cmr RNA componentshowstwo
differentpopulations- somewith ashort3’ handle,
while otherswith verylittle repeat-derivedequence
at the 3’-end (Zhanget al., 2012. Similarly, S.
epidermidis Csm and P. furiosus Cmr RNA
componehshow two maturecrRNAs, differing by 6
nt (Lintneret al., 2011; Hatoum-Aslaret al., 2013).
However the S. solfataricus Csmappeardo havea
singleform of boundcrRNA, comprisingof spacer
boundedy8nt5’ handleand3nt3’ handlg(Rouillon
et al., 2013).By contrasttheRNA componenbf E.
coli Cascadeand Pseudomonas aeruginosa Csy
complexshowno secondarprocessingandretains
theunprocesse@’-endin maturecrRNA (Brounset
al., 2008;Joreet al., 2011; Wiedenhefet al., 2011a;
Haurwitz et al., 2012). After bindingto the effector
complex,the crRNA may undergosecondary
processindpy aruler-like mechanisnoperatingrom
the5’ handleof the primarycrRNA (Hatoum-Aslan
et al., 2011). ThecrRNA-bindingsubunitghatform
thebackboneof the effectorcomplexesnayprotect
definitelengthof crRNA, andexces may get trimmed
of from the 3’-end (HatoumAslanet al., 2011;
Hatoum-Aslan et al., 2013 Rouillon et al., 2013.
Thus,thedifferentialprocessingf crRNA seemgo
dependon their ultimate destinationin effector
complexwith thecomplexdefiningthefinal lengthof
the crRNA.

ThoughthesecrRNA processorshareno
detectablesequencesimilarity, they all adopt
ferredoxin-likefolds (Ebiharaet al., 2006;Gesnekt
al., 2011; Sashitalet al., 2011; Wanget al., 2011).
However despitetheir sharedfold and structural
topology eachsubtype specifiendoRNasexhibits
remarkablydifferent mechanisnfor targetRNA
recognitionand cleavage(Fig. 3). This functional
versatility is relatedto the specificrepeatfamily of
eachsubtypewhichcanform structuredunstructured
orweaklystructuredepeatsthatinfluencegshemode
of recognitionof repeataindbindingby therespective
Casproteins(Kunin et al., 2007).

In E. coli, thecrRNA is processethy Cas6/I-E
aspartof Cascadé€Brounset al., 2008 Wiedenhé
et al., 20119 (Fig. 3A). The structue of Cas6/tE
from T. thermophilus (Gesneret al., 2011; Sashital
et al., 2011) revealsthe presenceof tandem
ferredoxi-like (3a38a3) fold. Therepeasequences
of thissystenform astablehexanucleotidetemwith
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Fig. 3: Schematic representation of the CRISPR RNA (crRNA) maturation in CRISPR variants. (A) The crRNA maturation in
type I-E system is shown, in which Cas6 (shown in brown) processes the structured repeat as a part of Cascade. (B) The
distinct modes utilized by Cas6 to recognize the unstructured repeat in type I-A, I-B and III-B. (C) The case of type I-

