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SUMMARY

Streptococcus thermophilus (St) type llI-A CRISPR-
Cas system restricts MS2 RNA phage and cuts
RNA in vitro. However, the CRISPR array spacers
match DNA phages, raising the question: does the
St CRISPR-Cas system provide immunity by erasing
phage mRNA or/and by eliminating invading DNA?
We show that it does both. We find that (1) base-pair-
ing between crBRNA and target RNA activates single-
stranded DNA (ssDNA) degradation by StCsm; (2)
ssDNase activity is confined to the HD-domain of
Cas10; (3) target RNA cleavage by the Csm3 RNase
suppresses Cas10 DNase activity, ensuring temporal
control of DNA degradation; and (4) base-pairing be-
tween crRNA 5'-handle and target RNA 3'-flanking
sequence inhibits Cas10 ssDNase to prevent self-
targeting. We propose that upon phage infection,
crBRNA-guided StCsm binding to the emerging tran-
script recruits Cas10 DNase to the actively tran-
scribed phage DNA, resulting in degradation of
both the transcript and phage DNA, but not the
host DNA.

INTRODUCTION

CRISPR-Cas systems provide prokaryotes with resistance
against invading genetic elements and are subdivided into five
major types (I-V) that differ by nucleic acid (NA) target, number
and arrangement of cas genes, and the composition of a
silencing complex (Makarova et al., 2015). In type | and Il sys-
tems, ribonucleoprotein (RNP) complexes, termed Cascade
and Cas9, respectively, recognize foreign DNA through base-
pairing with crRNA and trigger DNA degradation by an auxiliary
Cas3 nuclease/helicase (Sinkunas et al., 2011; Westra et al.,
2012) or the Cas9 protein (Gasiunas et al., 2012; Jinek et al.,
2012). Despite structural differences, type | and Il silencing
complexes share conserved mechanistic features: they target
DNA, require a protospacer adjacent motif (PAM) to discriminate
between self and non-self DNA and form an R-loop as a reaction
intermediate (Gasiunas et al., 2014).
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Molecular mechanisms of type Ill CRISPR-Cas systems
remain to be established. Type Ill systems are classified into
four subtypes (lll A-D) and require large RNP complexes for NA
interference (Makarova et al., 2015). Cascade (type I) and Cmr
(I-B) NA silencing complexes are evolutionary and structurally
related (Jackson et al., 2014; Makarova et al., 2015; Mulepati
et al., 2014; Osawa et al., 2015; Zhao et al., 2014); however,
the NA targets and molecular mechanisms are distinct. Cascade
targets exclusively DNA, whereas the Cmr complex in vivo pre-
sumably targets both RNA and DNA (Deng et al., 2013; Peng
et al., 2015). Although the RNA cleavage by the Cmr complex
has been already demonstrated (Benda et al., 2014; Hale et al.,
2014; Ramia et al., 2014a; Staals et al., 2013; Zhang et al.,
2012; Zhu and Ye, 2015), DNA cleavage activity still remains to
be reconstituted in vitro.

On the other hand, genetic studies demonstrated DNA target-
ing for the type IlI-A Csm complex in Staphylocccus epidermidis
(SeCsm) (Marraffini and Sontheimer, 2008), whereas crRNA-
guided RNA cleavage has been shown in vitro (Samai et al,,
2015). Transcription through the target has been required for
DNA targeting in vivo (Goldberg et al., 2014). Recently, Samai
et al. have shown that the transcription across the target results
in the dual cleavage of the target DNA and the RNA transcript
and concluded that the crRNA-guided SeCsm independently tar-
gets either RNA or single-stranded (ss) DNA through base-pairing
(Samai et al., 2015). The RNA targeting triggered RNA cleavage
by the Csm3 RNase subunit of the SeCsm complex. crRNA-
guided DNA targeting activated DNA cleavage by the Cas10
subunit that possesses HD-nuclease and polymerase(Pol)/
cyclase-like domains (Makarova et al., 2015). Samai et al.
demonstrated that the DNase activity of SeCsm depends on
the GGDD-motif of the Cas10 Pol-domain. This raises a question
astotherole of the Cas10 HD-domain, because in the structurally
and evolutionary related type | CRISPR-Cas systems, itis the HD-
domain of the Cas3 nuclease/helicase that is responsible for the
ssDNA degradation (Sinkunas et al., 2011; Westra et al., 2012).
Furthermore, it remains unclear how independent RNase and
DNase activities of the SeCsm complex are coordinated in space
and time to ensure the destruction of foreign genetic elements
while preventing the degradation of host DNA. Based on genetic
studies it was suggested that the pairing between the crRNA
5’-handle and the 3'-flanking sequence of the target DNA pre-
vents host DNA cleavage and contributes to discrimination be-
tween self and non-self by the type Il systems (Marraffini and
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Sontheimer, 2010); however, this mechanism has yet to be
confirmed.

Here we have focused on the molecular mechanism of NA
interference by the S. thermophilus type IlI-A Csm (StCsm) com-
plex, which is homologous to SeCsm (Tamulaitis et al., 2014). We
show here that StCsm in vitro functions as an RNA-stimulated
ssDNase that couples the target RNA binding/cleavage with
ssDNA degradation. We demonstrate that HD-domain of the
Cas10 subunit in the StCsm complex is responsible for the
ssDNA degradation and that the complementarity between
the crRNA 5’-handle and the 3'-flanking sequence of the target
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cleavage by the binary StCsm com-
plex, we engineered derivatives of the
M13mp18 plasmid DNA that can be iso-
lated in either double-stranded (ds) or ss
closed circular forms.

