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Abstract

CRISPR-Cas (clustered regularly interspaced short palindromic repeats-CRISPR-associ-
ated) systems are RNA-guided adaptive immunity pathways used by bacteria and archaea
to defend against phages and plasmids. Type IlI-A systems use a multisubunit interfer-
ence complex called Csm, containing Cas proteins and a CRISPR RNA (crRNA) to target
cognate nucleic acids. The Csm complex is intriguing in that it mediates RNA-guided tar-
geting of both RNA and transcriptionally active DNA, but the mechanism is not well under-
stood. Here, we overexpressed the five components of the Thermus thermophilus (T.
thermophilus) Type IlI-A Csm complex (TthCsm) with a defined crRNA sequence, and
purified intact TthCsm complexes from E. coli cells. The complexes were thermophilic, tar-
geting complementary ssRNA more efficiently at 65°C than at 37°C. Sequence-indepen-
dent, endonucleolytic cleavage of single-stranded DNA (ssDNA) by TthCsm was triggered
by recognition of a complementary ssRNA, and required a lack of complementarity
between the first 8 nucleotides (5’ tag) of the crRNA and the 3’ flanking region of the
ssRNA. Mutation of the histidine-aspartate (HD) nuclease domain of the TthCsm subunit,
Cas10/Csm1, abolished DNA cleavage. Activation of DNA cleavage was dependent on
RNA binding but not cleavage. This leads to a model in which binding of an ssRNA target
to the Csm complex would stimulate cleavage of exposed ssDNA in the cell, such as could
occur when the RNA polymerase unwinds double-stranded DNA (dsDNA) during tran-
scription. Our findings establish an amenable, thermostable system for more in-depth
investigation of the targeting mechanism using structural biology methods, such as cryo-
electron microscopy and x-ray crystallography.
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Introduction

CRISPR (clustered regularly interspaced short palindromic repeats) loci and Cas (CRISPR-
associated) genes constitute an RNA-guided adaptive immune system used by bacteria and
archaea to protect against phage and plasmid infection [1-4]. They are present in ~50% of bac-
teria and most archaea [4]. In general, short fragments of an invader’s genome are integrated
into the host genome at a CRISPR locus, transcribed into pre-CRISPR RNAs (pre-crRNAs),
and processed into individual, mature crRNA molecules that assemble with multiple Cas pro-
teins (Class 1 systems) or a single Cas protein (Class 2 systems) into effector complexes [4].
These complexes then mediate degradation of foreign DNA or RNA that have sequences bear-
ing complementarity to the crRNA.

Type III CRISPR-Cas is a widespread Class 1 system, comprising about a quarter of all
CRISPR systems in bacteria and a third in archaea [1]. They use multisubunit effector com-
plexes composed of several different Cas proteins bound to a crRNA molecule to recognize
and target nucleic acids [5]. Effector complexes from the two major Type III subtypes, ITI-A
and III-B, are called Csm and Cmr, respectively. In these complexes, Cas10, also known as
Csm1 or Cmr2, and Csm4/Cmr3 are positioned at the foot of the complex, while two fila-
ments, composed of Csm3/Cmr4 and Csm2/Cmr5 subunits, wind around each other to form
the backbone and belly [5]. A single protein in Type III-A systems, Csm5, or two proteins in
Type III-B systems, Cmr1 and Cmr6, cap the backbone filament at the head of the complex [5]
(Fig 1A). The Cas10 protein typically contains an HD nuclease domain and palm polymerase
domain, and is thought to be the subunit responsible for DNA cleavage activity [1,6-11]. The
overall architecture of Type III complexes is similar to that of the more well-studied Type I
“Cascade” complex, but unlike Cascade, which recruits a trans-acting Cas3 nuclease/helicase
to degrade double-stranded DNA (dsDNA), the catalytic components are constitutively pres-
ent in Type III complexes [6,10-16]. In this respect, Type III systems are more akin to the sin-
gle-component, multi-domain Class 2 effector proteins like Type II Cas9, Type V Cpfl, and
Type VI C2¢2, which have intrinsic nuclease activities [17-20].

The nucleic acid targeting mechanism of Type III systems has long been a subject of contro-
versy, since it was first reported that a Type III-A system targeted DNA in vivo while a Type
III-B system targeted ssSRNA in vitro [14,22]. Subsequent studies showed that several Type
ITI-A systems also target ssSRNA, and the Staphylococcus epidermidis (S. epidermidis) Csm was
also shown to target transcriptionally active regions of DNA both in vivo and in vitro
[6,21,23,24]. This led to the hypothesis that the Csm complex might recognize unwound
ssDNA at the site of transcription [6,21,24]. Recent studies of several Type III-A and III-B sys-
tems have demonstrated that RNA binding activates cleavage of ssDNA, leading to a proposed
model in which a growing messenger RNA would tether the Type III effector complex to the
site of transcription and trigger degradation of the DNA unwound by the RNA polymerase
[9-11]. However, whether this is indeed the case is not known, as no direct interaction
between a Type III complex and the transcription bubble (the site where the RNA polymerase
has unwound the DNA) has been reported. In addition, the molecular basis of DNA and RNA
recognition during transcription by the Type III-A complex is poorly understood. Studies sug-
gest that the catalytic residues for RNA cleavage are in the backbone subunit, Csm3, and those
for DNA cleavage are in either the HD or Palm polymerase domain of the Cas10/Csm1 sub-
unit [5,6,25]. The similarity between the architecture of Cmr and Csm complexes suggests that
Csm may bind its RNA target in a manner similar to that revealed by structures of the Cmr
complex [10,26,27]. However, this remains a hypothesis that must be tested by empirical stud-
ies. It is also not clear how the Csm complex would access and bind unwound ssDNA at the
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Fig 1. Reconstitution and RNA cleavage activity of a T. thermophilus Csm complex (TthCsm) purified from E. coli with a
defined crRNA species. (A) Components of the CRISPR locus and effector complexes of the T. thermophilus Type IlI-A Csm
system. The complex is shown with 5 copies of Csm3 and 4 copies of Csm2, but complexes with different numbers of these two
subunits also exist. The CRISPR-4 locus associated with the system is shown (repeat is designated by R and spacer by S). The
spacer 4.5 used for complex reconstitution encodes for one of the most abundant crRNAs found in the host organism [21]. (B)
Reconstitution and purification of TthCsm in E. coli. A plasmid containing genes encoding for Cas10/Csm1, and Csm2-5, with a
His1o tag on Csmb5, was co-transformed into E. coliwith a plasmid containing genes for expression of T. thermophilus Cas6A and a
single CRISPR array containing one copy of spacer 4.5. The purification steps are indicated. (C) TthCsm was subjected to SDS
polyacrylamide gel electrophoresis (SDS-PAGE) analysis following purification. Csm subunits are labeled, and a molecular weight
ladder (M) is in the left lane (masses are given in kilodaltons). A GroEL contaminant (asterisk) was also identified by mass
spectrometry (S2 Table). (D) TthCsm-mediated cleavage of a complementary (C) or noncomplementary (NC) *2P-labeled ssRNA
oligonucleotide was tested in the presence of 2 mM MgCl,. Samples taken at 0, 5, 30, and 60 minutes after TthCsm addition were
analyzed by denaturing PAGE. (E) Schematic of crRNA processing in Type |ll CRISPR-Cas systems is shown on the left. Pre-
crRNAs are cleaved by Cas6 to generate an intermediate, which is then trimmed at the 3’-end, resulting in mature crRNAs. On the
right, nucleic acids associated with the Csm complex were extracted and analyzed by denaturing PAGE. An ssDNA oligonucleotide
ladder (M) was loaded in the right-most lane and nucleotide lengths are indicated.

doi:10.1371/journal.pone.0170552.g001

transcription bubble. Thus, further studies are required to elucidate the true target of Type III
complexes.

