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RNA activation-independent DNA targeting of the
Type III CRISPR-Cas system by a Csm complex
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Abstract

The CRISPR-Cas system is an adaptive and heritable immune
response that destroys invading foreign nucleic acids. The effector
complex of the Type III CRISPR-Cas system targets RNA and DNA in
a transcription-coupled manner, but the exact mechanism of DNA
targeting by this complex remains elusive. In this study, an effector
Csm holocomplex derived from Thermococcus onnurineus is recon-
stituted with a minimalistic combination of Csm1121334151, and
shows RNA targeting and RNA-activated single-stranded DNA
(ssDNA) targeting activities. Unexpectedly, in the absence of an
RNA transcript, it cleaves ssDNA containing a sequence comple-
mentary to the bound crRNA guide region in a manner dependent
on the HD domain of the Csm1 subunit. This nuclease activity is
blocked by a repeat tag found in the host CRISPR loci. The specific
cleavage of ssDNA without a target RNA suggests a novel ssDNA
targeting mechanism of the Type III system, which could facilitate
the efficient and complete degradation of foreign nucleic acids.
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Introduction

Clustered regularly interspaced short palindromic repeats (CRISPR)

and CRISPR-associated (Cas) systems eliminate invading phages

and plasmids in prokaryotes [1–4]. CRISPR loci are composed of

variable spacer sequences derived from genetic invaders and a

series of short repeat sequences [4,5]. Transcripts from CRISPR loci

are processed to generate short RNAs, termed crRNAs, that assem-

ble with Cas proteins into a large nuclease effector complex [6].

Based on the cas gene content and the mechanism of action,

CRISPR-Cas systems are classified into six major types (types I–VI)

and at least 16 subtypes [7]. The multi-protein Cascade complex of

the Type I system detects foreign nucleic acids and then recruits the

Cas3 protein to degrade DNA using its HD nuclease domain [8,9].

Type II/V systems also target DNA, but recognition and cleavage are

mediated by a ribonucleoprotein effector containing a single protein,

Cas9 or Cpf1 [10–12]. The Cascade complex of Type I and the Csm

and/or Cmr effector complexes of Type III are phylogenetically

related multi-subunit ribonucleoprotein complexes, and in the holo-

complex assembly, both form a common twisted helical structure

with homologous components [13–16]. In contrast, the Type I and

Type II systems target exclusively DNA, and the Type III system

targets RNA or/and DNA [3,17–22]

The Type III system can be further classified into subtypes (sub-

types III-A–III-D) or mainly into Type III-A and Type III-B [14,23].

The Csm complexes of Type III-A from Sulfolobus solfataricus,

Thermus thermophilus, Streptococcus thermophilus, Staphylococcus

aureus and Staphylococcus epidermis have been characterized

in vitro and in vivo [3,19,21–24]. The Csm complex consists of five

subunits (Csm1–5) and a crRNA, while the Cmr complex of Type

III-B consists of six subunits (Cmr1–6) and a crRNA [22,25,26]. The

crRNA is composed of eight nucleotides (nt) at its 50 end, termed

the 50 handle, and 30–45 nt, termed the guide sequence, derived

from a spacer sequence of CRISPR. The common tag at the 50 end of

the crRNA derived from the repeat sequence of the CRISPR is

processed by Cas6 and recognized by the Csm4 or Cmr3 subunit in

the complexes [27,28]. The Csm/Cmr complexes possess an RNase

activity that cleaves target RNAs at the complementary guide region

of crRNA at 6-nt intervals by means of multiple copies of Csm3 in

the Csm complex [21,22] or Cmr4 in the Cmr complex [29]

The DNA targeting mechanism of the Type III system is a recent

topic of ongoing investigation [30–32]. The target cleavage by the

Type III-A system requires directional transcription that accompa-

nies the displacement of the target double-stranded DNA (dsDNA)

and the production of RNA transcripts [33]. The Csm complex from
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S. epidermis degrades the RNA transcripts and the non-template

DNA strand through the transcription-coupled targeting mechanism

in vitro and in vivo by the nuclease activity of the Csm1 subunit

[19]. The Csm complex from S. thermophilus exhibits a similar non-

specific degradation of DNA in an RNA transcript-dependent

manner with the catalytic site in the HD domain of Csm1 [30]. The

Cmr complexes from P. furiosus and T. maritima cleave DNA and

protect cells from plasmid invasion in a transcription-coupled

manner by the HD domain of the Cmr2 subunit [22,32]. For the

Type I and Type II systems, the protospacer adjacent motif (PAM)

sequence plays a key role in discriminating between self and non-

self DNA to recognize foreign nucleotides and facilitates the

unwinding of the target DNA. Type III systems are unique in that

they lack a PAM motif [13,34–36]. Instead of recognizing a distinct

PAM sequence, the Csm complexes in Type III systems might check

for complementarity between the repeat-derived region of the

crRNA and the target DNA strand [37]. However, the exact mecha-

nisms of the DNA targeting in Type III systems remain elusive,

particularly those mechanisms underlying the positioning of the

effector complex with respect to the separated ssDNA strands during

transcription and the conformational change for the activation of

nuclease activity.

In this study, we reconstituted the Csm effector holocomplex of

Thermococcus onnurineus NA1 and found that this effector complex

has a novel single-stranded DNA (ssDNA)-specific nuclease activity

in addition to the previously known RNA targeting and RNA-

activated DNA targeting activities. We report the characterization of

this nuclease activity, designated as the RNA transcript-independent

ssDNA targeting, which could ensure the direct recognition and

degradation of the non-template strand of foreign DNA without

affecting self DNA.