C where Cas5 (shown in purple) takes over the role of Cas6 to process the structured repeat. (D) The maturation in type
Il systems where RNase Il processes the unstructued repeat tracr RNA duplex in presence of Cas9. (E) In typ&/-A
system, Cpfl processes the structured repeats upstream of the repeat stem, with an additional requirement of metal
cofactor. (F) In type VI-A system, C2c2, pocesses the structied repeat upsteam of the stem. In addition, it is an RNA-
guided RNase, which is in contrast to most CRISPR systems, which show an RNA-guided DNA targeting. The distinct
lobes and domain of the mutidomain dtctor proteins are shown in blue.The point of cleavage is indicated by a scissor
RNase lll is shown in green colour
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a tetranucleotiddoop. The phosphatebackboneof
the3’ regionof theRNA makeslectrostatic contacts
with positively charged residues both ofthe
ferredoxn-like domainswhile the5’ regionremains
exposedo solvent.Here,the N-terminalferredoxin
domain(N- ferredoxin)f Cas@l-E isinvolvedin RNA
hydrolysisandinteractsaccordinglywith the lower
portion of the RNA stemcontainingthe scissile
phosphateas well as with the two unpaired
nucleotidesat the 3’-end of the RNA. On the other
hand, the C-terminal ferredoxin domain (C-
ferredoxin),whichis involvedin the recognitionof
RNA substrateincludeshemajorgrooveinteracting
B-hairpin(36-37), thatcontactgshemiddleandupper
regionsof thestem-loopthroughits severapositively
chargedresiduesln addition to the major groove
bindinghairpinof theprotein,asecond-hairpin(all
and 312) contactsthe baseof the RNA stem.
Intriguingly, the free and RNA-boundstructuresof
Casb6/I-Eshow notabledifferences.The regions
includingtheB-hairpin(36-37) andaloop connecting
strands$311 and312 aredisorderedn the free state,
indicatingthatinteractionsvith theRNA stabilizetheir
conformation(Fig.4A). Furthertheunwindingof the
terminalbasepairof therepeastem-looptakesplace,
whichis necessarfor cleavageata G-A bondatthe
3’-endof thebas of therepeastem-lo@ (Gesne et
al., 2011; Sashitaet al., 2011). The catalytc residues
Tyr23,His26,Arg27andArgl58areinvolvedin RNA
cleavaggFig. 5A).

In Pseudomonas aeruginosa, Cas6/I-Fadopts
anN-terminalferredoxin-likefold (N- ferredoxin)out
its C-terminalregionadoptsanextendeaonformation
(C-ext), althoughthe basic secondarystructure
connectivityresemblesa ferredoxn-like fold
(Haurwitz et al., 2010) (Fig. 4B). The repeat
sequencesf this systenform astablefive basepair
stemwith apentaloopwith thecleavageccurringat
the 3’-endof the stem.An argininerich helix in the
C-terminaldomaininteractsextensivelywith themajor
grooveof the RNA stan-loop andusestwo amino
acidsidechaingo readouttheidentity of thebottom
two basepairsof the hairpin Thebaseof the stemof
therepeaRNA is positionedn thepositivelycharged
cleft betweenthe two domains(Fig. 4B). Casél-F
makesa sequencepecificinteractionwith the first
singlestrandecdhucleotidaupstreanof thestem-loop,
but doesnot interactwith any of the nucleotides
downstreanof thestem-loop(Haurwitzet al., 2010;

A) Cas6/I-E C) Cas6/I-A

B) Cas6/I-F

E) Cas6/III-B

Fig. 4: The distinct modes of repeat RNA recognition by Cas
endoRNases. The crystal structures of (A) Cas6e from
T. thermophilus with 20 nt repeat RNA(PDB ID 2Y8W),
(B) Cas6f from P. aeruginosa with 16 nt repeat RNA
(PDB ID 2XLK), (C) Cas6 from S. solfataricus with 24
nt repeat RNA (PDB ID 4ILL), (D) Cas6 from M.
maripaludis with 31 nt repeat RNA (PDB ID 4Z7K) (E)
Cas6 from P. furiosus with 10 nt repeat RNA (PDB ID
3PKM), (F) Cpfl from Acidaminococcus sp. bv3l6 with
with 43 nt guide RNA (PDB ID 5B43), (G) C2cl from
A. acidoterrestris with 112 nt sgRNA (PDB ID 5U34),
and (H) C2c2 from L. shahii with 58 nt crRNA (PDB ID
5WTK) are shown. The bound RNA in some cases is
only the product mimic or the minimum cleavable
repeat instead of the complete repeat RNA. The N-
terminal is shown in blue and C-terminal in cyan
and RNA in orange (A-E). The recognition (REC) lobe
and nuclease (NUC) lobe were displayed in purple
and blue respectively (F-H). This figure was rendered
using Chimera (Pettersenet al., 2004)