The Type III-A Csm complex of the bacterium T. thermophilus (TthCsm) presents an
attractive system for the study of transcription-dependent DNA and RNA targeting, as it is
thermostable and the structure of the elongating RNA polymerase from this bacterium has
previously been determined using X-ray crystallography [28]. In addition, the TthCsm com-
plex is amenable to negative stain EM analysis, making it an attractive candidate for structural
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studies using cryo-EM [21]. However, DNA targeting has not yet been demonstrated for the
TthCsm complex, and endogenous TthCsm complexes are associated with many different
crRNA guide sequences, which may hinder attempts to isolate complexes bound to a single
RNA and DNA target sequence [21]. Here, we reconstituted a thermophilic Csm complex
from T. thermophilus by co-overexpression of the Csm subunit proteins with a single crRNA
sequence and the crRNA processing factor, Cas6, in E. coli, and purified it using an affinity tag
on one of the subunits. Using this system, we demonstrate that the reconstituted T. thermophi-
Ius Csm complex (TthCsm) contains processed and mature crRNAs, and is able to bind and
cleave complementary RNA at high temperatures. Our results also show that this Type III-A
complex is capable of robust ssDNA cleavage when provided with a complementary ssRNA
target, thus explaining why DNA cleavage was not observed in previous studies of T. thermo-
philus Csm complexes [21,29]. DNA cleavage by the TthCsm also requires noncomplementar-
ity between the first 8 nucleotides (nt) of the crRNA (5’ tag) and the 3’ flanking region of the
target RNA. We also found that the substrate requirements and catalytic site of DNA cleavage
of this complex are similar to that of several Type III-A and III-B systems from other species
[10,11,15]. Thus, use of this reconstituted system for structural analysis would provide univer-
sal insights into target recognition and cleavage by Type III systems.

Materials and Methods
Cloning and plasmids

To construct a vector expressing the complex components (pCDF-TtCsm), codon-optimized
T. thermophilus cas10/csm1 (TTHB147), csm2 (TTHB148), csm3 (TTHB149), csm4
(TTHB150), and His-tagged csm5 (TTHB151) were ordered from GeneArt™ (Thermofisher
Scientific) either as Strings™ gene fragments or cloned genes and subcloned into the pCDF-1b
vector using overlap polymerase chain reaction (PCR) and Gibson assembly. An additional T7
promoter, lac operator, and ribosome-binding site (rbs) was placed before csm3, and rbs
sequences were placed before csm2, csm4, and csm5. The csm5 gene sequence was followed by
a sequence encoding for a human rhinovirus (HRV) 3C protease cleavage site (SAVELFQGP)
and a decahistidine tag (Hiso-tag). To construct pACYC-TtCas6A-crRNA4.5, a repeat-
spacer-repeat array containing the 5™ spacer from the CRISPR4 locus of T. thermophilus HB8
and the codon-optimized cas6A (TTHA0078) from T. thermophilus HB8 were cloned after T7
promoters of the pACYCDuet vector to generate pACYC-TtCas6A-crRNA4.5. Mutagenesis of
individual subunits was performed using the Q5 site-directed mutagenesis kit (New England
Biolabs). Sequences of all constructs were verified by DNA sequencing (UC Berkeley Sanger
Sequencing Facility).

Protein expression and purification

For expression of TthCsm, the pCDF-TtCsm and pACYC-TtCas6-crRNA4.5 were both trans-
formed into the BL21(ADE3) strain of Escherichia coli (E. coli). Cells were grown in the pres-
ence of streptomycin and chloramphenicol in LB (Luria-Bertani) medium to an optical
density at 600 nm of 0.6 and expression was induced by addition of 0.5 mM IPTG (isopropyl
B-D-1-galactopyranoside). After overnight growth at 16°C, the cells were harvested and resus-
pended in lysis buffer (25 mM HEPES, pH 7.5, 150 mM KCI, 5% (v/v) glycerol, 10 mM imidaz-
ole, 1 mM TCEP (Tris(2-carboxylethyl)phosphine), 0.01% (v/v) Triton X-100) supplemented
with 1 mM PMSF (phenylmethylsulfonyl fluoride) and an EDTA (ethylenediaminetetraacetic
acid)-free protease inhibitor cocktail tablet (Roche). Cells were lysed by sonication and the cell
lysate was clarified by centrifugation. TthCsm was isolated from the lysate using Ni**-NTA
superflow resin (Qiagen, Inc.), washed sequentially with Wash Buffer 1 (25 mM HEPES, pH
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7.5, 500 mM KCl, 5% glycerol, 20 mM imidazole, 1 mM TCEP, 2 mM ATP, 10 mM MgCl,)
and Wash buffer 2 (same as Wash buffer 1, but without ATP or MgCl,), and eluted with 25
mM HEPES, pH 7.5, 150 mM KCI, 5% glycerol, 300 mM imidazole, 1 mM TCEP). The eluted
protein was dialyzed against 25 mM HEPES, pH 7.5, 150 mM NaCl, 5% glycerol, 1 mM TCEP
and the His-tag was cleaved from Csm5 with the HRV 3C protease. The cleaved His-tag and
other impurities were removed using Ni**-NTA resin. The complex was further purified by
size-exclusion chromatography using a Superose 6 column (GE Healthcare); fractions contain-
ing the subunits at the highest concentration were collected and concentrated.

DNA and RNA substrates

Synthetic oligonucleotides were ordered from Integrated DNA Technologies, purified by
denaturing polyacrylamide gel electrophoresis (PAGE, 7 M Urea). All oligonucleotides were 5’
labeled with [y-**P]-ATP using T4 polynucleotide kinase for cleavage and binding assays.
Sequences of DNA and RNA substrates used are given in S1 Table.

RNA cleavage assays

We performed RNA cleavage assays with TthCsm and a **P-radiolabeled ssRNA oligonucleo-
tide mixed to a final concentration of 100 nM and 20 nM, respectively, in 25 mM HEPES, pH
7.5,150 mM NaCl, 10 mM DTT (dithiothreitol) and 2 mM MgCl,. For some experiments, 200
nM TthCsm and 5 nM **P-radiolabeled ssRNA oligonucleotide were mixed in a buffer of 25
mM Tris, pH 7.5, 40 mM KCl, 1 mM TCEP, 1 mM EDTA instead. The reactions were warmed
to 65°C for 10 min. Reactions were then initiated by addition of 5 mM MnCl,. Samples were
taken out at the time points indicated, quenched with Gel Loading Buffer II (ThermoFisher
Scientific), and heated at 95°C for 5 min. Cleavage products were resolved on a 15% denatur-
ing polyacrylamide gel, and visualized by phosphorimaging. An ssRNA Decade™ Marker
(ThermoFisher Scientific) was loaded where indicated for size estimation.

Liquid chromatography-tandem mass spectrometry

Trypsin-digested protein samples were analyzed by liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) using a Thermo-Dionex UltiMate3000 RSLCnano liquid chromato-
graph that was connected in line with an LTQ-Orbitrap-XL mass spectrometer equipped with
a nanoelectrospray ionization source (Thermo Fisher Scientific, Waltham, MA). Data acquisi-
tion was controlled using Xcalibur software (version 2.0.7, Thermo) and data analysis was per-
formed using Proteome Discoverer software (version 1.3, Thermo). LC-MS/MS method
details have been published elsewhere [30].

Native nanoelectrospray ionization mass spectrometry

Approximately 5 pM TtCsm was subjected to five rounds of buffer exchange into 1 M ammo-
nium acetate, with 5% (v/v) glycerol, using 10,000 MWCO (molecular weight cut-off) Corning
Spin-X concentrators. Native nanoelectrospray ionization mass spectrometry (nanoESI-MS)
measurements were obtained in the positive ion mode on a Synapt G2-Si mass spectrometer
equipped with a nanoESI source (Waters, Milford, MA). Mass spectrometry data acquisition
and processing were performed using MassLynx software (version 4.1, Waters).

Extraction and analysis of crRNA from the complex

The purified complex was subjected to phenol-chloroform extraction, followed by ethanol pre-
cipitation. The extracted nucleic acid was analyzed by 10% denaturing PAGE (7 M Urea) and
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visualized by SYBR Gold staining. An ssDNA ladder containing synthetic oligonucleotides of
length 100, 71, 60, 54, 48, and 42 nt from IDT was used as a marker.

