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Summary

Immunity against viruses and plasmids provided by CRISPR-Cas systems relies on a ribonucleoprotein
effector complex that triggers the degradation of invasive nucleic acids (NA). Effector complexes of
Type | (Cascade) and Il (Cas9-dual RNA) target foreign DNA. Intriguingly, the genetic exidenc
suggests that Type IlI-A Csm complex targets DNA whereas biochemical data shdil-Bh&mr
complex cleaves RNA. Here we aimed to investigate NA specificity and mechanism of CRISPR-
interference for the Streptococcus thermophilus Csm (IlI-A) complex (StCsm). When expressed in
Escherichia coli, two complexes of different stoichiometry co-purified with 40- and 72-nt crRNA
species, respectively. Both complexes targeted RNA and generated multiple cuts at 6-nt-intervals. The
Csm3 protein, present in multiple copies in both Csm complexes, acts as endoriboniclédase.
heterologous E.coli host StCsm restricted MS2 RNA phage dependently on Csm3 niitlesseur

results demonstrate that the Type IlI-A StCsm complex targets RNA and not DNA.

Highlights

v Streptococcus thermophilus Type AICsm (StCsm) complex targets RNA
v Multiple cuts are introduced in the target RNA at 6-nt-intervals
v' Csma3 protein subunits are responsible for an endoribonuclease activity of the complex

v/ StCsm complex offers a novel programmable tool for RNA-degradation or modification



I ntroduction

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) together with C3BRCRI

associated) proteins provide RNA-mediated adaptive immunity against viruses and plasmids in bacteria

and archaeT (Terns and Terns, 4014). Immunity is acquired through the integration of invader-derived

nucleic acid (NA)xequences as ‘spacers’ into the CRISPR locus of the host. CRISPR arrays are further
transcribed and processed into small interfering CRISPR RNAs (crRNAs) that together with Cas
proteins assemble into a ribonucleoprotein (RNP) complex which, using crRNA as a guide, locates and

degrades the targBtA. CRISPR-Cas systems have been categorized into three majar(IFipethat

differ by the structural organization of RNPs &l specificity (Makarova et al., 201[Lb).

Type | and Il systems provide immunity against invading DNA. In Type | systems crRNAs are
incorporated into a multisubunit RNP complex called Cascade (CRISPR-associated complex for

antiviral defense) that binds to the matching invasive DNA and triggers degradation by the Cas3

nucleasq (Brouns et al., 2Q&nkunas et al., 20]j3Vestra et al., 2012). In Type Il systems, CRISPR-

mediated immunity solely relies on the Cas9 protein. It binds a dual RNA into the RNP effector

complex, which therpecifically cuts the matching target DNA, introducing a double strand break

Gasiunas et al., 20n2inek et al., 201)2). In Type | and Il CRISPR-Cas systems, the target site binding

and cleavage requires a short nucleotide sequence (protospacer-adjacent motif, or PAM) in the vicinity

of the target (Mojica et al., 20D9). Target DNA strand separation, necessary for the crRNA lénding,

initiated at PAM and propagates in a directional manner through the protospacer sequence to yield the

R-loop intermediate, one strand of which is engaged into the heteroduplex with crRNA, while the other

strand is displaced into solution (Sternberg et al., ztzelkun et al.,, 2014)Thus, despite

differences in thie architecture, Type | and Il RNP complexes share three major features: i) they act on

the invasive double-stranded DNA (dsBN e.g., viral DNA or plasmids, ii) they require the presence



of a PAM sequence in the vicinity of the target site, and iii) they generatel@opRs a reaction
intermediate.

Intriguingly, Type lll CRISPR-Cas systems are believed to target diiNéx (Type IlI-A) or RNA

(Type 1lI-B) (Makarova et al., 2011b). In tHd-B systems Cas RAMP proteins (Cmr) and crRNA

assemble into a multisubunit RNP complex. Using crRNA as a guide, this complex in vitro binds

single-stranded RNA (ssRNA) in a PAM-independent manner and triggers the degradation of target

RNA (Hale et al., 2011Etaals et al., 201Zhang et al., 2012).he Cmr-effector complex is comprised

of six Cmr proteins (Cmrl, Casl10, Cmr3-6) that are important for efficient target RNA cleavage,
however roles of the individual Cmr proteins and the ribonuclease (RNase) component have yet to be
identified. Cmrl, Cmr3, Cmr4 and Cmr6 are predicted RNA-binding proteins that share a ferredoxin-

like fold and resemble RNA-recognition motifs (RRMs) identified in RNA-binding profins (Ternss and

Terns, 20141).

The Cas genes encoding the RNA-targeting 11I-B (Cmr) and DNA-targeting Type(Gsm) effector

complexes share a partial syntgny (Makarova et al., 2011a). In Staphylococcus epideentidig\t

targeting Csm complex (SeCsm) is comprised of Casl10, Csm2, Csm3, Csm4, and Csm5 proteins,
however the function of individual Csm proteins is unknoWne evidence that Type IlI-A systems
target DNA remains indirect and relies on the experimental observation that Type IlI-A RNP complex

from Staphylococcus epidermidiSeCsm) limits plasmid conjugation and transformation in vivo, but

theDNA degradation has not been demonstrated dirg¢ctly (Marraffini and Sontheimgf, 2008, 2010). The

Csm complex from the archaeon Sulfolobus solfatari@sém) binds dsDNA, however, it shows no

crRNA-dependent nuclease activity in vitfo (Rouillon et al., 2013). Thus, while the RNA cleavage

activity of the Cmr complex has been characterised in vitroDiw& degradation activitypf the Type
l11-A Csm complex has yet to be demonstrated. The Csm complex so far remains the only CRISPR-Cas

effector complex, for which the function is not yet reconstituted in vitro. Here we aimed to establish the



composition and mechanism of the Csm complex for Type IlI-A system Streptococcus thermophilus

(SY).

Results

Typelll-A CRISPR-Casloci in S. thermophilus

S. thermophilus straiDGCC8004 thatvas selected for further experimental characterizagasries 13
spacers in its Type IlI-A CRISPR2 array (Figure 1A and Sh)s strain also contains a Type |l
CRISPR1 system that is present in other S. thermophilus strains (unpublishedndéte)CRISPR2

locus of DGCC8004 the 36-nt repeat sequences, that are partially palindromic, are conserved with the
exception of the two terminal repeats (Figure 1A). An A+T rich 100-bp leader sequence is located
upstreanof the CRISPR2 array.

DGCC8004CRISPR2 (Type llI-A) spacers range in size between 34 and 43 nt, but 36-nt spacers

the most abundant. In total, 38nique spacers were identified among CRISPR2-positive

S. thermophilus strains and a majority (20 out of 38) of these spacer sequences have matches
(protospacers) in S. thermophiluSNA phage sequenceslthough phage interference for the

S. thermophilus CRISPR2 locus has not yet been demonstiatysis of the sequences located
immediately upstream and downstream of these protogfaded to identify any consensus sequence

(data not shown) as a putative PAdther due to the relatively small number of protospacers or RNA

targeting that is often PAM-independent (Hale et al., POGPIDGCC8004, although no CRISPR2

spacer gives perfect identity with currently known sequences, 6 spacers out of 13 (S3, S4, S6, S8, S12
and S13) show strong sequence similarity with S. thermophNiss phages (at least 94% identity over

at least 80% of spacer lengthierestingly, all phage matching protospacers were selected from the
template strand-or instance, the 36-nt spacer S3 matches 34 nt of a protospacer in the S. thermophilus

phage 01205 genome (Figure 1B)corresponding crRNA would match the template DNA strand of



the protospacer S3, and will pair with the target sequence on the coding strand of phage DNA or the

respective mRNA sequence. If crRNA processing in the S. thermophilus Type IlI-A locus is similar to

that in S. epidermidig (Hatoum-Aslan et al., 2JiHatoum-Aslan et al., 201fHatoum-Aslan et al),

2013) the resulting crRNA 5’-handle in the mature crRNA will be non-complementary to the

protospacer S3’-flank in the phage DNAoding strancbr mRNA (Figure 1B). In the S. epidermidis
Type IlI-A system, which limits the spreading of plasmid DNA, the crRNA/tai@BtA non-

complementarity outside of the spacer sequence plays a key role in invading DNA silencingand self

non-self DNA discrimination | (Marraffini and Sontheimer, 2p10). Taking these elements into

consideration, crRNA encoded by the spacer S3 was selected as the guide, and a complementary

protospacer sequence as the NA target (DNA or RNA) (Figure 1B).

Cloning, expression and isolation of the S. thermophilus DGCC8004 Type I 11-A effector complex

In order to isolate the Type IA-RNP effector complexStCsm) of the DGCC8004 we split CRISPR2

locus into the three fragments and cloned them into three compatible vectors (Figure 1C). Plasmid
pCas/Csm contained a cassette including all the cas/csm genes (except casl and cap@smwidile
pCRISPR_S3 carried 4 identical tandem copies of the repeat-spacer S3 unit flanked by the leader
sequence and the terminal repeat. Plasmids pCsm2-Tag or pCsm3-Tagacatregll-tagged variant

of csm2or csm3 genes, respectively. Next, all three plasmids were co-expregseminBL21 (DE3)

and tagged Csm2 or Csm3 proteins were isolated by subsequent Strep-chelating affinity and size
exclusion chromatography.

Strep-tagged Csm2 or Csm3 protegingl-downedfrom E. coli lysatesco-purified with other Csm/Cas
proteins suggesting the presenceao€sm complex (Figure 1D)Csm complexes isolated via N-
terminus Strep-tagged Csm2 (Csm2_StrepN) and the N-terminus Strep-tagged Csm3 proteins
(Csm3_StrepNwere subjected to further characterization. SDS-PAGE stitmmplexes revealed six

bands that matched the individual Cas proteins Cas6, Casl0, Csm2, Csm3, Csm4 and Csmb5
6



(FigurelD). The identity of proteins in thesCsm complexesvas confirmed by mass spectrometry

(MS) analysis (Tables S1 and)S2

We next examined the Csm compdexfor the presence oNA using basic phenol-chloroform
extraction followed by RNase | or DNase | digestion. Denaturing PAGE analysis revealed that ~70-nt
and ~40-nt RNA molecules co-purified with the Csm3_StrepN and Csm2_StrepN pulled-down Csm
complexes, respectively (Figui&). The complex isolated via Csm2_StrepN subunit also cadain
~10% of the ~70-nt RNA. When subjected to RNase | protection assay the RNA in the complexes
showed no visible degradation, indicating that the RNA is tightly bound and protected along its entire

length (data not shown).

Characterization of the crRNA

We used denaturing RNA chromatography in conjunction with electrospray ionization mass
spectrometry (ESI-MS) to analyse the crRNA sequence and determine the chemical natute-of the
and 3’-termini of crRNAsco-purified with both Csm complexes. Denaturing ion pair reverse phase
chromatography was used to rapidly purify the crRNA directly from the Csm coasplexe crRNA
isolated from the Csm3_StrepN pull-down complex reaeal single crRNA with a retention time
consistent with an approximate length of 70 nt (Figure 1F). The crRNA isolated from Csm2_StrepN
pull-down complex revealed the presence of an additional crRNA, with a retention time consistent with
an approximate length of 40 nt (Figure 1G). Purified crRNAs were further analyzed usiiMSESI-
obtain the accurate intact massA molecular weight of 22 998.5 Da was obtained for RNA isolated
from Csm3 and 12 602.2 Da for RNA isolated from Csm2 pull-downs, respectively. Csm2 pull-down
also contained a minor component, with a molecular weight of 12 90&.@lata not shown). In
addition, ESI MS/MS was also used to analyse the oligoribonucleotide fragments generated from
RNase A/T1 digestion of the crRNAs (Figu88). In conjunction with the intact mass analysis, these

results reveada 72-nt crRNA in the complex isolated via Csm3 (further termed Csm-72 according to

v



the length of crRNA) an@ 40-nt crRNA in the complex isolated via Csm2 (further termed Csm-40
complex). The MS analysis of the 72-nt crRNA is consistent with the pre-CRISPR cleavage at the base
of the CRISPR RNA hairpin to yield8-nt 5’°-handle, a 36-nt spacer and ar28--handle with 5’-OH

and 3’-P, and could represent unmaturated crRNA intermediate (Figure 1F) similar to that of Type

llI-A and 1lI-B CRISPR-Cas systems (Hale et al., 2(1@&1toum-Aslan et al., 2013). Further

verification of the 3’-P termini was obtained upon acid treatment ofAB@t crRNA where no change

in mass was observed using ESI-MS. Likewise, the MS analysis of the 40-nt crRNA in the Csm-40
complex revealed an@-5’-handle and 32t spacer with 5’-OH and 3’-OH that would correspond to

the matured crRNA (FigureG). The differencein the chemical nature of the 3’-end between
intermediate @d mature crRNAs suggests that primary processing and final maturation are achieved by

distinct catalytic mechanisms as proposed by Hatoum-Aslan for the S. epidermidis model system

Hatoum-Aslan et al., 2011).