Haurwitzet al., 2012).Sequencapecifichydrogen
bondstetherthe substratan the active site so that

thecleavageakesplaceimmediatelydownstreanof

thehairpin,i.e., 8 ntupstreanof thespacesequence.
Residueslis29andSerl48&reinvolvedin processing
of crRNA andmutationin theseresiduesabolishes
cleavageeflectingtheirimportancgFig. 5B). Cas6/
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I-F remainsboundto the cleavageproductvia the
base-specifimteractionsvith theRNA, enablinghe
subsequeruse of the matue crRNA by Cascade/I-
F complex (Sternbeg et al., 2012 Rollins et al.,
2015).

A representativeof the Cas6family protein
associateavith subtypes-A, I-B, I-D, llI-A andlll-
B has beencharacterizedin P. furiosus, S.
solfataricus and Methanococcus maripaludis
(Carteet al., 2010;Wanget al., 2011; ShaoandLi,
2013;Shacet al., 2016) Althoughthearchitecturef
Cas6from thesesubtypesalso consistsof two
ferredoxin-likedomainsthemoleculamechanisnfior
recognitionandcleavagef thepre-crRNA seemdo
haveevolvedto accommodattheunstructuredepeat
RNA associatedvith thesesubtypes (Kuniret al.,
2007 (Fig.3B).In Cas6/Ill-Btheconservegpositively
chargedcentral cleft betweenthe two ferredoxin-
like domainds responsibldor interactionwith single
strandedepeaRNA, whereconservedesiduegorm
contactswith nucleotidesnearthe 5’-end of the
CRISPRrepeat,anchoringit in position for the
cleavageat 3’-end of the repeaton the opposite
surfaceof the protein(vide 3 in Fig. 3B). The RNA
likely wrapsaroundthe proteinto the oppositeface
where Cas6/I11-B cleavesthe RNA in an A-A
dinucleotidemotif (Carteet al., 2008; Carteet al.,
2010;Wanget al., 2011) (Fig. 4E). Thecatalyticand
bindingsitesaredistantlylocated,andarelinked by
substratewhich is interactingweakly or transiently
with the signatureGly-rich loop (vide 3 in Fig. 3B).
The cleavageof the pre- crRNAtranscriptoccurs 8
nt upstreanof eachspacegenerating theonserved
5" handle andariable22 ntrepeatderivedsequence
at the 3'-end. This processings mediatedby a
catalytictriad comprisingof Tyr31,His52andLys46
(Fig. 5E). The productremainsboundto Cas6until
transferredo therespectiveeffectorcomplex(Cmr/
I11-B complex). The maturecrRNAs may undergo
furthertrimmingatthe3’-end(Haleet al., 2009;Carte
et al., 2010;Wanget al., 2011).

Another interestingvariation is observedin
Casé6l-A, which caninducethe formationof 3 bp
stem-loopuponbindingto RNA for efficientprocessing
by activesiteresidueg§Shao and.i, 2013)(Fig. 3B
(vide 1), 4C and5C). In yet anotherinstance two
Cas6l-B moleculesbind to two distinct sites (a
cleavagesite anda distal site) on the long CRISPR

repeat,i.e., dual binding (vide 2 in Fig. 3B). One
moleculeof the Cas@l-B thatis boundto the distal
site recognizesa 2 basepair stemandan AAYAA
loop andsuppliesatyrosineresidueasanucleobase
mimic, thatinteractswith anadeninewhich helpsin
stabilizingthe stemandfacilitates efficient cleavage
of the pre-crRNAby anothemoleculeof Cas6l-B
boundto the cleavagesite (Shaoet al., 2016) (Fig.
3B (vide 2), 4D and5D). Despitethe diversemodes
of RNA recognition,Cas6cleavageproducesthe
crRNA with an 8 nt repeatderivedsequencat the
5’-end(Brounset al., 2008;Carteet al., 2008;Carte
et al., 2010;Hatoum-Aslaret al., 2011; Joreet al .,
2011;Wanget al., 2011; Hatoum-Aslaret al., 2013).