Electrophoretic mobility shift assays (EMSA)

Varying concentrations of TthCsm were incubated with 0.5 nM **P-radiolabeled ssRNA at
65°C for 20 min. The binding buffer contained 25 mM HEPES, pH 7.5, 150 mM NaCl, 5%
glycerol, 1 mM TCEP, 1 mM EDTA. For competition assays, increasing concentrations of
unlabeled oligonucleotides of 0, 5, 50, 100, 500, 1000 nM were mixed with 0.5 nM **P-radiola-
beled ssRNA and then combined with 100 nM Csm at the conditions described above. For
EMSA experiments, concentrations of TthCsm ranging from either 0-300 nM (0, 0.1, 0.3, 1, 3,
10, 30, 100, 300 nM) were used, or 0-1200 nM (0, 0.1, 0.3, 1, 3, 10, 30, 100, 300, 600, 900, 1200
nM) were used, where indicated. Binding reactions were analyzed by 6% native PAGE at 4°C,
and the **P-radiolabeled oligonucleotide was visualized by phosphorimaging. EMSA experi-
ments on mutants or RNA varjants tested in DNA cleavage assays were done as described
above, but with a buffer more similar to that used for DNA cleavage (25 mM Tris, pH 7.9, 40
mM KCl, 5% glycerol, 1 mM TCEP, 1 mM EDTA).

DNA cleavage assays

For DNA cleavage assays, 200 nM Csm, 200 nM ssRNA, and 5 nM 32p_radiolabeled DNA
were mixed in 25 mM Tris, pH 7.9, 40 mM KCI, 1 mM TCEP, 1 mM EDTA, and warmed for
65°C for 10 minutes. Reactions were then initiated by addition of 5 mM MnCl,. Samples were
taken out at the time points indicated, quenched with Gel Loading Buffer II (ThermoFisher
Scientific), and heated at 95°C for 3 min. Cleavage products were resolved by 10% denaturing
PAGE (7 M Urea), and visualized by phosphorimaging. A ssRNA Decade™ Marker (Thermo-
Fisher Scientific) was loaded where indicated for size estimation of the cleavage products.

Results
Reconstitution of a thermophilic Type IlI-A Csm complex

The Thermus thermophilus HB8 strain harbors three CRISPR systems: III-A, III-B, and I-E
[21]. The six cas genes of the Type III-A system (csm1-6) encode five components of the effec-
tor complex, and a separate nonspecific RNase (Csmé6) [21,31] (Fig 1A). The crRNA sequences
associated with the endogenous TthCsm all contain the same sequence of 8 nucleotides at the
5’ end (5 tag), but are derived from 7 different CRISPR loci in the genome [21]. Processing of
crRNAs likely involves an initial cleavage event by a Cas6 ribonuclease that is encoded else-
where in the genome, followed by trimming of the 3’ end of the crRNA to variable lengths
[32,33]. There are three genes that encode for Cas6 proteins in the T. thermophilus genome,
but only Cas6A and Cas6B process crRNAs associated with T. thermophilus Type III-A Csm
complexes [21,34]. Thus, to reconstitute TthCsm with a single, defined crRNA sequence in an
organism that is genetically manipulable and can be easily grown under standard laboratory
conditions, we cloned codon-optimized csm1-5, cas6A, and a single repeat-spacer-repeat array
from the CRISPR-4 locus in T. thermophilus into expression vectors, and introduced them for
expression in E. coli (Fig 1B). We isolated the reconstituted TthCsm using a His, affinity tag
on Csmb and removed large aggregates by size-exclusion chromatography (Fig 1B). To con-
firm the presence and purity of all five Csm subunits, we performed SDS-PAGE analysis and
did in-solution trypsin digestion and nanoscale liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) analysis on the sample (Fig 1C and S2 Table). Peptides from all five
subunits were detected, as well as a contaminant, the chaperonin, GroEL, which corresponds
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to the ~60 kDa band detected by SDS-PAGE and Coomassie Blue staining (Fig 1C and S2
Table). To test whether the complex could cleave ssSRNA complementary to the expressed
crRNA sequence, we tested whether the purified sample could cleave an ssRNA substrate com-
plementary to the crRNA. The reconstituted TthCsm catalyzed cleavage of the complementary
ssRNA at every 6 nucleotides, as observed for other Csm complexes (Fig 1D) [6,21,23]. A non-
complementary RNA sequence was not cleaved (Fig 1D), indicating that we had assembled a
functional TthCsm in a heterologous E. coli system.

Next, we sought to determine the lengths of the crRNAs associated with the reconstituted
complex. Purified samples of endogenous TthCsm complexes were reported to associate with
crRNAs ranging from ~35-53 nt long, with a trend toward lengths that are spaced by 5-6
nucleotides [21]. To determine the nucleic acid content of the reconstituted TthCsm, we
extracted RNA from the sample and analyzed it by denaturing gel electrophoresis, revealing a
species slightly larger than the 71 nt-long marker that likely corresponds to the 76-nt Cas6-
processed crRNA transcript (Fig 1E). Shorter crRNAs of approximately 54, 48, and 42 nucleo-
tides in length were also observed (Fig 1E). This result indicates that a crRNA expressed from
a single spacer sequence from T. thermophilus can be processed by Cas6 and trimmed to their
mature sizes in E. coli. It also indicates that a crRNA expressed from a single spacer sequence is
processed to several different lengths.

To determine the molecular composition of the reconstituted TthCsm, we used native
nanoelectrospray ionization mass spectrometry (nanoESI-MS) to determine its mass (S1 Fig).
Four complexes were detected, and based on the homologous architecture of Csm complexes
to structures of the Cmr complex, it is likely that the complex contains single copies of Cas10/
Csml, Csm4, and Csm5, and variable numbers of the Csm3 and Csm2 subunits (S1 Fig)
[13,21,26,27,35]. The 390.4 kDa complex contains single copies of Cas10/Csm1, Csm4 and
Csmb5, six Csm3 subunits, four Csm2 subunits and a 54 nt-long crRNA. The 338.5 kDa com-
plex is similar but contains four Csm3 subunits and three Csm2 subunits and a 40-41 nucleo-
tide crRNA (S1 Fig). The 299.5 kDa and 248.3 kDa complexes are similar to the 390.4 and
338.5 complexes but lack Cas10/Csm1 in each case. This suggests that the Cas10/Csm1 subunit
is more weakly associated with the complex than the other subunits.

To test the specificity of RNA binding by TthCsm to its target RNA, we performed electro-
phoretic mobility shift assays (EMSAs) with **P-radiolabeled ssRNA substrates containing a
40-nt sequence complementary or noncomplementary to the crRNA and random 5-nt-long
flanking regions (Fig 2A). EDTA was included in the binding reaction to prevent cleavage of
the RNA by the complex. A mobility shift of the complementary, but not non-complementary,
RNA occurred when increasing concentrations of TthCsm were added, indicating that com-
plex binding to RNA is specific. An unlabeled complementary ssRNA also competed efficiently
with the labeled ssRNA for binding to TthCsm, while a noncomplementary substrate did not
(Fig 2B). However, neither a complementary nor a random ssDNA oligonucleotide was able to
compete with the complementary ssRNA for binding to TthCsm, suggesting that the complex
only recognizes RNA through base-pairing interactions with its crRNA (Fig 2B).