Results

In vitro assembly of the ToCsm complex

The hyperthermophilic archaeon, T. onnurineus NA1, has six

CRISPR loci and two Cas systems, Type III-A and putative Type IV,

according to a CRISPR database (Fig EV1A and B) [38,39]. The Type

III-A-specific csm gene cluster (Ton_0892–Ton_0898) is located

between CRISPR locus 3 and locus 4 (Fig 1A). We sought to recon-

stitute the effector holocomplex (ToCsm complex) composed of five

different subunits (ToCsm1–ToCsm5) and a crRNA. We found that

the ToCsm1–Csm4 and ToCsm2–Csm5 subcomplexes could be

produced in a soluble form in E. coli by coexpression of the respec-

tive subunits, while each individual subunit was insoluble. In

contrast, ToCsm3 alone exhibited reasonable solubility. Incubation

of these recombinant subcomplexes and the protein did not result in

the formation of the ToCsm holocomplex. Subsequently, we synthe-

sized crRNAs that contain a common 8-nt repeat sequence [27,37]

at CRISPR locus 3, 50-GUGGAAAG-30, and a spacer sequence with

varying length ranging from 30 to 40 nt. Each of these crRNAs was

incubated with purified ToCsm1–Csm4, ToCsm2–Csm5 and ToCsm3

at 60°C for 20 min. The mixtures showed a major single peak

corresponding to an approximately 280 kDa mass in size-exclusion

chromatography (SEC), indicating holocomplex assembly in the

presence of a crRNA (Figs 1B and EV1C). Among the crRNAs, a 38-

nt crRNA yielded the most significant peak in the SEC analysis and

was thus selected for further functional studies. This peak fraction

contained all five subunits of the ToCsm complex as shown by dena-

turing SDS polyacrylamide gel electrophoresis (PAGE) and displayed

a single band on a native polyacrylamide gel. This fraction also

contained the crRNA as identified by denaturing urea–PAGE

(Fig 1C). A multi-angle light scattering (MALS) analysis indicated

that this fraction corresponds to a molecular mass of 273.4

(� 1.32%) kDa, which is consistent with the SEC analysis (Fig 1D).

These data demonstrated that the ToCsm complex could be reconsti-

tuted in vitro in a stable, highly pure form with the recombinant

components and the 38-nt crRNA.

To determine the overall structure of the complex, we performed

single-particle electron microscopy (EM) for three-dimensional

reconstruction. We recorded 24 images and extracted 7,644 individ-

ual particles (Fig EV2A). Reference-free 2D image classification

allowed an initial appreciation of an elongated-helical shape of the

complex with the longest dimension of 160 Å (Fig EV2B). The

projections of the initial model map agreed well with the corre-

sponding 2D averages. The three-dimensional reconstruction of the

ToCsm complex revealed elongated and twisted blobs with dimen-

sions of 160 × 90 × 90 Å. The final resolution of the maps was

~25 Å, calculated at 0.5 Fourier shell correlation (three sigma)

(Fig EV2C). The crystal structure of the Cmr complex lacking the

Cmr1 subunit (PDB ID: 3X1L) agrees well with the EM density of

the ToCsm complex (Fig EV2D) [28]. Based on the position of

Cmr2, which corresponds to Csm1, the crystal structure of ToCsm1

was fitted into the EM map, which positioned its HD domain at the

bottom of the protruding lobe (Fig 1E). The complex was signifi-

cantly smaller than that of S. solfataricus or T. thermophilus [16,22]

Figure 1. In vitro assembly of the ToCsm complex.

A Organization of the cas locus of the Type III-A system in T. onnurineus. The ORFs between CRISPR loci 3 and 4 are shown. Blue arrows represent the csm genes
encoding the ToCsm complex.

B Size-exclusion chromatography. The elution profile of the ToCsm complex is presented with the deduced molecular weight (280 kDa). The size markers are
thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa) and conalbumin (75 kDa).

C SDS–PAGE, blue native (BN)–PAGE and urea–PAGE analyses.
D Multi-angle light scattering (MALS) analysis of the ToCsm complex. SEC combined with MALS allowed the calculation of the molecular weight (Mw) distributions

(dotted black line).
E Docking of the ToCsm1 structure (PDB ID: 4UW2) into the EM map of the ToCsm complex (EMD-3454). The HD domain of the ToCsm1 monomer is coloured blue (see

Fig EV2D for the docking of the Cmr complex).
F Comparison of the EM structures of the Csm complexes. Lengths and widths of the Csm complexes are shown.
G Schematic representation of the ToCsm complex bound to crRNA. The active sites of the HD domain of the ToCsm1 (dotted circle) and the crRNA (grey line) are

highlighted.

▸
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(Fig 1F). The stoichiometry of the ToCsm complex was estimated as

1121334151 based on the EM density fitting and the molecular mass

of each component. This is the smallest Csm complex reported to

date (Fig 1G). In this complex, three copies of ToCsm3 are likely to

form the backbone to shape the twisted helical geometry, as simi-

larly observed in the previously determined structures of the Csm

and Cmr complexes [22,28].