Notwithstandinghemodeof RNA recognition
that seemsto vary betweentype | andlll, the
endoRNaseseento follow ametalindependerdcid-
basehydrolysismechanisnproducingacyclic 2'-3’
phosphaténtermediateandthefinal producthaving
5" hydroxyl growp (5’-OH) ard 3' phosphat (3'-P)
ends(Careetal., 2008 Haurwitzetal., 201Q Gesner
et al., 2011; Joreet al., 2011; Sashitalet al., 2011;
Wiedenhefet al., 2011b). Thedeprotonated hydroxyl

at the 2’ position of the ribose functions as a

nucleophile. Thecatalyticsitesof all characterized
Cas6-likeenzymesare composedof an invariant
histidineresidie ard atyrosire residwe in the active
site alorg with a variabk lysine or serire (Care et
al., 2008;Haurwitzet al., 2010;Gesnet al., 2011;
Sashitakt al., 2011). However therelativepositions
of theseresiduesarepoorly conservedwhich might
explainthe observedunctional variationsin Cas6
activity. Moreover to orientthe substratecorrectly
theseRAMP proteinsemploy a glycine rich loop,
whichis typically locatedtowardsthe C- terminus.

While Casbis pervasiveamongmosttype |
systemstheonly exceptiorto thisis observedn type
I-C, whereinCas6is absenandits roleis adoptedy
Cas5,whichis shown tobeinvolvedin pre-crRNA
processingGarsideet al., 2012;Namet al., 2012;
Koo et al., 2013 Punetla et al., 2014 (Fig. 3C).
Intriguingly, Cas in othe type | systensappeasto
beinertandthegainof functionwith respecto RNA
processings uniquely seenin type I-C. Cas5/I-C
processethe pre-CRISPRranscriptindividually as
well aspartof the Cascadé/C complec in ametd-
independenfashio (Punethaet al., 2014). Unlike
type I-E, Cascadd/C comprisesof only threeCas
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proteinsviz, Cas5CsdlandCsd®. RemarkablyCsdl/  Type Il CRISPR System
I-C also exhibits a metal-independent endoRNasepjike type | andtype Ill systemsthe crRNA

activity similar to Cas5/I-C. This parallel processing maturationin typell involvesa distinctCasprotein
of the crRNA seems to be an evolutionary adaptation eferredasCas9whichoperatesogethemith RNase
for eliciting a rapid immune response and confers a||| — 3 host factor — to facilitatt CRISPRRNA
selective advantage against genome predatorsprocessingDeltchevaet al., 2011; Jineket al., 2012)
Further the stoichiometry of the constituents of the (Fig. 3D). Additionally, a small RNA referredas
RNP complex in type I-C may differ from type I-E  tracrRNA (trans-activatingCRISPRRNA), which
as Csdl/I-C seems to be a fusion of its functionalis |ocatedupstreamof the CRISPRarray and
homolog Csel/I-E and Cse2/I-E (Punethaal ., complementaryo therepeatregionof pre-CRISPR
2014).Apart from the RNase activitfas5/I-C and ~ RNA playsanimportantrole in crRNA maturation.
Csd1/I-C also exhibit promiscuous DNase activity that |n addition,it is essentiafor crRNA mediatedDNA
is selectively promoted in the presence of divalent recognitiorandCas9mediatedargetingin vitro, even
metals (Punethet al., 2014). Remarkablyhe active  for crRNAs thabypasgprocessingJineket al., 2012;
site residues in Cas5/I-C show considerable functionalzhanget al., 2013).Cas9promoteshe basepairing
overlap in both RNA and DNA hydrolysis (Punetha betweenthe tracrRNA and the repeatsequencef
etal., 2014). The mechanism of nucleic acid hydrolysis the pre-crRNA,which thenbecomes substrateor
in type I-C also seems to follow a general acid basedouble strandspecific RNaselll (Fig. 3D). The
catalytic mechanisnilyr46, Lys116 and His17 of cleavage ensuesspecificpositionswithin theduplex
Casb5/I-C seem to be attractive candidates to assumeegion producingcrRNA units that consistof a
the analogous role as proposed for the equivalenttompletespacersequencdlanked by the partial
residues in Cas6/11l-B (31 Lys52 His46) (Carte repeats. Subsequentliie extended processing of the
et al., 2008) and the archetypal enzyme RNAse partial repeat sequence is initiated at the 5’-end of
catalytic triad (His12 Y¥s41 His19), wherein the the spacer by an unidentified nuclease. The processing
Tyr is replaced by His12 (Raines, 1998). continues until few nucleotides inside the spacer
_ _ sequence and this concludes the dual step mechanism
A salient feature of the CRISPR-Cas system is ot -yRNA maturation (Deltchevat al., 2011). The
that an organism can harbour more than one CRISPRy,5turecrRNA comprisesof a 20 nt spacerderived
variants. This can be attributed to horizontal gene sequencatthe5-endanda 19-22nt repeaderived
transfer either via plasmids that harbour CRlspR'sequenceat the 3"-end. This featureis strikingly
casloci or by other gene transfer mechanisms suchgifferent from the maturecrRNAs found in type |

