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The CRISPR (clustered regularly interspaced short palindromic repeat) system is an RNA-guided immune system
that protects prokaryotes from invading genetic elements. This system represents an inheritable and adaptable
immune system that is mediated by multisubunit effector complexes. In the Type III-B system, the Cmr effector
complex has been found to cleave ssRNA in vitro. However, in vivo, it has been implicated in transcription-de-
pendent DNA targeting. We show here that the Cmr complex from Thermotoga maritima can cleave an ssRNA
target that is complementary to the CRISPR RNA. We also show that binding of a complementary ssRNA target
activates an ssDNA-specific nuclease activity in the histidine-aspartate (HD) domain of the Cmr2 subunit of the
complex. These data suggest a mechanism for transcription-coupled DNA targeting by the Cmr complex and provide

a unifying mechanism for all Type III systems.
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Clustered regularly interspaced short palindromic repeats
(CRISPRs) and their associated (Cas) proteins form the
basis of an inheritable and adaptable RNA-guided im-
mune system in prokaryotes (for a recent review, see
van der Oost et al. 2014). CRISPR loci are composed of re-
peat sequences separated by variable spacer sequences
that are derived from foreign genetic elements (Bolotin
2005; Mojica et al. 2005; Pourcel 2005; Barrangou et al.
2007). Transcripts from CRISPR loci are processed to gen-
erate short CRISPR RNAs (crRNA] (Brouns et al. 2008;
Carte et al. 2008; Deltcheva et al. 2011). The crRNA are
then incorporated into effector complexes that identify
and destroy invading nucleic acid that is complementary
to the guide region of the crRNA (Brouns et al. 2008;
Hale et al. 2009; Jinek et al. 2012; Gasiunas et al. 2012).
CRISPR-Cas systems are organized into three types
(Types L, II, and III) and at least 10 subtypes (Makarova
et al. 2011). Each type has a distinct mechanism for pro-
cessing CRISPR transcripts and for target destruction
(Makarova et al. 2011) and is distinguished by a signature
protein: Cas3 in Type I, Cas9 in Type II, and Cas10 in Type
III. The effector complexes in Type I systems recognize
their DNA targets and then recruit the Cas3 protein to
degrade the invading DNA using its histidine-aspartate
(HD) nuclease domain (Brouns et al. 2008; Westra et al.
2012; Mulepati and Bailey 2013; Sinkunas et al. 2013).
Type II systems also target DNA, but recognition and
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cleavage are mediated by the same effector complex,
Cas9 (Gasiunas et al. 2012; Jinek et al. 2012). The Type
III systems bind and cleave ssRNA (Hale et al. 2009,
2012; Zhang et al. 2012; Staals et al. 2013, 2014; Tamulai-
tis et al. 2014; Zebec et al. 2014; Samai et al. 2015) and
transcriptionally active DNA (Deng et al. 2013; Goldberg
et al. 2014; Samai et al. 2015). The Type Il systems can be
further classified into Type III-A and Type III-B subtypes.
Both subtypes contain a Casl0 family protein: Cmr2 in
Type II-B and Csml in Type II-A systems (Makarova
et al. 2011). Despite mechanistic differences, the Type I
and Type III effector complexes share similar structures
and likely evolved from a common ancestor (Jackson
and Wiedenheft 2015).

The Cmr complexes from the Type II-B systems of
Pyrococcus furiosus, Thermus thermophiles, and Sulfolo-
bus solfataricus have all been characterized in vitro (Hale
et al. 2009; Zhang et al. 2012; Staals et al. 2013). The Cmr
effector complex consists of six proteins (Cmrl-6) and a
crRNA. The crRNA is comprised of 8 nucleotides (nt) of
repeat sequence at its 5’ end (the 5" handle) and typically
30-40 nt of invader-derived guide sequence at its 3’ end
(Carte et al. 2008; Hale et al. 2009; Staals et al. 2013). Mul-
tiple Cmr4 and Cmr5 subunits form a helical filament
around the crRNA, which is capped by Cmr2 and Cmr3
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at its 5’ end and by Cmr6 and Cmr] at its 3’ end (Spilman
et al. 2013; Staals et al. 2013; Benda et al. 2014; Osawa
et al. 2015; Taylor et al. 2015). Cmr4 serves as a catalytic
subunit (Benda et al. 2014; Ramia et al. 2014a; Zhu and Ye
2015), cleaving paired ssRNA targets at regular 6-nt inter-
vals (Staals et al. 2013; Hale et al. 2014). Cmr2 contains a
predicted HD nuclease domain (Makarova et al. 2011), al-
though this domain is dispensable for RNA target cleav-
age by the Cmr complex (Cocozaki et al. 2012; Staals
et al. 2013). The Csm complexes from the Type III-A sys-
tems have also been characterized in vitro. They have a
structure similar to that of the Cmr complex (Rouillon
et al. 2013; Staals et al. 2014) and likewise cleave comple-
mentary RNA at multiple sites (Staals et al. 2014; Tamu-
laitis et al. 2014; Samai et al. 2015) but have also been
shown to cleave DNA in a transcription-coupled manner
(Samai et al. 2015).

In cells, genetic experiments have implicated the Cmr
complex in targeting transcriptionally active DNA
(Deng et al. 2013), but the mechanism of this activity
and the identity of the DNA nuclease active site are un-
known. We therefore undertook a biochemical analysis
of the Cmr complex to determine whether and how it
can cleave DNA.

