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CRISPR-Cas systems are RNA-based immune systems that
protect many prokaryotes from invasion by viruses and plas-
mids. Type III CRISPR systems are unique, as their targeting
mechanism requires target transcription. Upon transcript bind-
ing, DNA cleavage by type III effector complexes is activated.
Type III systems must differentiate between invader and native
transcripts to prevent autoimmunity. Transcript origin is dic-
tated by the sequence that flanks the 3’ end of the RNA target
site (called the PFS). However, how the PFS is recognized may
vary among different type III systems. Here, using purified pro-
teins and in vitro assays, we define how the type III-B effector
from the hyperthermophilic bacterium Thermotoga maritima
discriminates between native and invader transcripts. We show
that native transcripts are recognized by base pairing at posi-
tions —2 to —5 of the PFS and by a guanine at position —1, which
is notrecognized by base pairing. We also show that mismatches
with the RNA target are highly tolerated in this system, except
for those nucleotides adjacent to the PFS. These findings define
the target requirement for the type III-B system from T. mari-
tima and provide a framework for understanding the target
requirements of type III systems as a whole.

CRISPR arrays and CRISPR-associated (Cas)? genes provide
prokaryotes with adaptive immunity to invading genetic ele-
ments such as bacteriophage (1). CRISPR arrays consist of short
DNA sequences of foreign origin, called spacers, separated by
host repeat sequences (2-4). Cas proteins assemble with
CRISPR RNAs (crRNAs) to form effector complexes (5-7).
These complexes identify and destroy invading nucleic acids
that are complementary to their crRNAs (5, 8). CRISPR-Cas
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systems are extremely diverse, with six distinct types currently
recognized (types I-VI) (9). Types I, II, and V (and possibly IV)
degrade DNA (5, 10, 11) whereas type VI degrades RNA (12).
Type III systems, which are identified by their signature cas10
gene, are unique in that they degrade both DNA and RNA (13—
15). Type III systems are further divided into four subtypes,
III-A and III-D, which employ the Csm effector complex, and
III-B and III-C, which employ the Cmr effector complex (9).

CRISPR arrays are transcribed to produce a single transcript
(the pre—CRISPR RNA) containing multiple spacer sequences. In
type III systems, mature crRNAs are generated from pre—CRISPR
RNA in two steps. The Cas6 endoribonuclease cleaves the tran-
script within the repeat sequences, producing individual crRNAs
consisting of a spacer sequence with repeat sequence at each end
(6). These Cas6 cleavage products are then trimmed to remove the
3’ repeat sequence by host nucleases (6, 16, 17). Following these
processing events, a mature crRNA contains eight nucleotides of
repeat sequence on the 5’ end, called the crRNA tag, followed by
the spacer region (Fig. 1A).

Immunity provided by type III CRISPR systems depends on
transcription (18 —21). Transcription produces an RNA target
containing a crRNA-binding site (the RNA protospacer). Upon
binding to an RNA protospacer, several enzymatic activities
within the Csm/Cmr complexes are activated. The RNA target
is cleaved at six nucleotide intervals by multiple copies of the
Csm3/Cmr4 subunit (8, 21-25). The Cas10 subunit nonspecifi-
cally degrades invading single-stranded DNA (ssDNA) (20, 21,
25, 26) and generates a signaling molecule, cyclic oligoadeny-
late (cOA), from ATP. cOA then stimulates the trans-acting
endoribonuclease Csm6/Csx1 for nonspecific RNA degrada-
tion (27-30). Together, these activities provide a robust tran-
scription-coupled immune response.

To prevent autoimmune cleavage of host CRISPR arrays,
types L, II, and V effector complexes identify short (2—4 nucleo-
tides) DNA sequences called protospacer adjacent motifs (PAMs),
which flank invading target sequences but are absent from host
CRISPR arrays (31). Type III systems do not use PAMs to avoid
autoimmunity because they are activated by RNA binding rather
than DNA binding. CRISPR transcripts do not trigger autoimmu-
nity because they have identical sequences to their respective
crRNAs and therefore are not bound by the complex. However,
autoimmunity could arise if a CRISPR array is transcribed in the
antisense direction, as these anti-CRISPR transcripts are comple-
mentary to ctRNA (26). Although their function is unknown, anti-
CRISPR transcripts have been observed in a number of species
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Figure 1.DNA cleavage by the TmaCmr complexis transcript-dependent.
A, schematic depicting the interaction between the crRNA and the RNA pro-
tospacer. B, 5'-labeled ssDNA substrate was incubated with the TmaCmr
complex, Mn?* and either a complementary (c) or noncomplementary (n)
RNA target with 10 nucleotide noncomplementary 5’ and 3’ flanks. The reac-
tion products were analyzed by denaturing PAGE. M denotes markers for the
substrate and expected product. C, quantification of DNA cleavage products
by the TmaCmr complex over time upon activation with RNA targets contain-
ing various 3" and 5’ flanks. RNA targets represented by green circles have a
noncomplementary PFS, purple triangles represent targets without a PFS
(dark purple includes a 5’ flank, light purple lacks a 5" flank), and pink squares
represent targets with an anti-tag PFS.