as transposon activitwhich result in the movement  gng i1, which harboura repeatderivedsequencet
of CRISPReasloci across widely diverged lineages the5'-end.

(Godde and Bickerton, 2006; Horvathal., 2009;
Portillo and Gonzalez, 2009). For example, . rNA maturationis noticedin the type 11-C

thermophilus harbours three types of surveillance representebly Neisseria meningitides, whichshows
complexes (Cascade/l-E, Csm/IlI-A and Cmtr/IlI-B) anRNasdll-independenmechania (Zharg et al.,
and three Cas6 endoRNases (TTHB192, TTHAOO782013)_ In this, the termind 9 nt of ea repea
and TTHB231), which are associated with different harbous apromotersequencganextended10 box
repeat clusters and have distinct mode of substratg, omoterelement)resultingin transcriptiorof 9-10
recognition (Sashitadt al., 2011; Niewoehnegtal.,  ntdownstreansequencd,e., within thespacerThis
2014; Saalset al., 2014) Another mosaic CRISPR-  generate§'-end of crRNA directly by transcriptia
Cas system is found i8. solfataricus, which bypassily the processig event yielding the matue
harbours three types of surveillance complexescrrRNA (Zharg et al., 2013. Although trimming at
(Cascade/type I-A, Csmitype IlI-A and Cmr/type the3-end mayoccut whichinvolves RNaséll and
I11B), five Cas6 paralogues and two different tracrRNA butthis is dispensablédor interference
CRISPR repeat families (Sokolowsgkial., 2014) (Zhanget al., 2013). Thedispensabilityf pre-crRNA
processingrepresentsa remarkablemechanistic
variationin crRNA generatiommongypell variants.

Evenwithin type Il, a variant mechanisnof
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Yet anotherinterestingfeatureof type Il systemis
thatit seemdo beabsentn archaeandrestrictedo
bacteria,andthis seemsplausiblewith the absence
of geneencodingRNasdll in mostarchaeagjienomes
(Garrettet al., 2015).