Composition and shape of the Csm complex

Evaluation of the complex composition by densitometric analysis of the SDS gels suggests the
Cas1Q@:Csm2:Csm3p:Csm4:Csm 14 stoichiometry for Csm-72, and the
Casf.16Casl@:Csmz:Csm3:Csm4:Csmy stoichiometry foCsm-40. Fraction numbers for Cas6 and
Csmb5 proteins are presumably due to the weak transient interactions of these proteins in the respective
complexes. Protein subunits that are involved in pre-crRNA processing, e.g. Cas6, would not
necessarily occur in stoichiometric amounts in the purified effector complex.

We also performed the small angle X-ray scattering (SAXS) measurements in order toecizar o
molecular mass/shape of both Csm-40 and Csm-72 effector complexes in solytiadu®ds obtained

using SAXS are in agreement both with DLS and gel-filtration data (Table S3). Taken together these

data are consistent with the stoichiometry Cag€l$mz:Csm3o.Csm4:crRNA; (calculated Mw 48@



kDa including the 72-ntcrRNA) for Csm-72 and Casl@sm2:Csm3:Csm4:Csm5:.crRNA;
(calculated Mw 344.8 kDa including 40-ctRNA) for Csm-40.

SAXS measurements revealed that the Csm-40 complex in solution has elongated and slightly twisted
shape. The maximal interatomic distance.{Dof the complex estimated from SAXS data is 215 A,

whereas its diameter is 75-80 A (Table S4). The shape of this effector complex (Fiyjisevery

similar to the electron microscope structure of Cmr complexes from Thermus thermgphilus (Staals et

al., 2013), Pyrococcus furiosus (Spilman et al., 2013) and Cascade from E. coli (Wiedemheft e

2011) (FigureS3E). The Gm72 complex with Rax of 280 A (Table S4) is significantly more

elongatedthan the Csm-40 complex (Figutél). The lowest normalized spatial discrepancgsw

obtained for the entb-end superimposition of the Csm-40 &an-72models (FigurelLH).

Nucleic acid specificity of the Typelll-A StCsm complex

In the CRISPR2 locus of DGCC8004, 34 out of 36 nt of the spacer S3 match a sequence present in the
genome of S. thermophilus phage O1205. Therefore, to probe the functional activity of the Csm-40
complex we first designed DNA and RNA substrates that are fully complementary to the 32-nt crRNA
encoded by spacer S3 and that carry phage 01205-flanking sequence. These flanking deglences
complementarity to the 8t 5’-handle of the crRNA identified in the Csm-40/Csm-72 congsex
(Figure2A and TableS5). For binding analysis DNA or RNA substrates wéteend radioactively
labeled and the Csm-40 complex binding was evaluated by an electrophoretic mobility shift assay
(EMSA) in the absence of any divalent metMef") ions. Csm-40 showed weak affinity for
oligoduplex S3/IDNA/DNA and DNA/RNA substrates since binding was observed only at high (100-
300 nM) complex concentrations. Single-stranded MA (ssDNA) was bound to Csm-40 with an

intermediate affinityKq~ 30 nM), whereas a single-stranded S3/1 RNA (ssRNA) stitvgh affinity

binding (Kq ~ 0.3 nM) (Figure2B). Binding competition experiments with various nucleic acids



supported the single-stranded RNA specificity for the Csm-40 complex (Fighr€€savage data
correlated with the binding affinity: S3/DNA/DNA, DNA/RNA and sDNA are refractory to
cleavage, whereas SHRNA complementary to the crRNA is cut by Csm-40 in the presence 8f Mg
ions (Figure2D). RNase activity of Csm-40 complex requiMdg?* or other divalent metal ion#1h?*,

cd”, zr™*, Ni** or Ci") and is inhibited by EDTA (Figure S3E

Surprisingly, Csm-40 cuts the S3/1 RNA target at 5 sites regularly spaced by 6-nt intervatiute pr

48-, 42-, 36-, 30- and 24-nt products, respectively (FigRites?E). The sequence complementarity
between the crRNA in the complex and the RNA target is a key pre-requisite for the cleavage: a non
specific RNA (FigureE, bottom) was resistant to Csm-40. The Csm-40 cleavage pattern &f the
labeled S3/1 RNA substratifters from that of the 5’-labeled variant. Whilehe 5’-labeled substrate
cleavage produces 48-, 42-, 36-, 30- and 24-nt products, short degradation products of 21, 27, and 33 nt
(1 nt shift is due to an additional nucleotide added dutieg3’-labeling) are visible on the gel
(Figures2D, 2E). Taken together, cleavage datatlar 5’- and 3’-end labeled RNA substrates suggest
that Csm-40 cuts the RNA molecuilétially at its 3’-end and endonucleolytic degradation is further
extenckdtowards thes’-end with 6-nt increments.

The Csm-72 complex carryiray72-nt crRNA (8at 5’-handle plus 36 nt of the spacer S3 and 28 nt of
the 3°-handle, Figure S4A) shad ~ 30-fold weaker binding affinity (K~ 10 nM) to S3/1 RNA in
comparison to the Csm-40 (Figure S4Blevertheless, similgr to the Csm-40 complex, in the
presence of Mg ions Csm-72 cleaved S3/1 RNA, albeit at a decreased rate which may correlate with
its weaker binding affinity (Figure S4C). Thé and 3’-labeled S3/1 RNA cleavage pattern is identical

to that of Csm-40 (Figures S464D and data not shown). Like the Csm-40 complex, Csm-72edhow

no cleavage of S3/ADNA, DNA/DNA or DNA/RNA substrates (data not showmhe heterogeneous

Csm complex isolated from the E.coli host carrying the wt CRISPR array containing 13 spacers

produces RNA cleavage products identical to those of the homogenous StCsm (Figuiieatsdiir

10



together, these data unambiguously demonstrate that Csm-40 and Csm-72 complexes in vitro target

RNA but not DNA, and cut RNA at multiple sites regularly spaced by 6-nt intervals.

Reprogramming of the StCsm complex

To demonstrate that the Type IlI-A StCsm complex can be reprogrammed to cut a Bd¢ked
sequence in vitro we designed and isolatechComplexes loaded with crRNA(+Tc) and crRNA(-Tc)
targeting, respectively, the 68 nt sense(+) and anti-sense(-) mMRNA fragments obtained by in vitro
transcription of the tetracycline (Tc) resistance protein gene in the pBR322 plasmid (nt 851-886)
(Figure S5A and Table S5). Both Csm-40 and Csm-72 complexes guided by the crRNA(+Tc) sliced the
complementary sense RNA fragment but not the antisense RNA sequence (Figure S5B). On the other
hand, Csm-40 and Csm-72 complexes guided by the crRNA(-Tc) cleaved antisense RNA but not a
sense Tc mRNA fragment (Figure S5B). In both cases target RNA was cleaved at multgple site

regularly spaced by 6-nt intervals (Figure $5C

Target RNA determinantsfor cleavage by crRNA-guided Csm complex

We examinedfurther whether the nucleotide context downstream or upstream of the protospacer
sequence modulates RNA cleavage by the Csm complexes. To this end, we designed the S3/2 RNA
substrate in which the flanking regions originating from 01205 phage DNA in the S3/1 substrate are
replaced by different nucleotide stretches that arecnoplementary to the 5’-handle of crRNA in the

Csm-40 and Csm-72 complexes, and to 3hdandle in the Csm-72 complex. RNA binding and
cleavage data shead that despite differences in the nucleotide context of flanking sequences in the
S3/1 and S3/2 substrates, cleavage patterns for the Csm-40 and Csm-72 complexes are neal]y identi
except for an extra 18-nt product for the Csm-72 (Figure).S4C

Next, we addressed the question whether the base-pairing between the flanking sequences of the RNA

targetand 5’- and 3- handles of crRNA in the Csm-40 and Csm-72 complexes affect either the cleavage

11



efficiency or pattern. We designed S3/3, S3/4, and S3/5 RNA substrates that contain flanking
sequences complementao the 5’-handle (40- or 72t crRNA), 3°-handle (72at crRNA) or both 5°-

and 3’-handlesin 72 nt-crRNA, respectively (Figure $6 and Table S5). The cleavage analysis
revealed that base-pairing between th& 8>-handleof crRNA and the 3’-flanking sequence had no

effect on the cleavage pattern of the Csm-40 and Csm-72 complexes. Indee8l3tlsalStrate is
cleaved with the same 6-nt step by Csm-40, suggesting that the non-complementarity of the flanking
sequences is not a necessary pre-requisite for cleavage by the Csm complex Sridbmepdsingly,

for the Csm-72 complex extension of the bpsieing between the 3’-handle of the 72-nt crRNA and

the protospacer 5’-flanking sequence in S3/5 RNA substrate results in target RNA cleavage outside the
protospacer yielding 12- and 6-nt cleavage products (F)utdoreover, the S3/6 substrate, which

has extended complementaritytween crRNA 3’-handle and 5’-flanking sequence was cleaved at
multiple positions along the full length of RNA duplex, except for the region complementary to the
crRNA 5’-handle (Figure3). The cleavage at 18 and 12 nt outside the protospacer was also detected for
the Csm-40 complex on S3/4 and S3/5 RNA substrates (Figwrdhe 40-nt crRNA present in the
Csm-40 complex lacksh¢ 3’-handleand therefore cannot form RNA duplex with the 5’-flanking
sequence in the S3/5 and S3/6 RNA substrates. However, the Csm-40 complex preparation still
contains ~ 10% of unmatured 72-nt crRNA, and this heterogeneity results in the extra cleavage outside
the protospacer (Figuec Q).

To interrogate the importance of base-pairing within the protospacer region for target RNA&leava
we designed a set of RNA substrates harboring two adjacent nucleotide mutations in the spacer region
(substrates S3/7, S3/8 and S3/9, see Figareand Table S5). Two nucleotide mismatches in these
substrates did not compromise RNA cleavage by the Csm-40 (Hguaad Csm-72 complexes (data

not shown), suggesting that ti#Csm complex tolerates at least 2 contiguous mismatches in the

protospacer region homologous to the crRNA.

12



To explore whetheB’- or 5’-ends of the target RNA are important for cleavage by the Csm-40
complex, we designed a set of truncated RNA substrates. In S3/10, S3/14 and S3/12 RNA substrates
unpared flaps at the 3’-, 5°- or both ends of the target RNA were truncated, while in S3/11 and S11/13
substrates the truncations extend into the region complementary to crRNA @AgurBinding

affinity for the mostof truncated substrates was not compromised (Fifjgyeand target RNA
cleavage occurred at multiple sites spaced by 6-nt intervals at conserved psstgspsitons
(Figure4C). Truncations extending into the protospacer region (S3/11 and S3/13) showed decreased
binding and reduced cleavageesitThis could be a result of the decreased duplex stability, however

the role of the “seed” sequence cannot be excluded. Importantly, for all RNA substrates the cleavage

sites were located atfixed distance with respect to the consergetandle of crRIA (Figure4C).