Results

Reconstitution of the Cmr complex from Thermotoga
maritima

The genome of T. maritima MSB8 contains three Cas
modules (one each of Types I-B, III-A, and III-B) and eight
CRISPR loci (Supplemental Fig. S1). Each CRISPR loci
contains the same or a very similar repeat sequence, sug-
gesting that the three Cas modules can likely use crRNA
processed from any of the CRISPR loci. The Type III-B
module encodes six proteins (Cmrl-6). To determine
whether these six proteins can assemble into a Cmr com-
plex, we cloned, expressed, and purified each T. maritima
Cmr protein in an Escherichia coli expression system (Fig.
1A). The recombinant proteins were mixed, and the mix-
ture was purified over a nickel column (Cmr6 was N-ter-
minally hexahistidine-tagged; all of the other proteins
were untagged) in either the presence or absence of a syn-
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Figure 1. Assembly of the T. maritima Cmr complex. SDS—poly-
acrylamide gels, stained with Coomassie blue, of individually pu-
rified Cmr subunits (A) and affinity-purified Cmr complex (B)
with and without crRNAS8.3.

The Cmr effector complex cleaves DNA

thetic crRNAS8.3 (which corresponds to the third crRNA
encoded by CRISPR locus 8). In the absence of crRNA,
all but one of the Cmr proteins, Cmrl, purified as a com-
plex, whereas, in the presence of crRNA, all six Cmr pro-
teins purified as a complex (Fig. 1B). Weak association
between Cmrl and the Cmr complex has been noted in
both T. thermophilus (Staals et al. 2013) and P. furiosus
(Benda et al. 2014).

We next asked whether the organization of the T. mar-
itima Cmr complex is similar to Cmr complexes from
other organisms. To test this, we performed a series of
pull-down experiments with combinations of T. maritima
Cmr proteins. The results of these experiments are pre-
sented in Supplemental Figure S2. The interactions
between subunits observed in the T. maritima Cmr com-
plex agrees with the interactions observed between sub-
units of other Cmr complexes by electron microscopy,
cross-linking, and X-ray crystallography (Spilman et al.
2013; Staals et al. 2013; Benda et al. 2014; Osawa et al.
2015; Taylor et al. 2015), suggesting that the T. maritima
Cmr complex has the same subunit architecture as other
Cmr complexes.

The T. maritima Cmr complex cleaves ssSRNA

In vitro, the Cmr complexes from P. furiosus, S. solfatari-
cus, and T. thermophilus cleave ssRNA that is comple-
mentary to the crRNA (Hale et al. 2009; Zhang et al.
2012; Staals et al. 2013). To determine the substrate spe-
cificity of the T. maritima Cmr complex, we incubated
the complex with crRNAS8.3 and a selection of nucleic
acid targets that were radiolabeled at their 5" ends (5 la-
beled). Reactions were incubated for 10 min at 80°C, the
optimal growth temperature of T. maritima (Huber et al.
1986), and the products were analyzed by denaturing
PAGE followed by autoradiography. Noncomplementary
ssRNA, complementary ssDNA, and dsRNA were not
cleaved (Fig. 2A). Only complementary ssRNA (the
ssRINAS8.3 target) was cleaved, with the cleavage site lo-
cated 14 nt from the 3’ end of the paired crRNA (Fig. 2).
Cleavage appeared to be sequence-independent, as a
ssRNA target complementary to a crRNA with a different
sequence (crRNAS8.4 and ssRNAS8.4) also resulted in the
same 14-nt cleavage product (Fig. 2A). Cleavage also re-
quired that the 5" handle was intact and had the correct re-
peat-derived sequence (Fig. 2B), in agreement with results
from the P. furiosus Cmr complex (Hale et al. 2012), and,
like other Type Il complexes, was dependent on the pres-
ence of magnesium or manganese ions (Supplemental Fig.
S3A; Hale et al. 2009; Zhang et al. 2012; Staals et al. 2013,
2014; Tamulaitis et al. 2014; Samai et al. 2015).

Other Cmr complexes can cleave their RNA targets at
up to five sites that are separated by 6-nt intervals (Staals
et al. 2013; Hale et al. 2014). To determine the frequency
and spacing of target cleavage by the T. maritima Cmr
complex, we monitored cleavage of a 5" labeled ssRNAS8.3
target as a function of time. The results show that the tar-
get was cleaved at four sites (sites 1-4), each separated by 6
nt, producing 32-, 26-, 20-, and 14-nt products (Fig. 2C).
Cleavage at site 1 is minimal compared with the other
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three sites, which was also observed with the P. furiosus
and T. thermophilus Cmr complexes (Staals et al. 2013;
Hale et al. 2014). The appearance and disappearance of
the cleavage products over time suggests that the target
is cleaved sequentially, starting predominantly at site 2
and then proceeding to site 3 and then to site 4 (Fig. 2E).
After ~5 min, the target is almost completely cleaved to
a single prominent 14-nt product, which is much faster
than observed with P. furiosus and T. thermophilus Cmr
complexes (Hale et al. 2009; Staals et al. 2013). To confirm
that cleavage is sequential, we repeated this experiment
but used a 3’ labeled target. In this experiment, we ob-
served a single prominent 12-nt product (Fig. 2D), corre-
sponding to cleavage at site 2 (note that the 3’ end
labeling reaction added one additional nucleotide to the
3’ end of the RNA target), suggesting that cleavage primar-
ily begins at site 2.