RNase activity of the ToCsm complex

Csm complexes bind and cleave RNA transcripts that contain a

sequence complementary to the guide region of the bound crRNA

(termed the target sequence) [21,22]. To examine the RNA targeting

activity of the ToCsm complex, we first synthesized a 40-nt RNA

substrate containing a middle 30-nt target sequence and a 5-nt non-

complementary sequence at both ends with a radio-label at the 50

end. This ssRNA substrate, termed target RNA, was incubated with

the effector complex, and the reaction mixture was analysed in a

time course on a denaturing gel. Three major cleaved products were

observed that differ from each other by 6 or 12 nt: 30-, 24- and

18-nt RNA fragments (Figs 2A and EV3A). The cleavage pattern

suggested that the target 40-nt RNA is cleaved predominantly at site

2 or 3. In accordance with previous studies, the ToCsm complex

could not cleave an RNA substrate containing a non-complementary

30-nt sequence, termed non-target RNA, under the same reaction

conditions, indicating that the sequence complementarity between

the target RNA and the crRNA is essential for target RNA cleavage

(Fig EV3B). This is consistent with the properties of the Csm

complexes from S. epidermidis, S. thermophilus and T. ther-

mophilus [19,21,22]. Previously, Csm3 was identified as the cata-

lytic subunit responsible for the endoribonuclease activity of the

Type III-A system in S. thermophilus [21]. We generated an active-

site mutant of ToCsm3 containing a D36A substitution

(ToCsm3D36A) and examined its effect on the RNase activity. The

Csm3D36A mutant did not affect the assembly of ToCsm but abol-

ished the RNA cleavage activity of the effector complex. (Fig EV3C).

These data show that the ToCsm complex shared the same

backbone-mediated RNA cleavage activity as observed with other

Type III effector complexes. Next, to examine whether the RNase

activity might be affected by mutations in the ToCsm1 subunit,

which are known to abolish the RNA-coupled DNase activity, we

produced ToCsm complexes reconstituted with a ToCsm1 mutant,

containing H14A/D15N double substitutions in its HD domain

(ToCsm1H14A/D15N, HDm), D587A/D588A double substitutions in its

GGDD motif (ToCsm1D587A/D588A, DDm) or H14A/D15N/D587A/D588A

quadruple substitutions (ToCsm1H14A/D15N/D587A/D588A, HD/DDm). All

three ToCsm1 mutant-containing ToCsm complexes cleaved the target

RNA without a notable difference compared with the wild-type

ToCsm complex, demonstrating that these mutations affecting the DNA

targeting activity of ToCsm1 do not affect the RNA cleavage activity of

the effector complex (Fig EV3D).

Target RNA-activated DNase activity of the ToCsm complex

We previously reported that the ToCsm1 subunit alone degraded

single-stranded DNA (ssDNA) non-specifically [40]. However, when

the ToCsm1 subunit was assembled in the ToCsm complex, its

nuclease function was inhibited, and the complex could not degrade

non-specific ssDNA substrate. Recently, the Csm complex from

S. thermophilus and the Cmr complex from T. maritima or P. furio-

sus were reported to degrade ssDNA only in the presence of a

complementary RNA transcript [30–32]. To test whether the target

RNA reactivates the DNase activity of the ToCsm complex, we

prepared 50 radio-labelled linear 100-nt ssDNA substrates containing

a sequence either complementary or non-complimentary to the

bound crRNA, termed target ssDNA and non-target ssDNA, respec-

tively. First, the ToCsm complex was pre-incubated with the synthe-

sized 40-nt RNA, the same substrate used for the RNA cleavage

assay, in the absence of any divalent metal ions. Then, the ssDNA

substrate was added to the pre-incubated ToCsm complex in the

presence of Ni2+ ion, a known metal cofactor for the nuclease activ-

ity of ToCsm1 [40]. The ToCsm complex degraded the ssDNA

substrates containing either the complementary sequence or the

non-complementary sequence. The ToCsm complex containing

ToCsm1 (HDm) or ToCsm1 (HDm/DDm) did not show any cleavage

activity towards the ssDNA substrate, whereas the ToCsm complex

containing ToCsm1 (DDm) degraded the substrate in the presence of

the 40-nt target RNA (Fig 2B). In comparison, the ToCsm complex

did not degrade dsDNA substrates at all, regardless of the presence

of a complementary sequence (Fig EV3E). To examine whether this

DNase activity could be affected by the active site mutation (D36A)

on the ToCsm3 subunit that abolishes its RNA cleavage activity, we

reconstituted the ToCsm complex containing ToCsm3D36A and

measured the DNase activity. The resulting mutant ToCsm complex

cleaved the ssDNA substrate without a notable difference from the

wild-type complex, indicating that the RNase activity of the ToCsm3

subunit did not affect the DNA cleavage activity of the ToCsm

complex (Fig EV3F). Together, these results demonstrate that the

active site located at the HD domain of the ToCsm1 subunit exhibits

target RNA-activated nuclease activity towards ssDNA but not

towards dsDNA. This non-sequence-specific DNase activity in the

presence of the target RNA would completely degrade the ssDNA

substrate.

Target RNA-independent binding of ssDNA via crRNA

In the target RNA-activated DNase assay, we noted that the ToCsm

complex limitedly degraded linear ssDNA substrate containing a

target sequence, producing a large uncleaved fragment (Fig 2B). In

contrast, the complex degraded ssDNA substrate without a target

sequence into much smaller fragments. An observation of the dif-

ferent cleavages of the two substrates led us to examine whether,

in the absence of a target RNA, the ToCsm complex may directly

target ssDNA substrate containing the complementary sequence.

We synthesized 50 radio-labelled linear ssDNA, RNA and dsDNA,

each containing a 30-nt complementary sequence inserted in the

centre, and analysed their binding to the ToCsm complex by an

electrophoretic mobility shift assay (EMSA). To avoid degradation

by metal-dependent DNase or RNase activity, a metal chelator was

added to the reaction buffer. The ToCsm complex significantly

shifted the target ssDNA, indicating a direct binding unaided by a

target RNA. This is in a sharp contrast with ToCsm1-Csm4,

ToCsm2-Csm5 subcomplexes and ToCsm3 protein, which did not

result in a mobility shift of these nucleic acids (Fig EV4A and B).