I dentification of the ribonuclease subunit in the StCsm complex

Regularly spaced cleavage pattern of the RNA target (FigudesS4, S6) implies the presence of
multiple cleavage modules in the Csm complex. According to the densitometric analysis, 3 Csm2 and 5
Csm3 subunits are identified in the Csm-40 complex, while 6 Csm2 and 10 Csm3 subunits are present
in the Csm-72 complex. Multiple copies of the Csm2 and Csm3 proteins in the Csm complexes make
them prime candidates for catalytic subunits. StCsm2 is a small (12ihaagal protein of unknown
structure. StCsm3 (220 aa) contain a conserved (RRM core and is fairly closely related (~35%

sequence identity) to Methanopyrus kandleri Csm3, whose crystal structure has been solved recently

Hrle et al., 2018). We reasoned that, since the catalytic activity of the StCsm coetpers the

presence of Mg ions, the active site is likely to contain one or more acidic residues. We inspected

multiple sequence alignments of both Csm2 and Csm3 protein families for conserved aspartic or
glutamic residues. We did not find any promising candidates in StCsm2, but identified several,
including D33, D100, E119, E123 and E139 in StCsm3 (Figaje To probe the role of these

conserved negatively charged Csm3 residues we constructed mutants having one restitue at a
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replaced with alanine. We also constructed the H19A mutant, since it was shown that the

corresponding mutation (R21A) M. kandleri Csm3 abolished binding of single-stranded RNA (Hrle

et al., 201B). We expressed each mutant in the context of other StCsm/Cas proteins and analysed the

cleavage activity of the StCsm-40 complex containing mutant Csm3 subunits. StCsm3 H19A, D100A,
E119A, E123A and E139A mutants did not compromise RNA bindi; complex compositioor
cleavage activity of Csm-40 complex (Fig&®-5F). However, the D33A mutant impaired Csm-40

RNA cleavage (Figure 5D, SRvithout affecting RNA binding (FiguréD). Taken together these data
demonstrate that Csm3 is a RNase, which cuts RNA producing multiple cleavage patterns spaced by
regular 6-nt intervals, and that the D33 residue is part of the catalytic/metal-chelating site. StCsm3
structural model based on the homologous structuké & ndleri Csm3 is in good agreement with the
identified role for this residue (Figur€5A). D33 belongs to the highly conserved surface patch that
extends from the RRM cormto the “lid” subdomain(Figure S7B) Part of this surface patch is

positively charged, supporting the idea that it represents an RNA-bindingigites(S7Q.

In vivo RNA targeting by the StCsm complex
To demonstrate that the StCsm complex could target RNA in vivo, we employed the MS2 phage
restriction assay. MS2 is a lytic single-stranded RNA coliphage which infects E. coli host via fertility

(F) pilus. MS2 phage is a favorable model to investigate RNA targeting by the CRISPRstéas is

vivo as no DNA intermediates are formed during the life cycle of this phage (Olsthoorn andinar D

2011)). To engineer the MS2 phage targeting heterologous host, E.coli NovaBlue {[D&BaiR has

been transformed by two compatible plasmids: i) pCRISPR_MS2 plasmid bearing the synthetic
CRISPR array of five repeats interspaced by four 36-nt spacers targeting thespegt, and rep MS2

RNA sequences, and ii) pCsm/Cas plasmid for expression of Cas/Csm proteins (Figure 6)gé&he pha
targeting and contrdt. coli strains were plated and infected with series of dilutions of MS2 using drop

plaque assay. The assay revealed Ehaioli strain expressing wt Csm and MS2 targeting crRNAs
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restricts the phage at least 1000-fold in respect to the control cells. Importantly, no MS2 phage
resistance has been observed in the strain expressing the non-targeting crRNA or the cleavage deficient
Csma3 variant. Taken together these data demonstrate that the StCsm complex in vivo convey resistance

to RNA phage in the heterologokscoli host.

Discussion

Here we aimed to establish the NA specificity and mechanism for the TypeORISPR-Cas system

of Streptococcus thermophilus. In sharp contrast to other CRISPR-Cas subtypes, the funtitidyal ac
of Type IlI-A system so far has not been reconstituted in vitro. Cas/Csm proteins in the TApe llI-
CRISPR locus of the.thermophilus DGCC8004 are homologous to those of in S. thermophilus

DGCC7710 and LMD-9, and show more distant but significant similarities to Cas/Csm proteins in

L. lactis, E.italicus and S. epidermidi$ (Marraffini and Sontheimer, :ZTIen et al.,, 2012)

(Figure S1).

Csm complexes of S. thermophilus

We have expressed the TyilleA CRISPR-Cas locus of the DGCC8004Encoli and isolated two

RNP complexes termed Csm-40 and Csm-72. Both complexes share a conserved set of Cas10, Csm2
Csm3 and Csm4 proteins. In addition to this core, the Csm-40 also contains the Csm5 protein. Two
distinct crRNAs of 72- and 40-nt co-purify with Csm-40 and Csm-72 complexes isolated from the
heterologou. coli host. The 72-nt crRNA comprised of amt85’-handle,a 36-nt spacer and 28-nt

3’-handlewould resultfrom the pre-crRNA cleavage between 28 and 29 nt within the conserved repeat

region presumably by the Cas6 nuclease similarly tolih& CRISPR-Cas systerln (Carte et al., 4008).

The shorter 40-nt crRNA co-purified with the Csm-40 complex of S.thermophdastains the
conserved &t 5’-handle and 32-nt spacer indicating ttfaé 72-nt crRNA intermediatenderwent

further 3°-end processing to produce a mature 40-nt crRNA that taeks-handle and 4 nt within the
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spacer regioiiFigure7). The RNAse involved in the 72 nt crRNA intermediate maturation still has to

be identified, howevethe Csmb5 protein which is absent in Csm-72 but is present in Csm-40 could be a
possible candidatelndeed, csm5 gene deletion in DGCC8004 produces only unmatured Csm-72
complexegG.T., M.K., Irmantas Mogila, unpublished data).

The crRNA processing and maturation pathway in the S. thermophilus Typesli$tem(Figure 7)

shows striking similarity to that in S. epidermidistst, the SeCsm complex includes the same set of
Casl10, Csm2, Csm3, Csm4 and Csm5 proteins as the StCsm-40. Furthermore, in S. epidermidis, the

primary processing by Cas6 producas/l-nt crRNA intermediate, that is subjected to further

endonucleolytic processing at thé éhd [(Hatoum-Aslan et al., 20{jHatoum-Aslan et al., 2014).

StCsm complex cuts RNA producing aregular cleavage pattern
The Csm complexes of S. epidermidis and S. solfataricus have been reconstituted and isolated,

however NA cleavage activity has not been reported so far. In vivo studies in S. epidermidis suggested

that the Type IlIA Se&Csm RNP compbetargets DNA|(Marraffini and Sontheimer, 2008) in a PAM-

independent manner and prevents autoimmunity by checking the complementarity between the crRNA

5’-handle ad the 3'-flanking sequence in the vicinity of the protospa':er (Marraffini and Sonthgimer,

201d). In contrast to these data we found that the StCsm-48t@sich-72 complexes bind ssSRNA with

high affinity and cut assRNA target in a PAM-independent manner in the presence 6f Mas,
producing a regular 6-nt cleavage pattern in the protospacer region (Fifuaesl S4C-S4E). In this

respect the TypBI-A StCsm complex resembles the RNA-targeting Tipd Cmr-complexes

PfCmr, SsCmr and TtCnr (Hale et al., 2(J@%aals et al., 201&Zhang et al., 2012) (Figure 7) rather

than DNA targetinglype | and llcomplexesBy targeting RNA rather than DNA StCsm complex
avoids autoimmunityWe furthershow that the nucleotide context and non-complementarity outside
the protospacer have no effect on the target RNA cleavage, demonstrating that PAM or unpaired
flanking sequences of the protospacer are not required for cleavage by the StCsmSgFigline

complementarity of the protospacer is the only pre-requisite for the StCsm cleavageatching
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RNA is not cleaved, howeven the complimentary protospac88 two contiguous mismatches and

end truncations are tolerated 8{Csm (FiguresS6). The differences in theleavage ftterns of the 5°-

and 3’-labeled RNAs (Figure 2D)mply that cleavage first occurredt 3’-end of thetarget RNA.
However, it remains to be established whether the observed cleavage directionality is dictated by the
“seed” sequence/directionality of the crRNA:target RNA duplex formation or nucleotide context-
dependent cleavage rate differences.

Strikingly, we found thator the Csm-72 complex the targ&NA is beingcleawd at regular 6-nt
intervals outside the protospacer iif retains basecomplementary to the crRNA3’-handle. Such
regularly spaced cleavage pattern of the RNA target (Figufe$4 andS6) implies the presence of
multiple cleavage modules in the Csm complex. The major difference between the Csm-40 and Csm-72
complexes is the number of Csm2 and Csm3 subunits. The Csm-40 contains 3 Csm2 and 5 Csm3
subunits while Csm-72 contains 6 Csm2 and 10 Csm3 subunits (Figure 1D). The size of the complexes
determined by SAXS correlates with the different stoichiometry of Csm-40 and Csm-72. Indeed, both
complexes show a slightly twisted elongated shape but the Csm-72 is significantly more elibragated
Csm-40 complex (FigurgéH). Taken together these data suggest that the longer unmatured 72-nt
crRNA intermediate in the Csm-72 complex binds additional copies of Csm2 and Csma3 subunits into a
RNP filament (Figure 7).

Csm3isaRNAse subunit in the StCsm complex

Computational analysis revealed that StCsm3 has a conserved RRM core and is fairly closely related

(~35% sequence identity) to M. kandleri Csr[ns (Hrle et al., p013). StCsm3 displays close structural

similarity to MkCsm3, in particular the RRM-core and insertions into RfdM-that form the “lid”
subdomain (Figur&7A). In contrast, StCsm3 lacks both the N-terminal zinc binding domain and the
C-terminal helical domain, making its structure more compact compared to that of MkCsm3. Thus,
StCsm3 may be considered a trimmed-down version of MkCsm3. Guided by the multiple sequence

alignment and homology model of StCsm3, we selected candidate active site/metal chelating residues
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of Csm3 and subjected them to alanine mutagenesis. We showed that the highly conserved D33 residue
of the StCsm3 is critical for the RNA cleavage activity of the Csm complex, demonstrating that Csm3

is a RNase in th8tCsmand could be universal in all Type IlI-A CRISPR/Cas systéfigureb).
Implicationsfor other RNA-targeting CRISPR systems

Taken together, our data indicate ttiet StCsm complex is specific for the RNA and cuts it in a PAM-
independent manner producing a regular 6-nt cleavage pattern. Furthermore, we demonstrate that the
Csma3 protein, which is present in Csm-40 and Csm-72 complexes in multiple copies, acts as a RNase
responsible for the target RNA cleavage. In this respect the Type IlI-A Csm complex of

S. thermophilus closely resembles the RNA targeting Type 11I-B Cmr complex of T. thelmsoph

(TtCmr complex) that also produces a regular 6-nt cleavage thtern (Staals et al., 2013)AThe R

degrading subunin the Type 11I-B Cmr-module remains to be identified. Although there is currently

no experimental evidence, Staals et al. suggested that Cmr4 could fulfill th|s role (Staals et fal., 2013)

Indeed, clustering of Csm3 and Cmr4 homologs by sequence similarity revealed that they form two
related but separate groups (FigBi@). On the other hand, neither Csm3 nor Cmr4 families are
homogenous. They are comprised of sequence clusters of various sizes. StCsm3 is a member of a larg
representative group of Csm3 homologs that iretuthose from S. epidermidis, L. lactis and

M. kandleri. Another large, but more loosely connected group does not have proteins from

experimentally characterized systems, except for the Csm complex from S. solfataricus. Sso1425 and

Ss01426, two of its Csm3-like proteips (Makarova et al., 2|011a), are members of this group albeit they

are non-typical. The Cmr4 family appears even more fragmented than Csm3. Cmr4 proteins of
experimentally characterized IlI-B systems from T. thermophilus and P. furiosus represent one of the
larger clusters, while Cmr4 from S. solfataricus is a non-typical outlier. Indeed, biochemical

characterisation revealed that PfCmr and TtCmr RNA cleavage mechanism are similar and 3bllow

or 5- ruler mechanism, respectively (Hale et al., ZTBQaaIs et al., 2013). Meanwhile, SsCmr

endonucleolytically cleaves both target RNA and crRNA at UA dinucleofides (Zhang et all, 2012)
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Therefore, it would not be surprising if members of other, so far experimentally uncharacterized groups
were part of Cmr complexes with somewhat different properties.

Naturally, we were curious if Csm3 and Cmr4 proteins may have similarly organized aetiveEhsit

aligned sequences of Csm3 and Cmr4 subunits from characterized systems revealed that sequences
both families have Asp in the corresponding pos#tjenggesting similar active sites (Figl®). The
exception is Ss01426. This is quite surprising, considering the composition of the S. solfataricus Csm

complex. Four copies of Ss01426 were found to be present within the complex suggesting that this

subunit might play a role of the Csn|\3 (Rouillon et al., 2013). In contrast, another Csm3-like protein

Ss01425 does have the D33 counterpart suggesting it can cleave ssRNA. However, only a single copy
of Ss01425 was found in the S. solfataricus complex. Taken together, these data suggest that Csm-
modules in S. thermophilus and S. solfataricus have different architectures and RNA cleavage
mechanisms.