To gain further insights into the determinants for RNA
cleavage, we tested activity on RNA targets that would re-
sult in base-pairing-disrupting mismatches when paired
with crRNA8.3. RNA targets that result in mismatches
at position 20 and/or position 21, which flank the scissile
phosphate at site 3, do not inhibit cleavage of the target at
any site. In fact, cleavage of these mismatched targets ap-
pears to be enhanced relative to the fully complementary
target, as, with these targets, we observed an increased
proportion of the site 4 product relative to the fully com-
plementary target (Supplemental Fig. S4A, experiments
1-4). Thus, perfect complementarity is not required at
site 3, suggesting that RN A cleavage by the Cmr complex,
like the related Csm complexes (Staals et al. 2014; Tamu-
laitis et al. 2014}, is not strictly dependent on complete
complementarity between the crRNA and RNA target.
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It has been shown that the 2-hydroxyl group adjacent to
the scissile phosphate is crucial for the RNA cleavage ac-
tivity of a chimeric Cmr complex reconstituted from
Archaeoglobus fulgidus Cmr1-3 and P. furiosus Cmr4-6
(Osawa et al. 2015). We confirmed the importance of
this hydroxyl group to cleavage by the T. maritima Cmr
complex. An ssSRNAS8.3 target containing a 2'-deoxyribose
at position 20 was not cleaved at site 3 (Supplemental Fig.
S4A, experiment 5), but, in a control experiment, a target
with a 2’-deoxyribose at position 21 was cleaved at site 3
(Supplemental Fig. S4A, experiment 6). Furthermore,
when any of the four cleavage sites were blocked with a
2’-deoxyribose, we observed no cleavage at that site (Sup-
plemental Fig. S4B, experiments 7-11). A modified
ssRNAS8.3 target (ssRNA8.3*) that contained 2'-deoxyri-
bose base substitutions at each of the four cut sites (posi-
tions 14, 20, 26, and 32) was not cleaved by the Cmr
complex at any site (Supplemental Fig. S4B, experiment
12). To confirm that the 2'-deoxyribose modifications in
ssRNA8.3* do not interfere with binding to the Cmr com-
plex, we performed competition experiments. Here, we
monitored cleavage of the 5’ labeled ssRNAS8.3 target us-
ing either unlabeled ssRNA8.3* as a specific competitor
or ssSRNAS8.4 as an unspecific competitor. Only the unla-
beled crRNAS8.3* inhibited cleavage of the target (Supple-
mental Fig S4C, lane 3), thereby providing support for the
Cmr complex binding to crRNAS8.3*.

DNA cleavage by the Cmr complex

Genetic experiments implicate the Cmr complex in tar-
geting transcriptionally active plasmid DNA in cells
(Deng et al. 2013). However, Cmr complexes have only



been observed to cleave RNA and not DNA in vitro (Fig.
2A; Hale et al. 2009; Zhang et al. 2012; Staals et al.
2013) and in vivo (Hale et al. 2012; Zebec et al. 2014).
We reasoned that these differing observations could be
reconciled if the DNA nuclease activity of the Cmr com-
plex required the presence of a ssSRNA transcript. To test
this, we incubated the T. maritima Cmr complex with
crRNAS8.3, an ssRNAS8.3 target (mimicking a transcript),
and one of two different ssDNA substrates (substrates
A and B), which were 5 labeled (Fig. 3A). We initially
screened ssDNA as a potential substrate because Csml
(which, like Cmr2, is a Cas10 family protein) has ssDNA
nuclease activity (Jung et al. 2015) and is the only subunit
of a Type III effector complex with known DNA nuclease
activity. The Cmr complex cut the DNA substrate weakly
at multiple sites only when it and the ssRNAS8.3 target
were added to the reaction at the same time (Fig. 3B, lanes
4,11). No cleavage was observed if the Cmr complex was
preincubated with the ssRNAS8.3 target for 10 min before
addition of the ssDNA (Fig. 3B, lanes 3,10). This suggested
that cleavage of the ssRNA target may inhibit cleavage of
the ssDNA substrate. No DNA cleavage was observed in
the absence of the Cmr complex, in the absence of the
complementary ssRNAS8.3 target (Fig. 3B), or with an
ssRNA target noncomplementary to crRNAS8.3 (Fig. 3B,
lanes 7,14). Cleavage was dependent on the presence of
manganese ions but not magnesium ions (Supplemental
Fig. S3B) and was specific to ssDNA, as no cleavage of ei-
ther ssRNA or dsDNA was observed under the same reac-
tions conditions (Fig. 3B, lanes 15-18).

To further investigate the effects of RNA cleavage on
the DNA cleavage activity of the Cmr complex, we mon-
itored DNA cleavage under two regimes where the ssSRNA
target is not cut. First, we monitored DNA cleavage using
the noncleavable ssRNA8.3* as the RNA target. Second,
we monitored DNA cleavage using a Cmr complex that
was reconstituted with Cmr4 harboring a D26A mutation
(Benda et al. 2014; Ramia et al. 2014a; Zhu and Ye 2015).
This variant of the T. maritima Cmr complex specifically
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binds to (Supplemental Fig. S5, lanes 3,8) but is unable to
cleave (Supplemental Fig. S6A, lane 3) a complementary
RNA target. Under both of these regimes, cleavage of
the ssDNA was greatly enhanced (Fig. 3B, lanes 5,6,
12,13), suggesting that cleavage of the RNA target inhibits
cleavage of ssDNA by the Cmr complex.

RNA target binding licenses ssDNA cleavage

Our results suggest that RNA target binding licenses
ssDNA cleavage by the Cmr complex. To gain additional
insight into this licensing, we investigated RNA cleavage
more closely. First, we wished to determine whether the
RNA products dissociate from the Cmr complex follow-
ing cleavage or whether they remain bound. Thus, the
Cmr complex pre-equilibrated with an equimolar amount
of crRNAS.3 was incubated with either equimolar or two-
fold or fourfold excess of the ssSRNA8.3 target. Cleavage
was monitored over time by denaturing PAGE followed
by autoradiography. If RNA products did not dissociate
from the complex following cleavage, then, in reactions
with target in excess, the amount of target cleaved should
equal the amount of Cmr complex in the reaction. Howev-
er, at all ratios of Cmr complex to target tested, ~100% of
the ssSRNA8.3 target was cleaved (Fig. 4A), indicating that
the RNA products dissociate from the complex following
cleavage. In a second set of experiments, the Cmr com-
plex, pre-equilibrated with 50 nM crRNAS8.3 (1:1 stoichi-
ometry), was incubated with 100 nM target ssSRNAS8.3
and 1 nM ssDNA substrate A (5’ radiolabeled). Cleavage
of the DNA was monitored over time until the accumula-
tion of product had plateaued (Fig. 4B). Note that, under
these conditions (100 nM ssRNAS8.3 target), the DNA
cleavage activity of the Cmr complex was more robust
than in previous experiments, where the concentration
of the ssRNA8.3 target was much lower (1 nM). Once
the accumulation of product had plateaued, fresh comple-
mentary (ssSRNA8.3) or, in a control experiment, noncom-
plementary (ssRNAS8.4) RNA targets were added to the