The parental M13mp18 DNA lacks the sequence complemen-
tary to the crBNA, whereas M13mp18_S3/1 and M13mp18_
S3/3 variants contain the S3 protospacer sequence that is
flanked by the 3'-sequence either non-complementary or com-
plementary to the 5'-handle of crRNA (Figure 1A; Table S1). In
addition, linear ssDNA or dsDNA oligonucleotides containing
(76-mer) or lacking (73-mer) the S3/1 protospacer sequence
(Figure 1A; Table S1) were used in the cleavage assays. Consis-
tent with findings from previous studies, dsDNAs in linear or
closed circular forms were resistant to StCsm cleavage (Fig-
ure S1). In contrast, closed circular ssDNAs were slowly



CellPress

A binary StCsm ternary StCsm B tern?ry StCsm
+ et 5 Ft' 5 Sy o
3 5 I , 5 e
RNA S3/1 RNA S3/1
+ +
— — s +
ssDNA NS ssDNA NS
100 O binary StCsm 56
O ternary StCsm . .
o 80F t, min t, min
S N - + P ]
G el Kops=0-06£0.01 min M vavwggf‘é R oo I
=z Y LA - - » e
S . . L L L
[a]
@
20r Kops=0.47+0.03 min-'
0 e
0 10 20 30 40 50 60 70
Time, min
binary StCsm ternary StCsm
3 5 3’IIIIII 5
RNA S3/1 %
= + 3’ " + 5 S3/1-strand NS-strand
ssDNA S3/1 ssDNA S3/1
100 O binary StCsm 06 I
O ternary StCsm
°\° 80 - - 0.5 B
« ‘= I
> 60f =0.06+ i £ 04f -
8 Kops=0.06+0.01 min - ‘Z,
< 2 03 =
= 40f ~ I :[ 9
2 o2f 3
o 20F Kops=0.55+0.06 min-"! =
O = 01} o
0 e e <
0 10 20 30 40 50 60 70 36 24 12 8 4 2 1

Time, min bubble size, nt

Figure 2. StCsm Reactions on Single-Stranded Oligodeoxynucleotides and DNA Bubbles

(A) Time course of oligodeoxynucleotide degradation: 4 nM of 3*P-labeled ssDNA S3/1 (76-mer containing the protospacer) or NS (73-mer lacking a protospacer)
were incubated with 200 nM of the binary or ternary StCsm complex in a reaction buffer. Reaction was initiated by addition of 10 mM of MnCl,, aliquots were
withdrawn at fixed time and products analyzed in PAAG gels. Rate constants were calculated by fitting single exponentials to the substrate depletion data.
Cartoons above the graphs depict reaction components (see Figure 1 legend for color coding).

(B) Cleavage of bubbled DNA by the ternary StCsm complex. Ternary StCsm was incubated with DNA duplex containing 36 nt unpaired region. The S3/1-strand
(top strand) contains S3 protospacer sequence, the NS-strand (bottom strand) lacks the sequence complementary to the crRNA. Cleavage reactions contained
4 nM of oligoduplex, 3*P-labeled either on S3/1-strand or NS-strand (indicated by a star), and 200 nM of the ternary StCsm. Cartoons above the graphs depict
reaction components (see Figure 1 legend for color coding). Triangles denote cleavage positions; M, synthetic DNA markers.

(C) Rates of the NS-strand degradation by the ternary StCsm. Synthetic DNA duplexes containing unpaired regions of different length (from 36 nt to 1 nt) that
produce DNA bubbles of different size or mismatches were incubated with StCsm under the reaction conditions described in (B) and reaction rates were
determined as in (A).

degraded by the binary StCsm complex producing a character-
istic smear in agarose gel indicative of random cleavage (Fig-
ure 1B). Notably, the cleavage patterns were nearly identical for
the closed circular ssDNA lacking the protospacer sequence
and ssDNAs containing the protospacer S3 flanked by the
3'-sequence either non-complementary or complementary to
the crBNA 5'-handle. Linear oligodeoxynucleotides were also

slowly degraded by the binary StCsm complex with nearly the
same rate (kops = 0.06 = 0.01 min~") (Figure 2A), no matter
whether the complementary protospacer sequence was present.

DNA Degradation by the Ternary StCsm Complex

The binary StCsm complex bound the complementary target
RNA into the ternary complex (Tamulaitis et al., 2014). Samai
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et al. have recently shown that transcription across the SeCsm
target was absolutely required for DNA targeting (Samai et al.,
2015). To probe whether the target RNA binding into the ternary
complex may alter its biochemical activities, we analyzed the
DNase activity of the ternary StCsm complex in the presence
of Mn?* ions that support DNA cleavage (Jung et al., 2015; Ramia
et al., 2014b). All dsDNA variants in both closed circular and
linear forms were resistant to cleavage by the ternary StCsm
complex (Figure S1). In contrast, the ternary StCsm complex
cleaved closed circular ssDNA substrates much faster than the
binary complex, suggesting that the target RNA binding stimu-
lates ssDNA cleavage (Figure 1C). Notably, DNA degradation
rate increase manifested as a shift of smeared bands toward
shorter times for the ternary StCsm complex in comparison
with the binary complex (Figures 1B and 1C) and was essentially
unaffected by the presence or absence of the complementary
protospacer sequence (Figure 1C).

We found that Mn?*, Ni?*, or Co®* ions supported DNA degra-
dation by StCsm and that the metal ion chelation by EDTA in-
hibited the reaction (Figure S2A). On the other hand, Mg®*,
Ca®*, or Zn** ions that were required for the RNase activity of
the Csm3 subunit (Tamulaitis et al., 2014) did not support the
DNase activity of StCsm. Among the metal cofactors tested,
only Mn?* and Ni?* ions supported both RNase and ssDNase
activity of the StCsm complex.