Since T. thermophilus is a thermophilic bacterium and grows optimally at temperatures of
~65-75°C, we investigated how temperature affects RNA cleavage and binding by TthCsm.
RNA cleavage was minimal at 37°C, but robust at 65°C (Fig 3A); target RNA pre-incubation
with TthCsm at 65°C in the absence of metal ions, followed by cooling to 37°C before addition
of Mg**, resulted in a somewhat higher level of RNA cleavage than the reaction performed
entirely at 37°C. To determine if this was due to impaired RNA binding at lower temperatures,
we compared the binding affinity of TthCsm for a **P-radiolabeled, complementary ssRNA
target at 37°C and 65°C using an EMSA (Fig 3B). The amount of RNA that was gel-shifted at
37°C was significantly less than at 65°C (Fig 3B). This shows that both RNA binding and
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cleavage by TthCsm are more efficient at high temperatures. The complex may be unable to
undergo conformational changes necessary for target binding at lower temperatures, or the
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Fig 3. TthCsm binds and cleaves its ssRNA target optimally at high temperatures. (A) TthCsm was pre-incubated in the
absence of metal ions with complementary ssRNA at either 65°C or 37°C (pre-incubation), and then cleavage was initiated by
addition of MgCl, and continued at either 65°C or 37°C, as indicated (assay). Reactions with (+) or without (-) TthCsm added
are shown. (B) TthCsm was incubated with a *2P-labeled complementary ssRNA target at 65°C or 37°C, and binding was
measured by an EMSA, as in Fig 2A. TthCsm was added to a concentration of 0-1200 nM at 37°C or 0-300 nM at 65°C.

doi:10.1371/journal.pone.0170552.g003
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TthCsm-catalyzed ssDNA cleavage requires crRNA and a
complementary ssRNA

The endogenous TthCsm was reported to cleave complementary ssRNA, but not ssDNA or
dsDNA oligonucleotides [21]. Using the reconstituted TthCsm, we investigated whether DNA
cleavage might occur under different conditions than those tested previously [21]. Since DNA
cleavage by the mesophilic S. epidermidis Csm complex requires active transcription across the
target, and binding of complementary RNA has been shown to be required for ssDNA cleavage
by Type III-A and III-B complexes from other species, we wondered if targeting by TthCsm
might require both DNA and RNA to be present [6,10,11,15]. TthCsm did not cleave **P-
radiolabeled ssDNA alone in the presence of Mg** (S2 Fig). However, addition of ssRNA com-
plementary to the crRNA, but not a non-complementary ssRNA, triggered slow DNA cleavage
(S2 Fig). We found that DNA cleavage was more robust in the presence of MnCl,, compared
to in MgCl,, but was still dependent on the presence of a complementary ssRNA sequence (Fig
4A and 4B). In the absence of Mn**, some DNA cleavage was observed when the complemen-
tary RNA was present (0 min time point, Fig 4B), possibly due to metal ions that remain asso-
ciated with TthCsm during purification. This indicates that TthCsm catalyzes cleavage of
ssDNA when provided with a complementary “activator” ssRNA.

Self versus non-self discrimination in Type III-A systems was proposed to rely on detection
of complementarity between a DNA target’s 3’ flanking sequence and the 5’ tag of the crRNA
associated with the S. epidermidis Csm; complementarity to the repeat-derived 5’ tag of the
crRNA would prevent cleavage at the host’s CRISPR loci [36]. A recent study of a Csm com-
plex from Streptococcus thermophilus (S. thermophilus) showed that the complementarity is
actually detected in the 3’ flanking sequence of the RNA target, rather than in the DNA [10].

RMNA 5
B #2P.|abeled ssDNA :;RNA SR J—
RNA ssRNA: - C NC ssRNA: 3-nc  3'-c A3 3-ext
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Fig 4. RNA-guided ssDNA cleavage by TthCsm. (A) Schematic of the DNA cleavage reaction. TthCsm was mixed with
5'-32P-|abeled ssDNA oligonucleotide and an unlabeled complementary ssRNA oligonucleotide in the presence of 1 mM EDTA.
The reaction was initiated by the addition of 5 mM MnCl,. (B) TthCsm-mediated ssDNA cleavage was tested in the presence of
complementary (C) or noncomplementary (NC) ssRNA, as described in (A). Time points were taken at 0, 10, 15, and 30 min,
and cleavage products were analyzed by denaturing PAGE. (C) As in (B), but using unlabeled ssRNA substrates that are
complementary to the crRNA guide sequence, but have an 8 nt-long 3’ flanking region that is either noncomplementary (3'-nc),
complementary (3'-c), truncated (A3'), or both extended to 20 nt long and noncomplementary (3'-ext).

doi:10.1371/journal.pone.0170552.9004
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To test whether this was the case for the TthCsm, we tested ssRNA substrates that contained
the 40-nt complementary target, but different 3’ flanking sequences. Substrates that had an 8
nt-long, noncomplementary 3’ flanking region activated the TthCsm for DNA cleavage (Fig
4C). When the 3’ flanking region was completely complementary to the 5’ tag (3'-c), the DNA
cleavage activity of TthCsm was inhibited, suggesting that recognition of self DNA occurs
through recognition of the 3’ flanking region of the RNA (Fig 4C). Deletion of the 3’ flanking
region of the RNA also inhibited DNA cleavage (A3’), while extension of a noncomplementary
3’ flanking region to 20 nt in length allowed DNA targeting by TthCsm (3'-ext) (Fig 4C). This
suggests that the 3’ flanking region of the RNA may interact with the complex to activate its
DNA cleavage activity; disruption of this interaction can occur by base-pairing with the 5’ tag
or truncation may prevent this interaction. To test whether the 3’ flanking sequence functions
independently from the rest of the RNA, we added an 8 nt-long ssSRNA oligonucleotide that
was not complementary to the crRNA 5’ tag of TthCsm in combination with the truncated
(A3’) RNA and tested whether the complex could cleave DNA (S3 Fig). We did not observe a
stimulatory effect of the 8-nt ssRNA on DNA cleavage, even at 100-fold molar excess over the
truncated ssRNA and TthCsm (S3 Fig). In fact, the oligo appeared to slightly diminish the effi-
ciency of DNA cleavage with the truncated RNA, suggesting that the oligo may not be binding
to the same place as the attached 3’ flanking sequence. Thus, the physical connection of the 3’
sequence to the rest of the RNA is crucial for activation of DNA targeting, most likely to posi-
tion it correctly for activation of Cas10/Csml1.

The Cas10/Csm1 HD domain catalyzes sequence-independent,
endonucleolytic DNA cleavage by TthCsm

To determine the location of the catalytic site of DNA cleavage in TthCsm, we made mutations
in two domains of Cas10/Csm1 that could have enzymatic activity, the HD nuclease domain
and the palm polymerase domain [5] (Fig 5A). We expressed and purified TthCsm mutant
complexes from E. coli and tested their ability to cleave ssDNA. We found that mutation of the
HD motif in Cas10/Csml1 to alanines completely abolished RNA-activated DNA cleavage (Fig
5B). Mutation of the catalytic motif, GGDD, of the palm polymerase domain did not lower the
DNA cleavage activity of TthCsm (Fig 5B). We also tested whether these mutations might indi-
rectly affect DNA cleavage by preventing recognition of the ssRNA target. However, both com-
plexes containing these mutant proteins were capable of ssSRNA cleavage, indicating that this
was not due to impaired activation of DNA cleavage by the ssRNA (Fig 5C). Thus, the HD
nuclease domain in the Cas10/Csm1 subunit is responsible for catalyzing ssDNA cleavage.