Figure 3. DNA cleavage by the Cmr com-
plex. (A) Schematic of DNA substrates A
and B. Arrowheads indicate the mapping
of the cleavage sites onto the sequences.
(B) 5’ labeled ssDNA substrates (substrates
A and B), an ssRNA (whose sequence is
equivalent to ssDNA substrate A), or a
dsDNA (substrate A annealed to a comple-
mentary oligo) were incubated with the
Cmr complex (or a variant Cmr complex
containing Cmr4 D26A) in the presence of
ssRNA8.3 targets and then analyzed by
denaturing PAGE. An asterisk indicates
the use of the noncleavable ssRNA8.3* tar-
get, and “M” denotes the marker lane.

22
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Figure 4. RNA turnover by the Cmr complex. (A) 5" labeled
ssRNA8.3 target was incubated with the Cmr complex in the
presence of unlabeled crRNAS8.3 at the indicated concentrations,
and cleavage was monitored over time. “T1” denotes the T1 lad-
der, and “C” denotes a control lane containing only the labeled
ssRNA8.3 target. (B) 5’ labeled ssDNA substrate A was incubated
with the unlabeled ssRNA8.3, the Cmr complex, and crRNAS8.3
for 30 min before either fresh ssRNA8.3 or ssRNA8.4 was added
to the reaction (pulse), which was then monitored for a further
30 min. Samples were analyzed by denaturing PAGE. Below the
gel panel is a quantification of the cleavage activity over time.
The point at which the pulse was added is indicated.

reactions, and we continued to monitor DNA cleavage
(Fig. 4B). Addition of fresh complementary ssRNAS8.3 re-
initiated cleavage of the ssDNA, whereas the noncomple-
mentary ssSRNAS8.4 had no effect, suggesting that the
RNA products had dissociated from the complex. If the
RNA products are not released after cleavage, then addi-
tion of fresh target should have no effect. Together, these
data indicate that the presence of an intact ssSRNA target
complementary to the crRNA activates a ssDNA nucle-
ase activity in the Cmr complex. Cleavage of the ssRNA
target and dissociation of the resulting fragments then
prevent DNA cleavage.

In Type III-A systems, base pairing between the 5 han-
dle of the crRNA and the 3’ flanking sequence of the RNA

464 GENES & DEVELOPMENT

target has been shown to have no effect on RNA target
cleavage, but it inhibits cleavage of the DNA (Marraffini
and Sontheimer 2010; Samai et al. 2015). We tested the ef-
fects of complementarity to the 5 handle on RNA and
DNA cleavage by the T. maritima Cmr complex and
found that the RNA was cleaved, albeit to a lesser extent
(Supplemental Fig. S6A, lane 5), and that cleavage of DNA
was almost undetectable (Supplemental Fig. S6B, lane 3).
Thus, activation of DNA cleavage by the Cmr complex
also requires a lack of complementarity between the
RNA target and the crRNA 5’ handle.

Sequence specificity for the ssDNA target

The Cmr complex was able to cleave two ssDNA sub-
strates with distinct sequences, suggesting that the
ssDNA nuclease activity of the Cmr complex is not se-
quence-specific. However, cleavage of each substrate pro-
duced a distinct band pattern (Fig. 3B), indicating some
sequence preference at the sites of cleavage. To investi-
gate this further, we mapped the length of the cleavage
products for the two different ssDNA substrates (Fig.
3A). This mapping revealed that the Cmr complex cleaved
the DNA after every thymidine and not after any other nu-
cleotide. Thymidine specificity was further verified using
a series of DNA substrates (derived from substrate A)
where cleavage was blocked at the sites where thymidines
were replaced with adenosine (Fig. 5A). A ssDNA sub-
strate completely lacking thymidine was not cleaved by
the Cmr complex (Fig. 5A).

In addition to the observed thymidine specificity, cleav-
age between a thymidine and a cytidine appeared to be less
efficient than cleavage between a thymidine and any other
nucleotide (see the 17-nt product of substrate A and the
22-nt produce of substrate B in Fig. 3B). Substrate A con-
tains a single thymidine-cytidine dinucleotide sequence,
located at positions 17-18 (Fig. 3A). We mutated this cyti-
dine (C18) to each of the other 3 nt and monitored cleavage
of the modified DNA substrate. Cleavage at position 17
of these modified substrates was more robust than in sub-
strate A (Fig. 5B), thus confirming that cleavage between a
thymidine and a cytidine is less efficient than cleavage
between thymidine and any other nucleotide.