To quantitate ssDNA degradation by binary and ternary StCsm
complexes, we analyzed cleavage of the 5'-radioactively labeled
ssDNA oligonucleotides either containing or lacking the S3 pro-
tospacer sequence (Figure 2A; Figure S2B). We found that inde-
pendently of whether the complementary protospacer sequence
was present, the ssDNA oligonucleotides were degraded by the
ternary StCsm complex nearly 10-fold faster than by the binary
complex (Figure 2A). Taken together, cleavage data for both
closed circular and linear ssDNA substrates show that binding
of the target RNA into the ternary complex activates ssDNA
degradation.

DNA Degradation by the Ternary StCsm-DNA Complex
Next, we tested whether the ternary complex that includes
complementary DNA instead of RNA may also activate ssDNA
degradation. Binary StCsm indeed bound a ssDNA S3/1 oligonu-
cleotide into a ternary complex; however, the binding affinity was
nearly 30-fold lower in comparison to the ssRNA target (Tamulai-
tis et al., 2014).

To test whether the pre-assembled StCsm-DNA ternary com-
plex stimulates ssDNA degradation in trans, we analyzed the
cleavage of ssM13mp18 DNA by the StCsm bound to the ssDNA
S3/1 oligonucleotide. We found that unlike the ternary StCsm-
RNA complex, the ternary StCsm-DNA complex did not activate
the ssM13mp18 DNA degradation (Figure S3).

To test whether the target DNA binding by the binary StCsm
complex is able to self-activate the target ssDNA degradation
in cis, we pre-bound StCsm binary complex to the ssM13mp18
plasmids that contained the protospacer sequence comple-
mentary to the crBRNA, added Mn?* cofactor, and monitored
ssDNA degradation in agarose gel. Because protospacer
3'-flanking sequence was shown to play a key role in the
DNA interference and self- versus non-self DNA discrimination
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by the SeCsm complex (Marraffini and Sontheimer, 2010), we
used two ssM13mp18 variants where the 3'-protospacer flank-
ing sequence was either complementary or non-complemen-
tary to the 5'-handle of the crRNA (Figure 1A). We found that
ssM13mp18 DNA pre-bound to the StCsm complex did not
trigger ssDNA degradation independently of the protospacer
3'-flanking sequence being complementary or non-comple-
mentary to the 5’-handle of crRNA (Figure 1B). Thus, the target
DNA binding into the ternary StCsm complex instead of RNA
did not activate ssDNA degradation.

EMSA Analysis of NA Binding by the Binary and Ternary
StCsm Complexes

To further understand NA binding features of the ternary StCsm-
RNA, StCsm-DNA, and mixed StCsm-RNA-DNA complexes, we
performed EMSA analysis of 5’-end radioactively labeled target
RNA or DNA by StCsm complexes in the absence of divalent
metal ions.

We found that the binary StCsm did not bind a dsDNA 76-mer
duplex (Figure S4). On the other hand, it did bind ssDNA oligo-
nucleotides either containing or lacking a protospacer sequence
with the same affinity, which, however, was at least ~30-fold
lower than the binding of target RNA (Figure S4). Similarly, the
StCsm ternary complex, containing target S3/1 RNA, bound
ssDNA oligonucleotides irrespective of whether the protospacer
sequence was present and with the same affinity as the binary
complex. The binding pattern for the binary StCsm complex
obtained using the pre-mixed ssDNA/RNA samples nearly over-
lapped with the binding patterns obtained using individual
ssDNA or RNA samples. This finding suggests that the target
RNA binding by StCsm does not promote ssDNA binding (and
vice versa). Moreover, both ssDNA molecules containing or lack-
ing the protospacer sequence were bound with the same affinity
by the ternary StCsm complex. Taken together, our data indicate
that StCsm binds RNA and ssDNA molecules independently and
that binding occurs at separate sites within the StCsm complex.

Bubbled DNA Degradation by the Ternary StCsm
Complex

To test whether single-stranded regions in the context of dsDNA
may be targeted by the StCsm ternary complex, we next
analyzed cleavage of synthetic DNA duplexes containing un-
paired regions of different length (from 1 to 36 nt) that produce
DNA bubbles of different size or mismatches. One strand of
the bubbled oligoduplex contained a protospacer sequence
complementary to the S3 crRNA (S3/1-strand). To monitor cleav-
age, one of the DNA strands was radioactively labeled, annealed
to the complementary strand to form an oligoduplex, mixed with
the ternary StCsm complex, supplemented with Mn2*, and ali-
quots were removed at different intervals. Analysis of the reac-
tion products by denaturing PAGE revealed that the ternary
StCsm complex cleaved ssDNA in the bubble/mismatch region
on both strands (Figure 2B) depending on the length of the
unpaired DNA stretch. Oligoduplexes containing unpaired sin-
gle-stranded fragments from 12 to 36 nt were cleaved relatively
fast, 4-8 nt long were cleaved at a moderate rate, whereas 1-2 nt
mismatches were resistant to cleavage (Figure 2C). Notably, the
cleavage rate of the strand complementary to crRNA was nearly
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Figure 3. Coupling between RNase and ssDNase Activities of StCsm

(A) RNase and ssDNase activities of wild-type (WT) StCsm and RNA-cleavage defficient StCsm (Csm3 D33A) variant. Cleavage of S3/1 RNA and ssDNA was monitored
individually in the reaction mixture containing Mn* as a cofactor and either 3*P-labeled ssDNA or RNA. Reaction conditions were the same as in Figure 2A.

(B) Cartoon depicting the experimental strategy to monitor the temporal control of ssDNase activity of the ternary StCsm. First, StCsm ternary complex is mixed
with ssM13mp18 DNA, and RNase cleavage is triggered by addition of Mg®* cofactor. After a certain delay time, the DNase activity is initiated by adding Mn?*
(C) Representative degradation patterns of ssM13mp18 DNA at three different delay times (0, 10, and 70 min, respectively).