The multidomainCas9(the effectorof typell
system)hasa bi-lobed architecture consistiry of
recognition (REC) ard nucleas (NUC) lobes (Fig.
3D) (Sapranauskeat al., 2011; Gasiunasgtal., 2012;
Jineket al., 2012). The NUC lobe containstwo
nucleasealomainsA RuvC-likedomainanda HNH
domainand thereforemight mediatethe second
cleavagein crRNA that occursat a fixed distance
within the spacersduring crRNA maturation
(Deltcheveet al ., 2011). Theassociatiomf Cas9with
thedualRNA structurecomposef maturecrRNA
tracrRNA duplextriggersa conformationachange,
resultingin activationof ternarysilencingcomplex
thatis suitablefor targetscanningrecognition,and
interferenceDeltcheveet al., 2011; Gasiunast al.,
2012;Jineket al., 2012).Thereorientationof Cas9
structuralobesgenerateapositivelychargedctentral
cleft betweenthe two lobesto bind both the guide
RNA andtargetDNA duplex (Jineket al., 2014;
Nishimastet al., 2014). TheRuvCandHNH domains
of the NUC lobe of Cas9cleavethe displacedhon-
complementargndthecomplementaryargetstrand,
respectively in the crRNA target DNA complex
(Gasiunast al., 2012;Jineket al., 2012;Chenet al.,
2014). Interestingly an allostericcommunication
ensuresconcertedaction of both RuvC-HNH
nucleaselomainsduringtargeting(Sternberget al.,
2015;Jianget al., 2016).The bindingandtargeting
by Cas9dependsn the recognitionof PAM at the
3’-end of protospacein additionto crRNA target
DNA complementaritythat authorizessubsequent
DNA stranddisplacemenand R-loop formation (a
three-strandestructurecomposeaf crRNA target
DNA hybridandthedisplacedNA strand)Anders
etal.,2014;Sternbergt al., 2014).UpontargetDNA
binding, Cas9HNH domainundergoesseveral
conformatioml transitionsbeforeadoptingits active
statedisplaying a remarkableconformational
activation(Sternbergt al., 2015;Dagdast al., 2017,
Huaiet al., 2017;Shibataet al., 2017).

The crRNAand tracrRNAcan becombined
into a chimericsingle guideRNA (sgRNA) for
simplifying the systemfor sequence-specifibNA
targeting(Jineket al., 2012 Butt et al., 2017). Thus

ary DNA sequene of interes can be targetel by
changirg the guide RNA sequencégspacer)within
thecrRNA. FurtheranucleaseleficientCas9dCas9,
a variantwith inactivatingmutationsin RuvC and
HNH domains)canbe fusedto an effectordomain
to drive requiredfunction. Thevivid applicationsof
CRISPR-Cas%chnologyinclude —multiplex gere
editing (creatirg indels at precie locationg (Cho et
al., 2013 Conget al., 2013;Jineket al., 2013;Mali
etal.,2013;Buttet al., 2017;Kumagaiet al., 2017),
epigenomediting(Hilton et al., 2015;Kearnset al.,
2015;Liu et al., 2016;Chenet al., 2017;0’Geenet
al., 2017),transcriptionalctivationandrepression
(Bikardet al., 2013;Gilbert et al., 2013 Konermam
et al.,, 2013 Qi et al., 2013 Kim et al., 2017
Macherset al., 2017) jmagingsystenfor fluorescent
labelledmacromoleculew live cell (Chenetal., 2013
Fuetal., 2016 Nellesetal., 2016 Take etal., 2017
Zhouetal., 2017, building genecircuits(Kiani et al .,
2014;Liuetal.,2014;Nissimet al., 2014;Ganderet
al., 2017), genome-widscreening(Shalemet al.,
2014;Wanget al., 2014; Schmiereret al., 2017),
developimg antimicrobiat (Bikard et al., 2014 Pak
etal., 2017, and antivirals (Ebinaet al., 2013;Hu et
al., 2014;Ramanamt al., 2015;Dampieret al ., 2017,
HuangandNair, 2017; Scotkt al., 2017)to namea
few. Thus,this systemexhibitsimmensegromisefor
precisegeneeditingto curegeneticdiseases.