(32—34). All characterized Csm/Cmr complexes fail to activate
DNA cleavage (20, 25, 26, 35, 36) or cOA production (27-29)
when bound to anti-CRISPR transcripts, although the transcripts
themselves are still cleaved.

Anti-CRISPR transcripts are identified by the sequence that
flanks the 3’ end of the RNA protospacer, which is called the
protospacer flanking site (PFS). Two mechanisms have been
described by which the PES in anti-CRISPR transcripts inhibits
autoimmunity in type III systems. In type III-A systems, base
pairing between the crRNA tag and a complementary PES,
called an anti-tag, deactivates the Csm complex (37-40). In the
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type III-B systems the mechanism is less clear. In Pyrococcus
furiosus (Pfu) the sequence of positions —1 to —3 of the PFS
(that is, the three nucleotides 3’ to the start of the RNA proto-
spacer) dictate whether DNA cleavage is activated, with anti-
CRISPR transcripts failing to activate (20). Here, recognition
of the anti-tag appears not to be driven by base pairing (at
least not cognate Watson-Crick base pairing) but is presum-
ably mediated by subunits of the PfuCmr complex (likely
Cas10 and/or Cmr3) (15, 20). It is currently unclear if the
mechanism of discrimination is subtype-specific (i.e. that
type III-A systems use base pairing, whereas type I1I-B sys-
tems do not) or if either mechanism can be utilized by any
given type III system.

The tolerance for mismatches between the crRNA and its
target sequence varies among the different CRISPR-Cas sys-
tems. Most type III systems are highly tolerant of mismatch-
es; targets containing multiple mismatches can trigger RNA
cleavage, DNA cleavage, and cOA production (20, 24.-26,
39, 41) and do not compromise immunity in vivo (19, 38,
42-44). Consequently, viral escape from type IIl immunity is
observed to be more difficult than escape from other CRISPR
systems (38, 58). Much of these data come from studies of
type III-A systems; how mismatches modulate the activation
of DNA cleavage by type III-B systems is not understood as
well.

In this study, we define how the Cmr complex from Thermotoga
maritima (Tma) discriminates between host (anti-CRISPR) and
invader transcripts. We find that base pairing is necessary at posi-
tions —2 to —5 of the PFS but not at position —1. We also examine
how mismatches between the crRNA spacer and RNA proto-
spacer are tolerated in this system and show that mismatches are
highly tolerated across the RNA protospacer, except for those
nucleotides adjacent to the PES.

Results

Activation of DNA cleavage requires a noncomplementary 3’
flanking sequence

Activation of DNA cleavage by type III systems requires pair-
ing of the crRNA with an RNA protospacer and is regulated by
the PFS. DNA cleavage is deactivated in all type III systems if
the RNA target contains an anti-tag sequence in the PFS (20, 25,
26, 35, 37, 45, 46) (Fig. 1A). However, the role of the PFS in the
activation of DNA cleavage is unclear. We have reported previ-
ously that RNA targets lacking flanking sequences (and there-
fore a PFS) can activate the DNase function of the TmaCmr
complex (25) but in other type III systems, a PFS that lacks
anti-tag sequence is required for activation (26, 35, 46). To
investigate this further, we monitored cleavage of ssDNA by the
TmaCmr complex in the presence of a series of RNA targets.
The TmaCmr complex was assembled from recombinant Cmr
proteins (Fig. S1A) and crRNA generated by in vitro transcrip-
tion and subsequent processing with recombinant TmaCas6
(Fig. S1, B and C). We next 5" end—-labeled an ssDNA oligonu-
cleotide containing a single thymine at its center. We have
shown previously that TmaCmr cleaves ssDNA specifically
after thymine bases (25). We then incubated this labeled ssDNA
with the TmaCmr complex and RNA target consisting of a
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Figure 2. Importance of positions —1 to —3 of the PFS in invader host transcript discrimination. A, scatter plots showing the fraction of DNA cleaved
by the TmaCmr complex when activated by RNA targets with varying amounts of anti-tag sequence in the PFS. Black letters indicate positions of anti-tag
sequence. Individual values are plotted as solid black circles. Bar chart represents the mean of these values. Independent experiments were repeated at
least three times. Error bars are S.D. B, heat map of normalized TmaCmr DNA cleavage upon activation with RNA targets with all sequences in positions
—1to —3 of the PFS. All targets contain the noncomplementary sequence, AGGUA, in positions —4 to —8 of the PFS. Dark purple indicates a high level
of activation, whereas white indicates low activation. Individual plots of these data are shown in Fig. S4. Values shown are the average of at least three

replicates.

complementary protospacer with 10 nucleotides of non-
complementary sequence at each flank (Fig. 1B). DNA cleavage
was monitored by denaturing PAGE followed by autoradiogra-
phy (Fig. 1B). After 1 min at 80°C, the expected cleavage prod-
uct was observed when all required components (crRNA,
TmaCmr complex, complementary RNA target, and Mn>")
were present (Fig. 1B).