The dsDNA does not appear to interact with the ToCsm complex,

as no shift was observed regardless of the presence or absence of
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the complementary sequence (Fig EV4C). The ToCsm complex

bound to the target ssDNA and RNA with a dissociation constant

(KD) of approximately 1.5 nM (ssDNA) and 1.3 nM (RNA), respec-

tively (Fig 3A–C). An ssDNA version containing a non-complemen-

tary sequence exhibited only a marginal shift at high concentration

of the ToCsm complex (Fig 3D and E). The ToCsm complexes

containing the ToCsm1 (HDm), ToCsm1 (DDm) or ToCsm1 (HD/

DDm) mutant interacted with the target ssDNA without a notable

difference compared with the wild-type ToCsm complex,

demonstrating that these mutations in ToCsm1 do not affect the

interaction of the effector complex with the target nucleotide

(Fig EV4D). A significantly diminished mobility shift of the target

ssDNA was observed by pre-incubation of the ToCsm complex

with the target RNA. In contrast, pre-incubation of the complex

with a non-target RNA did not affect the mobility shift (Fig 3F and

G). EMSAs performed in the presence of competing nucleotides

indicated that the ToCsm complex binds the target ssDNA and

RNA, indistinguishably (Fig 3H and I). Together, these data

A

B

Figure 2. RNase activity and target RNA-activated ssDNase activity.

A Cleavage of 40-nt target RNA by the ToCsm complex in a time course (0, 0.5, 1, 3, 5, 10, 15, 20 min). Triangles indicate the cleaved fragments on a urea
polyacrylamide gel (left). Cleavage sites and generated fragments are mapped on the target RNA sequence (right). Dotted circles represent the region covered by the
ToCsm3 subunit according to previous reports [19,21,22]. The RNA substrate was 50 end-labelled with 32P (yellow asterisk).

B Target RNA-activated DNA cleavage by the wild-type (WT) and mutant ToCsm complex. The mutant ToCsm complex containing a ToCsm1 mutant
(HDm, ToCsm1H14A/D15N; DDm, ToCsm1D587A/D588A; or HD/DDm, ToCsm1H14A/D15N/D587A/D588A). Target ssDNA substrate (left) and non-target ssDNA substrate (right).
“Control” indicates the reaction with wild-type ToCsm complex in the absence of target RNA. The arrow on the left panel indicates the largest cleavage product.

Source data are available online for this figure.
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Figure 3. Binding properties of ToCsm complex to target ssDNA and RNA.

A, B EMSA analysis of the interaction between the ToCsm complex and the target ssDNA (A) or the target RNA (B).
C Binding affinity of ToCsm complex for target ssDNA and target RNA. The fraction of target bound to the titrating ToCsm complex in (A) and (B). The KD value

obtained from the curve fitting is indicated. ToCsm complex to target ssDNA KD ~1.5 � 0.37 nM; ToCsm complex to target RNA KD ~1.3 � 0.32 nM.
D, E EMSA analysis of the interaction between the ToCsm complex and the non-target ssDNA (D) or the non-target RNA (E).
F, G Interaction between the labelled target ssDNA and the ToCsm complex that was pre-incubated with unlabelled target RNA (F) or unlabelled non-target RNA (G) at

a molar ratio of 1:1.
H, I Competition binding of the labelled target ssDNA and the unlabelled target RNA (H) or the unlabelled target ssDNA and the labelled target RNA (I) to the

increasing amount of the ToCsm complex.

Source data are available online for this figure.
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indicate that the interaction of the ToCsm complex with the target

ssDNA is mediated by the bound crRNA via complementary base

paring between its guide sequence and the target sequence in the

ssDNA.

Target RNA-independent cleavage of ssDNA

To examine whether, in the absence of a target RNA, the ToCsm

complex can cleave ssDNA, which contains a target sequence, we

prepared two different crRNAs: M13 crRNA containing a sequence

complementary to the circular M13mp18 ssDNA and 3.3 crRNA

containing a non-complementary sequence. The ToCsm complex

assembled with M13 crRNA or 3.3 crRNA was incubated with

M13mp18. The ToCsm complex loaded with M13 crRNA completely

degraded M13mp18, whereas the effector complex loaded with 3.3

crRNA did not. Under the same reaction conditions, the M13

crRNA-loaded ToCsm complex did not degrade ΦX174, a circular

ssDNA but with a different sequence (Fig 4A). These data clearly

indicate that the ToCsm complex possesses a crRNA-guided nucle-

ase activity in the absence of a target RNA. To locate the active site

of the ToCsm complex responsible for the nuclease activity, we

performed cleavage assay with the ToCsm complex containing the

ToCsm1 (HDm), ToCsm1 (DDm) or ToCsm1 (HD/DDm) mutant. The

ToCsm1 (HDm)- or ToCsm1(HD/DDm)-containing ToCsm complex

could not degrade M13mp18, while the effector complex containing

ToCsm1 (DDm) completely degraded the substrate (Fig 4A). Mn2+

or Ni2+ supported the nuclease activity, while Mg2+ or Ca2+ (re-

quired for the RNase activity of the ToCsm3 subunit) did not

(Fig 4B). In addition, the effector complex containing ToCsm3D36A

cleaved the ssDNA substrate without a notable difference from the

wild-type complex (Fig 4C). These results demonstrate that the HD

domain of the ToCsm1 subunit is the active site for the target RNA-

independent ssDNA cleavage.