Next, we wondered whether TthCsm mediates cleavage of ssDNA or dsDNA, and if so,
whether it has endonucleolytic activity. Thus, we annealed complementary 88 nt ssDNA oligo-
nucleotides with a melting temperature (T,,) greater than 65°C, the temperature of the assays,
and tested whether TthCsm could cleave these substrates when provided with an activating
ssRNA target. Duplex DNA substrates containing a sequence complementary or noncomple-
mentary to the crRNA were not cleaved (Fig 6A). In contrast, complementary or noncomple-
mentary ssDNA substrates were both cleaved (Fig 6A). These results show that TthCsm
cleaves ssDNA but not dsDNA. When we tested a dsDNA substrate containing a 40-nt long
region of single-stranded DNA flanked by 24-nt long duplex regions, the central area where
ssDNA was exposed was cleaved, whereas minimal cleavage occurred in the flanking regions,
which were double-stranded. This indicates that TthCsm can cleave exposed ssDNA in the
context of dsDNA, and can act endonucleolytically, since there are no free ssDNA ends in this
substrate. A low amount of cleavage occurred in the flanking region, and may be due to the
lower T, of the 24 nt duplex regions, compared to the 88-nt duplexes (Fig 6A).
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Fig 5. The HD domain is required for ssDNA cleavage by TthCsm. (A) Schematic of TthCsm, and domain
architecture of the T. thermophilus Csm1 component protein are shown. The HD and palm polymerase
domain are indicated, and the approximate positions of the HD and GGDD mutations tested in (B) and (C) are
shown. N and C termini of Csm1 are indicated. (B) ssDNA cleavage mediated by the wild-type TthCsm (WT),
TthCsm containing an HD domain mutation (H18A/D19A, indicated by HDm), and TthCsm complex
containing a palm polymerase domain mutation (G630A/G631A/D632A/D633A, indicated by GGDDm) was
tested as in Fig 4B. Time points were taken at 0, 5, 10, 15, and 30 min and analyzed by denaturing PAGE. (C)
WT, HDm or GGDDm TthCsm complexes were tested for ssRNA cleavage, using same conditions as in (B),
but with only complementary, radiolabeled ssRNA added.

doi:10.1371/journal.pone.0170552.9005

We next investigated the sequence specificity of ssDNA cleavage using short 25-nt ssDNA
substrates with different nucleotide compositions (Fig 6B). We compared TthCsm-catalyzed
cleavage of oligonucleotides containing all four nucleotides, or oligonucleotides with only
three of the nucleotide bases (Fig 6B). Though the pattern of cleavage changed for some of the
oligonucleotides, all were cleaved, indicating that the Cas10/Csm1 protein functions as a
sequence-independent DNase within TthCsm. Taken together, these results suggest that bind-
ing of a complementary RNA transcript to TthCsm activates the Cas10/Csm1 HD domain for
nonspecific, endonucleolytic cleavage of ssDNA.
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Fig 6. TthCsm-mediated ssDNA cleavage is sequence-independent and endonucleolytic. (A) TthCsm-mediated cleavage of a
5-32P_radiolabeled complementary or noncomplementary dsDNA (dsDNA, C or NC), ssDNA (C or NC), or a duplex with a 40-nt long
mismatch in the center (bubble DNA) was tested in the presence of complementary target ssRNA, as in Fig 5B. (B) TthCsm was
incubated with 5'-*2P-radiolabeled 25 nt-long ssDNA substrates with different sequences in the presence of a complementary target
ssRNA and MnCl,. Sequences included all four nucleotides (all nt), all except adenines (-A), thymines (-T), guanines (-G), or cytosines
(-C). The reaction was carried out for 60 minutes, either with (+) or without (-) TthCsm added.

doi:10.1371/journal.pone.0170552.g006

Coordination of DNA and RNA cleavage by TthCsm

Next, we asked whether ssDNA cleavage by TthCsm requires RNA cleavage. RNA cleavage by
the Type III-B Cmr complex could be blocked by a complementary ssRNA that contains 2’-
deoxynucleotides (deoxy-RNA) adjacent to the cleavage sites [11,26]. We tested whether a sim-
ilar modification of the ssRNA substrate used in this study could also block RNA cleavage by
TthCsm. Although binding of a deoxy-RNA substrate complementary to the crRNA in
TthCsm was unaffected, cleavage of this deoxy-RNA was not observed (54 Fig and Fig 7A).
When we tested the complementary deoxy-RNA in our DNA cleavage assay, we found that it
activated DNA targeting as well as the cleavable, complementary ssRNA (Fig 7B). This indi-
cates that RNA binding but not cleavage is required for DNA cleavage by TthCsm.

We also tested whether TthCsm mutants that are deficient for RNase activity could be acti-
vated for DNA cleavage. In Type III-A complexes from S. epidermidis and S. thermophilus, a
conserved aspartate residue in Csma3 is required for ssRNA cleavage [6,23]. To test if we could
generate an RNase-deficient TthCsm complex, we mutated the equivalent D34 residue of T.
thermophilus Csm3 to either alanine or asparagine (D34A or D34N), expressed and purified
the mutant complexes, and tested their ssSRNA cleavage activity. The mutant complexes could
bind but not cleave a complementary ssSRNA target (Fig 7C and S4 Fig). When we tested these
mutants for ssDNA cleavage in the presence of a target ssSRNA, they exhibited a similar activity
to the wild-type TthCsm complex, indicating that DNA cleavage does not require cleavage of
the ssSRNA (Fig 7D). Altogether, this suggests that recognition, but not degradation, of a com-
plementary ssRNA by the complex is necessary for activation of the Cas10/Csm1 subunit for
robust DNA cleavage.

PLOS ONE | DOI:10.1371/journal.pone.0170552 January 23, 2017 12/20



®PLOS | on

RNA and DNA Targeting by Reconstituted Tt Type Ill-A CRISPR-Cas System

A ZP_labeled ssRNA 2P_|abeled ssDNA
RNA  deoxy-RNA RNA  deoxy-RNA
Time (Min): © el © o TiME (MiN): 0 o ®
- L Rl g Soss Beoo.
L E X X ] - P -esae
- - ; ; ; .- - A d .
-
, .
C 2P-labeled ssRNA D 2P.|labeled ssDNA
WT D34A D34N WT D34A D34N

, . 30 30 30 :
Time (MiN): 0 _ o 0 el 0 o Time (min): 090 N0 30

o cofbocadon~
' ’.....".‘ f.’ g £z 2 2=
-ma ;;id san=

cma® =~ ss= -
(A 4 1] L al s ® -
L e

Fig 7. TthCsm-mediated DNA cleavage does not require RNA cleavage. (A) TthCsm-mediated cleavage
of a complementary ssRNA either with (deoxy-RNA) or without (RNA) deoxynucleotides adjacent to the
regularly spaced cleavage sites was tested and analyzed by denaturing PAGE, as in Fig 5C. (B) ssDNA
cleavage by TthCsm was assayed as in Fig 5B, but with the RNA substrates in (A). (C) The wild-type TthCsm
(WT) or TthCsm containing a D34A or D34N mutation in the Csm3 subunit (D34A, D34N) were tested for
cleavage of a complementary ssRNA target, as in (A). (D) WT, D34A, or D34N TthCsm complexes were
tested for ssDNA cleavage as in (B).

doi:10.1371/journal.pone.0170552.g007
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Discussion

Type III CRISPR-Cas systems are among the most common RNA-guided adaptive immune
systems in bacteria and archaea, but their mechanisms of target detection and cleavage are not
fully understood. In vivo and in vitro studies indicate that the Type ITII-A Csm complex from S.
epidermidis mediates targeting of transcriptionally active DNA, but how the target is recog-
nized is not clear, as the complex can degrade both DNA and RNA [6,24]. Type III-A com-
plexes from highly thermophilic microbes, such as T. thermophilus, present attractive targets
for structural and biochemical analysis, owing to the increased stability of proteins that are
adapted for function at high temperatures. Until now, however, the TthCsm complex has only
been isolated from native hosts, making it difficult to manipulate the protein and crRNA com-
position of the complex for investigation of the targeting mechanism [21]. Here, we have estab-
lished the reconstitution of the TthCsm complex in E. coli with a single crRNA sequence.
Using this system, we showed that the TthCsm complex bound and cleaved complemementary
ssRNA at a site distinct from that of an ssDNA target. We also found that recognition of a
complementary RNA target by TthCsm activates its ssDNA cleavage activity. We identified
the HD nuclease domain of the Cas10/Csm1 subunit as the catalytic site for DNA cleavage,
and demonstrated that ssDNA was sequence-independent and endonucleolytic. We also gen-
erated mutants and used a noncleavable RNA substrate to show that cleavage of the RNA is
not necessary for DNA cleavage.