The fraction of ssDNA cleaved was then monitored over time
in the presence of a series of RNA targets containing different
flanking sequences (Fig. 1C and Fig. S1D). An RNA target con-
taining a noncomplementary PFS and a 5’ flank (the same RNA
target used in the previous experiment, Fig. 1B) triggered rapid
cleavage of the DNA; all DNA was cleaved within 60 s. How-
ever, RNA targets lacking a PFS (either with or without a 5’
flank) triggered slower DNA cleavage, with less than half the
DNA being cleaved after 90 s. Almost no DNA cleavage was
observed in the presence of an RNA target containing an anti-
tag PFS (Fig. 1C). These results indicate that DNA cleavage by
the TmaCmr complex is partially activated by a complementary
RNA protospacer, and a PFS that lacks anti-tag sequence is
required for full activation whereas an anti-tag PFS deactivates
DNA cleavage.

Recent structural and single-molecule fluorescence studies
indicate that the PFS of the RNA target allosterically regulates
the DNase activity of Csm complexes through conformational
changes in the Cas10 subunit (39, 40, 42). The DNase activity of
Csm/Cmr complexes is also regulated by cleavage of the bound
RNA target (20, 25, 26); once the target RNA is cleaved and/or
dissociates, DNase activity is deactivated. To determine
whether RNA cleavage altered the rate of DNA cleavage in our
experiments, we 5" end—labeled the RNA targets, rather than
the ssDNA, and monitored RNA cleavage. Under the same con-
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ditions as the DNA cleavage reaction (where the RNA target is
in ~8-fold excess of the TmaCmr complex) we observed that
less than 5% of each RNA target is cleaved after 60 s (Fig. S2).
We also compared the rates of DNA cleavage by WT TmaCmr
complex and by a TmaCmr complex formed with the Cmr4
D26A mutant, which can bind to but cannot cleave RNA (25,
47-49), and found no significant differences (Fig. S3). Thus, we
concluded that the difference in the rate of DNA cleavage in the
presence of the different RNA targets was not because of differ-
ing rates of RNA cleavage.

Finally, we determined the affinity of the TmaCmr complex
for each of the RNA targets using EMSAs (Fig. S2). All targets
are bound with similar affinities (apparent Kps ~0.3 nm).
Therefore, RNA binding does not explain the observed dif-
ferences in DNA cleavage (Fig. S2). Together these data indi-
cate that the PFS directly regulates the DNase activity
of the TmaCmr complex, likely via conformational changes
in the Cas10 subunit as observed in type III-A systems (39,
40, 42).

Positions — 1 to — 3 of the PFS are important for regulating
DNA cleavage

Plasmid transformation experiments in Pfu have suggested a
specific role for the sequence of positions —1 to —3 of the PFS
in activating type III-B immunity (20). To determine which
positions in the anti-tag inhibit the DNase activity of the
TmaCmr complex, we measured DNA cleavage in the presence
of RNA targets containing varying complementarity to the
crRNA tag (Fig. 2A). Beginning with a target containing an anti-
tag PFS, which triggered very little DNA cleavage (Fig. 24, tar-
get 1), we removed complementarity one base at a time, making
cumulative changes from position —8 to position —1 (Fig. 24,
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Figure 3. A guanine base at position —1 of the PFS helps to prevent DNA cleavage. A, scatter plots showing the fraction of DNA cleaved by the TmaCmr
complex loaded with WT and crRNAs with mutations at position —1 (C-1U, C-1A, and C-1G). RNA targets contained U, C, A, or G at position —1. All targets have
the sequence UUAGGUA in positions —2 to —8. B, scatter plots of the fraction DNA cleaved by TmaCmr complex when activated by transcripts containing PFSs
with varying amounts of anti-tag sequence. A and B, black letters indicate positions of anti-tag sequence. Individual values are plotted as solid black circles. Bar
chart represents the mean of these values. Independent experiments were repeated at least three times. Error bars are S.D.

targets 2—8). With these targets, we observed no significant
increase in DNA cleavage until only positions —1 and —2 con-
tained anti-tag sequence (that is positions —3 to —8 were non-
complementary), whereupon DNA cleavage was triggered to
nearly the same extent as with a target containing a noncomple-
mentary PFES (Fig. 24, targets 7 and 9). Moreover, a target with
anti-tag sequence at all positions but —1 to —3 triggered DNA
cleavage to the same extent as a target with a fully noncomple-
mentary PFS (Fig. 24, target 10). These observations parallel
data obtained from transformation assays in Pfu (20) and sug-
gest that the three nucleotides at the 3" end of the PES (posi-
tions —1 to —3) are important for regulating the DNase activity
of the TmaCmr complex.

To understand how the sequence in positions —1 to —3 of
the RNA target affects DNA cleavage, we generated a series of
RNA targets containing all possible sequences in positions —1
to —3. In each of these 64 targets, the sequence of positions —4
to —8 is noncomplementary to the crRNA tag. The extent of
DNA cleavage triggered by each target was measured as before.
Nearly every triplet sequence triggered DNA cleavage (Fig. 2B
and Fig. S4). Only anti-tag sequence in positions —1 to —3
(GQUU) failed to trigger significant DNA cleavage. DNA cleav-
age was also somewhat reduced in the closely related AUU and
GCU sequences (Fig. 2B and Fig. S4).