Concluding remarks

We show here for the first time that the Csm effector complex of the S.thermophilus Type III-
system targets RNA and establish the mechanism of RNA cleavage. We demonstrate that in the Type
lll-A effector complex Cas/Csm proteins assemble into an RNP filament (Figure 7) that contains
multiple copies of Csm2 and Csm3 proteins. Furthermore, we provide evidence that the Csm3 subunit
acts as &RkNasethat cleaves target RNA at multiple sites spaced by regular 6-nt intervals (Figure

The number of cleavage sites number correlates with the number of Csm3 subunits in the Csm effector
complex.Easy programmability of the Type IlI-A StCsm complex by custom crRNAs (Figure S5),
paves the way for the development of novel molecular tools for RNA interference.

RNA cleavage specificity established here for the StCsm complex in vitro, is supported by in vivo
experiments of the MS2 RNA phage interference in the heterologous E.coli host (Figure 6). It remains
to be established whether RNA silencing by the StCsm complex can contribute to the DNA phage

interference in the S. thermophilus hoBtanscription-dependent DNA targeting mechanisais been
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proposed recently for the Type 11I-B CRISPR-Cmr sysfem (Deng et al.] 2013), hatvgseinas to be

demonstrated for S. thermophilus and other Type IlI-A systems.
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Experimental procedures

Expression and isolation of Csm complexes

Sequenced CRISPR2 locus of S. thermophilus DGCC8004 was deposited in GenBank (accession
number KM222358). HeterologousE. coli BL21(DE3) cells producing the Strep-tagged Csm
complexes were engineered and cultivated as described in the Supplemental Experimental Procedures.
Csm-40 and Csm-72 complexes were isolated by subsequent Strep-chelating affinity and size exclusion
chromatography steps (Supplemental Experimental Procedures).

Bioinfor matic analysis and mutagenesis of Csm3

Putative active site residues of Csm3 were identified from multiple alignment of Csm3/Cmr4 (see
Supplemental Experimental Procedures for details). Csm3 mutants were constructed using quick
change mutagenesis and purified as described in Supplemental Experimental Procedures.

Extraction, HPL C purification and ESI-M S analysis of crRNA

NAs co-purified with Csm-40 and Csm-72 were isolated using phenol:chloroform:isoamylalcohol

(25:24:1, viviv) extraction and precipitated with isopropanol. PurNéd were incubated with 0.8
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DNase | or 8 U RNase | (Thermo Scientific) for 30 min at 3MN&s were separated on a denaturing

15% polyacrylamide gel (PAAG) and visualised by SybrGold (Invitrogen) staining.

lon-pair reversed-phased-HPLC purified crRNA architecture was determined using denaturing RNA

chromatography in conjunction with electrospray ionization mass spectrometry (ESI-MS) as described

in (Sinkunas et al., 20!

| 3) and Supplemental Experimental Procedures.

Small angle X-ray scattering (SAXS) experiments

SAXS data for Csm-40 and Csm-72 were collected at P12 EMBL beam-line at PETRAIII stocage

of DESY synchrotron

in Hamburg (Germany). Csm-40 and Csm-72 complexes were measured in 3

different concentrations in buffer containing 20 mM Tris-HCI (pH 8.5 at 25°C), 0.5 M NaCl, 1mM

EDTA and 7 mM 2-mercaptoethanol. Data collection, processing and ab initio shape modeling details

are presented in Table S4 and FigdBe

DNA and RNA substrates

Synthetic oligodeoxynucleotides were purchased from Metabion. All RNA substrates were obtained by

in vitro transcription using TranscriptAid T7 High Yield Transcription Kit (Thermo Scientific). A full

description of all the DNA and RNA substrates is provided in the Table S5. DNA and RNA substrates

were either5’-labeled with [y*P] ATP and PNK or 3’-labeled with §i*?P] cordycepins’-triphospate

(PerkinElmer) and poly(A) polymerase (Life Technologies) followed by denaturing gel purification.

Electrophoretic mobility shift assay

Binding assays were performed by incubating different amounts of Csm complexes with 0.5RBM of

5’-labeledNA in the Binding buffer (40 mM Tris, 20 mM acetic acid (pH 8.4 &@51 mM EDTA,

0.1 mg/ml BSA, 10%

(v/v) glycerol). All reactions were incubated for 15 min at room temperature

prior to electrophoresis on native%8(w/v) PAAG. Electrophoresis was carried out at room

temperature for 3 h at

as the running buffer.

6 V/cm using 40 mM Tris, 20 mM acetic acid (pH 8.4@},261 mM EDTA

&s were dried and visualized using a FLA-5100 phosphorimager (Fujifilm).
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The Ky for NA binding by Csm-72 and Csm-4(asevaluated assuming the complex concentration at
which half of the substrate is bound as a rough estimatg wdlide.For binding competition assay 0.5

nM *?P-labelled S3/1 RNA was mixed with 0.5-5000 nM of unlabelled competitor NA and 0.3 nM
StCsm-40,and analysed by EMSA.

Cleavage assay

The Csm-40 reactions were performed at 25°C and contained 20 3M af 3’-radiolabeled NA

(Table S5) and 62.5 nM (unless stated otherwise) camplthe Reaction buffer (33 mM Tris-acetate

(pH 7.9 at 28C), 66 mM K-acetate, 0.1 mg/ml BSA and 10 mM Mg-acetate). Csm-72 reactions were
performed in the same Reaction bufdB87°Cand contained 20 nM of radiolabeled NA and 125 nM

of complex unless stated otherwise. Reactions were initiated by addition of the Csm complex. The
samples were collected at timed intervals and quenched by mixing 10 ul of reaction mittil2X

RNA loading buffer (Thermo Scientific) followed by incubation for 10 min at 85°C. The reaction
products were separated on a denaturing 20% PAAG and visualized by autoradioeaphlabeled

RNA Decade marker (Ambion) as used as size marker. To map the cleavage products
oligoribonucleotide markers were generated by RNase A (Thermo Scientific, final concentration 10
ng/ml) treatment of RNA substratés 8 min at 22C or by alkaline hydrolysis in 50 mM NaHGO

(pH 9.5) at 95°C for 5 min.

Phage drop plaque assay

Phage drop plague assay was conducted using LGC Standards recomendations (see Supplementa

Experimental Procedures).

22



References

Brouns, S.J., Jore, M.M., Lundgren, M., Westra, E.R., Slijkhuis, R.J., Snijders, A.P., Dickman, M.J.,
Makarova, K.S., Koonin, E.V., and van der Oost, J. (2008). Small CRISPR RNAs guide antiviral
defense in prokaryotes. Science 321, 960-964.

Carte, J., Wang, R., Li, H., Terns, R.M., and Terns, M.P. (2008). Cas6 is an endoribonuclease that
generates guide RNAs for invader defense in prokaryotes. Genes & development 22, 3489-3496.
Deng, L., Garrett, R.A., Shah, S.A., Peng, X., and She, Q. (2013). A novel interference mechanism by a
type 11IB CRISPR-Cmr module in Sulfolobus. Molecular microbiology 87, 1088-1099.

Gasiunas, G., Barrangou, R., Horvath, P., and Siksnys, V. (2012). Cas9-crRNA ribonucleoprotein
complex mediates specific DNA cleavage for adaptive immunity in bacteria. Proc NatBaicdds A

109, E2579-2586.

Hale, C.R., Zhao, P., Olson, S., Duff, M.O., Graveley, B.R., Wells, L., Terns, R.M., and Terns, M.P.
(2009). RNA-guided RNA cleavage by a CRISPR RNA-Cas protein complex. Cell 139, 945-956.
Hatoum-Aslan, A., Maniv, |., and Marraffini, L.A. (2011). Mature clustered, regularly interspaced,
short palindromic repeats RNA (crRNA) length is measured by a ruler mechanism anchored at the
precursor processing site. Proc Natl Acad Sci U S A 108, 21218-21222.

Hatoum-Aslan, A., Maniv, I.,, Samai, P., and Marraffini, L.A. (2014). Genetic characterization of
antiplasmid immunity through a type IlI-A CRISPR-Cas system. J Bacteriol 196, 310-317.
Hatoum-Aslan, A., Samai, P., Maniv, |., Jiang, W., and Marraffini, L.A. (2013). A ruler protein in a
complex for antiviral defense determines the length of small interfering CRISPR RNAsurhel bf
biological chemistry 288, 27888-27897.

Hrle, A., Su, A.A., Ebert, J., Benda, C., Randau, L., and Conti, E. (2013). Structure and RNA-binding

properties of the type IlI-A CRISPR-associated protein Csm3. RNA biology 10, 1670-1678.

23



Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J.A., and Charpentier, E. (2012). A
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 337, 816-
821.

Makarova, K.S., Aravind, L., Wolf, Y.l., and Koonin, E.V. (2011a). Unification of Cas protein families
and a simple scenario for the origin and evolution of CRISPR-Cas systems. Biology direct 6, 38.
Makarova, K.S., Haft, D.H., Barrangou, R., Brouns, S.J., Charpentier, E., Horvath, P., Moineau, S.,
Mojica, F.J., Wolf, Y.I., Yakunin, A.F., et al. (2011b). Evolution and classification of th&ERRCas
systems. Nature reviews. Microbiology 9, 467-477.

Marraffini, L.A., and Sontheimer, E.J. (2008). CRISPR interference limits horizontal gene transfer in
staphylococci by targeting DNA. Science 322, 1843-1845.

Marraffini, L.A., and Sontheimer, E.J. (2010). CRISPR interference: RNA-directed adaptive i;mmunit
in bacteria and archaea. Nature reviews. Genetics 11, 181-190.

Millen, A.M., Horvath, P., Boyaval, P., and Romero, D.A. (2012). Mobile CRISPR/Cas-mediated
bacteriophage resistance in Lactococcus lactis. PLoS One 7, e51663.

Mojica, F.J., Diez-Villasenor, C., Garcia-Martinez, J., and Almendros, C. (2009). Short motif
sequences determine the targets of the prokaryotic CRISPR defence system. Microbiology 155, 733-
740.

Olsthoorn, R., and van Duin, J. (2011). Bacteriophages with ssRNA. In eLS (John Wiley & Sons Ltd,
Chichester).

Rouillon, C., Zhou, M., Zhang, J., Politis, A., Beilsten-Edmands, V., Cannone, G., Graham, S.,
Robinson, C.V., Spagnolo, L., and White, M.F. (2013). Structure of the CRISPR interference complex
CSM reveals key similarities with cascade. Mol Cell 52, 124-134.

Sinkunas, T., Gasiunas, G., Waghmare, S.P., Dickman, M.J., Barrangou, R., Horvath, P., and Siksnys,
V. (2013). In vitro reconstitution of Cascade-mediated CRISPR immunity in Streptococcus

thermophilus. EMBO J 32, 385-394.
24



Spilman, M., Cocozaki, A., Hale, C., Shao, Y., Ramia, N., Terns, R., Terns, M., Li, H., and Stagg, S.
(2013). Structure of an RNA silencing complex of the CRISPR-Cas immune system. Mai CI6-

152.

Staals, R.H., Agari, Y., Maki-Yonekura, S., Zhu, Y., Taylor, D.W., van Duijn, E., Barendregt, A., Vlot,
M., Koehorst, J.J., Sakamoto, K., et al. (2013). Structure and activity of the RNA-targeting Bpe I
CRISPR-Cas complex of Thermus thermophilus. Mol Cell 52, 135-145.

Sternberg, S.H., Redding, S., Jinek, M., Greene, E.C., and Doudna, J.A. (2014). DNA interrogation by
the CRISPR RNA-guided endonuclease Cas9. Nature 507, 62-67.

Szczelkun, M.D., Tikhomirova, M.S., Sinkunas, T., Gasiunas, G., Karvelis, T., Pschera, P., Siksnys,
V., and Seidel, R. (2014). Direct observation of R-loop formation by single RNA-guided Cas9 and
Cascade effector complexes. Proc Natl Acad Sci U S A 111, 9798-9803.

Terns, R.M., and Terns, M.P. (2014). CRISPR-based technologies: prokaryotic defense weapons
repurposed. Trends in genetics : TIG 30, 111-118.

Westra, E.R., van Erp, P.B., Kunne, T., Wong, S.P., Staals, R.H., Seegers, C.L., Bollen, S., Jore, M.M.
Semenova, E., Severinov, K., et al. (2012). CRISPR immunity relies on the consecutive binding and
degradation of negatively supercoiled invader DNA by Cascade and Cas3. Mol Cell 46, 595-605.
Wiedenheft, B., Lander, G.C., Zhou, K., Jore, M.M., Brouns, S.J., van der Oost, J., Doudna, J.A., and
Nogales, E. (2011). Structures of the RNA-guided surveillance complex from a bacterial immune
system. Nature 477, 486-489.