Cleavage of ssDNA in the context of dsDNA

To determine whether the T. maritima Cmr complex can
cleave ssDNA in the context of dSDNA, we generated a se-
ries of dsDNA substrates that contained mismatched
“bubble” regions. The “bubble” regions ranged in size
from 2 to 10 nt and consisted of a polythymidine sequence
on one strand (the T strand) and a polycytidine sequence
on the opposite strand (the C strand) (Fig. 5C). The dou-
ble-stranded regions of these substrates were designed
such that they did not melt at the reaction temperature,
80°C. The “bubble” substrates (labeled at the 5’ end of
their T strands) were incubated with the T. maritima
Cmr complex crRNA8.3 and an ssRNAS8.3 target and
then analyzed by denaturing PAGE and autoradiography.
Each of the substrates was cleaved multiple times within
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Figure 5. Determinants for DNA cleavage by the T. maritima
Cmr complex. (A) 5" labeled ssDNA substrates with the indicated
thymidine-to-adenosine substitutions were incubated with (+) or
without (—) the Cmr complex and analyzed by denaturing PAGE.
(B) 5" labeled ssDNA substrates with the indicated substitutions
at position 18 were incubated with (+) or without (-) the Cmr
complex and analyzed by denaturing PAGE. (C) dsDNA sub-
strates containing 2-, 4-, 6-, 8-, and 10-nt “bubbles” were incubat-
ed with the Cmr complex and analyzed by denaturing PAGE.
Below the gel is a schematic of the “bubble” substrate.

the bubble region (Fig. 5C), suggesting that the Cmr com-
plex can cleave ssDNA regions as short as 2 nt in the con-
text of dsSDNA.

Mutations in the HD domain of Cmr2 abolish
sSDNA cleavage

The ssDNA nuclease activity of isolated Csm1 has been
attributed to its HD domain (Jung et al. 2015). We rea-
soned that the HD domain of Cmr2 might be responsible
for the observed ssDNA cleavage activity of the Cmr com-
plex. To test this prediction, we made a mutant Cmr2 in
which two highly conserved residues in the HD motif
(His32 and Asp33) were substituted with alanine. The mu-
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tant Cmr2 (the HD-AA mutant) was then assembled into
the Cmr complex and incubated with crRNA8.3 and ei-
ther a 5’ labeled ssRNAS.3 target or a 5’ labeled ssDNA
and an unlabeled ssRNA8.3 target. After a 10-min incuba-
tion at 80°C, the HD-AA mutant complex did not cleave
the ssDNA (Fig. 6, lane 3) but did specifically bind (Sup-
plemental Fig. S5, lanes 4,9) and cleave (Fig. 6, lane 7)
the ssRNA8.3 target. These observations suggest that
the conserved HD motif found in Cmr?2 is critical for the
ssDNA endonuclease activity of the Cmr complex.

In the Type III-A system of Staphylococcus epidermidis,
the GGDD motif in the Palm domain of Csm1 is required
for DNA cleavage and not the HD domain (Hatoum-Aslan
et al. 2014; Ramia et al. 2014b; Samai et al. 2015). To test
whether the GGDD motif has a role in DNA cleavage by
the T. maritima Cmr complex, we made a mutant Cmr2
in which the two highly conserved aspartate residues
(Asp585 and Asp586) in the GGDD motif were substituted
with alanine. The mutant Cmr2 (the DD-AA mutant) was
then assembled into the Cmr complex, and its cleavage ac-
tivities were assessed as before with the HD-AA mutant.
The DD-AA mutant complex failed to cleave ssDNA
(Fig. 6, lane 4) but also failed to cleave the complementary
ssRNA8.3 target (Fig. 6, lane 8). To further investigate why
this mutant failed to cleave the RNA target, we used an
electrophoretic mobility shift assay (EMSA] to access its
specific binding to a complementary RNA target (Supple-
mental Fig. S5, lanes 5,10). We found that the DD-AA mu-
tant complex did not bind a complementary RNA target.
This suggests that mutation of the GGDD motif in the
T. maritima Cmr2 subunit results in a dysfunctional
Cmr complex that cannot bind complementary RNA tar-
gets and thus cannot be activated for DNA cleavage.

Discussion

The Cmr complex from the Type III-B CRISPR-Cas sys-
tem is a crRNA programmed effector complex that

ssDNA
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Figure 6. Effects of mutations in Cmr2. 5’ labeled ssRNA8.3 tar-
get (right) or 5 labeled ssDNA substrate A with unlabeled
ssRNA8.3 target (left) was incubated with either wild-type (WT)
or mutant Cmr complexes (assembled with Cmr2 HD-AA or
Cmr2 DD-AA) and then analyzed by denaturing PAGE. “L” de-
notes a DNA ladder, and “T1” denotes a T1 RNA ladder.
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cleaves complementary RNA in vitro (Hale et al. 2009;
Zhang et al. 2012; Staals et al. 2013) and in vivo (Hale
et al. 2012; Zebec et al. 2014). The Cmr complex also pro-
tects against plasmid transformation in vivo in a tran-
scription-dependent manner (Deng et al. 2013). All
known CRISPR-Cas systems that protect against DNA
invasion do so by degrading the invading DNA (Garneau
etal. 2010; Westra et al. 2012; Samai et al. 2015), suggest-
ing that DNA targeting by the Cmr complex may also be
mediated by DNA cleavage. Here we show that the Cmr
complex cleaves ssDNA in the presence of a complemen-
tary RNA target (Fig. 3) and discuss the implications of
this finding.

We demonstrate that Cmr proteins from T. maritima
assemble into a Cmr complex (Supplemental Fig. S2)
with the same subunit interactions as those observed for
Cmr complexes from other species (Spilman et al. 2013;
Staals et al. 2013; Benda et al. 2014; Osawa et al. 2015;
Taylor et al. 2015). The T. maritima Cmr complex specif-
ically cleaves RNA targets that are complementary to
crRNA. Cleavage occurs sequentially over four sites sepa-
rated by 6-nt intervals (Fig. 2C-E) and is catalyzed by the
Cmr4 subunit (Supplemental Fig. S6A, lane 3; Benda
et al. 2014; Ramia et al. 2014a; Zhu and Ye 2015). As ob-
served previously with a chimeric Cmr complex (Osawa
et al. 2015), we demonstrated that cleavage is dependent
on the 2/-hydroxyl adjacent to the scissile phosphate (Sup-
plemental Fig. S4). We also found that RNA cleavage by
the Cmr complex can tolerate mismatches in the region
of a cut site (Supplemental Fig. S4A). A tolerance for mis-
matches was also observed with Csm complexes (Staals
et al. 2014; Tamulaitis et al. 2014), suggesting that both
Type ITI-A and Type III-B systems have flexibility in target
specificity.