(D) Delay time dependence of degradation rates of ssM13mp18 DNA by the WT StCsm and RNA-cleavage deficient StCsm (Csm3 D33A) variant. DNA
degradation rates were determined after the indicated delay times as described in Figure 2.

(E) keat calculation for RNA hydrolysis by StCsm. Multiple turnover reactions contained 4 nM 5'-labeled RNA S3/1 and 0.08-0.8 nM StCsm.

identical to that of the non-complementary strand (data not
shown).

Cleavage Rates of the Activator RNA and ssDNA

Our experimental data indicate that the target RNA binding
into the ternary StCsm complex activates ssDNA degradation
regardless of whether ssDNA contains a sequence complemen-
tary to crBNA. Because Mn?* ions support both RNA (Tamulaitis
et al., 2014) and DNA cleavage, we next aimed to establish
individual cleavage rates of the activator RNA and ssDNA. To
this end, either ssDNA or S3/1 RNA activator molecules were
33p_labeled and subjected to the StCsm digestion followed by
analysis of reaction products in the denaturing PAGE. Data anal-
ysis revealed that both ssDNA and activator RNA were cleaved in

the StCsm complex; however, two significant differences were
observed. First, the RNA cleavage produced fragments of
regular size, whereas the DNA cleavage occurred in a random
manner. Second, RNA was fragmented much faster than
DNA was degraded (Figure 3A). Thus the activator RNA in the
StCsm complex was cleaved within 5 s, while the half-time for
the ssM13mp18 DNA degradation was ~2 min (kops = 0.35 =
0.07 min~").

The cleavage rate differences for the activator RNA and
ssDNA imply that the RNA cleavage products may remain bound
in the StCsm complex and activate ssDNA cleavage. To test this
hypothesis, we first pre-incubated the StCsm complex contain-
ing the activator S3/1 RNA and the ssM13mp18 DNA in the pres-
ence of Mg?* ions, which exclusively support the RNase activity,
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Figure 4. Effect of Cas10 Mutations on the ssDNase Activity of
StCsm

(A) Domain architecture of the S. thermophilus Cas10 protein. HD-domain
denotes HD-type phosphohydrolase/nuclease domain (blue); Pol-domain
denotes polymerase/cyclase-like domain (green). Conserved residues char-
acteristic of the different domains and subject to alanine mutagenesis are
indicated above the boxes.

(B) ssDNA cleavage by the WT StCsm and StCsm complexes containing
Cas10 mutant variants. Reaction components are depicted using the same
color scheme as in Figure 1. Cleavage reactions contained 4 nM of **P-labeled
ssDNA NS and 200 nM of ternary StCsm.

and then initiated ssDNA cleavage at different time delays by
adding Mn?*, which triggers the DNase activity (Figure 3B). Un-
der these conditions, the activator RNA was cleaved within 5 s;
however, the StCsm complex retained ~50% of the ssDNase
activity after the 10 min delay from the start of the RNase
reaction. We found that after the activator RNA cleavage, the
ssDNase activity decreased exponentially with time and became
negligible after 70 min (Figures 3C and 3D). The k4t value of 3.0 +
0.6 min~" (0.05 + 0.01 s~") obtained under a multiple turnover
conditions ([RNA] > [StCsm)]) indicates that the release of RNA
cleavage products was considerably faster than the decrease
of the ssDNase activity (Figure 3E).

To establish whether the activator RNA cleavage is obligatory
for ssDNA degradation, we performed cleavage experiments us-
ing the StCsm complex containing the RNase-deficient Csm3
D33A mutant (Tamulaitis et al., 2014) (Figure 3A). We found
that D33A mutation inhibited RNA cleavage but had no effect
on the ssDNA binding and degradation (Figures 3 and S5). More-
over, the RNase-deficient StCsm (Csm3 D33A) variant retained
100% of ssDNase activity even after 70 min preincubation with
S3/1 RNA (Figures 3C and 3D), suggesting that in the absence
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of the activator RNA cleavage, the StCsm complex is trapped
in the ssDNase-active state.

Identification of the DNase Subunit in the StCsm
Complex

Cas10 is a signature protein of type Ill CRISPR-Cas systems and
is comprised of a HD-family nuclease and putative polymerase
(Pol)/cyclase domains (Figure 4A) (Makarova et al., 2015).
In solution Thermococcus onnurineus Cas10 protein exhibited
a weak ssDNase activity (Jung et al., 2015) that was impaired
by the D15N mutation in the HD-domain. In contrast, the DNase
activity of the SeCsm complex was compromised by the
D586A&D587A mutation in the GGDD-motif of the Cas10 Pol-
domain (Samai et al., 2015). To probe whether Cas10 is respon-
sible for the ssDNase activity of the StCsm complex, we
analyzed ssDNA cleavage by the wild-type (WT) StCas10 and
its mutant variants of the HD- and Pol-domains, respectively.
As expected, isolated StCas10 protein exhibited no detectable
activity on dsDNA, although basal ssDNase activity on the
ssM13mp18 DNA was discernible (Figure S6A). Amino acid res-
idues H15 and D16 in the StCas10 are conserved between
Cas10 family members and presumably contribute to the active
site in the HD-domain. The D16A replacement in the StCas10
dramatically impaired ssDNA cleavage (Figure S6A). In contrast,
the double D575A&D576A mutation of the putative active site in
the Pol-domain had no effect on the Cas10 ssDNase activity
(Figure S6A). These data suggest that the HD-domain of the
Cas10 subunit may be responsible for the ssDNase activity of
the StCsm complex.