A guanine base at position — 1 of the PFS helps to prevent DNA
cleavage

In the previous experiment (Fig. 2B), a GUU sequence in
positions —1 to —3 of the RNA target failed to activate DNA
cleavage whereas UUU, CUU, and AUU sequences at the same
positions all activated DNA cleavage. Structural data shows
that the base at position —1 of abound RNA target is flipped out
and not able to base-pair with the crRNA tag (39, 40). Together,
these observations suggest that a guanine at position —1, and
not base pairing, is important for deactivation of DNA cleavage
on binding an anti-CRISPR transcript. To confirm this, we gen-
erated crRNAs with each nucleotide at position —1. WT
crRNA contains a cytosine at this position so we generated

SASBMB

C-1U, C-1A, and C-1G variants. We formed TmaCmr com-
plexes containing WT or each crRNA variant and measured
their DNase activation when supplied with RNA targets con-
taining each base at position —1 (all of these targets contained
anti-tag sequence at position —2 and —3). Regardless of crRNA
sequence, and therefore base pair potential, a guanine at posi-
tion —1 of the RNA target triggered poor DNA cleavage (Fig.
3A). Conversely, when position —1 of the target contained a
cytosine, uracil, or to alesser extent adenine, robust DNA cleav-
age was triggered (Fig. 34). TmaCmr complexes formed with
each crRNA stimulated robust DNA cleavage in the presence of
the RNA target containing a uracil at position —1 (Fig. 3A4),
indicating that all crRNA variants were functional. These
results demonstrate that in the TmaCmr complex, position —1
of the RNA target cannot base pair with the crRNA tag and that
a guanine at this position helps to deactivate DNA cleavage.

Base pairing between the PFS and the crRNA in positions —2 to
—5 deactivates DNA cleavage

Our data indicate the importance of positions —1 to —3, but
does not rule out that other positions in the PFS also play a role.
Thus, we tested the role of anti-tag sequence in other positions
of the PFS. We found that substituting with a cytosine at posi-
tion —1 of an otherwise anti-tag sequence did not fully restore
DNA cleavage (Fig. 3B, target 2). Thus, a guanine at position —1
is not necessary to prevent DNA cleavage if the rest of the PFS
contains anti-tag sequence. Removal of any more anti-tag
sequence starting at position —2 fully restored DNase activity
(Fig. 3B, targets 3-8).

Structural studies in type III-A systems have shown that posi-
tions —2 to —5 of the crRNA tag are exposed and form base
pairs with anti-tag sequence. However, positions —1 and —6 to
—8 are buried and thus cannot form base pairs (39, 40). In vivo
data also implicate base pairing in positions —2 to —5 in inhib-
iting immunity (37, 38). To test if positions —2 to —5 are impor-
tant for regulation of DNase activity of the TmaCmr complex,
we measured the extent of DNA cleavage triggered by RNA
targets with varying amounts of anti-tag sequence in these posi-
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Figure 4. Role of PFS positions —2 to —5 in distinguishing invader and host transcripts. A and B, scatter plots of the fraction of DNA cleaved by the TmaCmr
complex when activated by RNA targets with varying amounts of anti-tag sequence in positions —1 to —5. C, scatter plots of normalized fraction of DNA
cleaved by the TmaCmr complex. RNA targets with anti-tag sequence in three of four positions from —2 to —5 were paired with WT crRNA or a crRNA mutated
such that the target gained full complementarity in this region. Black letters indicate positions of anti-tag sequence. Individual values are plotted as solid black
circles. Bar chart represents the mean of these values. Independent experiments were repeated at least three times. Error bars are S.D. D, scatter plots of fraction

DNA cleaved by the TmaCmr complex programmed with mutant crRNA.

tions. We found that an RNA target with anti-tag sequence in
positions —1 and —6 to —8 permitted full DNA cleavage (Fig.
4A, target 2). However, RNA targets with anti-tag sequence at
positions —2 to —5 and either guanine or cytosine at position
—1, inhibited DNA cleavage (Fig. 4A4, targets 3 and 4). Con-
sistent with our earlier observations (Fig. 3B), the target with
a guanine at position —1 inhibited DNA cleavage more than
the target with a cytosine at the same position. We conclude
that, as in type III-A systems (37, 39, 40), positions —2 to —5
of the RNA target regulate the DNase activity of the
TmaCmr complex.

To understand how much anti-tag sequence is needed
between positions —2 and —5 to inhibit DNA cleavage, we
designed RNA targets that only contain anti-tag sequence at
three of these four positions. We tested DNase activation of the
TmaCmr complex by each of these targets and found that they
all triggered as much DNA cleavage as an RNA target contain-
ing no anti-tag sequence (Fig. 44; compare targets 5— 8 to target
9). Thus, if position —1 is a cytosine, all four bases in positions
—2to —5 must have anti-tag sequence to inhibit DNA cleavage.
Given that a guanine in position —1 helps to prevent activation
of DNA cleavage, we also generated a series of RNA targets
containing a guanine at position —1 and one or two bases of

10294 J Biol. Chem. (2019) 294(26) 10290-10299

anti-tag sequence in positions —2 to —5. Analysis of DNA
cleavage in the presence of these targets revealed that RNA
targets with anti-tag sequence in positions —4 and —5 permit-
ted more DNase activity than those with anti-tag sequence in
positions —2 and —3 (Fig. 4B, targets 2—11). Thus, positions —2
and —3 appear more important for inhibiting the DNase activ-
ity of TmaCmr than positions —4 and —5.