Zhang, J., Rouillon, C., Kerou, M., Reeks, J., Brugger, K., Graham, S., Reimann, J., Cannone, G., Liu,
H., Albers, S.V., et al. (2012). Structure and mechanism of the CMR complex for CRISPR-mediated

antiviral immunity. Mol Cell 45, 303-313.

25



Figure 1. Cloning, isolation and characterization of the Type III-A Csm complex of S.
thermophilus DGCC8004 (A) Schematic organization of the Type IlI-A CRISPR2 locus (see also
Figure S1). Repeats and spacers are indicated by diamonds and rectangles, resfeivetythe
terminal repeat, L is for the leader sequerigeow indicate promoter(B) Protospacer PS3 and the 5°-

flanking sequence in the S.thermophilus phage 01205 genome. (C) Strategy for expression and
isolation of theSitCsm complex.Four copies of the spacer S3 have been engineered into the
pCRISPR_S3 plasmid to increase the yield of the Csm-crRNA com{@¢Coomassie blue-stained
SDS-PAAG of Strep-tagged Csm2 and Csm3 pull-downs-—3Bsm3 StrepN protein,M — protein

mass marker. (E) Denaturing PAGE analysis of NA co-purifying with the Csm2_StrepN and
Csm3_StrepN complexeb] — synthetic DNA marker(F) and (G) Characterization of crRNA in the
isolated StCsm complexes. Cartoon models illustrate crRNA which co-purify ®ithism-72 and
StCsm-40 complexes. Composition of the crRNA was determined using LC ESI MS analysis (see also
Figure S2). IP RP HPLC analysis and ESI MS spectra of IP RP HPLC purified crRNA@sm-40

and StCsm-72 are presentetH) Superimposed averaged dummy atom models obtained from SAXS
data of StCsm-40 (yellow beads) and StCsm-72 (blue beads) (see also Figure S3).

Figure 2. Nucleic acid binding and cleavage by the Type I11-A Csm complex of S. thermophilus.

(A) Schematic representation of DNA and RNA substrates used for in vitro binding and cleavage
assays. NA were 5'- or 3’-end labeled with?P (indicated as *). (B) EMSA analysis of DNA or RNA
binding by StCsm-40.NS stands for a non-specific RNC) Bing competition assa@.5 nM of *P-
labelled S3/1 RNA was mixed with increasing amounts of unlabelled competitor NAs and 0.3 nM
StCsm-40, and analysed by EMS@®) StCsm-40 cleavage assay. Gel-purified DNA or RNA were
used as substrates in the NA cleavage assay. Triangles with corresponding numbers indicate cleavage
product lengthM — RNA Decade marker, R RNase A digest marker, Halkaline hydrolysis marker.

(E) RNA cleavage products mapped on the S3/1 RNA substrate sequence. Triangles and dashed lines
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indicate cleavage positions. Short vertical lines above the sequence indicate nucleotides complementary
to crRNA. crRNA GtCsm-40) sequence is depicted above the matching substrate fragments.

Figure 3. The effect of the sequence complementarity outside the spacer region on the StCsm-72
cleavage pattern. (A) Schematic representation of th€€sm-72 complex and RNA substrates used in
the cleavage assay. RNA substrates were 5’-end labeled witi?P (indicated as *) and gel-purified. (B)
SiICsm-72 cleavage assay.-MRNA Decade marker. (C) RNA cleavage products mapped on the S3/2,
S3/5 and S3/6 RNA substrates sequences.

Figure 4. The effect of protospacer truncations on the StCsm-40 cleavage pattern. (A) Schematic
representation of th&iCsm-40 complex and RNA substrates used in the cleavage assay. RNA
substrates were 5'-end labeled witif?P (indicated as *) and gel-purified. (BJCsm-40 cleavage assay.

M — RNA Decade marker. (C) RNA cleavage products mapped on the RNA substrates sequences.
Figure 5. Computational and mutational analysis of Csm3. (A) Alignment of Csm3 and Cmr4
sequence representatives from experimentally characterized Type Il effector canfaerécal and
similar residues in more than half of sequences are shaded in blue and green corresp&t@sgh/
positions subjected to site-directed mutations are indicated by triangles above the se@ence.
Coomassie blue-stained SDS-PAAG of StCsm complexes containing Csm3 mutantgrdiein
marker. (C) Denaturing PAGE analysis of NA co-purifying with mutant StCsm compl&kes.
synthetic DNA marker. (D) EMSA analysis of S3/2 RNA binding by mutant StCsm complexes. (E)
S3/2 RNA cleavage by the mutant StCsm complexes. (F) The cleavage rate copstaaltiés for
Csm3 mutant variants.

Figure 6. Restriction of ssSRNA phage MS2 in E. coli cells expressing StCsm complex. (A) Cartoon
representation of assay. Arrow indicate promdf)y.Phage plaque analysis. Serial 10-fold dilutions of
MS2 were transferred onto lawns of E. coli NovaBlue (DE3, dfrain expressing StCsm-crRNA

complex targeting the MS2 genome or control cells.
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Figure7. Structural and cleavage models of StCsm complexes. Transcript of CRISPR region is first
processed into 72 nt crRNA intermediate which undergoes further maturation into 40 nt crRNA. Both
crRNAs are incorporated into StCsm complexes that target RNA but differ by the number of Csm3 and
Csm2 subunits. The number of RNA cleavage products correlate with the number of Csm3 nuclease

subunits. Schematic models of StCsm complexes were generated based on similarity to TtCmr and

PfCmr. Csm analogs of Cmr proteins according to (Makarova et al.,[2011a) are colored identically.
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Figure S1 (related to Figure 1).
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Schematic organization of the Type ll1-A CRISPR-Cas systems of Streptococcus thermophilus
DGCC8004, DGCC7710 (GenBank AWVZ01000003), LMD-9 (GenBank NCO008532),
Staphylococcus epidermidis RP62a (GenBank NCO002976), Enterococcus italicus DSM 15952
(GenBank AEPV01000074), Lactococcus lactis DGCC7167 (GenBank JX524189) and



Sulfolobus solfataricus P2 (GenBank AE006641)*. Arrows are colored according to the
percentage of identical residues (Vector NTI Aligio6l) in Csm/Cas proteins in respect to the
S. thermophilusDGCC8004. Conserved repeat sequences are showvtheinnserts. Partially
palindromic repeat sequences are indicated by atrmiL. lactisDGCC7167 CRISPR2 systeh
gene which shows a partial homology to the relEgaxin gene is present insteadcas2(Millen

et al., 2012). In CRISPR-Cas loci 8f thermophilu$MD-9 andS. solfataricu?2 cas10is split in
two open reading frames ORF1 and ORF2.

* The Type IlI-A system of DGCC8004 contains &8s genes flanking the CRISPR2 array and
includescasl, cas2, cas6, cas10, csm2, csm3, csm4, csmbandcsm6’genes. The DGCC8004
CRISPR2 locus share similar gene arrangement t@mffdaGCC7710 (GenBank AWVZ00000000,
(Horvath and Barrangou, 2010)) and LMD-9 (GenBartk R08532, (Makarova et al., 2006)). The
major difference is an additionabm6’ gene in DGCC8004. The Csm6’ protein in DGCC8004 is
comprised of 386 aa and shows ~34% amino aciditgi¢atthe 428 aa Csm6 protein, suggesting a
possible ancient gene duplication event followedseguence divergence. In contrast, DGCC7710
contains only a short 117-nt ORF in frontosiné The Cas/Csm proteins associated to CRISPR2 in
DGCC8004 are homologous to the corresponding pretei DGCC7710 and LMD-9 (more than
90% aa identity, except for the Csm2 protein, wisblares ~70% identity). Other experimentally
characterized Type IlI-A systems including. epidermidis RP62a (GenBank NC002976,
(Marraffini and Sontheimer, 2008)}nterococcus italicu®SM15952 (GenBank AEPV(01000074,
(Millen et al.,, 2012)) and.actococcus lactiDGCC7167 (GenBank JX524189, (Millen et al.,
2012)) share with DGCC8004 a conserved arrangenfdie caslOcsm2csm3csm4csm5csm6
gene cluster, while the position cdis6andcaslcas2genes differ in some strains. The Type IlI-A
signature protein Cas10 of DGCC8004 shows ~34-4f¥ntity (~50-55% similarity) to Cas10 of
S. epidermidiskE. italicus andL. lactis In LMD-9, thecas10gene is split into two ORFs which
match to the N- and C-terminal fragments of CaslDGCC8004 (> 92% identical aa). Type IlI-A
CRISPR-Cas locus i8. solfataricu?2 (GenBank AE006641) has different gene organizatnd
shows low protein sequence similarity to Cas/Csthatogues in DGCC8004. Noteworthy, the
Csma3 protein is most conserved among the Cas/Cetaips across different strains and 5 copies
of the Csm3 paralogues are presentSrsolfataricus Repeat sequences 8. epidermidis
Enterococcus italicuandLactococcus lactiare of the same length (36 nt), however the ntideo
conservation is limited to the palindromic parts @&¥erminal end of the repeats. The 8-nt 3'-
terminal sequence of the repeat, which may corteilio the crRNA 5’-handle, shows an
ACGRRAAC consensus betweeB. thermophilus S. epidermidis E. italicus and L. lactis but
differs from that ofS. solfataricusAUUGAAG (Rouillon et al., 2013)).



Figure S2 (related to Figure 1).
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ESI M S/M S oligoribonucleotide mapping of crRNA isolated from StCsm-72 and StCsm-40.

(A-C) ESI MS/MS oligoribonucleotide mapping of crRNsolated from StCsm-72. (A) Base peak
chromatogram of RNase T1 digest. RNase T1 cleawvegesstranded RNA 3’ of G residues.
Predominant oligoribonucleotide peaks of the crRN#e highlighted. Masses of each
oligoribonucleotide are presented in the table. ffe®retical and experimental masses are shown
for the oligoribonucleotides identified. (B) Basea chromatogram of RNase A digest. RNase A
cleaves single-stranded RNA 3 of C or U residu¢§) ESI MS/MS analysis of the
oligoribonucleotide GAGAGGGGp. Tandem MS was usedirify the oligoribonucleotide. The
predominant fragment ions are highlighted.

(D) ESI MS/MS oligoribonucleotide mapping of crRN&olated from StCsm-40. Base peak
chromatogram of RNase T1 digest. The oligoribortalie UUCACUUAUUC was unique to the
40-nt crRNA. p = 3’-phosphate, >p = 2'3’-cyclic @phate.



Figure S3 (related to Figure 1).
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beads), ancE. coli Cascade complexes (red beads) aligned with then$#D (yellow beads)

model.



Figure $4 (related to Figure 2).
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Target RNA binding and cleavage by StCsm-72 and StCsm-40 complexes.

(A) Schematic representation of S3/1 and S3/2 Ri#ssates used in binding and cleavage assays.
Nucleic acids were’&nd labeled witi?P (indicated as *).

(B) Electrophoretic mobility shift binding assayhd binding reactions containétP-labeled RNA
(0.5 nM) and the Csm-72 or Csm-40 at concentratiodgcated by each lane. Samples were
analyzed by PAGE under non-denaturing conditior$s sNows the non-specific RNA control.

(C) Cleavage assay. Cleavage reactions were paxtban37°C for Csm-72 and 25°C for Csm-40
for indicated time intervals in the Reaction bufgermpplemented with 10 mM Mg-acetate, 20 nM
RNA substrate and 125 nM Csm-72 or 62.5 nM CsmSHmples were analyzed by denaturing
PAGE, followed by phosphorimaging. In control expemts RNA substrate was incubated for 64
min at 37°C or 36 min at 25°C in the Reaction hu#one (“lane 0”) or the storage buffer was
added instead of the Csm complex (“lane B”). Trlaaglenote the reaction products (the sizes of
cleavage fragments are given near triangles). MNA ®ecade marker, R — oligoribonucleotide
fragments generated from RNase A digestion of RNA, alkaline hydrolysis of RNA.

(D) RNA cleavage products mapped on the RNA sutestreequence. Triangles and dashed lines
indicate cleavage positions. Short vertical lindsove the sequence indicate nucleotides
complementary to crRNA. 40-nt and 72-nt crRNAs agrihg spacer S3 sequences are depicted
above the matching substrate fragments. SP foifspB&NA, NS for non-specific RNA.

(E) Metal ion (Mé") dependency of the RNA cleavage by the Csm com88k RNA substrate
was pre-incubated with Csm-40 and reaction produetsre analyzed in denaturating
polyacrylamide gels. Cleavage reactions were caeduat 25°C for 3 min in Reaction buffer
containing 20 nM*?P-5-labelled gel purified S3/1 RNA substrate, 628 Csm-40 and 1 mM
EDTA, 10 mM Mg-acetate, 10 mM Mng&l1l mM Ca-acetate, 0.1 mM Zng@®.1 mM NiC}, 1

mM or CuSQ. Triangles and numbers denote the reaction predarad their sizes, respectively. M
— RNA Decade marker.