Indeed, the StCsm complex containing a DNase-deficient
Cas10 subunit (D16A) bound both activator RNA S3/1 and
ssDNA with the same affinity as the WT StCsm (Figure S6B).
Furthermore, the StCsm complex containing Cas10 HD(D16A)-
or Pol(D575A&D576A)-domain mutations cleaved activating
S3/1 RNA with the same efficiency as the WT ternary StCsm
complex (Figure S6C). On the other hand, ssDNA cleavage assay
revealed that ssDNase activity of StCsm was impaired by
the D16A mutation in the HD-domain whereas the double
D575A&D576A mutation in the Pol-domain had no effect on
the ssDNase activity of the StCsm complex (Figure 4B).

Identification of Activator RNA Sequence Elements
Important for Cas10 DNase Activity

We have shown that the StCsm complex binds and cuts
target RNA containing truncations of the protospacer flanking
sequence and mismatches in the protospacer (Tamulaitis
et al., 2014). Marraffini and Sontheimer demonstrated that pro-
tection of the DNA target during conjugation in S. epidermidis
requires complementarity between fifth and seventh positions
in 5’-handle of crRNA and target upstream flanking sequences
(Marraffini and Sontheimer, 2010). To test whether changes in
the target RNA sequence affect the ssDNase activity of the
Csm complex, we analyzed ssM13mp18 DNA cleavage by
ternary StCsm complexes pre-loaded with cleavable target
RNA molecules containing either truncated 3'- or 5’-flanking se-
quences, or mismatches (Figure 5). Overall, cleavage analysis
revealed that (1) non-complementarity of the S3 spacer 3'-flank-
ing sequence to the 5-handle of StCsm crRNA promoted
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Figure 5. Activator RNA Requirements for the ssDNA Cleavage by the StCsm
(A-G) Cartoons above gels depict ternary StCsm complexes that differ by RNA molecules. The agarose gels show degradation patterns of 1 nM of circular ssDNA
M13mp18 in the presence of 5 nM ternary StCsm complexes containing different RNAs (see Figure 1 legend for color coding).

ssM13mp18 DNA degradation (Figure 5A), (2) complementarity
between the 3'-flanking sequence and the 5-handle of the
crRNA inhibited ssM13mp18 DNA cleavage (Figure 5B), (3) Wat-
son-Crick base-pairing at positions five to seven was sufficient
for inhibition of ssDNA cleavage (Figure S7A), (4) target RNA
3'-flanking (but not 5'-flanking) sequence deletion also inhibited
ssM13mp18 DNA cleavage (Figures 5C and 5D), and (5) double
mismatches in the target RNA sequence abolished the StCsm
ssDNase activity independently of the mismatch position (Fig-
ures 5E-5G).

Structural Model of the StCsm Complex

To better understand mechanistic features of the StCsm com-
plex, we constructed its structural model bound to the crRNA-
target RNA duplex and ssDNA fragment (Figure 6). Models of
individual Csm subunits were based on crystal structures of
corresponding Csm and/or Cmr subunits, whereas the entire
Csm complex was assembled using a recently determined
crystal structure of the Cmr complex (Osawa et al., 2015) as
a structural framework. As should be expected from a function-
ally relevant model, the Csm protein filament closely matches
the length of crBNA (40 nt) and the active site aspartates
(D33) of Csm3 subunits are positioned in the vicinity of the scis-
sile phosphates of the target RNA (Figure S7B). In the model,
the Csm3 filament responsible for the target RNA cleavage
and the D16 residue at the active site of the Cas10 HD-domain
involved in ssDNA degradation are spatially separated. This rai-
ses a question of how target RNA binding/cleavage is coupled
to the ssDNA degradation at the HD-nuclease domain of the
Cas10 subunit. Although the model is unable to provide the de-
tails, it suggests that the complementarity of target RNA with
the spacer region of crRNA is monitored by the second filament
formed by the Cas10 domain D4 and three copies of a small
subunit (Csm2) (Figure S7C) similar to that observed in Cmr
and Cascade complexes (Osawa et al., 2015). Conformational
changes presumably can propagate through this filament
down to the active site at the Cas10 HD-domain. The model
does not include the 3'-flanking sequence of the target RNA

because its path through StCsm is unknown. However, it
suggests that the exact path of the 3'-flanking sequence will
depend on whether the sequence is complementary to the
5’-handle of crRNA. In turn, specific interactions between the
3'-flanking sequence and StCsm may have an allosteric effect
on the HD-domain active site.

DISCUSSION

StCsm Functions as Target RNA-Activated Single-
Stranded DNase

We have shown that the type IlI-A StCsm complex guided by
crRNA in vitro functions as Me?*-dependent RNase that cleaves
ssRNA at five sites regularly spaced by 6 nt intervals (Tamulaitis
et al., 2014). Furthermore, in the heterologous E. coli strain
StCsm restricts ssRNA phage MS2, indicating that in the
native host it could be targeting RNA viruses. However, in the
S. thermophilus type IlI-A CRISPR array, most of the spacers
match DNA phages. This raises a question whether the StCsm
complex provides the NA interference exclusively through the
phage RNA cleavage or invading DNA is also targeted and
destroyed. To address this question, we chose a biochemical
approach combined with structural modeling.

Consistent with previous studies we have shown that the
binary StCsm complex in vitro neither binds nor cuts dsDNA (Fig-
ures S1 and S4), although it slowly degrades linear or circular
ssDNA (Figures 1 and 2A). Target RNA binding by the binary
StCsm has no effect on the dsDNA cleavage (Figure S1); how-
ever, it significantly (~10-fold) stimulates ssDNA degradation
regardless of the DNA sequence: DNA containing a protospacer
matching crRNA is degraded at the same rate as any other DNA
(Figures 1B and 1C). In the ternary StCsm complex bound to the
ssDNA, the target RNA is cleaved simultaneously with ssDNA
albeit at a much faster rate (Figure 3A). Surprisingly, the RNA
cleavage is not required for the activation of the ssDNase: the
RNA-cleavage deficient StCsm (Csm3 D33A) complex stimu-
lates ssDNA cleavage as a cleavage-proficient WT StCsm com-
plex (Figure 3). Taken together, these experiments indicate that
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5'-handle

StCsm functions as a non-specific ssDNase that is activated by
the target RNA (Figure 7A).