The above results implicate anti-tag sequence in positions
—2 to —5 of the RNA target in inhibiting the DNase activity of
the TmaCmr complex. However, the data do not directly
address whether these nucleotides base-pair with the crRNA
tag. To explore this, we generated four variant crRNAs, each
with a single nucleotide substitution in one position between
—2and —5. We then monitored DNA cleavage by the TmaCmr
complexes containing WT and variant crRNAs in the presence
of RNA targets that possess compensatory substitutions. These
targets trigger robust DNA cleavage with the TmaCmr com-
plex loaded with WT crRNA (Fig. 4C). In agreement with the
base-pairing model and data from type III-A systems, DNA
cleavage was inhibited only when base pairing was possible (Fig.
4C). All crRNA variants were functional as each TmaCmr com-
plex robustly cleaved DNA in the presence of an RNA target
with a noncomplementary PFS (Fig. 4D).
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Figure 5. Tolerance for mismatches between the RNA protospacer and crRNA. A, scatter plots of the fraction of DNA cleaved by TmaCmr complex activated
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Independent experiments were repeated at least three times. B, scatter plots of DNA cleavage by the TmaCmr complex upon activation with targets containing
one or more mismatches within segment 1. C, scatter plots of TmaCmr complex binding to mismatched targets 8, 9, 10, and 11 from panel A. Independent
experiments were repeated at least three times. Error bars are S.D. All targets contain a noncomplementary PFS.

The DNase activity of the TmaCmr complex tolerates
mismatches between the RNA protospacer and crRNA guide

DNase activity and immunity in type III systems are highly
tolerant of mismatches between the crRNA and RNA proto-
spacer. The structure of the crRNA:RNA target duplex in type
III systems (and all Class I systems) is arranged into segments of
5 bp separated by disrupted 1-nucleotide gaps (39, 40, 50, 51).
To determine where mismatches might be tolerated for DNase
activation of the TmaCmr complex, we introduced 5-nucleo-
tide blocks of mismatches at each of these segments. We mon-
itored DNA cleavage by the TmaCmr complex in the presence
of these RNA targets and found that mismatches within seg-
ment 1 (the segment adjacent to the PFS) inhibited DNA cleav-
age (Fig. 5A, target 2), whereas an RNA target containing any
other mismatched segment fully activated DNA cleavage (Fig.
5A, targets 3-7). We performed EMSAs to confirm that the
target containing a mismatched segment 1 was bound by the
complex and found that the affinities of the TrmaCmr complex for
this target and a target with mismatched segment 6 were within
experimental error of a fully complementary target (compare Figs.
S5A and S2B). We also observed that this RNA target was cleaved
to the same extent (<<5% after 60 s) (Fig. S5B) as a fully comple-
mentary target (Fig. S24). We conclude that base pairing in seg-
ment 1 of a bound RNA target is important for the activation of
DNA cleavage. To see how many base pairs are needed, we also
monitored DNA cleavage in the presence of RNA targets contain-
ing single point or accumulating mismatches within segment 1
and found that as few as 1 to 2 bp in this segment is sufficient to
activate DNA cleavage (Fig. 5B, targets 19 and 20).

Our observations show that base pairing in segment 1 is nec-
essary to activate DNA cleavage. To determine how many other
segments must be complementary to activate DNA cleavage,
we tested RNA targets containing an increasing number of mis-
matched segments, starting at segment 6 (the 5" end of the RNA
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protospacer). We found that as the number of mismatched seg-
ments increases DNA cleavage decreases, and when only seg-
ments 1 and 2 remain complementary we detect no significant
DNA cleavage (Fig. 54, targets 7—11). The TmaCmr complex is
likely to have a lower affinity for targets that contain extensive
mismatches to the crRNA, so we measured target binding by
EMSA. We found that targets which failed to activate DNA
cleavage were also poorly bound by the TmaCmr complex (Fig.
5C and Fig. S5, F-H). Binding was weak for the RNA target
containing mismatches in segments 4 through 6 (Fig. 5, target
9), yet this RNA stimulated DNase activity, albeit to a lesser
extent than a fully complementary target (Fig. 5A4). We presume
that this target likely binds transiently to TmaCmr and that this
transient interaction is not well-detected by EMSA. We con-
clude that DNA cleavage by TmaCmr is highly tolerant of mis-
matches with the RNA protospacer and it is likely that DNA
cleavage can be activated by any invading transcript with com-
plementarity in segment 1 and enough additional base pairs to
promote complex binding.