The Type III CRISPR-Cas systems protect cells from in-
vasion by DNA viruses and plasmids in a transcription-
coupled manner (Deng et al. 2013; Goldberg et al. 2014;
Samai et al. 2015). Here we show that a purified Cmr com-
plex can cleave ssDNA after thymidine nucleotides but
only in the presence of a complementary ssRNA target
(Fig. 3). The S. solfataricus Cmr complex has been report-
ed to cleave RNA targets at uridine-adenosine dinucleo-
tides (Zhang et al. 2012), suggesting that sequence-
specific cleavage of their substrates may be a more general
feature of Cmr complexes. RNA-activated DNA cleavage
by the Cmr complex provides a basis for the previously ob-
served transcription-coupled DNA targeting. Binding but
not cleavage of the ssSRNA target was required to activate
DNA cleavage (Figs. 3, 4; Supplemental Figs. S5, S6), con-
sistent with immunity against plasmid transformation in
the Type III-A system requiring DNA but not RNA cleav-
age (Samai et al. 2015). Although the structural basis of
DNA nuclease activation is unknown, it may involve
the conformational rearrangements observed on comple-
mentary target binding by cryo-electron microscopy (Tay-
lor et al. 2015). We mapped the active site for ssDNA
cleavage to the HD domain of Cmr2 (Fig. 6). Transcrip-
tion-coupled DNA cleavage may therefore target regions
of ssDNA generated by transcription, likely at the dis-
placed nontemplate strand (Fig. 7; Jackson and Wieden-
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Figure 7. A model for the mode of action of the Type III-B
CRISPR-Cas systems. Once RNA polymerase transcribes
through the protospacer, the Cmr complex binds to the nascent
transcript through base pairing with the crRNA. Transcript bind-
ing activates the DNA and RNA nuclease activities of the Cmr
complex. The DNA nuclease activity of the HD domain from
Cmr?2 cleaves the displaced nontemplate strand of the transcrip-
tion bubble at sites 3’ of thymidine nucleotides. The RNA nucle-
ase activity cleaves the mRINA target stepwise through four sites.
Activation of the DNA nuclease activity is dependent on the
presence of a bound complementary target. Therefore, once the
RNA target is cleaved, the DNA nuclease activity is deactivated.

heft 2015; Samai et al. 2015). Accordingly, we observed
cleavage of dsDNA that contains a mismatched “bubble”
region as small as 2 nt (Fig. 5C).

Several subunits of the Type I and Type III CRISPR—Cas
complexes share distant phylogenetic relationships
(Makarova et al. 2011, 2015), and accumulating structural
data suggest that these complexes may have evolved from
a common ancestor (for review, see Jackson and Wieden-
heft 2015). Our studies indicate that the HD domain of
Cmr2 is the domain responsible for DNA cleavage in
Type III-B systems. In Type I systems, DNA is also cleaved
by an HD domain in the helicase-nuclease Cas3, provid-
ing a further evolutionary link between the two systems.
Indeed, the HD domains of Cmr2 and Cas3 both depend
on transition metals and not magnesium for catalysis,
and both cleave ssDNA (Mulepati and Bailey 2011,
2013; Westra et al. 2012; Sinkunas et al. 2013). S. thermo-
philus Cas3 has also been shown to preferentially cleave
after thymidine nucleotides (Sinkunas et al. 2013).



The immunity against DNA invasion provided by the
Type III CRISPR-Cas systems is dependent on
COG1517 proteins (Makarova et al. 2012): Csmé6 in
Type III-A systems (Hatoum-Aslan et al. 2014) and Csx1
in Type III-B systems (Deng et al. 2013). However, none
of these proteins stably associates with their respective ef-
fector complexes (Hale et al. 2009; Hatoum-Aslan et al.
2014) or is required for RNA cleavage by either complex
(Fig. 2; Hale et al. 2009; Zhang et al. 2012; Staals et al.
2013, 2014; Tamulaitis et al. 2014; Samai et al. 2015).
We also show that cleavage of ssDNA by the RNA-acti-
vated Cmr complex does not require the presence of
Csx1 (Fig. 3). Likewise, transcription-coupled cleavage of
DNA by the Csm complex does not require Csmé6 (Samai
et al. 2015). Thus, Csx1 and Csm6 do not appear to have a
direct role in either RNA or DNA cleavage by the Type III
effector complexes. Further biochemical studies are need-
ed to understand the function of these proteins, although,
interestingly, sequence analysis suggests that this family
of proteins may be nucleases (Makarova et al. 2012).

Two models have been proposed for how a Type I effec-
tor complex could identify its DNA target using a crRNA.
In the first model, crRNA pairs with the nontemplate
strand that has been exposed by a transcription bubble
(Deng et al. 2013; Goldberg et al. 2014; Samai et al.
2015). In the second, crRNA pairs with the nascent tran-
script (Goldberg et al. 2014; Jackson and Wiedenheft
2015). We observed that pairing of a crRNA with an
RNA target activates ssDNA cleavage by the Cmr com-
plex, and the sequence specificity of this nuclease activity
has no dependence on the crRNA sequence. Also, the
P. furiosus Cmr complex does not bind ssDNA that is
complementary to the crRNA but does bind complemen-
tary ssRNA (Hale et al. 2014). Similarly, the S. thermophi-
Ius Csm complex binds complementary ssSRNA 100 times
tighter than ssDNA (Tamulaitis et al. 2014). Together,
these data support the second model, in which the Type
IMI effector complex (Cmr or Csm) binds to the nascent
transcript (Fig. 7). Once recruited by transcript binding,
the ssDNA cleavage activity of the effector complex is ac-
tivated. A likely substrate for this activity is the displaced
ssDNA of the displaced nontemplate strand (Samai et al.
2015) of the downstream transcription bubble (Fig. 7),
which has been shown by previous footprinting assays
to be more accessible than the template strand in a tran-
scription bubble (Wang and Landick 1997).