Expression of TthCsm components, Cas6, and a single repeat-spacer-repeat array in E. coli
led to the formation of complexes with different lengths of crRNAs and compositions. Studies
of the endogenous TthCsm revealed bound crRNAs of ~35-53 nt [21]. The crRNAs in the
reconstituted complex are of similar lengths to those identified in endogenous T. thermophilus
samples, including crRNAs of 42-54 nt representing fully processed guide sequences [21]. We
also identified a longer 76 nt-long intermediate, absent from endogenous TthCsm prepara-
tions, that may result from inefficient pre-crRNA trimming or incomplete removal of com-
plexes containing partially processed crRNAs during purification [21]. The nuclease that trims
crRNAs associated with the reconstituted TthCsm to their mature sizes has not been identified,
but the nuclease is likely present in E. coli. We also found that different lengths of crRNAs cor-
responded to different numbers of backbone (Csm3) and belly (Csm2) subunits in the com-
plex, consistent with the idea that these subunits assemble along the length of the crRNA. The
length of Type I Cascade complexes can also be altered by changing the length of the crRNA,
suggesting a conserved mechanism for regulation of complex stoichiometry between Type I
and III systems [37-39].

Endogenous TthCsm samples contained some complexes that lacked a Csm5 subunit [21].
We did not observe dissociation of Csmb5 in the reconstituted sample, but we found that the
Cas10/Csm1 subunit of the complex was dissociated in some of the complexes analyzed by
native mass spectrometry, indicating that it may be weakly associated. Whether there is a func-
tional role for an isolated Cas10/Csm1 protein or a TthCsm lacking Cas10/Csm1 in Type III
systems is unknown. Like the analogous large subunit, Cas8, of CRISPR Type I-E Cascade
complexes, the absence of Cas10/Csm1 did not affect the stoichiometry of the other TthCsm
components [40,41]. In the Pyrococcus furiosus (P. furiosus) Type II1I-B system, the isolated
Cas10/Cmr2 subunit is an active DNase, but when it is incorporated into the Cmr complex, it
is inactive until the complex is provided with a complementary RNA [15]. The isolated Ther-
mococcus onnureus Cas10/Csm1 protein, which also contains an HD domain and palm poly-
merase domain, is also able to cleave ssDNA [7]. Interaction of a Cas10 protein with the rest of
the complex in the absence of a complementary RNA may regulate its DNase activity and pre-
vent nonspecific cleavage of ssDNA in the cell that is exposed, for instance, in DNA replication
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intermediates. However, at the site of target transcription, dissociation of Cas10/Csm1 from
the activated complex may enable it to load onto the ssDNA for more efficient cleavage, per-
haps similarly to how the Type I Cas3 nuclease/helicase moves processively along the ssDNA
to degrade it [42-44]. Re-association of Cas10/Csm1 with the rest of the complex after the
cleaved RNA is dissociated from the complex would once again inhibit its nonspecific ssDNA
cleavage activity. Taken together, these results demonstrate that a single Type IIT CRISPR
array from T. thermophilus can be transcribed, processed into mature crRNAs, and assembled
into a TthCsm with only the complex proteins and a Cas6 protein from T. thermophilus. Effi-
cient production and assembly of Csm targeting complexes in vivo may explain in part why
Type III-A CRISPR systems have been widely disseminated among microbes.

Analysis of the reconstituted TthCsm sample revealed that nonspecific ssDNA degradation
is triggered by complementary RNA, an activity that had not previously been shown for the
Type III-A system from this species [21]. We found that binding of an RNA molecule comple-
mentary to the crRNA guide sequence within TthCsm is required for sequence-independent
DNA cleavage. This is similar to activities reported by Type III-B Cmr complexes from P. fur-
iosus and Thermotoga maritima (T. maritima) and the Type III-A complex of S. thermophilus,
suggesting that this may be a universal function of Type III effector complexes. Studies of the
S. thermophilus Csm and the T. maritima Cmr also indicate that cleavage of the RNA inacti-
vates the DNA targeting activity of the complex, which may prevent further cleavage of
exposed ssDNA in the cell [10,11]. The S. thermophilus Csm, however, was still able to degrade
a circular ssDNA slowly, but completely, in the absence of RNA, while the TthCsm catalyzed
virtually no cleavage when complementary RNA was not present (Fig 4B and S2 Fig) [10].
Whether this basal cleavage activity of some Type III-A complexes is harmful to cells or
whether additional regulatory factors might be involved is unknown.

Complementarity of the 5’ tag of the crRNA to the target DNA has been proposed to allow
Type 111 CRISPR-Cas systems to distinguish self from non-self DNA, as the 5’ tag is derived
from the CRISPR repeat sequence [36,45]. A recent study of a mesophilic S. thermophilus Csm
complex indicated that the recognition may instead be read in the ssRNA [10]. Here, we found
that TthCsm-mediated DNA cleavage requires a lack of complementarity between the 3’ flank-
ing sequence of the target RNA and the 5’ tag of the crRNA. This could prevent cleavage of
host DNA by Type III CRISPR-Cas complexes if transcription occurs across in an antisense
direction across the CRISPR loci [10]. Our findings suggest that binding of the target RNA to
TthCsm positions the 3’ flanking region over the surface of the Cas10/Csm1 protein in such a
way that results in its activation. However, since an 8-nt oligo did not activate the TthCsm in
trans, this interaction is likely weak and requires a covalent connection with a bound RNA tar-
get sequence. Structural studies will be needed to identify the conformational changes and
interactions that lead to activation of Cas10/Csm1. This RNA-triggered nonspecific DNA
cleavage activity is reminiscent of the mechanism of the Type VI CRISPR effector protein,
C2c2, which is activated for nonspecific RNA cleavage upon binding to its cognate RNA target
sequence [17,20]. Thus, further studies of the targeting mechanism in detail may reveal new
parallels between different types of CRISPR-Cas systems.

By reconstituting mutants of the TthCsm complex using our E. coli system, we also uncov-
ered the active site for DNA cleavage activity. Similar to studies of the reconstituted P. furiosus
Cmr, T. maritima Cmr, and the S. thermophilus Csm complexes, we find that TthCsm requires
the Cas10/Csm1 HD domain’s active site for DNA cleavage, but not the palm polymerase cata-
lytic residues [10,11,15]. However, in vivo and in vitro studies of the Csm complex from S. epi-
dermidis suggest that the conserved GGDD motif of the palm polymerase domain is required
for DNA targeting [6,25]. The HD motif was not tested in the in vitro assay, but it is possible
that the perturbation of the palm polymerase domain may destabilize the stability of the
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Fig 8. A conserved mechanism for co-transcriptional DNA and RNA targeting by Type lll-A CRISPR-Cas effector complexes.
During transcription, RNA polymerase transiently unwinds double-stranded DNA as it synthesizes a messenger RNA transcript (MRNA) that
is complementary to the template strand. Transcription across a region of the genome that is complementary to the crRNA leads to the
production of an mRNA containing a region complementary to the crRNA in the Csm complex. The Csm complex would recognize and bind
the mRNA through base-pairing interactions with its crRNA, leading to activation of the sequence-independent DNA endonuclease activity of
the HD domain in Csm1. This would lead to Csm-mediated cleavage of transiently unwound ssDNA, while Csm is tethered via the RNA.
Self-targeting is avoided by preventing cleavage when the 3’ flanking region of the RNA is complementary to the 5’ crRNA tag. Following
DNA and RNA cleavage, the Csm complex dissociates from its targets.

doi:10.1371/journal.pone.0170552.9008

protein fold in some Cas10 proteins. Perhaps owing to the thermostable nature of TthCsm, we
did not observe significant effects of the GGDD mutant on complex stability or RNA binding
and cleavage. Thus, the HD domain is the most likely catalytic site for DNA cleavage in Type
IIT complexes.