Discussion

For type III CRISPR-Cas systems, accurately distinguishing
invader from host anti-CRISPR transcripts is essential to avoid
cleavage of the host genome. Systems that only target DNA
(types I, II, and V) use PAM sequences to distinguish invading
DNA; host CRISPR arrays lack PAM sequences. Type III sys-
tems are activated by RNA binding, not DNA binding, and
therefore do not use PAMs. Instead the PFS dictates whether
the RNA target is of invader or host origin. Genetic studies
with the type III-A system from Staphylococcus epidermidis
(Sep) initially demonstrated that base pairing between an anti-
tag PFS and the crRNA tag at positions —2 to —5 inhibits
immunity (37, 38). Subsequent structure-function studies
confirmed this base pairing in a number of type III-A systems
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(39, 40). A study in the type III-B system in Pfu, however, sug-
gests that the PFS does not base-pair with anti-CRISPR tran-
scripts in this system (20). Although it was previously unclear if
these mechanisms were specific to the subtypes in which they
were discovered, we present data that the type III-B system
from T. maritima uses a PFS that spans positions —1 to —5 of
the RNA target and that its anti-tag PFS is recognized by both
base pairing and non-base pairing interactions.

The role of the PES in activating DNA cleavage varies among
type Il systems. We reported previously that RNA targets lack-
ing any flanking sequence (and therefore a PFS) activated DNA
cleavage by the TmaCmr complex (25). However, in several
systems, a PFS lacking anti-tag sequence is required for activa-
tion (26, 35, 46). Here we show that RNA targets lacking a PFS
partially activate DNA cleavage by the TmaCmr complex and
that full activation requires a noncomplementary PFS (Fig. 1C).
Thus, all type III systems characterized required a noncomple-
mentary PFS for full activation. With RNA targets lacking a
PES, the rate of DNA cleavage is slower than the rate of RNA
target cleavage (25). However, with RNA targets containing a
PFS, DNA cleavage is faster than RNA cleavage (Fig. 1C and Fig.
S2). DNA cleavage being more rapid than RNA cleavage is consis-
tent with the model that RNA cleavage and/or dissociation deac-
tivates DNase activity (and cOA production) in type III systems
and acts as a temporal control of the system (20, 25, 26, 29).

In the Tma type III-B system, different positions within the
anti-tag sequence are identified by distinct mechanisms. We
found that, like Pfu, anti-tag sequence in the first three nucleo-
tides of the PFS is sufficient to deactivate DNA cleavage by the
TmaCmr complex. However, unlike Pfu, other sequences in
these positions do not deactivate DNA cleavage. In Pfu 28 of the
64 possible sequence combinations in these positions inhibit
immunity (20). In contrast, the DNase activity of the TmaCmr
complex was only fully inhibited by the anti-tag sequence (with
two other closely related sequences allowing for reduced DNA
cleavage) (Fig. 2B and Fig. S4). We show that a guanine in posi-
tion —1 inhibits DNA cleavage regardless of which base is in
this position of the crRNA (Fig. 3A4), indicating that this posi-
tion is not identified through base pairing and presumably iden-
tified by contacts with Cmr subunits. Structures of the Csm
complex bound to an RNA target show that the base in position
—1 is flipped out and sits in a pocket formed by Cas10, Csm4,
and Csm3 (39, 40). Although sequence divergence makes iden-
tification of specific residues difficult, in the Cmr complex the
base in position —1 likely sits in a pocket formed by Cas10,
Cmr5, and Cmr4. Our observations contrast with data from the
Sep type I1I-A system and the Pfu type I1I-B system, which sug-
gest no sequence requirement in position —1 (20, 38).

Upon further analysis, we found that targets containing anti-
tag sequence in positions —2 to —5 of the PFS also inhibit DNA
cleavage by the TmaCmr complex (Figs. 3B and 44). By making
compensatory mutations in the crRNA tag, we show that anti-
tag sequence in these positions is identified through base pair-
ing (Fig. 4C). Therefore, the TmaCmr complex employs base
pairing and non-base pairing interactions with an anti-tag
sequence. Thus, some type 111 effector complexes (e.g. SepCsm)
may recognize the anti-tag through base pairing alone and oth-
ers may recognize the anti-tag through interactions with pro-
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tein subunits (eg PfuCmr), yet others may combine these
mechanisms to different extents (e.g. TmaCmr).

We noted that although nucleotides in the PFS control dis-
crimination between invader and host anti-CRISPR transcripts,
not all positions contribute equally. We show that if position
—1isaguanine, less base pairing is necessary at positions —2 to
—5 to inhibit cleavage. Furthermore, we observed that RNA
targets with anti-tag sequence at either position —2 or —3 per-
mit less DNA cleavage than targets with anti-tag sequence at
position —4 or —5 (Fig. 4B). Similar results were obtained with
the Csm complexes from Streptococcus thermophilus (Sth) and
Sep (37-39). This suggests that positions —2 and —3 of the PFS
play a more importantrole in regulating the DNase activity (and
cOA production) in those type III systems that employ base
pairing to recognize the anti-tag.