Identification of the target RNA-independent ssDNA
cleavage sites

To gain further insight into the mechanism of the target ssDNA

cleavage in the absence of a target RNA, we synthesized a linear

radio-labelled 100-nt ssDNA containing a target sequence in the

middle, a 10-nt non-complementary sequence at the 50 end and a

60-nt non-complementary sequence at the 30 end of the DNA. Upon

reaction with the ToCsm complex assembled with the M13 crRNA,

this ssDNA substrate, termed target ssDNA, was cleaved to yield a

52–54-nt fragment (Figs 5A and EV5A). Cleavage occurred at the 30

flanking side of the complementary segment, approximately 12–

14 nt downstream from position 1 of the guide region of the crRNA

(Fig 5B). The ToCsm complex containing ToCsm1 (HDm) or ToCsm1

(HDm/DDm) did not show any cleavage activity towards the 50

radio-labelled target ssDNA, whereas the ToCsm complex contain-

ing ToCsm1 (DDm) degraded this substrate (Fig 5C). In contrast,

ssDNA substrate containing a non-complementary sequence or

dsDNA was not cleaved (Fig EV5B and C). We noted that the same

100-nt ssDNA, but with a 30 radio-labelled, exhibited a near

complete degradation, producing 10–25-nt fragments (Fig 5D). The

ToCsm complex containing ToCsm3D36A exhibited the same DNA

cleavage pattern as the wild-type effector complex (Fig 5E). These

data suggest that the ToCsm complex cleaves the target ssDNA

substrate at the 30 side of the complementary sequence and degrades

the 30 end fragment.

Suppression of the target RNA-independent ssDNA cleavage by a
repeat-derived sequence

The repeat-derived 50 handle of the bound crRNA was reported to

play a key role in self versus non-self discrimination in the Type III

system-mediated immunity [37]. In a trans-cleavage assay where

ssDNA substrates were employed as the substrates for the StCsm

effector complex loaded with a target RNA, it was shown that the

presence of a 30 target sequence-flanking region complementary to

the 50 handle of the bound crRNA prevented cleavage of the ssDNA

substrates [30]. To investigate whether the 30 flanking region of the

target sequence affects the target RNA-independent DNA cleavage

activity of the ToCsm complex, we employed an ssDNA substrate

that contained a 30 flanking sequence complementary to the 50

handle of the bound crRNA. Notably, this ssDNA substrate was not

degraded at all by the wild-type ToCsm complex as well as the

ToCsm complexes containing a defective ToCsm1 mutant (Fig 5F),

suggesting that the presence of a 50-handle-complementary sequence

in ssDNA substrates blocks this nuclease activity of the ToCsm

complex (Fig 5G). We next performed a trans-cleavage assay where

the ToCsm complex was preloaded with a short 40-nt ssDNA or

RNA containing a target sequence that is complementary to the

guide sequence of the bound crRNA. These nucleotides shared the

same sequence and contained a 5-nt 30 flanking region which is not

complementary to the 50 handle of the bound crRNA. Both the

ToCsm complexes degraded the non-target ΦX174 plasmid DNA

(Fig EV5D). It is noted that the ToCsm complex containing ToCsm1

(HDm) or ToCsm1 (HD/DDm) could not degrade ΦX174, while the

effector complex containing ToCsm1 (DDm) degraded this substrate.

Intriguingly, ToCsm complex loaded with a target ssDNA or RNA

lacking the 30 flanking sequence could not degrade ΦX174 plasmid

DNA (Fig EV5E). These data demonstrate that the nuclease activity

of the HD domain is activated by nucleotide binding to the ToCsm

complex, but the bound nucleotide should have a 30 target

sequence-flanking segment that does not base pair with the 50

handle of the bound crRNA.

Selective cleavage of partially unwound DNA duplex

Next, we examined whether the ToCsm complex could cleave partly

unwound DNA duplex containing a target sequence. We prepared

an artificial bubble DNA substrate containing 80-nt unwound

strands in the centre flanked by 25-nt double-stranded segments at

both ends. In this DNA duplex, one strand contained a 30-nt target

sequence in the middle of the single-stranded region (target strand),

and the other strand (non-target strand) contained an 80-nt

sequence not complementary to the target strand. This DNA duplex

mimics a “transcription bubble” (Fig EV5F). In order to trace reac-

tion products, two versions of the DNA duplex were prepared that

were radio-labelled at the 50 end of either the target strand or the

non-target strand. Upon reaction with the ToCsm complex, the

target strand was cleaved to yield approximately 85-nt long frag-

ments (Fig 6A), while the non-target strand was not cleaved at all

(Fig 6B). We also prepared a DNA duplex in which the target strand

contained a sequence complementary to both the 50 handle and the
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guide region of the crRNA and found that the ToCsm complex

did not cleave the target strand at all (Fig 6C). Conclusively, the

ToCsm complex is able to selectively cleave the target strand in

partially unwound DNA that exposes the target sequence on this

strand in the absence of a target RNA. This nuclease activity,

however, was completely blocked by the presence of the 8-nt

A

B C

Figure 4. Target RNA-independent cleavage of target ssDNA.

A Cleavage of circular ssDNA by the ToCsm complex loaded with the M13 crRNA or 3.3 crRNA. The ToCsm complexes containing a ToCsm1 mutant are indicated as in
Fig 2B. M13 crRNA contains a sequence complementary to M13mp18. The crRNA-DNA substrate pairs are indicated at the bottom of the polyacrylamide gel. The
ToCsm complexes were incubated with the ssDNA substrate in the presence of 5 mM Ni2+.