The active site for DNA cleavage may vary both be-
tween and within Type III-A and Type III-B systems.
Through mutagenesis, we mapped the DNA nuclease ac-
tivity of the Type III-B Cmr complex to the HD motif of
Cmr2 (Fig. 6), as initially predicted from sequence analysis
(Makarova et al. 2011). The HD domain of the Csm1 pro-
tein from the Type III-A system of Thermococcus onnuri-
neus was also found to have DNA nuclease activity (Jung
etal. 2015). However, in the Type IlI-A system of S. epider-
midis, the HD motif of Csm1 is not required for DNA
cleavage (Hatoum-Aslan et al. 2014). Instead, the GGDD
motif in the Palm domain of Csm1 is required (Hatoum-
Aslan et al. 2014; Ramia et al. 2014b; Samai et al. 2015).
Moreover, some Type III-B systems contain Cmr?2 proteins
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lacking HD domains, such as T. thermophilus (Staals et al.
2013). In these organisms, the Type III-B system may only
target RNA, or the GGDD motif may be used for DNA
cleavage. More structural and biochemical studies are re-
quired to clarify the role of these two motifs (HD vs.
GGDD) in the different Type III systems.

Nucleases need to be tightly regulated so they cleave
only the intended substrates, as any nonspecific activity
could be deleterious to the cell. The transcript-binding
model (Fig. 7) provides a mechanism for both spatial and
temporal regulation of DNA cleavage by the Cmr com-
plex. Spatial regulation can be achieved by tethering the
activated Cmr complex to a specific region of DNA that
is actively transcribing through base pairing between the
crRNA and transcript. This spatial restraint would ensure
that the activated Cmr complex does not cleave at other
transcription bubbles, such as those found at transcribing
host genes. Thus, spatial regulation may provide a mech-
anism for immunity (specific cleavage of transcribing for-
eign DNA) rather than cell death (cleavage of transcribing
host DNA). Targeting of antisense transcripts derived
from host CRISPR loci, which have been observed in sev-
eral species (Hale et al. 2012; Garrett et al. 2015), appears
to be prevented by base paring between the 5 handle of
the crRNA and the complementary region of the resulting
antisense transcript (Supplemental Fig. S6). Temporal reg-
ulation can be achieved by coupling DNA cleavage to the
presence of an intact transcript, as, once the transcript
is cleaved, the DNA nuclease activity is deactivated
(Fig. 3B). Due to this coupling of DNA and RNA cleavage
activities, in cells, the rate of transcript cleavage should be
slower than the rate of DNA cleavage in order for efficient
DNA cleavage to occur. This was not the case in our in vi-
tro experiments, as the rate of ssDNA cleavage was some-
what slower than the rate of ssRNA cleavage (Fig. 4, cf. A,
lanes 8-10, and B, lanes 1-4). However, in our in vitro as-
say, we used ssDNA oligonucleotides as substrates. In
cells, the proposed substrate is the nontemplate strand
of the transcription bubble. This substrate may be a better
substrate for the Cmr complex than ssDNA oligonucleo-
tides and thus may be cleaved at a higher rate. Also, as dis-
cussed above, by targeting a transcribing region of DNA,
the Cmr complex is tethered to its DNA substrate by its
interactions with the nascent transcript. This tethering
would increase the effective concentration of the DNA,
again likely stimulating the rate of its cleavage. In addi-
tion, cleavage of an RNA transcript emerging from a tran-
scription bubble may be slower than cleavage of an ssRNA
oligonucleotide. Further experiments carefully examining
these rates in the context of transcription-coupled target-
ing both in vitro and in vivo will be required to provide a
complete mechanistic description of the system.

In summary, our studies provide biochemical evidence
that the Type III-B system cleaves ssDNA in the presence
of an RNA target complementary to the crRNA. These re-
sults are consistent with previous results showing that the
Type III-B system protects cells from plasmid transforma-
tion in a transcription-coupled manner (Deng et al.
2013). Our data further resolve the ambiguity in activities
reported for Type III systems and support a unified
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mechanism for all Type III systems in which DNA nucle-
ase activity is coupled to transcription (Samai et al. 2015).