CRISPR systems that only target DNA (types, I, II, and V)
follow stringent rules in activating DNA cleavage. Targets must
contain a PAM and cannot contain mismatches in the seed
region (52—55). In contrast, the TmaCmr complex uses strin-
gent rules to deactivate DNA cleavage and has relaxed rules for
activation of DNA cleavage. Complementary targets that con-
tain an anti-tag sequence in the PFS fail to activate DNA cleav-
age, whereas the vast majority of possible PFS sequences appear
to activate DNA cleavage. Similar observations have been made
through genetic studies of type III-A immunity in Sep (38).
Therefore, type III systems assess if the target is of host origin (i.e.
an anti-CRISPR transcript), whereas type I, II, and V systems verify
that the target is from an invader. An exception is PfuCmr, which
was suggested to be activated by particular sequences (rather than
being deactivated by specific host sequences) (20); however,
regardless of the mechanism of transcript identification, type III
systems universally appear to be active given a wide variety of tar-
get flanking sequences, in contrast to DNA targeting subtypes.
Additionally, recent data from a type VI system suggests that
extensive complementarity between the crRNA tag and an anti-
tag PFS inhibits activation of Cas13 (56), suggesting that broad
requirements for activation could be a defining characteristic
among RNA-targeting CRISPR-Cas systems.

Complementarity between the crRNA and target sequence is
a key component of all CRISPR-Cas systems, yet the tolerance
for mismatches among the types varies. Most types (including
type I, II, and V) use a seed region to initiate binding to the
target. Mismatches in the seed region are therefore not toler-
ated as they inhibit initial binding to the target (52-55). In con-
trast to the other types, many type III systems have been shown
to be highly tolerant of mismatches. Here we find that activa-
tion of DNA cleavage by the TmaCmr complex also tolerates
extensive mismatching. Base pairing is most important in the
segment adjacent to the PFS (segment 1), but DNA cleavage is
still activated with targets that contain up to four mismatches in
this segment (Fig. 5). Although an RNA target with mismatched
segment 1 does not activate DNA cleavage, this target is still
bound, thus this segment does not constitute a seed region in
which complementarity is required for binding. This result is con-
sistent with studies in type III-A systems and suggests that the
absence of a seed region may be a hallmark of all type III systems.
We also find that targets containing extensive mismatches in seg-
ments 2 through 6 activate DNA cleavage as long as the RNA
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Figure 6. Functional regions of a type Ill RNA target. Segments 2-6 drive
binding of the TmaCmr complex to the RNA target, whereas the PFS (posi-
tions —1 to —5) and segment 1 (positions 1 to 5) of the RNA target regulate
activation of Cas10. Noncomplementary PFSs are activating, whereas an anti-
tag PFS is deactivating; this sequence is recognized by base pairing in posi-
tions —2 to —5 and a guanine base in position —1. Base pairing in segment 1
allows activation, and mismatches across this segment prevent activation.

protospacer maintains enough complementarity to bind to the
complex.

Together, our analysis of the sequence requirements of the
PES and RNA protospacer suggest that type IIl RNA targets can
be functionally divided into two regions (Fig. 6). In the first,
nucleotides encompassing segments 2 to 6 drive binding of the
effector complex to the RNA target, without a seed region. In
the second, the PFS and segment 1 (positions —5 to 5 of the
RNA target) modulate DNA cleavage (and likely cOA production)
by the Cas10 subunit. Base pairing in segment 1 activates DNA
cleavage whereas base pairing in the PFS deactivates DNA cleav-
age, with the nucleotide at position —1 modulating the extent of
this deactivation in some systems (e.g. TmaCmr) (Fig. 6).

Experimental procedures
Expression and purification of recombinant Cmr proteins

The WT and mutant TmaCmr2— 6 complexes were made by
expressing each subunit individually in T7Express cells (New
England Biolabs) and then pooling all cultures before purifica-
tion. Cmr2 to Cmr5 were cloned separately into pRSFDuet-1
(Novagen), with Cmr2 and Cmr3 codon optimized for expres-
sion in Escherichia coli (GeneArt). Cmr6 was cloned into
pHAT?2 (25). 1 liter of each culture was grown with appropriate
antibiotics at 37 °C to Agpn = 0.4 in Luria-Bertani media fol-
lowed by induction with 200 uMm isopropyl B-b-1-thiogalacto-
pyranoside (IPTG) and overnight growth at 20 °C. Cells of each
were pelleted and resuspended together in lysis buffer (1 m KCI,
20 mw tris, pH 8.0, 10 mm imidazole, 1 mm tris(2-carboxyeth-
yl)phosphine (TCEP)) with added protease inhibitors E-64,
phenylmethylsulfonyl fluoride (PMSF), bestatin, and pepstatin
A. The cells were then lysed using a microfluidizer. The lysate
was heat treated at 80 °C in a water bath for 10 mins, then
clarified by centrifugation at 20 °C. This sample was passed over
a 5-ml immobilized metal affinity chromatography (IMAC)
column (Bio-Rad) charged with nickel sulfate and equilibrated
with lysis buffer. After washing with 25 column volumes lysis
buffer, the sample was eluted (500 mm KCI, 20 mwm tris, pH 8.0,
250 mm imidazole, 1 mm TCEP) and injected onto a Hil.oad
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26/60 S200 size exclusion column (GE Healthcare) equilibrated
with gel filtration buffer (350 mm KCl, 20 mu tris, pH 8.0, 1 mm
TCEP). Cmrl and Cas6 were cloned into pHAT?2 and purified
separately as described above without heat treatment (57).