(F) S3/1 RNA cleavage pattern of the heterogenddsim-complex. To express and to purify
heterogeneous Csm complex the wt CRISPR2 regiotaicang 13 spacers db. thermophilus
DGCC8004 was cloned into the pACYC-Duet-1 vectdre heterogeneous Csm-72 complex was
expressed and purified following the same procedeseribed for the homogenous Csm complex
targeting the S3 protospacer. Specific S3/1 RNAssale and non-specific NS RNA were pre-
incubated with heterogeneous Csm-72. Cleavageioaacivere performed at 37°C for indicated
time intervals in the Reaction buffer supplementgith 10 mM Mg-acetate, 20 nM RNA substrate
and 350 nM heterogeneous Csm-72. Samples werezadalyy denaturing PAGE, followed by
phosphorimaging. Triangles and numbers denotegetion products and their sizes, respectively.
M — RNA Decade marker.



Figure S5 (related to Figure 2).
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Reprogramming of the StCsm complex to cut a desired RNA tar get.

(A) Schematic representation (+Tc) and (-Tc) RNAstates used in the cleavage assay. Arrow
indicate TE gene promoter. RNA substrates weted labeled with?P (indicated as *) and gel
purified. The Tc (tetracycline resistance protgahe transcript or RNA corresponding to the non-
coding strand of Tc in the pBR322 plasmid (nt 886)8wvere used as RNA targets. To reprogram a
Csm complex a synthetic CRISPR locus containing 86-nt length repeats interspaced by four
identical 36-nt spacers complementary to the sensamtisense DNA strands of the Tc gene were
engineered into the pACYC-Duet-1 plasmids which everdependently co-expressed Encoli
together with plasmids pCsm/Cas and pCsmX-Tag. @3rand Csm-72 complexes reprogrammed
for the sence (+Tc) RNA or anti-sense (-Tc) RNAyfreents were isolated similar to StCsm bearing

spacer S3.



(B) Cleavage reactions were performed at 37°C &f thin in the Reaction buffer supplemented
with 10 mM Mg-acetate, 20 nM gel purified RNA sulas¢ and 40-120 nM of Csm complex.
Samples were analyzed by denaturing PAGE, folloegdphosphorimaging. Triangles with
corresponding numbers indicate cleavage produgthet — RNA Decade marker.

(C) RNA cleavage products mapped on the (+Tc) afid) (RNA substrates sequences. The
sequences of reprogrammed 40-nt and 72-nt len§NAs are depicted above the substrates. Short
vertical lines above the sequence indicate nudesticomplementary to crRNA. Triangles and
dashed lines indicate cleavage positions. Trarglasgment which corresponds to the tetracycline

resistance protein gene RNA transcript is indicateder (+Tc) RNA substrate.



Figure S6 (related to Figure 3).
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TherolecrRNA: target RNA complementarity on the StCsm-40 cleavage pattern.

(A) Schematic representation of the StCsm-40 coxnpled RNA substrates used in the cleavage
assay. RNA substrates were&nd labeled witi°P (indicated as *) and gel purified.

(B) Cleavage reactions were performed at 25°Crdicated time intervals in the Reaction buffer
supplemented with 10 mM Mg-acetate, 20 nM RNA sdbdstand 62.5 nM Csm-40. Samples were
analyzed by denaturing PAGE, followed by phosphagmg. Triangles with corresponding
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numbers indicate cleavage product length. M — RNe&ddle marker.

(C) RNA cleavage products mapped on RNA substrsggsiences. Short vertical lines above the
sequence indicate nucleotides complementary to AtRNiangles and dashed lines indicate
cleavage positions. The sequences of both 40-nt7&2nAdk length crRNAs containing spacer S3

present in Csm-40 preparation are depicted abavstithstrates.

|
UUAAGACARGUGAAUAAGCAGGAAUAUAAACCCCUAGGG-5" *




Figure S7 (related to Figure 5).

3 L. lactis
sm3 S. thermophilus

Csm3 S. epidermidis

mophilus
riosus

g

5.S. solfataricus

e Cmr4 S. solfataricus

Computational analysis of Csm3.

(A-C) A structural model of StCsm3 in different repentations. (A) Cartoon representation with
the core RRM region shown in green and the ,lidtndin shown in yellow. Active site residue
D33 is shown in red. (B) Molecular surface of then@@ model colored according to sequence
conservation (maroon — conserved, cyan — varial®).Molecular surface of the Csm3 model
colored according to electrostatic potential (blysositive, red — negative).

(D) Clustering of 604 Csm3 and Cmr4 sequence hogsolath CLANS. Representatives of Csm3
and Cmr4 families from experimentally characterigiddle et al., 2009; Hatoum-Aslan et al., 2013;
Hrle et al., 2013; Millen et al., 2012; Rouillon @t, 2013; Staals et al., 2013; Zhang et al., 2012
Type Il CRISPR-Cas systems are labeled. Each dptesents a sequence, connecting lines
represent the similarity between sequences. Thitkes and shorted distances indicate higher
sequence similarity. Only connections corresponting-values of 1e-12 or better are shown.



Table S1 (related to Figure 1). Proteins identified follogimass spectrometry analysis of StCsm-
72.

Mass Score Coverage

Protein (Da) (%)

Peptides

Cas10 86891 1076 36 | AvR

GDYAAIATR

VYINQFASDK

TVETLVQFEK

YFKPTVLNLK

YHMANYQSDK

HNYKEDLFTK
LYVAFGWGSFAAK
DSISLFSSDYTFK
DIMSELNSPESYR
IDLFYGALLHDIGK
DFNQFLLANFQTR
FITNVYDDKLEQIR
EKIDLFYGALLHDIGK
GNEKDSISLFSSDYTFK
IWDTYTNQADIFNVFGAQTDK
SKPNFASATYEPFSKGDYAAIATR
IWDTYTNQADIFNVFGAQTDKR
HALVGADWEFDEIADNQVISDQIR

Csm3 24541 768 46 ITAEANPR

FENTIDR
TLNELLTAEV
ATTVFGNYDVK
LLELDYLGGSGSR
LKATTVFGNYDVK
VAEKPSDDSDILSR
DPITNLPIIPGSSLK
SYTEVKFENTIDR
DAFLSNADELDSLGVR
FENTIDRITAEANPR

Csm4 33727 584 33 KQDLYK

IFSALVLESLK
DGNLYQVATTR
HDQIDQSVDVK
SSGFAFSHATNENYR
FELDIQNIPLELSDR
NQPHKDGNLYQVATTR
LYIMTFQNAHFGSGTLDSSK

Cas6 28240 197 16 | WrArK

LIFQSLMQK
RIDHPAQDLAVK
SQGSYVIFPSMR

Csm2 14817 186 51 | AQIEALK

VQFVYQAGR
YMEALVAYFK

Csm5 41013 138 12 | LSFINDNR

NHESFYEMGK
DAFGNPYIPGSSLK




Table S2 (related to Figure 1). Proteins identified follogimass spectrometry analysis of StCsm-

40.

Protein

Mass (Da)

Score

Coverage
(%)

Peptides

Casl10

86891

1149

30

LAYYLTR

GDYAAIATR

VYINQFASDK

YFKPTVLNLK

YFFNHQDER

YHMANYQSDK

HNYKEDLFTK
LYVAFGWGSFAAK
DSISLFSSDYTFK
DIMSELNSPESYR
IDLFYGALLHDIGK
DFNQFLLANFQTR
FITNVYDDKLEQIR
EKIDLFYGALLHDIGK
GNEKDSISLFSSDYTFK
IWDTYTNQADIFNVFGAQTDK
SKPNFASATYEPFSKGDYAAIATR
IWDTYTNQADIFNVFGAQTDKR
HALVGADWFDEIADNQVISDQIR

Csm3

24541

801

57

ITAEANPR

FENTIDR
TLNELLTAEV
ATTVFGNYDVK
LLELDYLGGSGSR
LKATTVFGNYDVK
VAEKPSDDSDILSR
DPITNLPIIPGSSLK
SYTEVKFENTIDR
DAFLSNADELDSLGVR
FENTIDRITAEANPR
NSTFDFELIYEITDENENQVEEDFK

Csm4

33727

554

33

KQDLYK

IFSALVLESLK
DGNLYQVATTR
HDQIDQSVDVK
SSGFAFSHATNENYR
FELDIQNIPLELSDR
FELDIQNIPLELSDRLTK
NQPHKDGNLYQVATTR
SSGFGEFELDIQNIPLELSDR

Casb

28240

171

16

LVFTFK
LIFQSLMQK
RIDHPAQDLAVK
SQGSYVIFPSMR

Csm2

14817

110

AQILEALK
VQFVYQAGR

Csm5

41013

965

50

WDYSAK
QADGILQR
EFIYENK
FYFPDMGK
TILMNTTPK
KFYFPDMGK
VSDSKPFDNK
LISFLNDNR
NHESFYEMGK
EYDDLFNAIR
WNNENAVNDFGR
GKEYDDLFNAIR
KGKEYDDLFNAIR
IEFEITTTTDEAGR
LSLLTLAPIHIGNGEK
DAFGNPYIPGSSLK
LAEKFEAFLIQTRPNAR




Table S3 (related to Figures 1). Mestimations for StCsm-40 and StCsm-72 by diffensathods.

SDS-PAGE, DLS. kD3 MoW server, Porod volume, | DAMMIN
kDa" : kDa™" kDa™" models, kDa™~
Csm-40 344.8 305175 30249 282+15 347.5
Cam-72 486.2 523+128 425+15 35049 465.6

" Molecular mass calculated from evaluation of theplex composition by densitometric analysis
of the SDS-PAGE gels.
™ Molecular mass calculated from dynamic light sang (DLS) analysis.
™ Molecular mass calculated from the SAXS data leyrtiethod described in (Fischer et al., 2010)
using the SAXS MoW program run on the serviep://www.if.sc.usp.br/~saxs/saxsmow.html
"™ Molecular mass was estimated using the Porod wesugcalculated from SAXS data and

excluded volumes of DAMMIN models as describedHetpukhov et al., 2012).




Table $4 (related to Figure 1). SAXS data collection dstaihd structural parameters of StCsm-40

and StCsm-72 complexes*.

Data collection parameters

Beam line P12

Wavelength, nm 0.124

Sample to detector distance, m 3.1

Detector Pilatus 2M

S range, nm 0.075786 - 4.665330
exposure time of each frame, s 0.05

Frames collected 20

Sample storage temperature, °C 10

Cell temperature, °C 20

Structural parameters

Csm-40 Csm-72

Sample concentrations, mg/mi 0.13 0.52 1.34 0.20 650. 2.00
Guinier range (first-last point) as i i i i _ad i
calculated by AUTORG 14-53 26-55 19-52 8-35 21-39 11-34
P(r) calculation range, A 0.0114- 0.0114- 0.0117- 0.0089- 0.0108- 0.0084-

g, 0.2006 0.2006 0.1739 0.1076 0.1076 0.1049
Real space Rg, calculated by 63.59 62.80 63.20 83.82 8140 83.14
GNOM, A +0.414 +0.329 +0.163 +0.545 +0.333 10.287
Real space Rg calculated by )
DATGNOM, A 64.02 62.35 63.26 84.15 81.69 84.51
Reciprocal space Rg calculated by
DATGNOM. A 68.08 58.04 61.34 81.51 79.71 83.79
Dmax as parameter for GNOM, A 210 208 215 275 265 280
Dmax calculated by DATGNOM, A 233.2 203.1 21477 279.2 67D 293.3
Porod volume estimated by
DATPOROD, & 452186 501468 485803 611618 589997 581121
Excluded volume of DAMMIN 590770+ 791440+
models, & (10 models averaged) 5209 11366




Table S5 (related to Figures 2, 3, 4, 5, and 6). Nucleid aabstrates used in this study*.