Type 1V and Type V CRISPR Systems

In the recentlyidentified type IV system,the
mechanismunderlyingthe crRNA maturatioris yet
to bedeterminedMakarovaet al., 2015;Makarova
et al., 2017a).In type V-A systema single
multifunctionalprotein,Cpfl(Casl12a)hichissimilar
to thatof Cas9/ll,isinvolvedin bothmaturatiorand
interferencestageqZetscheet al., 2015). However
in contrastto Cas9/1l,Cpf1/V-A directly processes
pre-crRNA without the requirementof auxiliary
factors(Fonfaraet al., 2016) (Fig. 3E). Cpf1/V-A
cleavegpre- crRNAupstreanof astan-loopstructure
formed within the CRISPRrepeatsand generates
intermediatecrRNAS, which are further processed
to form maturecrRNAs. Since Cpfl/\V-A exhibits
both RNaseand DNaseactivity, the dual nuclease
activity requiressequencandstructurespecificbinding
to thestem-loop of crRNA repeatsfor whichit uses
distinctactivedomainsandcleavesucleicacidsin
the presencef magnesiunor calcium(Yamanoet
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al., 2016).Cpfl/V-A hasa bi-lobed architecture
consistingof aa-REClobeandaNUC lobe (Donget
al., 2016;Yamanoet al., 2016)(Fig. 4F). The a-
RECIlobecontaingwo RECdomainsattheN-terminal
region,andtheNUC lobeconsistof aRuvCdomain,
wedge(WED), Nuc domain,PAM-interacting(PI)
domainandaBridgehelix (BH) domain.Thecatalytic
residues(His843, Lys852,Lys869 and Phe873)
involved in crRNA processing residas the WED
domainof NUC lobe(Fonfaraet al., 2016)(Fig. 5F).
In contrastto type | andlll (Cas6and Cas5/I-C)
endoRNasesyhicharemetalindependerprocessors
of crRNA, Cpfl/V-A requiresa metd cofactorfor
theRNA processindFig. 3E). Furtherin contrasto
Cas9/ll,Cpfl/V-A containsonly RuvC domainand
lackstheHNH domainsuggestin@distinctmolecular
mechanismbeing operationalat interferencdevd.
The crRNA-targetDNA duplexbindsat the central
positivelychagedcleft formedbetweertheREC ard
NUC lobes asrevealel by the structue of Cpfl from
Acidaminococcus sp. (Gao et al., 2016).

In anewlyidentifiedtypeV-B systemaguide
tracrRNAmediatedC2c1(Casl12b) sé-specifically
cleavesoththe strandsof targetDNA (Yanget al.,
2016; Lewis andKe, 2017). C2c1AB showsthe
cleavage properties similer Cpfl/V-A anddistinct
from Cas9/ll. But the requirementof both crRNA
andtracrRNA,isin sharpcontrasto Cpfl/V-A, which
onlyrequirescrRNAfor targeting(Yanget al., 2016).
The structure of C2c1 from Alicyclobacillus
acidoterrestris in complexwith a chimeric single-
moleculeguideRNA (sgRNAcomprise®facrRNA
covalentlylinked to atracrRNA)exhibitsa bi-lobed
architectureonsistingof aRECandNUC lobe(Liu
etal.,2017)(Fig.4G). In C2c], thesgRNAscaffold
forms a tetra-helicalstructurewith a distinct
mechanisnof assemblythatdiffers from Cas9/llor
Cpfl/V-Aendonucleas@iuetal., 2017a)Fig.4G).
ThecrRNA bindsin the centralcleft of C2c1,while
the tracrRNA bindsin an externalsurfacegroove.
Although C2c1V-B lacks a Pl domain,the PAM
duplexhas asimilarbindingpositionfound inCpf1/Vv-
A. Hitherto, the involvementof C2clin crRNA
biogenesiseither as a solo or in associationwith
auxiliary factorremaingo bedetermined.