We also identified the nature of TthCsm’s preferred DNA substrate. TthCsm targeted
ssDNA but not dsDNA, and a mispaired region within a dsDNA substrate was also cleaved,
indicating that the complex possesses endonucleolytic activity. DNA cleavage was specific for
ssDNA but not dsDNA, and a mis-paired region within a dsDNA substrate was also cleaved,
indicating that the HD domain possesses endonucleolytic activity. Interestingly, dsDNA cleav-
age activity was reported in a P. furiosus Cmr, but it is possible this may have been due to tran-
sient melting of the duplex DNA at the high temperatures used for the assay (70°C) [15].
Taken together, this study and others support a mechanism in which transcription-dependent
ssDNA cleavage by Type III systems occurs only as RNA polymerase unwinds dsDNA during
transcription and generates an RNA transcript containing a crRNA-complementary target
sequence (Fig 8). The requirement for complementary RNA binding to activate DNA cleavage
would prevent the complex from cleaving ssDNA at off-target sites in the cell [10,11]. A por-
tion of the unwound nontemplate strand is solvent-exposed in structures of bacterial tran-
scription complexes and is accessible to cleavage by nucleases, suggesting it may be possible
for the Cas10 subunit in TthCsm to cleave directly at the transcription bubble [46,47]. How-
ever, direct evidence for an interaction with an assembled transcription bubble containing the
RNA polymerase has not yet been shown. Taken together, these results lead to a conserved
mechanism used by Type III-A and III-B CRISPR systems in which sequence-specific recogni-
tion of ssRNA binding triggers localized but non-sequence-specific ssDNA cleavage.

This reconstitution of a highly thermostable Type III-A Csm complex in E. coli with a single
crRNA sequence is a valuable tool for future structural investigations of DNA and RNA target-
ing by Type III CRISPR-Cas systems. The fact that a defined crRNA sequence is associated
with the complex makes it easier to generate target-bound complexes for structural studies. In
addition, the thermostability of the TthCsm makes it an attractive model system for X-ray
crystallography and/or cryo-EM studies, and the complex has already been shown to be ame-
nable to negative-stain EM analysis [21]. In contrast, the S. thermophilus Csm, which has also
been reconstituted in vivo, was only shown to be active at 37°C, and its natural host grows
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within a range of 35-42°C [10,23,48]. Our system also has an advantage over an endogenous
system in that we can perform routine mutagenesis of the TthCsm complex. We also found
that the catalytic requirements for DNA and RNA targeting by this complex are similar to
those of Csm and Cmr complexes from other species, suggesting that studies of target recogni-
tion and cleavage using this system would have a broad impact. Determination of the mecha-
nism of transcription-dependent DNA and RNA targeting by Type III systems could lead to
the discovery of unexpected similarities with other CRISPR systems that target RNA, like the
Type VI C2c2 effector, and deepen our understanding of the evolution of CRISPR-Cas systems
in prokaryotes.

Supporting Information

S1 Fig. Native mass spectrometry of reconstituted TthCsm complexes. Native nanoelectros-
pray ionization mass spectrometry (nanoESI-MS) was performed on the reconstituted
TthCsm. Measured molecular masses of the complexes are listed in the top right corner. Ions
of the different complexes are labeled using different colors. Cartoons of the complex stoichi-
ometries for each mass detected are shown on the right.

(TIF)

S2 Fig. The TthCsm complex mediates minimal ssDNA cleavage in the presence of a com-
plementary ssRNA target and MgCl,. TthCsm-mediated ssDNA cleavage was monitored in
the presence of complementary (C) and noncomplementary (NC) ssRNA, as in Fig 4, but with
5 mM MgCl, instead of 5 mM MnCl,.

(TTF)

S3 Fig. Loss of ssDNA cleavage activity in the TthCsm complex by truncation of the 3’
flanking region of the activator RNA cannot be reversed by a short noncomplementary
ssRNA oligo added in trans. The TthCsm complex (200 nM) was incubated with 200 nM
complementary ssRNA with a truncated 3’ flanking region (A3') and 5 nM 5'-**P-radiolabeled
ssDNA in the presence of MnCl,, and cleavage products were analyzed by denaturing PAGE,
as in Fig 4. Where indicated, an 8-nt oligonucleotide that was not complementary to the 5’ tag
of the crRNA was also included at a 10-fold or 100-fold molar excess over the complementary
ssRNA.

(TIF)

S4 Fig. Related to Fig 7. EMSA experiments were performed to test binding of mutant
TthCsm complexes (D34A or D34N mutation in Csm3 subunit) with complementary RNA
(D34A, D34N), and wild-type TthCsm with deoxy-RNA substrate. RNA cleavage was inhib-
ited by the omission of metal ions, and inclusion of 1 mM EDTA.

(TIF)

S1 Table. DNA and RNA oligonucleotides used and their sequences.
(TIF)

S2 Table. Thermus thermophilus Csm proteins and E. coli GroEL detected in the reconsti-
tuted TthCsm sample by mass spectrometry.
(TIF)

Acknowledgments

We thank Megan L. Hochstrasser and David W. Taylor for helpful discussion and suggestions.
We thank Megan L. Hochstrasser and Abhishek J. Aditham for assistance with biochemical

PLOS ONE | DOI:10.1371/journal.pone.0170552 January 23, 2017 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170552.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170552.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170552.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170552.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170552.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0170552.s006

®PLOS | on

RNA and DNA Targeting by Reconstituted Tt Type Ill-A CRISPR-Cas System

experiments. We thank Megan L. Hochstrasser and Addison V. Wright for critical reading of
this manuscript. J.A.D. is a Howard Hughes Medical Institute Investigator. T.Y.L. is supported
by the Howard Hughes Medical Institute (HHMI).

Author Contributions

Conceptualization: TYL JAD.

Funding acquisition: JAD.

Investigation: TYL JAD ATI.

Visualization: TYL ATIL.

Writing - original draft: TYL JAD.

Writing - review & editing: TYL JAD ATL

References

1.

10.

11.

12.

13.

14.

Makarova KS, Wolf Y1, Alkhnbashi OS, Costa F, Shah SA, Saunders SJ, et al. An updated evolutionary
classification of CRISPR—Cas systems. Nature Reviews Microbiology. 2015 Sep 28; 13(11):722-36.
doi: 10.1038/nrmicro3569 PMID: 26411297

Wright A V., Nufiez JK, Doudna JA. Biology and Applications of CRISPR Systems: Harnessing Nature’s
Toolbox for Genome Engineering. Cell. 2016 Jan; 164(1-2):29—44. doi: 10.1016/j.cell.2015.12.035
PMID: 26771484

van der Oost J, Westra ER, Jackson RN, Wiedenheft B. Unravelling the structural and mechanistic
basis of CRISPR—Cas systems. Nature Reviews Microbiology. 2014 Jun 9; 12(7):479-92. doi: 10.1038/
nrmicro3279 PMID: 24909109

Mohanraju P, Makarova KS, Zetsche B, Zhang F, Koonin E V., van der Oost J. Diverse evolutionary
roots and mechanistic variations of the CRISPR-Cas systems. Science. 2016 Aug 5; 353(6299):
aad5147-aad5147. doi: 10.1126/science.aad5147 PMID: 27493190

Tamulaitis G, Venclovas C, Siksnys V. Type Il CRISPR-Cas Immunity: Major Differences Brushed
Aside. Trends in Microbiology. 2016 Oct; xx:1-13.

Samai P, Pyenson N, Jiang W, Goldberg GW, Hatoum-Aslan A, Marraffini LA. Co-transcriptional DNA
and RNA Cleavage during Type Il CRISPR-Cas Immunity. Cell. 2015 May 21; 161(5):1164—74. doi: 10.
1016/j.cell.2015.04.027 PMID: 25959775

Jung T-Y, AnY, Park K-H, Lee M-H, Oh B-H, Woo E. Crystal Structure of the Csm1 Subunit of the Csm
Complex and lts Single-Stranded DNA-Specific Nuclease Activity. Structure. 2015 Apr; 23(4):782—-90.
doi: 10.1016/j.str.2015.01.021 PMID: 25773141

Ramia NF, Tang L, Cocozaki Al, Li H. Staphylococcus epidermidis Csm1 is a 3’-5’ exonuclease. Nucleic
Acids Research. 2014 Jan 1; 42(2):1129-38. doi: 10.1093/nar/gkt914 PMID: 24121684

Elmore J, Deighan T, Westpheling J, Terns RM, Terns MP. DNA targeting by the type I-G and type I-A
CRISPR-Cas systems of Pyrococcus furiosus. Nucleic Acids Research. 2015 Oct 30; 43(21):gkv1140.