S3orRNA in Csm-72 5'-handle Spacer S3 3'-handle
o In &sm- 5-ACGGAAAC UUUCGUAACUGUUUAAUUCUGUUCACUUAUUCCACCGAUAUAAACCUAAUUACCUCGAGAGGGG-3’
. 5'-handle Spacer S3
S3 crRNA in Csm-40 5-ACGGAAAC UUUCGUAACUGUUUAAUUCUGUUCACUUAUUG-3’
Substrates Length, nt Sequence
5-GGAGCTCGCCACCTTTTGTTTTTCGTAACTGTTTAATTCTGT TCACIACACCTCCTCAATTTGCCGGCTTGG-3'
S3/1 DNA/DNA 76/76 3-CCTCGAGCGGTGGAAAACARAGCAT TGACAAAT TAAGACAAGT GAATAAGGTGGAGGAGTTAABGGCCGAACC-5’
01205 01205
NS DNA/DNA 23173 5-GACCACCCTTTTTGATATAATATACCTATATCAATGGCCTCCCARRGICGCAGATACGTTCTGAGGGAA-3'
3-CTGGTGGGAAAAACTATATTATATGGATATAGTTACCGGAGGGAGIECGTCTATGCAAGACTCCCTT-5’
S3/2 DNA/DNA £o/50 5-TTTTTTTTTTTICGTAACTGTTTAATTCTGTTCACTT ATTCCACCTTATATTT-3
3-AAAAAAAA AAAGCATTGACAAAT TAAGACAAGT GAATAAGGTGGAATATAAA-5’
5-GGAGCTCGCCACCTTTTGTTTTTCGTAACTGTTTAATTCTGT TCACIACACCTCCTCAATTTGCCGGCTTGG-3'
S3/1 DNA/RNA 76/68 3-AGCGGUGGAAAACAA AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGGUGGAGGAGUUAAGGCGGG-5’
01205 01205
S3/2 DNA/RNA £2/68 5-TTTTTTTTTTTICGTAACTGTTTAATTCTGTTCACTT ATTCCACCTTATATTT-3
3'-CCAUGGGAAAAAAAA  AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGGUGGAAUAUAAACCCCUAGGG-5'
(T TR
S3/1 DNA 76 3-CCTCGAGCGGTGGAAAACARGCAT TGACAAAT TAAGACAAGT GAATAAGGTGGAGGAGTTAAACGGCCGAACC-5’
01205 01205
NS DNA 73 3-CTGGTGGGAAAAACTATATTATATGGATATAGTTACCGGAGGGAGIECGTCTATGCAAGACTCCCTT-5'
S3/2 DNA 50 (T ]
3-AAAAAAAA AAAGCATTGACAAAT TAAGACAAGT GAATAAGGT GGAATATAAA-5’
T TR
S3/1 RNA 68 3-AGCGGUGGAAAACAA AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGGUGGAGGAGUUAAIGGCGGG-5’
01205 01205
TR [T T T
NS RNA 68 3-AGCGGUGGAAAACAA CCACCUUAUUCACUUGUCUUAAUUUGUCAAUGCUUUAGGXEELBABE-5’
01205 01205
S3/2 RNA 68 (TN T I
3'-CCAUGGGAAAAAAAA  AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGGUGGAAUAUAAACCCCUAGGG-5'
S3/3 RNA 68 T T I
3-CCAUGGGUGCCUUUG AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGGUGGAAUAUAAACCCCUAGGG-5'
S3/4 RNA 68 T T
3'-CCAUGGGAAAAAAAA  AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGGUGGCUAUAUUUGGAUUAGGG-5’
T, TN
S3/5 RNA 68 3-CCAUGGGUGCCUUUG AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGGUGGCUAUAUUUGGAUUAGGG-5’




Substrates Length, nt Sequence
S3/6 RNA 86 HHHIIOIIOOIOI IO
3-CCAUGGGUGCCUUUG AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGGUGGCUAUAUUUGGAUUAAUGGAGCUCUCCCCUGCCGGA
Sy - 1 I 1
3-CCAUGGGAAAAAAAA  AAUCCAUUGACAAAUUAAGACAAGUGAAUAAGGUGGAAUAUAAACCCCUAGGG-5'
38 RNA - UL T
3-CCAUGGGAAAAAAAA  AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGCAGGAAUAUAAACCCCUAGGG-5'
30 RNA - T T 1
3-CCAUGGGAAAAAAAA  AAAGCAUUGACAAAUUAUCACAAGUGAAUAAGGUGGAAUAUAAACCCCUAGGG-5'
(I 1111
S3/11 RNA 24 3'- GACAAAUUAAGACAAGUGAAUGEG 5!
HHHIHOOIII 111
S3/12 RNA 32 3- AAAGCAUUGACAAAUUAAGACAAGUGAAUGGG 5’
(TN
S3/13 RNA 23 3- GCAUUGACAAAUUAAGAGGG 5’
314 A 15 UL Tl

3'-CCAUGGGAAAAAAAA  AAAGCAUUGACAAAUUAAGACAAGUGAAUAAGG S’

RNA (+T0) in Csm-72 5'-handle Spacer(+Tc) 3'-handle
o (+Tc) in Csm- 5-ACGGAAAC ACGCCAGCAAGACGUAGCCCAGCGCGUCGGCCGCCAGAUAUAAACCUAAUUACCUCGAGAGGGG-3’
. 5'-handle Spacer(+Tc)
CrRNA (+Tc) in Csm-40 5-ACGGAAAC ACGCCAGCAAGACGUAGCCCAGOGCGUCGROC-3'
Substrate Length, nt Sequence
RNA (70 ” U M 1711
3-UCGGAGCGCAGCGCU UGCAGUCAUUCUGCAUCGERUCGCGCAGCCGECEAUACGGCCGCUAUUACGGG-5!
: 5'-handle Spacer(-Tc) 3'-handle
crRNA (-Tc) in Csm-72 5-ACGGAAAC UGGCGGCCGACGCGCUGGRCUACGUCUUGCUGGCGUGAUAUAAACCUAAUUACCUCGAGAGGGG-3'
. 5'-handle Spacer(-Tc)
crRNA (-Tc) in Csm-40 5-ACGGAAAC UGGOGGOCGACGCGCUGGGCUACGUCUUGCUG 3’
Substrate Length, nt Sequence
RNA (TO oo L 11 1]
3-GGUAAUAGCGGCCGU ACCGOOGGCUGCGOGACCCGAUGCAGAACGACCGCAAGCGCUGCGCUCCGGGG-5'




Rep crRNA in Csm-72

5'-handle Spacer Rep 3'-handle

5-ACGGAAAC CAACGAGCCUAAAUUCAUAUGACUCGUUAUAGCGCGAGAUAUAAACCUAAUUACCUCGAGAGGGG-3
R RNA in Csm-40 5'-handle Spacer Rep
epcr In &sm- 5'-ACGGAAAC CAACGAGCCUAAAUUCAUAUGACUCGUUAUAG-3'
Substrate Length, nt Sequence
Rep RNA 72 (T (1] LT
P 3'-CAAGGGAU GUUGCUCGGAUUUAAGUAUACUGAGCAAUAUCGCCUGGCGCACAGACUAGGUGCCGCGUGUAAC-5!
. 5'-handle Spacer Lys 3'-handle
LyscrRNA in Csm-72
y 5-ACGGAAAC UGUCUUCGACAUGGEUAAUCCUCAUGUUUGAAUGGCGAUAUAAACCUAAUUACCUCGAGAGGGG-3!
L RNA in Csm-40 5'-handle Spacer Lys
yscr In &sm- 5-ACGGAAAC UGUCUUCGACAUGGGUAAUCCUCAUGUUUGAA-3'
Substrate Length, nt Sequence
Lvs RNA 2o (AT M1
Yy 3-AAGAAACA ACAGAAGCUGUACCCAUUAGGAGUACAAACUUACCGGCCGCAGAUAAUCAUCUACGGCCUCAAA-S
. 5'-handle Spacer Cp 3'-handle
Cp crRNA in Csm-72
P 5-ACGGAAAC UCUUUUAGGAGACCUUGCAUUGCCUUAACAAUAAGCGAUAUAAACCUAAUUACCUCGAGAGGGG-3!
c RNA in Csm-40 5'-handle Spacer Cp
pcr 'n &Sm- 5'-ACGGAAAC UCUUUUAGGAGACCUUGCAUUGCCUUAACAAU-3'
Substrate Length, nt Sequence
Cp RNA 72 (T (1111 FIE
3-CCAAAGGU AGAAAAUCCUCUGGAACGUAACCGAAUUGUUAUUCGAGCGUCAGCCUUAAGCAUCGCUUUUAAC-5
Mat crRNA in Csm-72 5'-handle Spacer Mat 3'-handle
ater In &sm- 5-ACGGAAAC AGUUUGCAGCUGGAUACGACAGACGGCCAUCUAACUGAUAUAAACCUAAUUACCUCGAGAGGGG-3
Mat orRNA in Csm-40 5'-handle Spacer Mat
aver in&sm- 5'-ACGGAAAC AGUUUGCAGCUGGAUACGACAGACGGCCAU-3!
Substrate Length, nt Sequence
Mat RNA 72 (T 111117 |
3'-ACAGACCU UCAAACGUCGACCUAUGCUGUCUGCCGBUAGAUUGAACUACAAUCAUGGCUGGACUGCAUGCCG-5

* Above each Table crRNAs in Csm-72 and Csm-40dagicted for clarity. Bold lettering in crRNAs resents the spacer (guide) sequence. Non-bold gioorRNAs is for repeat
sequences. Designed 72 and 40 nt crRNAs (+Tc)amplementary to tetracycline resistance gene (Beistript and are guided to cleave RNA(+Tc) substfgence RNA or Tc transcript).
Similarly, designed 72 and 40 nt crRNAs (-Tc) an@gd to cleave RNA (-Tc) (antisence RNA correspogdhe non-coding strand of Tc gene) substratsigded Rep, Lys, Cp and Mat 72

and 40 nt crRNAs are guided to cleave ss RNA calijghMS2 rep, lys, cp and mat transcripts, respagtiv

DNA and RNA substrates used in this study are prtesein the Tables. Bold lettering in substratggasents the sequence complementary to spaceejgfidrRNA. For single stranded
DNA and RNA substrates nucleotides complementagpteesponding nucleotide in crRNA are depictedlaghes. Nucleotides marked in yellow were incoigoranto RNA duringn vitro

transcription. Rep, Lys, Cp and Mat RNA are RNAwsatces in MS2 genome.




Supplemental Experimental Procedures

Cloning, expression and purification of StCsm complexes

Streptococcus thermophiluPGCC8004 was cultivated at 42°C in M17 broth (Oxoid
supplemented with 0.5% (w/v) lactose. ChromosomBIADwas extracted and purified using
GeneJET Genomic DNA Purification Kit (Thermo SciBa). CRISPR2-Cas region was amplified
by polymerase chain reaction (PCR) and sequendrd pemers designed by genomic comparison
with S. thermophiluDGCC7710 (GenBank accession number AWVZ01000008notation of
the predicted ORFs was performed using BLASTP at BNC
(http://blast.ncbi.nim.nih.gov/Blast.ggi CRISPR region was identified through repeat seqa

similarity to that ofS. thermophilu®GCC7710. Multiple sequence alignmentscak/csmgenes,
spacers and repeats sequences were carried o€ hgtal\W?2 http://www.ebi.ac.uk
Genomic DNA isolated frons. thermophiluGCCB8004 strain was used as the template for PCR

amplification of thecas/csmgenes. DNA fragment covering the 8.5 &hs6-cas10-csm2-csm3-
csm4-csmb5-csm6-csm@éne cassette was cloned into pCDFDuet-1 expressitior via Ncol and
Avrll restriction sites in two separate subclonstgps to generate plasmid pCas/Csm. Individual
cas/csmgenes were cloned into pETDuet-1_N-Strepll and [P&ESt-1_C-Strepll expression
vectors, except ofas10(which was cloned intggBAD24 C-His-Strepll-His) angsm6or csm6’
(that were cloned intgpBAD24 N-His-Strepll-His) to generate pCsmX-Tag ap@asY-Tag
plasmids, where X=2,3,4,5,6,6' and Y=6,10. A syiithé45-nt CRISPR locus containing five 36-
nt length repeats interspaced by four identicahB6pacers S3 of th®. thermophiluGCC8004
CRISPR2 system was obtained from Invitrogen andhedointo the pACYC-Duet-1 vector to
generate a plasmid pCRISPR_S3. Four copies of gjaees S3 have been engineered into the
pPCRISPR_S3 plasmid to increase the yield of the-€RINA complex. Full sequencing of cloned
DNA fragments confirmed their identity to the oridisaquences.