In StCsm, the Csm3 subunit acts as a RNase that cuts target
RNA but not DNA (Tamulaitis et al., 2014). This raises a question
about the localization of the DNase active site in StCsm.
The Cas10 protein contains an N-terminal HD-domain and a
Pol-domain (Makarova et al., 2015). Ramia et al. demonstrated
that an isolated Csm1 (Cas10) protein of the Staphylococcus
epidermidis (SeCsm1) cleaves ssDNA and although the GGDD
motif is directly responsible for this 3’ to 5’ exonuclease activity,
the HD-domain takes part in this process (Ramia et al., 2014b).
Conversely, in T. onnurineus, the stand-alone Cas10 protein
exhibited a weak ssDNase activity that was impaired by mutation
in the HD-domain (Jung et al., 2015). HD-domain was also
responsible for the ssDNA cleavage by the Cas3 nuclease/
helicase of the type | CRISPR-Cas system (Sinkunas et al.,
2011). Contrary to Ramia et al., Marraffini and coworkers
had shown that mutations in the Pol-domain (containing GGDD
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Figure 6. Structural Arrangement of the
~ StCsm Complex
/\ (A) 3D model of the StCsm complex (Csm1-5).
crBNA and target RNA are shown with their surface

\( ) shown as orange and yellow, respectively. ssDNA
/ < bound to the active site of the HD-domain is shown
7(7 1\ in pink. Csm subunits appear in different colors.
N \ Side chains of the Csm3 active site residues (D33)

y are shown in red.
(B) The nucleotide-binding site in the GGDD-
domain. Residues contributing to the nucleotide
binding are shown with their side chains.
(C) The active site of the HD-domain of Cas10
complexed with ssDNA fragment. Side chains of
residues involved in coordination of two metal ions
) (magenta balls) are shown in yellow.
(D) crRNA bound to Csm4. crRNA 5'-handle is
depicted red, green shows a complementary RNA
fragment that could bind to the 4-7 nt of crRNA
ensuring self versus non-self discrimination.
(E) Same as in (D), with depicted molecular surface
of the Csm4 model colored according to electro-
static potential (blue, positive; red, negative).
(F) A schematic representation of self target RNA
recognition by crRNA. RNA colors and nucleotide
numbers are the same as those in (D) and (E).

motif) but not in the HD-domain of the

SeCsm1 prevented CRISPR-Cas immu-

nity of Staphylococcus epidermidis (Ha-

toum-Aslan et al., 2014). Furthermore,

D586A&D587A mutation in the GGDD-
8 site of Pol-domain compromised DNase

activity of the SeCsm (Samai et al,
5 2015). This prompted us to investigate
< whether the StCas10 HD- or Pol-domain
2 is responsible for the ssDNA degrada-
1 tion by the StCsm complex. We found
that D16A mutation in the HD-domain
StCas10 abolished ssDNase of
the StCsm complex (Figure 4), whereas
alanine mutations of the conserved
aspartate residues D575 and D576 in the GGDD-motif of the
Cas10 subunit had no effect on the ssDNase activity. Collec-
tively, these data indicate that the StCsm complex degrades
ssDNA in a target RNA-dependent manner using the active site
within the HD-domain of the Cas10 subunit (Figures 6 and 7A).
Experimental conditions differ between the assay used here
and transcription-dependent assay (Samai et al., 2015) where
NTPs and RNA polymerase were present in the reaction mixture
together with template DNA. The molecular details of role of Pol-
domain in the immunity provided by the type IlI-A system of
S. thermophilus remain to be established.

crRNA 3
Target of

RNA

Coupling between the Target RNA Binding and DNA
Degradation

In the binary StCsm complex, Cas10 manifests weak ssDNA
degradation activity, which is, however, increased dramatically
upon binding of the activator (target) RNA (Figure 1). This raises
a question on the coupling mechanism between the activator
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vided by the Type llI-A CRISPR-Cas System
(A) Possible in vivo mechanism for NA interference
by the type Ill-A Csm complex. When foreign DNA
enters the cell, transcription is initiated to establish
the phage infection. If transcription occurs through
the region containing a protospacer, the nascent
phage mRNA emerging from the transcription
complex becomes a target for the StCsm complex.
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(B) Self-DNA discrimination by the type Il system
of S. thermophilus. Pre-crBNA transcribed from
P promoter on the template strand of host CRISPR
array does not bind crBNA and therefore will not
activate Cas10 ssDNase. In case of bidirectional
transcription through the CRISPR array, anti-pre-
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(C) Non-self DNA degradation by the type Ill sys-
tem of S. thermophilus. In case of phage infection
RNA transcribed from the P1 promoter on the
template strand crRNA will base-pair to the spacer
— 3 region but not to the 5’-handle of Csm complex,
— 5 and therefore will activate phage DNA degradation
RNA Pol by the Cas10 ssDNase. In case of phage RNA
transcription from the putative promoter on the
non-template strand, resulting RNA will be resis-
tant to cleavage by the Csm complex.