Expression and purification of T7 RNA polymerase

His,-tagged T7 RNA polymerase (P266L) was expressed in
T7Express (New England Biolabs). 1 liter was grown to Ay, =
0.3 at 37 °C, induced with 200 uM IPTG, and grown overnight at
20 °C. The cells were pelleted and resuspended in lysis buffer
(250 mm NaCl, 10 mm imidazole, 20 mm HEPES, pH 7.0, 10 mm
DTT, 5% glycerol) with protease inhibitors listed above. Cells
were lysed using a microfluidizer and clarified by centrifugation at
4.°C. The sample was added to 3 ml of nickel IMAC resin (Bio-Rad)
and gently rocked at 4°C for 30 min. The supernatant was
removed and the resin was washed with 25 column volumes lysis
buffer. The protein was then eluted (250 mm NaCl, 250 mm imid-
azole, 20 mm HEPES, pH 7.0, 10 mm DTT, 5% glycerol).

Synthesis of RNA

All RNAs less than 45 nucleotides were purchased (Sigma),
whereas longer RNAs were synthesized by in vitro transcrip-
tion. 5 uM complementary DNA templates (Sigma) were
annealed (50 mm NaCl, 10 mwm tris, pH 8.0, 1 mm EDTA) by slow
cooling from 95 °C to room temperature. 100 nm dsDNA was
then incubated with 5 mMm each ribonucleotide triphosphate
(rNTP), 15 mm MgCl,, 0.1 mg/ml P266L T7 RNA polymerase
(59), and transcription mix (25 mu tris pH 8.0, 2 mm spermi-
dine, 40 mm DTT) for 2 to 3 h at 37 °C.

crRNAs were transcribed as described above. The 5" end con-
tained repeat sequence and was cleaved with 200 nm Cas6 by incu-
bating in cleavage buffer (65 mm KCl, 20 mm HEPES, pH 7.0, 20
mM EDTA, 10% glycerol) at 80 °C for 30 min. Transcripts and
crRNAs were then gel extracted, ethanol precipitated, and resus-
pended in RNA storage solution (Thermo Fisher) with 1 unit Ribo-
Lock RNase Inhibitor (Thermo Fisher). Sequences of all oligonu-
cleotides used in this study are provided in the supporting
information.

Radiolabeling of oligonucleotides

DNA was purchased from Sigma, gel purified, and radiola-
beled with 1-2 pmol [y->**P]ATP by incubating 200 nm DNA in
1X T4 PNK buffer with 10 units T4 polynucleotide kinase
(PNK) (New England Biolabs) at 37 °C for 30 min, followed by a
20-min heat inactivation at 65 °C. 5’ ends of transcripts were
first dephosphorylated by incubating 200 nm RNA in 1X Cut-
Smart buffer with 1 unit shrimp alkaline phosphatase (rSAP) (New
England Biolabs) for 30 min at 37 °C, followed by a 20-min heat
inactivation at 75 °C. 10 units T4 PNK, 1 X PNK buffer, and 2 pmol
[y-3*P]ATP (Perkin-Elmer) were added to this reaction and incu-
bated at 37 °C for 30 min, followed by heat inactivation for 20 min
at 65 °C. The transcripts were then gel extracted, ethanol precipi-
tated, and resuspended in RNA storage solution.

DNA and RNA cleavage assays

TmaCmr complex was first formed by incubating crRNA,
Cmr 1, and Cmr 2-6 at 80 °C for 20 min. Following complex
formation, 95 nMm unlabeled DNA substrate, and 5 nm 5’ radio-
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labeled DNA were added. Reactions were initiated upon the
addition of 200 nm RNA (or RNA storage solution in no tran-
script controls) and quenched (90% formamide, 2.5% glycerol,
0.01% SDS, 0.01% bromphenol blue, 0.01% xylene cyanol, 1 mm
EDTA) after 1 min (unless otherwise indicated) at 80 °C. Reactions
were done in reaction buffer (100 mm KCl, 50 mm HEPES, pH 7.0,
1 mm TCEP, 1 mm MnCl,) with 25 nm Cmrl-6:crRNA complex.
These samples were then run on 15% polyacrylamide denaturing
gels and visualized by phosphorimaging (Fujifilm FLA-7000).
Images were quantified using Image Gauge (Fujifilm) and data
analysis was done in Prism (GraphPad Software). All data points
are the average of at least three replicates and error bars represent
standard error of the mean. RNA cleavage experiments were car-
ried out as described for DNA cleavage experiments utilizing 5 nm
radiolabeled RNA, 195 nm unlabeled RNA, and 100 nm unlabeled
DNA. 5" end-labeled synthetic RNAs of expected products were
used as markers to confirm appropriate product size.

EMSAs

D26A TmaCmr complex was formed as above and then gel
filtered. The complex was placed on ice and 2-fold serial dilu-
tions were made in binding buffer (100 mm KCl, 20 mm HEPES,
pH 7.0, 1 mm DTT, 1 mm MnCl,, 50 ug/ml BSA, 5% glycerol).
10 pm 5’ radiolabeled RNA target was added, and in the case of
low affinity RNA targets, 5 um poly-dT40 nonspecific compet-
itor was also added. Reactions equilibrated for an hour on ice
prior to being run on 5% polyacrylamide native gels. Reactions
were visualized, quantified, and analyzed as above.
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