All three plasmids were co-expressed Escherichia coliBL21 (DE3) grown at 37°C in LB
medium supplemented with streptomycin (25 pg/i)pilin (50 pg/ul), and chloramphenicol (30
pg/ul). The fresh LB medium was inoculated withauernight culture (1/20 (v/v)), and bacteria
were grown to the mid-log phase (6Bm 0.5 to 0.7), then 1 mM IPTG (and 0.2% (w/v) L-(+)-
arabinose in case of Cas10, Csm6 and Csm6’) wasdaalud cell suspension was further cultured
for another 4 h. Harvested cells were resuspendedChromatography buffer (20 mM Tris-HCI
(pH 8.5), 0.5 M NaCl, 7 mM 2-mercaptoethanol, 1 niNDTA) supplemented with 0.1 mM
phenylmethylsulfonyl fluoride (PMSF), and disruptied sonication. Cell debris was removed by
centrifugation. Csm complexes were captured onStnepTrap affinity column (GE Healthcare)
and further subjected to the Superdex 200 sizeusixi chromatography (prep grade XK 16/60;
GE Healthcare). SDS-PAGE of individual Strep-taggesm2, Csm3, Csm4, Csm5, Cas6 and



Cas10 proteins isolated by affinity chromatografroyn E. coli lysates revealed co-purification of
other Csm/Cas proteins suggesting the presenceQxna complex. The abundance of the Csm
complex co-purified via the Csm4-, Csm5-, Cas6- @ad10-Strep tagged subunits was very low,
and no complex was pull-downed via Csm6 or Csmbusiis (data not shown). Therefore, Csm
complexes isolated via N-terminus Strep-tagged C&astn2_StrepN) and the N-terminus Strep-
tagged Csm3 proteins (Csm3_StrepN) were subjeotéatther characterization. Individual Csm3-
N-Strep protein was purified using StrepTrap affirsolumn. Csm3-N-Strep and Csm complexes
eluted from the columns were dialysed against 10 TnistHCI (pH 8.5) buffer containing 300 mM
NaCl, 1 mM DTT, 0.1 mM EDTA, and 50% (v/v) glyceraind stored at -20°C.

The composition of the isolated Csm-40 and Csméfptexes was analysed by SDS—-PAGE and
the sequence of Csm proteins was further confirnyetthdo mass spectrometry of tryptic digests. In
order to estimate the stoichiometry of Csm comepeotein bands in SDS-PAGE were quantified
by densitometric analysis taking a count the défferstaining of Cas/Csm proteins. The molecular
weights of the Csm complexes were estimated by miméght scattering (DLS) using Zetasizer
HV (Malvern) and respective software. For DLS asglyCsm-40 and Csm-72 samples were
analysed in a Chromatography buffer at 0.36 mg/mad @&.6 mg/ml concentrations, respectively.
Csm complex concentrations were estimated by Pi@8bam Protein Assay (Thermo Scientific)
using bovine serum albumin (BSA) as a referencéeproConversion to molar concentration was
performed assuming that the Csm-72 stoichiometyaslQ:Csmz:Csm3y.Csm4:.crRNA72 and

the Csm-40 stoichiometry is Cagsi0sm2:Csm3:Csm4:Csm5:crRNA4Q,.

HPL C purification of crRNA

All samples were analyzed by ion-pair reversed-ptiddPLC (Dickman and Hornby, 2006;
Waghmare et al., 2009) on an Agilent 1100 HPLC wi4260nm detector (Agilent) using a
DNAsep column 50 mm x 4.6 mm I. D. (Transgenomithe chromatographic analysis was
performed using the following buffer conditions: &)1 M triethylammonium acetate (TEAA) (pH
7.0) (Fluka); B) buffer A with 25% LC MS grade aweitrile (v/v) (Fisher). The crRNA was
obtained by injecting purified intact Csm-40 or Ggthat 75°C using a linear gradient starting at
15% buffer B and extending to 60% B in 12.5 mirlofeed by a linear extension to 100% B over 2
min at a flow rate of 1.0 ml/min. Analysis of thé t8rminus was performed by incubating the
HPLC-purified crRNA in a final concentration of OM HCI at 4°C for 1 hour. The samples were
concentrated to 10-2d on a vacuum concentrator (Eppendorf) prior to-ES analysis.

ESI-M S analysis of crRNA
Electrospray lonization Mass spectrometry (ESI-M&)s performed in negative mode using an

Amazon lon Trap mass spectrometer (Bruker Daltonicsupled to an online capillary liquid



chromatography system (Ultimate 3000, Dionex, URINA separations were performed using a
monolithic (PS-DVB) capillary column (50 mm x 0.2nr.D., Dionex, UK). The chromatography
was performed using the following buffer conditio® 0.4 M 1,1,1,3,3,3,-Hexafluoro-2-propanol
(HFIP, Sigma- Aldrich) adjusted with triethylamig€EA) to pH 7.0 and 0.1 mM TEAA, and D)
buffer C with 50% methanol (v/v) (Fisher). RNA aysgt was performed at 50°C with 20% buffer
D, extending to 40% D in 5 min followed by a lineatension to 60% D over 8 min at a flow rate
of 2 ul/min, 250 ng crRNA was digested with 1U RNase A(ARpplied Biosystems). The reaction
was incubated at 8 for 4 h. The oligoribonucleotide mixture was seped on a PepMap C-18
RP capillary column (150 mm x 0.3 um I.D., DionéX) at 50°C using gradient conditions
starting at 20% buffer C and extending to 35% [3 imins, followed by a linear extension to 60%
D over 40 mins at a flow rate ofi2 /min. The mass spectrometer was operated in ivegaiode, a
capillary voltage was set at -2500 V to maintaipikary current between 30-50 nA , temperature
of nitrogen 120°C at a flow rate of 4.0 L/h angni¢buliser gas pressure at 0.4 bar. A mass range of
500-2500 m/z was seDligoribonucleotides with -2 to -4 charge statesesselected for tandem

mass spectrometry using collision induced dissimriat

SAXS experiments

Ab initio shape modeling of both complexes was performedh Wie samples having highest
concentration (1.3 mg/ml for Csm-40 and 2.0 mgfnl@sm-72). Unprocessed scattering data with
subtracted buffer scattering, Guinier plots of i s region of the scattering curves used for the
shape determination and P(r) functions of the lsghencentration samples of Csm-40 and Csm-72
are presented in Figure S3. Two-dimensional sdattecurves were transformed and distance
distribution functions P(r) were calculated usinl@\ (Svergun, 1992). At this stage data were
truncated to s values 0.15-0.1"A&nd calculated distance distribution function wagdugor
following ab initio modeling. 10 independent bead models for both ¢exep were generated using
DAMMIN (Svergun, 1999). These models were aligrfdtered and averaged based on occupancy
using DAMAVER (Volkov and Svergun, 2003). The aged NSD of superposition of DAMMIN
models of Csm-40 complex was 0.563+0.028 (for C&mbddels averaged NSD is 0.575+0.019),
no model was rejected in both cases.

The inertia tensor was calculated for averaged msaafeboth complexes and models were aligned
along the largest principal axis so as the endtpoiri both models coincided. After that the
protruding part of the longer Csm-72 complex was¢ated. Csm-40 model was aligned with
truncated Csm-72 models by automatic procedure RWPE (Kozin and Svergun, 2001)
producing an NSD value. Then Csm-40 model was ezhiflong the principal axis of Csm-72
model by the fixed step (5 or 10 A) and again C€hmbdel was aligned by SUPCOMB with the
Csm-72 model after truncation of protruding pafisus the Csm-40 model was sequentially shifted



along the principal axis of Csm-72 model and thst seperposition showed the lower NSD value
(S. Grazulis, personal communication). MOLSCRIPTaidis, 1991) and RASTER3D (Merritt and
Bacon, 1997) programs were used for SAXS modelsepted in Figure 1 and S3 preparation.

Computational sequence and structure analysis

Sequence searches were performed with PSI-BLASTs¢l et al., 1997) against the nr80
sequence database (the NCBI ‘nr’ database filteré8D% identity) using E-value=1e-03 or a more
stringent inclusion threshold. Clustering of hongumas sequences according to their mutual
similarity was done using CLANS (Frickey and Lup2804). Multiple sequence alignments were
constructed with MAFFT (Katoh et al.,, 2002) usinge taccuracy-oriented mode (L-INS-i).
Homology model for StCsm3 was constructed with Hidp(Soding et al., 2005) using the related
structure ofM. kandleri Csm3 (PDB code 4NOL) as a template. The analyssudace residue
conservation was performed using the ConSurf séAshtkenazy et al., 2010). Electrostatic map of
the structure surface was calculated with the ARBSker et al., 2001) plugin in PyMol
(Schrodinger, 2010). Pictures were prepared witdd\(Schrodinger, 2010).

Mutagenesis of Csm3

The Csm3 mutants H19A, D33A, D100A, E119A, E123A &139A were obtained by the Quick
Change Mutagenesis (QCM) Protocol (Zheng et aD42CFirst, a 3.0 kb DNA fragment containing
csm2andcsm3genes was subcloned from pCas/Csm plasmid int@tl&l8 vector pre-cleaved
with Sphl and Kpnl. The resulting plasmid pUC18 @sfsm3 was used for Csm3 QCM
mutagenesis. After QCM, the same fragment contginmtated versions of the Csm3 gene was
transferred back into the pCas/Csm vector usingl Nahel Spel sites, reconstituting the gene
cassette. Sequencing of the entire cloned DNA feagnfor each mutant confirmed that only the
designed mutation had been introduced. Csm-40 @xaplcontaining Csm3 mutants were isolated
following the procedures described for the wt St&@kh(see above). D100A mutant StCsm-40 was
purified only by the affinity chromatography.

Preparation of DNA and RNA substrates

To assemble DNA oligoduplexes, complementary olkgoynucleotides were mixed at 1:1 molar
ratio in the Reaction buffer (33 mM Tris—acetatél (p.9 at 28C), 66 mM potassium acetate),
heated to 9TC and slowly let to cool to room temperature.

For generation of S3/1-10, S3/14 RNA substratesst fpUC18 plasmids pUC18 S3/1 and
pUC18 _S3/2, bearing S3/1 or S3/2 sequences werstraoted. For this purpose, annealed
synthetic DNA oligoduplexes S3/1 or S3/2 were kghinto pUC18 plasmid pre-cleaved with
Smal. Engineered plasmids pUC18 S3/1 and pUC18 W8&f/2 sequenced to persuade that only



copy of DNA duplex was ligated into the vector. ther these plasmids were used as a template to
produce different DNA fragments by PCR using appete primers containing a T7 promoter in
front of the desired RNA sequence. Purified PCRlpots were used in tha vitro transcription
reaction to obtain RNA substrates. S3/11-13 RNAsrew@repared by hybridizing two
complementary DNA oligonucleotides, containing a gromoter in front of the desired RNA
sequence followed bin vitro transcription.

DNA/RNA hybrids were assembled in similar manner nealing complementary
oligodeoxynucleotide to RNA obtained byvitro transcription.

pBR322 plasmid bearing the Tene, encoding tetracycline (Tc) resistance proteas used to
produce Tc RNA and ncTc RNA substrates using theesa vitro transcription reaction as
described above for S3/1-10, S3/14. Priof#® labeling RNA substrates were dephosphorylated
using FastAP thermosensitive alkaline phosphatBser(no Scientific).

Phage drop plaque assay

Phage drop plague assay was conducted using LG@I&ts recomendations. Briefli,. coli
NovaBlue (DE3) [(endAl hsdR17{i— m kiot) SUPE44 thi-1 recAl gyrA96 relAl lac (DES3)
F'[proA'B* lacl q ZAM15::Tn10] (Tef)] was trasformed with wt pCas/Csm ($tor D33A Csm3
pCas/Csm (SH) and pCRISPR_MS2 (Cfy pCRISPR_S3 (CR), or pACYC-Duet-1 (Crf).

E. coli cells bearing different sets of plasmids were gromw LB medium with appropriate
antibiotics at 37C to an OD 600 of 0.9 and a 0.4 ml aliquot of baateulture was mix ed with
melted 0.5% soft nutrient agar (45°C). This mixtwas poured onto 1.5% solid agar to make
double layer agar plates. Both layers of agar coethappropriate antibiotics, 0,1mM IPTG, @,1
glucose, 2mM CagGland 0,01mg/ml thiamine. When the top agar hardepieabe stock (fhl) from

a dilution series was spotted on each plate withbiicteria. The plates were examined for cell lysis
after overnight incubations at 37°C. NovaBlue (D@} used as the indicator for determination of
the phage titer. pCRISPR_MS2 plasmid bearing thethgyic CRISPR array of five repeats
interspaced by four 36-nt spacers targeting the lysgtcp, and rep MS2 RNA sequences (GenBank
accession number NC001417) was constructed sinmila€RISPR_S3 (see above).
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