B Metal ion-dependency test. The ToCsm complex loaded with M13 crRNA was reacted with M13mp18 ssDNA in the presence of the indicated metal ions.
C Cleavage of circular ssDNA by the ToCsm complexes containing ToCsm3D36A and wild-type (WT) or mutant ToCsm1 (HDm, DDm or HD/DDm). “Control” represents the

reaction with the wild-type ToCsm complex.

Source data are available online for this figure.
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50-handle-complementary sequence next to the target sequence.

Likely, this inhibitory mechanism prevents the ToCsm complex

from cleaving self DNA when the CRISPR loci are transcribed

[19,37].

Discussion

We reconstituted a ToCsm complex, which is conceivably the

same as the endogenous functional form, as it possesses the RNase

A

C

F

G

D E

B

Figure 5.
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activity and the target RNA-activated non-sequence-specific DNase

activity observed for other Csm complexes [19,23,30]. This effector

complex was found to recognize a target sequence in ssDNA via

the bound crRNA and cleave the substrate via the HD domain of

the ToCsm1 subunit in a target RNA-independent manner.

Although the activated HD in the ToCsm complex upon binding to

the 30 flanking sequence of target ssDNA is able to cleave ssDNA

substrate in a trans-acting manner (Fig EV5D), the degradation of

the target strand in the bubble-shaped DNA duplex indicates a

direct cis-acting activity of this effector (Fig 6A and B). Given the

observation that the Type III-A system of S. epidermis tolerates

lysogenization by temperate phages, but prevents their lytic phase

[33], Csm complexes seem to function during transcription.

Further investigation is required to know whether the ToCsm

complex may target ssDNA in the transcription bubble and

whether the cis-acting activity that we observed in in vitro may be

functionally relevant in cells.

The novel ssDNA targeting activity of the ToCsm complex,

which needs further investigation in cells, provides a more

complete picture of how transcription is coupled to the destruction

of non-self DNA. One effector complex activated by the RNA tran-

script produced during the transcription process non-specifically

◀ Figure 5. ssDNA targeting mechanism by the ToCsm complex.

A Cleavage of linear target ssDNA by the ToCsm complex in a time course (0, 0.5, 1, 3, 5, 10, 20 min). The radio-labelled substrate is indicated at the bottom of the
polyacrylamide gel. The triangle indicates the major cleaved fragment.

B The major fragment is mapped on the sequence of the linear ssDNA substrate. Position 1 denotes the 30 end of the target sequence. 50 radio-labelling (asterisk) and
the approximate length of the major fragment are indicated.

C Cleavage of 50 radio-labelled linear target ssDNA by the wild-type (WT) and mutant ToCsm complex. The ToCsm complexes containing a ToCsm1 mutant are indicated
as in Fig 2B.

D Cleavage of 30 radio-labelled linear target ssDNA by the wild-type (WT) and mutant ToCsm complex.
E Cleavage of 50 radio-labelled linear target ssDNA by the ToCsm complexes containing ToCsm3D36A and wild-type or mutant ToCsm1. “Control” represents the reaction

with the wild-type ToCsm complex.
F Cleavage of 50 radio-labelled linear target ssDNA containing the 8-nt sequence complementary to the 50 handle of the crRNA.
G A model for the discrimination of self and non-self ssDNA by the ToCsm complex. The non-self substrate ssDNA does not contain a sequence complementary to the

50 handle of the crRNA (right). The putative closed and open states of the active site of the HD domain are indicated by a cross and a dotted circle, respectively.

Source data are available online for this figure.

A B C

Figure 6. Cleavage of target ssDNA in DNA duplex.

A–C Cleavage of the target strand (A), the non-target strand (B) and the target strand with the 50-handle-complementary sequence (C) in DNA duplex. The bubble-form
DNA duplex (shown in cartoons) was generated by a central non-complementary region in the two DNA strands (see text for details). The indicated ToCsm
complexes were incubated with the 50 end-labelled duplex DNA, and the reaction products were analysed by autoradiography. The cartoons depict the expected
cleavage or non-cleavage of the target strand, depending on the presence or absence of the 50-handle-complementary sequence. The red arrow indicates the
cleavage at the active site of the HD domain of the ToCsm1 subunit.

Source data are available online for this figure.
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A

B

Figure 7. Model for ssDNA targeting by the ToCsm complex.

A Transcription-coupled cleavages of foreign dsDNA and RNA by the ToCsm complex. RNAP stands for RNA polymerase. The blue triangle indicates the cleavage of the
RNA transcript (green line) by the ToCsm3 subunit. Binding of the RNA transcript to the ToCsm complex activates the DNase activity of the HD domain, which cleaves
the template or non-template strands. Another ToCsm complex directly recognizes the exposed target sequence on the non-template strand mediated by the bound
crRNA (black line). Without a need for an RNA transcript, the complex cleaves the non-template strand mediated by the ToCsm1 subunit (red triangle).