Type VI CRISPR System
The type VI-A effector, C2c2 (Casl3al),is

responsibléor bothpre-crRNAprocessig ard targe
RNA cleava@ (EastSeletsly et al., 2016) The
effectoss of type VI areunrelatedo thetypell and
type V effectorsand containtwo ribonuclease

B) Cas6/I-F

A) Cas6/I-E

A

Fig. 5: The active site residues of Cas endoRNases in CRISPR
variants. The catalytic residues of the distinct Cas
endoRNase are highlighted. The crystal structures of
(A) Cas6e fom T. thermophilus with 20 nt repeat RNA
(PDB ID 2Y8W), (B) Cas6f fom P. aeruginosa with 16
nt repeat RNA (PDB ID 2XLK), (C) Cas6 from S.
solfataricus with 24 nt repeat RNA (PDB ID 4ILL), (D)
Cas6 from M. maripaludis with 31 nt repeat RNA (PDB
ID 4Z7K) (E) Cas6 from P. furiosus with 10 nt repeat
RNA (PDB ID 3PKM), (F) Cpfl from Acidaminococcus
sp. bv3l6 with with 43 nt guide RNA (PDB ID 5B43),
(G) C2cl from A. acidoterrestris with 112 nt sgRNA
(PDB ID 5U34), and (H) C2c2 fromL. shahii with 58 nt
crRNA (PDB ID 5WTK) are shown. The bound RNA in
some cases is only the product mimic or the minimum
cleavable repeat instead of the complete repeat RNA
and is shown in orange. The N-terminal is shown in
blue and C-terminal in cyan (A-E). The recognition
(REC) lobe and nuclease (NUC) lobe were displayed
in purple and blue, respectively (F-H). This figure
was rendered using Chimera (Petterseret al., 2004)
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domainoftheHEPNsuperfamily(Liuetal., 2017b;
Makarovaet al., 2017b;Shmakovet al., 2017).In
Leptotrichia buccalis (LbuC2c2),the two unique
HEPN domainsof LbuC2c2(Casl3a)were shown
to beimportantor interferencéutnotfor thecrRNA
processingTheresidug R1079)involvedin crRNA
maturationwasfoundto belocatedn theC-terminal
domainof LbuC2c2(East-seletskgt al., 2016).The
recently availablestructureof Leptotrichia shahii
(LshC2c2)exhibits a bi-lobed structure,which is
reminiscendf all otherClass 2 effectors It contains
aRECIobe(1-498)with anN-terminaldomain(NTD)
andaHelicd-1 domainanda NUC lobe (499-1389)
with two HEPNdomainsandaHelical-2domain(Liu
et al., 2017b) Fig. 3F and 4H). The two RNase
catalyticsitesresponsibléor cleavingpre-crRNA and
targetRNA areindependentlyocatedon REClobe
(Helicd-1 domain)andNUC lobe(HEPNdomains),
respectively The surfaceof the Helical-1 domain
facingthe NTD domainis positivelychargedwvhich
formsacleft for pre-crRNA-binding. The Helical-1
domainof LshC2@ reveas the involvemen of
Lys47Lin substraterientatiorandArg438andLys441
in pre-crRNAprocessingFig. 4Hand5G). Mutation
of Asn1315in HEPN2domainreducedhelLshC2c2
activity suggestinghatit isimportantoutnotdirectly
involvedin catalysisAmongthesecritical residues
for pre-crRNAprocessingArg438is conservednd
Lys44lisvariable(Fig.5G). Thelackof conservation
of Lys441suggestshatthe cleavagegositionvaries
betweenpre-crRNAsassociatedvith C2c2 of
different species.

FurtherthecrRNAmaturationdoesnt seento
requiretracrRNA,whichisin contrasto Cas9/lland
C2c1/\B (Deltchevaet al., 2011; Chylinski et al.,
2013;Chylinski et al., 2014;Shmakowet al., 2015;
Wu et al., 2017).C2c2is an RNA-guidedRNase,
which upon target RNA recognition, shows
promiscuitytowardsotherhostRNAsandapparently
causeselltoxicity ordeath(Abudayyehet al., 2016).
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