~

RNA binding/cleavage and DNA degradation by the Cas10 pro-
tein. The backbone ofthe Csm complex is composed of a 5xCsm3
protein filament that is capped by the Cas10-Csm4 subcomplex at
one end and by the Csm5 subunit at the opposite end (Figure 6).
The 5'-handle of crRNA is presumably bound by the Csm4 sub-
unit, whereas Csm3 protein filament provides a padlock for bind-
ing of the crRNA spacer region that is engaged in base-pairing
interactions with the target RNA. Because our StCsm model
does not allow to unambiguously predict Csm protein subunits/
residues that might be involved in signal transmission between
the target RNA binding and DNA hydrolysis, we investigated the
target RNA requirements for the activation of the ssDNA cleavage
by the HD-domain of Cas10 protein (Figure 5). We have found
that 5’-end truncations of the target RNA have no effect on the
ssDNA cleavage. Surprisingly, the 3'-end truncations of the target
RNA completely abolished ssDNA cleavage. Importantly, both the
5’- and 3'-end truncated target RNA molecules are cleaved by the
Csm complex into 6 nt products (Tamulaitis et al., 2014). This
finding indicates that the 3’'-end of target RNA plays an important
role in coupling between the target RNA binding and DNA cleav-
age at the HD-domain of the Cas10 protein.

Autoimmunity Problem in Type lll CRISPR-Cas Systems
The CRISPR-Cas system in prokaryotes and archaea functions
as an acquired immune system that must destroy invading

foreign nucleic acids but prevent targeting host’s own DNA.
In the DNA-targeting type | and Il systems, PAM sequence plays
a key role in discrimination between self and non-self DNA
by licensing crBRNA-guided base-pairing to the protospacer
sequence and subsequent cleavage (Sternberg et al., 2014;
Szczelkun et al., 2014). Because PAM is absent near the proto-
spacer in the CRISPR array, host DNA is resistant to cleavage
whereas foreign DNA (e.g., viral DNA), bearing protospacers
flanked by PAM, is degraded.

Effector complexes of type IlI-A and Ill-B systems cleave RNA
in a PAM-independent manner. In theory, if RNA is the targeted
nucleic acid in the cell, the autoimmunity problem does not arise.
First, crRNA generated by maturation of the pre-crRNA tran-
scribed from the CRISPR array will be unable to base-pair to
its own precursor. Second, even if the type lll system would
target host RNA, e.g., resulting from the antisense transcription
of CRISPR array, host DNA will remain intact (Figure 7B).

However, in vivo type llI-A SeCsm complex also targets DNA
in a transcription-dependent manner (Samai et al., 2015), and
this raises a question how self versus non-self DNA is discrimi-
nated in this case. Complementarity between the 5’-handle of
the crBRNA and the target DNA plays a key role in self versus
non-self discrimination: 5'-handle matching the DNA sequence
flanking the protospacer, permits DNA conjugation, whereas
non-complementary 5'-handle restricts DNA transfer (Marraffini
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and Sontheimer, 2010). The 5'-handle of crRNA originates from
the repeat and therefore is inevitably complementary to the
repeat fragment in the CRISPR array. The protospacer in the viral
DNA will usually be flanked by a sequence non-complementary
to the 5'-handle and such DNA will be degraded. This model is
supported by in vivo studies; however, it has been never proven
by biochemical experiments.

The Complementarity of the 5'-Handle of crRNA to the
Target RNA but Not DNA Protects Host DNA from
Degradation

Using closed circular ssDNA as a model substrate, we demon-
strate here that complementarity/non-complementarity of the
5’-handle of crRNA to the 3'-flanking sequence of the DNA
have no effect on the DNA cleavage pattern: both DNA mole-
cules are degraded at the same rate regardless of the 3'-flanking
sequence (Figure 1). On the other hand, we convincingly show
that the complementarity/non-complementarity of the 5’-handle
of crRNA to the 3’'-flanking sequence of the target RNA is critical
for the ssDNase activity of Cas10 HD-domain (Figure 5). Indeed,
StCsm binary complex binding to the RNA target through base-
pairing interactions with crRNA activates ssDNA degradation
only if 3’-flanking sequence of the target RNA is non-comple-
mentary to 5’-handle of crRNA. If 3'-flanking sequence of the
target RNA is complementary to 5'-handle of crRNA, DNA degra-
dation is repressed.

Such a mechanism should allow discrimination of self versus
non-self DNA during transcription-dependent DNA cleavage.
Pre-crRNA transcribed from the template strand of CRISPR
array will not bind crRNA and therefore will not trigger host
DNA degradation (Figure 7B). The problem of autoimmunity will
arise if a non-template strand is transcribed. In this case, anti-
sense RNA transcribed through the CRISPR array will match
the crRNA and may activate host DNA cleavage by the Csm
complex (Figure 7B). Antisense transcription is quite widespread
in bacteria and plays a role in mRNA processing (Lasa et al.,
2011). Moreover, in S. sulfolobus, the type llI-B CRISPR array
is transcribed in both directions, producing antisense crRNAs
(Lillestol et al., 2009). However, if antisense RNA is produced
from the CRISPR array, it will be complementary both to the
spacer region and to the 5'-handle of crRNA. We have shown
previously that the complementarity of target RNA to the
5’-handle of crBNA did not prevent RNA cleavage (Tamulaitis
et al.,, 2014); however, we demonstrate here that it represses
DNA degradation. The hypothesis proposed from biochemical
experiments is supported by the structural model of the StCsm
complex. Indeed, as the spacer region of crRNA is base-paired
with the target RNA, it is easy to envision base-pairing extending
into the 5’-handle of crRNA. Our molecular model of the Csm
complex offers a number of structural insights into such base-
pairing. The crRNA 5'-handle consists of 8 nt that are bound
by Csm4. However, the Csm model predicts that not all positions
of the handle are accessible for Watson-Crick pairing. The first 3
nt are embedded into distinct pockets of Csm4 whereas the
eighth nt, similar to every sixth position in the spacer region of
crRBNA, is flipped out by the thumb of Csm4 (Figure 6F). Only nu-
cleobases in positions four to seven form a quadruple helical
stack similar to the A-form RNA and are readily available for
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base-pairing. It turns out that these structure-based predictions
are fully supported by our in vitro experiments reported here and
in vivo experiments performed with a related Csm complex from
S. epidermidis (Marraffini and Sontheimer, 2010). Our biochem-
ical experiments show that the complementarity at the handle
positions four to seven protects ssDNA from degradation
similarly as the full complementarity, whereas the complemen-
tarity at the positions one to three and eight offers no protection
at all (Figure S7A). Even three Watson-Crick base-pairs at
positions five to seven significantly inhibit the ssDNase activity
(Figure S7A). These results are in good agreement with the
S. epidermidis in vivo experiments showing that the complemen-
tarity at the same three positions (fifth to seventh) of the crRNA
5'-handle is important for protection of self DNA (Marraffini and
Sontheimer, 2010). Combined with our model, these experi-
ments strongly suggest that the complementarity test involves
only the three or four positions of the crRNA 5'-handle and
does not result in significant conformational changes of either
the crRNA handle or Csm4. Instead, it appears likely that
the presence or absence of the base-pairing with the crRNA
5’-handle directs the target RNA by two different paths on the
surface of Cas10. Presumably, only the RNA following one of
these paths (not involved in pairing with the 5’-handle) through
allosteric modulation is able to activate HD-domain. This idea
is consistent with our experimental data showing that not only
the complementarity with the crRNA 5'-handle but also the
absence of the 3'-flanking sequence of the target RNA protects
ssDNA from degradation (Figures 5B and 5C). A similar crRNA-
target RNA complementarity check has been recently reported
for type llI-B Cmr complexes (Elmore et al., 2016; Estrella
et al., 2016).