B The structural model of the ToCsm Complex with target ssDNA. The distance between position 1 of the target region and the active site of the HD domain is
comparable to the length of nucleotides from the sequence of position 1 to the cleavage site. The ToCsm1 structure (PDB ID: 4UW2, wheat) was modelled to ToCsm
complex EM map (EMD-3454) and the Cmr complex structure (PDB ID: 3X1L, white) based on the position of Cmr2 to highlight the active site of the HD domain.
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cleaves any exposed DNA strands of the transcription bubble, and

another effector complex activated by binding to the target

sequence on the non-template strand may cleave this strand

directly (Fig 7A) [41]. The destruction of the foreign DNA by

target RNA-activated ssDNase mechanism may not be sufficient

alone; during the transcription of foreign DNA, the Type III

effector complex, which cleaves ssRNA faster than it cleaves

ssDNA [30], may dissociate from the tethering RNA transcript

without cleaving the single-stranded region of the transcription

bubble. Notably, the delineated target RNA-independent ssDNA

cleavage could explain previously reported observations. First, this

activity, which exclusively targets the non-template DNA strand of

DNA duplex, in contrast with the non-discriminative target RNA-

activated ssDNase activity, explains why crRNA complementary to

the non-template DNA provides efficient immunity and why a

spacer sequence on the non-template strand is preferentially

selected for cleavage during transcription [19,33]. Second, the loca-

tion of the HD domain relative to the target sequence binding site

on the ToCsm complex explains the previously identified cleavage

sites on the non-template DNA strand located at the 30 side of the

guide region of the bound crRNA (Fig 7B) [19]. By the RNA tran-

script-dependent ssDNAase activity, the non-template strand, in

principle, could be cleaved at random positions with respect the

target sequence on it. However, it was observed that the non-

template strand cleavage mediated by the Type III-A system of

S. epidermis occurs only at the 30 flanking side of the target

sequence [19], which is consistent with the pattern of cleavage by

the target RNA-independent ssDNase activity observed in this

study. Finally, the blocking of this nuclease activity by the pres-

ence of the 50-handle-complementary sequence next to the target

sequence provides a rationale for the previously observed protec-

tion of self DNA from cleavage by the Type III system [19,37]. The

RNA transcript-independent cleavage of target ssDNA by the

ToCsm complex may be pivotal, or at least it could augment the

previously known target RNA-activated DNase activity for the effi-

cient destruction of foreign DNA molecules in cells. Alternatively,

the ToCsm complex could play a specific role against ssDNA

viruses, rather than acting on genomic dsDNA. Recently, some

Cas9s were reported to bind to ssDNA with higher affinity than to

dsDNA, demonstrating a significant divergence of the CRISPR-Cas

systems [42].

In summary, we reconstituted a highly pure and functionally

active Type III effector complex, the smallest Csm complex observed

so far with a minimum combination of subunits. Type I, II and III

systems may share a common mechanism of crRNA-mediated

target DNA sequence recognition, although the mechanisms of

target cleavage are different from each other. The RNA activation-

independent ssDNA targeting activity highlights the versatility of the

Type III effector complex in T. onnurineus for the efficient and

complete silencing of foreign nucleic acids.

Materials and Methods

Cloning and protein purification

The genes encoding ToCsm1–ToCsm5 (Ton_0893–0897) were ampli-

fied by PCR from T. onnurineus NA1 genomic DNA. The ToCsm1

and ToCsm4 genes were cloned into the BamHI/HindIII and the

NdeI/KpnI sites of the pRSFDuet-1 vector (Novagen), respectively.

The ToCsm3 gene was inserted into the NcoI/SalI sites of pETDuet-1

(Novagen), and the ToCsm2-ToCsm5 genes were inserted into the

NcoI/SalI and the NdeI/XhoI sites of pACYCDuet-1 (Novagen).

These Csm proteins were produced in the E. coli strain BL21-Codon-

Plus (DE3) at 37°C by induction with 1 mM IPTG. E. coli cells were

harvested and lysed. Following centrifugation, the supernatant was

incubated in a hot water bath at 75°C for 10 min to remove E. coli

proteins. After clarification, the supernatant was applied to a His-

Trap HP column (GE Healthcare) and a Superdex 200 increase

10/300 column (GE Healthcare) with a final elution buffer

composed of 50 mM Tris–HCl (pH 8.0), 500 mM NaCl, 5 mM

b-mercaptoethanol and 5% glycerol.

In vitro assembly of the ToCsm complex and SEC-MALS

Synthetic crRNAs were purchased from Integrated DNA Technolo-

gies. After initial optimization, the purified ToCsm1-Csm4, ToCsm3,

ToCsm2-Csm5 and crRNA were mixed in a molar ratio of 1:3:1:1

and then incubated at 60°C for 20 min. After centrifugation at

10,000 g for 5 min, the protein sample was applied to a Superdex

200 increase 10/300 column (GE Healthcare) and equilibrated with

50 mM Tris–HCl (pH 8.0), 250 mM NaCl and 5% glycerol. Fractions

containing the ToCsm complex were pooled and applied again to

the Superdex 200 increase 10/300 column. The assembled samples

and the size marker (GenDEPOT, Novex and Affymetrix) were anal-

ysed on 15% SDS gel, 4–12% BN–PAGE gel and 12% polyacry-

lamide denaturing 8 M urea gels. SEC–MALS was performed using a

WTC-050S5 SEC column with an in-line DAWN HELIOS II system

and an Optilab T-rEX differential refractometer (Wyatt). The ToCsm

complex (100 ll of 1 mg/ml) was dissolved in a buffer solution

composed of 50 mM Tris–HCl (pH 8.0), 250 mM NaCl, 3 mM

b-mercaptoethanol. Data were collected and analysed using ASTRA

6 (Wyatt). The ToCsm complexes containing a mutant Csm1 subunit

were reconstituted and purified in the same manner as the wild-type

ToCsm complex. The purified complex was frozen in liquid nitrogen

and stored at �80°C.

Site-directed mutagenesis of ToCsm1 and ToCsm3

The ToCsm1 mutants (HDm, ToCsm1H14A/D15N; DDm,

ToCsm1D587A/D588A; and HD/DDm, ToCsm1H14A/D15N/D587A/D588A)

and the ToCsm3 mutant (ToCsm3D36A) were generated with the site-

directed mutagenesis kit (Enzynomics). The mutations were verified

by sequencing the respective genes (Solgent).