Materials and methods

Purification of recombinant Cmr proteins

The genes encoding Cmrl-6 were individually PCR-amplified
from T. maritima genomic DNA and cloned into pET-derived vec-
tors (Perdnen et al. 1996). The vectors, pHAT4 and pHAT?2, con-
tain an N-terminal hexahistidine tag that is cleavable or not
cleavable by tobacco etch virus (TEV) protease, respectively.
The vectors were transformed into T7Express cells (New England
Biolabs) and grown to an ODggg of 0.3 in Luria-Bertani medium
followed by induction with 0.2 mM isopropyl--D-thiogalactopyr-
anoside (IPTG) and overnight expression at room temperature.
The cells were pelleted at 4500 rpm, resuspended in lysis buffer
[1 M KCl, 20 mM Tris-HCI at pH 8.0, 10 mM imidazole, 1 mM
tris(2-carboxyethyl)phosphine (TCEP)|, and disrupted using a
French press. The resulting sample was centrifuged at 18,000
rpm for 45 min at 4°C. The histidine-tagged Cmr proteins were
isolated from the supernatant using a 5-mL IMAC column (Bio-
Rad) charged with nickel sulfate and equilibrated with lysis buff-
er. After washing with at least 100 mL of lysis buffer, the proteins
were eluted with 250 mM imidazole-containing lysis buffer and
injected onto a HiLoad 26/60 S200 size exclusion column (GE
Healthcare) equilibrated with gel filtration buffer (350 mM KCl,
20 mM Tris-HCI at pH 8.0, 1 mM TCEP). The above steps were
carried out with Cmr proteins cloned into the pHAT?2 vector.
When cloned into the pHAT4 vector, histidine tag removal was
accomplished by elution off of IMAC as above, followed by buffer
exchange with a HiPrep 26/10 desalting column (GE Healthcare)
equilibrated with gel filtration buffer and incubation with TEV
protease overnight at 4°C. The sample was reapplied to the
IMAC column to remove the cleaved histidine tag and the histi-
dine tag-containing TEV protease, and the flow-through was col-
lected and injected onto a HiLoad 26/60 S200 size exclusion
column equilibrated with gel filtration buffer. Fractions collected
from the size exclusion column were analyzed by SDS-PAGE. The
Cmr2 and Cmr4 mutants were created by PCR-based mutagene-
sis. The expression vector was amplified using phosphorylated
mutagenic primers followed by self-ligation. All mutant proteins
were expressed and purified using the same protocol as the respec-
tive wild-type protein.

Pull-down assay

Purified Cmr proteins that were tagged (bait) and untagged (prey)
were incubated in 100 pL of binding buffer (100 mM KCl, 20 mM
Tris-HCl at pH 8.0, 10 mM imidazole, 1 mM TCEP) for 30 min at
37°C. Twenty microliters of nickel sulfate-charged IMAC resin
(BioRad) equilibrated in binding buffer was added to the Cmr pro-
tein sample and incubated for 1 h at 4°C on a rotating plate. The
resin was washed three times with 0.5 mL of binding buffer and
further incubated with elution buffer (binding buffer containing
250 mM imidazole) for 30 min at 4°C. Proteins eluted from the
beads were analyzed on 4%-20% miniprotean TGX precast gels
(BioRad) stained with Coomassie.

Preparation of labeled oligonucleotides

RNA and DNA oligonucleotides were purchased from Sigma Al-
drich (Supplemental Tables 1, 2). They were 5’ radiolabeled with
T4 polynucleotide kinase (New England BioLabs) and y-**PATP

468 GENES & DEVELOPMENT

(Perkin Elmer) in 1x T4 polynucleotide kinase buffer for 30 min
at 37°C. The substrates were resolved on a denaturing polyacryl-
amide gel, visualized by autoradiography, excised from the gel,
and placed in a 0.5-mL solution of 0.3 M sodium acetate overnight
at4°C followed by ethanol precipitation and resuspension in RNA
storage solution (Ambion) for RNA or 10 mM Tris-HCI (pH 8.0)
and 1 mM EDTA for DNA. To generate dSDNA or dsRNA targets,
labeled oligonucleotide with twice the molar excess of the com-
plementary unlabeled oligonucleotide was incubated for 10 min
at 95°C followed by slow cooling to room temperature. Complete
annealing was confirmed by nondenaturing PAGE.

Radiolabeling of the 3’ end of ssRNA was performed as de-
scribed previously (Huang and Szostak 1996). Briefly, ssRNA
was annealed to a short ssDNA oligonucleotide complementary
to the 3’ end of ssSRNA, generating a TG overhang. The duplex
was then incubated with a 3/-5" exonuclease-deficient Klenow
fragment (New England Biolabs) and a-3*PdATP (Perkin Elmer)
in 1x buffer 2 (New England Biolabs) for 2 h at 37°C. Following
the reaction, the ssDNA was removed by denaturing PAGE.

RNA cleavage assays

Cmr2-6 was formed by pull-down (see above). Unless otherwise
indicated, 250 nM Cmr2-6, 250 nM Cmrl, and 100 nM crRNA
were incubated for 30 min at 80°C in reaction buffer (100 mM
KCI, 20 mM HEPES at pH 7, 1 mM MnCl,, 0.5 mM ATP, ] mM
TCEP). The reaction (80°C) was initiated by addition of 1 nM (un-
less otherwise indicated) radiolabeled target. The reaction was
stopped at 10 min or the indicated time point with the addition
of quencher dye (90% formamide, 2.5% glycerol, 0.01% SDS,
0.01% bromophenol blue, 0.01% xylene cyanol, 1 mM EDTA)
and heated for 10 min at 95°C. Radiolabeled RNA ladders were
generated with RNase T1 (New England Biolabs) or alkaline hy-
drolysis buffer (50 mM sodium carbonate at pH 9.2, 1 mM
EDTA). The samples are then run on 20% polyacrylamide dena-
turing gels and visualized by phosphorimaging.

DNA cleavage assay

The Cmr complex was assembled with a crRNA as described
above. This complex was then incubated with both a target
RNA (1 nM, unless otherwise indicated) and 5" labeled ssDNA
(1 nM, unless otherwise indicated) substrate in reaction
buffer for 10 min at 80°C. The DNA was isolated by phenol-chlo-
roform extraction and analyzed by denaturing PAGE and
autoradiography.

EMSA

5" labeled RNA target (1 nM) was incubated with 800 nM Cmr
complex (wild-type and mutant complexes) loaded with 800 nM
crRNAS8.3 for 1 h at 4°C in reaction buffer. RNA cleavage was un-
detectable under these conditions. Following incubation, bound
RNA target was resolved from the free target by electrophoresis
through a 5% polyacrylamide gel. RNA was visualized by
autoradiography.
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