Spatiotemporal Regulation of the Target RNA-Coupled
DNA Degradation by the Csm Complex

Taken together, data provided here are consistent with the
following model for nucleic acid interference by the type IlI-A
Csm complex (Figure 7). When foreign DNA, for example phage
DNA, enters the cell, transcription is initiated to establish phage
infection. If transcription occurs through the region containing
a protospacer, the nascent phage mRNA emerging from the
transcription complex becomes a target for the Csm complex.
crRNA binding through base-pairing to the complementary
sequence in nascent mRNA will tether the Csm complex to the
transcribed DNA and activate Cas10 protein for in cis degra-
dation of the ssDNA emerging from the transcription bubble
(Figures 7, S7D, and S7E). This will couple DNA cleavage to
the transcription of specific mMRNA that contains crRNA match-
ing sequence and limit DNase activity to the phage DNA.
StCsm reactions on DNA bubbles (Figures 2B and 2C) show
that unpaired DNA regions of 12-36 nt are effectively targeted
by the StCsm complex. In the transcription elongation complex
~18 bp of DNA are melted and therefore could be potentially
targeted by the StCsm complex (Barnes et al., 2015; Zuo and
Steitz, 2015). The upstream portion of the non-template strand
appears to lie on the surface of RNA polymerase with the bases
exposed, based on its accessibility to nucleases and hydroxyl
radical (Wang and Landick, 1997). Taken together, these data
are in good agreement with the transcription-dependent DNA



cleavage pattern of SeCsm (Samai et al., 2015), which shows
DNA cleavage of only the non-template strand.

In theory, RNA-activated Csm complex could cleave in trans
any ssDNA in the host cell, for example, single-stranded DNA
replication intermediates, and cause damage to the host
genome. Such “off-target” ssDNA cleavage would require that
the Csm complex remain in the activated RNA-bound state for
a certain time. In fact, the activating RNA bound to StCsm is
cleaved rapidly (in scale of seconds) into 6 nt products that are
released into solution. Pre-incubation of the RNA-loaded Csm
complex with Mg?* that triggers RNA (but not DNA) cleavage re-
sults in a gradual decrease of the DNase activity suggesting that
the dissociation of reaction products represses the ssDNA
cleavage activity of the Csm complex (Figures 3B-3D).

Thus, tethering of StCsm complex to the transcript confines
DNase activity within a limited space near nascent mRNA while
fast RNA degradation ensures a temporal regulation of DNase
activity avoiding the potential cleavage of the host genome. A
similar mechanism enables RNA-directed DNA methylation in
plants (Movahedi et al., 2015), where small 24 nt siRNAs bound
to Ago4 protein direct molecular machinery that catalyzes het-
erochromatic histone modifications or DNA methylation to spe-
cific genome loci by base-pairing with long non-coding RNAs
that are associated with the chromatin. In the case of type llI-A
CRISPR-Cas systems, the RNA transcript can act as a tether
that attaches StCsm complex through crRNA-RNA interactions
to a specific location in the genome and recruits Cas10 nuclease
to DNA. Transcript RNA binding activates Cas10 DNase for DNA
cleavage in cis, whereas subsequent RNA cleavage by the Csm3
subunit in the Csm complex provides a temporal control by sup-
pressing DNase activity to prevent in trans action that could
result in the host genome damage. This provides an efficient
fail-safe mechanism for degradation of phage mRNA and tran-
scriptionally coupled DNA meanwhile maintaining host genome
integrity. On the other hand, the ease of reprogramming the
Csm complex with different crRNAs paves the way for the devel-
opment of novel molecular tools for the selective targeting of
mRNA and actively transcribed DNA.

EXPERIMENTAL PROCEDURES

Experimental procedures are described in detail in the Supplemental Experi-
mental Procedures. Point mutations in cas70 and csm3 genes were introduced
using Quick Change Mutagenesis. WT and mutant StCsm complexes were ob-
tained as described previously (Tamulaitis et al., 2014). Details on nucleic acids
used in this study, DNA, and RNA binding and cleavage assays are provided in
Table S1 and in the Supplemental Experimental Procedures. A structural
model of the StCsm complex was obtained using template-based modeling
approach.
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