Electron microscopy

The ToCsm complex was negatively stained with 2% (w/v) uranyl

acetate for 1 min on 400-mesh carbon grids. Images were collected

at a magnification of 50,000× at a final sampling of 2.07 Å/pixel

with a defocus value of 0.5–1.5 lm on a 4 × 4 K CCD camera (Tietz

Vieo and imaging Processing System) attached to Jeol JEM2100F

field emission gun transmission electron microscope operated at

200 kV. Data processing was performed using the EMAN2 program

[43]. In total, 7,644 particles were selected and used to generate

reference-free 2D class averages. The initial model was built from
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34 selected classes using the e2initialmodel.py program. Then, the

model was further iteratively refined by the e2refine_easy.py

program with a low-pass filter (cut-off = 0.04). The resolution was

estimated as 25 Å from the last iteration of the unmasked 0.5 FSC

curve. The 3D map of ToCsm has been deposited in the PDBe; EMD-

3454. The crystal structure of Cmr complex (PDB ID: 3X1L) into the

refined 3D map of ToCsm (EMD-3454) was docked by the “Fit in

map” function of Chimera software [44].

Preparation of substrates

The RNA and DNA substrates were purchased from Integrated DNA

Technologies and Bioneer, respectively (Table EV1). The DNA and

the RNA substrates were 50-labelled with cP32-ATP (Perkin Elmer)

and T4 PNK enzyme (Enzynomics) at 37°C for 20 min, respectively.

DNA substrates were 30-labelled with aP32-dATP (Perkin Elmer) and

TDT enzyme (Enzynomics) for 40 min at 37°C. Circular ssDNA of

M13mp18 and ΦX174 Virion was purchased (New England

BioLabs). To generate the bubble shape DNA, each oligonucleotide

was mixed at a 1:1 molar ratio in reaction buffer (50 mM Tris–HCl

pH 8.0, 50 mM NaCl2), heated to 95°C for 5 min and slowly cooled

to room temperature for annealing.

Electrophoretic mobility shift assay

DNA/RNA binding assays were performed by incubating varying

amounts (0, 0.5, 1, 2, 4, 8, 16, 32 nM) of the ToCsm complexes at

55°C for 20 min with 1 nM cP32-ATP and 50-labelled 40-nt DNA

and/or 40-nt RNA in binding buffer composed of 30 mM Tris–HCl

(pH 8.0), 5% glycerol, 0.1 mg/ml BSA and 0.5 mM EDTA. The

samples were loaded directly onto native 8% (w/v) polyacrylamide

gel. Electrophoresis was carried out at room temperature at 100 V

for 80 min using running buffer composed of 0.5× TBE and 0.1 mM

EDTA. Gels were dried and visualized using an FLA-5100 phosphor-

imager (Fujifilm). The KD of the ssDNA and RNA binding of the

ToCsm complex was evaluated assuming the complex concentration

at which half of the substrate is bound as a rough estimate of KD

value.

RNA cleavage assay

The ToCsm complex (600 nM) and the radio-labelled RNA substrate

(2 nM) were incubated at 55°C for 5 min in reaction buffer A

composed of 30 mM Tris–HCl (pH 8.0), 100 mM KCl, 100 mM NaCl

and 3% glycerol. The reactions were initiated by the addition of

5 mM MnCl2 and incubated at 55°C for 20 min. The reactions were

stopped by the addition of formamide loading buffer B composed of

95% formamide, 0.025% SDS, 0.01% bromophenol blue, 0.01%

xylene cyanol and 1 mM EDTA, followed by heating at 95°C for

10 min. The samples and the size marker (Affymetrix) were anal-

ysed on 12.5% polyacrylamide denaturing 8 M urea gels and visual-

ized by phosphorimaging (Fujifilm).

Target RNA-dependent DNA cleavage assay

The ToCsm complex (600 nM) and the unlabelled 40-nt target RNA

(600 nM) were incubated at 55°C for 15 min in reaction buffer A

with 5 mM NiSO4. The reaction was initiated by the addition of

radio-labelled 100-nt DNA (2 nM) and incubated at 55°C for 20 min.

The reaction was stopped by the addition of sample loading buffer B

followed by heating at 95°C for 10 min. The samples and the size

marker (Affymetrix) were analysed on 10% polyacrylamide denatur-

ing 8 M urea gels and visualized by phosphorimaging (Fujifilm).

Target RNA-independent DNA cleavage assay

Reactions with the ToCsm complex (30 nM) and the circular single-

stranded DNA substrates (5 nM) M13mp18 or ΦX174 were carried

out in buffer A with 5 mM NiSO4. After incubation at 55°C for

20 min, the reactions were quenched by the addition of 6× DNA

loading dye (Fermentas) and analysed on 1% agarose gels. For the

radio-labelled linear DNA substrates (2 nM), reactions were carried

out with the ToCsm complex (600 nM) and stopped by the addition

of formamide loading buffer B and heating at 95°C for 10 min. The

samples and the size marker (Affymetrix) were analysed by 10%

polyacrylamide denaturing 8 M urea gels and visualized by phos-

phorimaging (Fujifilm).

Trans-ssDNA cleavage assay

The ToCsm complex (30 nM) and the unlabelled target ssDNA

(30 nM) or target RNA (30 nM) were incubated at 55°C for 15 min

in reaction buffer A with 5 mM NiSO4. The reaction was initiated by

the addition of circular single-stranded DNA substrates ΦX174
(5 nM), incubated at 55°C for 20 min and quenched by the addition

of 6× DNA loading dye (Fermentas) before analysis on 1% agarose

gels.

Expanded View for this article is available online.
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