Kazlauskiene M, Tamulaitis G, Kostiuk G, Venclovas C, Siksnys V. Spatiotemporal Control of Type IlI-A
CRISPR-Cas Immunity: Coupling DNA Degradation with the Target RNA Recognition. Molecular Cell.
2016 Apr; 62(2):295-306. doi: 10.1016/j.molcel.2016.03.024 PMID: 27105119

Estrella MA, Kuo F, Bailey S. RNA-activated DNA cleavage by the Type I1I-B CRISPR-Cas effector
complex. Genes & Development. 2016 Feb 15; 30(4):460-70.

Jackson RN, Wiedenheft B. A Conserved Structural Chassis for Mounting Versatile CRISPR RNA-
Guided Immune Responses. Molecular cell. 2015 Jun 4; 58(5):722—-8. doi: 10.1016/j.molcel.2015.05.
023 PMID: 26028539

Staals RHJ, Agari Y, Maki-Yonekura S, Zhu Y, Taylor DW, van Duijn E, et al. Structure and Activity of
the RNA-Targeting Type IlI-B CRISPR-Cas Complex of Thermus thermophilus. Molecular Cell. 2013
Oct 1; 52(1):135-45. doi: 10.1016/j.molcel.2013.09.013 PMID: 24119403

Hale CR, Zhao P, Olson S, Duff MO, Graveley BR, Wells L, et al. RNA-Guided RNA Cleavage by a
CRISPR RNA-Cas Protein Complex. Cell. 2009 Nov 25; 139(5):945-56. doi: 10.1016/j.cell.2009.07.
040 PMID: 19945378

PLOS ONE | DOI:10.1371/journal.pone.0170552 January 23, 2017 18/20


http://dx.doi.org/10.1038/nrmicro3569
http://www.ncbi.nlm.nih.gov/pubmed/26411297
http://dx.doi.org/10.1016/j.cell.2015.12.035
http://www.ncbi.nlm.nih.gov/pubmed/26771484
http://dx.doi.org/10.1038/nrmicro3279
http://dx.doi.org/10.1038/nrmicro3279
http://www.ncbi.nlm.nih.gov/pubmed/24909109
http://dx.doi.org/10.1126/science.aad5147
http://www.ncbi.nlm.nih.gov/pubmed/27493190
http://dx.doi.org/10.1016/j.cell.2015.04.027
http://dx.doi.org/10.1016/j.cell.2015.04.027
http://www.ncbi.nlm.nih.gov/pubmed/25959775
http://dx.doi.org/10.1016/j.str.2015.01.021
http://www.ncbi.nlm.nih.gov/pubmed/25773141
http://dx.doi.org/10.1093/nar/gkt914
http://www.ncbi.nlm.nih.gov/pubmed/24121684
http://dx.doi.org/10.1016/j.molcel.2016.03.024
http://www.ncbi.nlm.nih.gov/pubmed/27105119
http://dx.doi.org/10.1016/j.molcel.2015.05.023
http://dx.doi.org/10.1016/j.molcel.2015.05.023
http://www.ncbi.nlm.nih.gov/pubmed/26028539
http://dx.doi.org/10.1016/j.molcel.2013.09.013
http://www.ncbi.nlm.nih.gov/pubmed/24119403
http://dx.doi.org/10.1016/j.cell.2009.07.040
http://dx.doi.org/10.1016/j.cell.2009.07.040
http://www.ncbi.nlm.nih.gov/pubmed/19945378

®PLOS | on

RNA and DNA Targeting by Reconstituted Tt Type Ill-A CRISPR-Cas System

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Elmore JR, Sheppard NF, Ramia N, Deighan T, Li H, Terns RM, et al. Bipartite recognition of target
RNAs activates DNA cleavage by the Type IlI-B CRISPR—Cas system. Genes & Development. 2016
Feb 15; 30(4):447-59.

Zhang J, Graham S, Tello A, Liu H, White MF. Multiple nucleic acid cleavage modes in divergent type Il
CRISPR systems. Nucleic Acids Research. 2016 Feb 29; 44(4):1789-99. doi: 10.1093/nar/gkw020
PMID: 26801642

Abudayyeh OO, Gootenberg JS, Konermann S, Joung J, Slaymaker IM, Cox DBT, et al. C2c2 is a sin-
gle-component programmable RNA-guided RNA-targeting CRISPR effector. Science. 2016 Aug 5; 353
(6299):aaf5573-aaf5573. doi: 10.1126/science.aaf5573 PMID: 27256883

Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM, Makarova KS, Essletzbichler P, et al. Cpf1
Is a Single RNA-Guided Endonuclease of a Class 2 CRISPR-Cas System. Cell. 2015 Sep;1-13.

Jinek M, Chylinski K, Fonfara |, Hauer M, Doudna JA, Charpentier E. A Programmable Dual-RNA-
Guided DNA Endonuclease in Adaptive Bacterial Immunity. Science. 2012 Aug 17; 337(6096):816-21.
doi: 10.1126/science. 1225829 PMID: 22745249

East-Seletsky A, O’Connell MR, Knight SC, Burstein D, Cate JHD, Tjian R, et al. Two distinct RNase
activities of CRISPR-C2c2 enable guide-RNA processing and RNA detection. Nature. 2016 Sep 26;
538(7624):270-3. doi: 10.1038/nature19802 PMID: 27669025

Staals RHJ, Zhu Y, Taylor DW, Kornfeld JE, Sharma K, Barendregt A, et al. RNA Targeting by the Type
I1I-A CRISPR-Cas Csm Complex of Thermus thermophilus. Molecular Cell. 2014 Nov 20; 56(4):518—
30. doi: 10.1016/j.molcel.2014.10.005 PMID: 25457165

Marraffini LA, Sontheimer EJ. CRISPR Interference Limits Horizontal Gene Transfer in Staphylococci
by Targeting DNA. Science. 2008 Dec 19; 322(5909):1843-5. doi: 10.1126/science.1165771 PMID:
19095942

Tamulaitis G, Kazlauskiene M, Manakova E, Venclovas C, Nwokeoji AO, Dickman MJ, et al. Program-
mable RNA Shredding by the Type Ill-A CRISPR-Cas System of Streptococcus thermophilus. Molecu-
lar Cell. 2014 Nov 20; 56(4):506—17. doi: 10.1016/j.molcel.2014.09.027 PMID: 25458845

Goldberg GW, Jiang W, Bikard D, Marraffini LA. Conditional tolerance of temperate phages via tran-
scription-dependent CRISPR-Cas targeting. Nature. 2014 Aug 31; 514(7524):633-7. doi: 10.1038/
nature13637 PMID: 25174707

Hatoum-Aslan A, Maniv |, Samai P, Marraffini LA. Genetic Characterization of Antiplasmid Immunity
through a Type IlI-A CRISPR-Cas System. Journal of Bacteriology. 2014 Jan 15; 196(2):310-7. doi: 10.
1128/JB.01130-13 PMID: 24187086

Osawa T, Inanaga H, Sato C, Numata T. Crystal Structure of the CRISPR-Cas RNA Silencing Cmr
Complex Bound to a Target Analog. Molecular Cell. 2015 May 22; 58(83):418-30. doi: 10.1016/j.molcel.
2015.03.018 PMID: 25921071

Taylor DW, Zhu Y, Staals RHJ, Kornfeld JE, Shinkai A, van der Oost J, et al. Structures of the CRISPR-
Cmr complex reveal mode of RNA target positioning. Science. 2015 May 1; 348(6234):581-5. doi: 10.
1126/science.aaa4535 PMID: 25837515

Vassylyev DG, Vassylyeva MN, Perederina A, Tahirov TH, Artsimovitch I. Structural basis for transcrip-
tion elongation by bacterial RNA polymerase. Nature. 2007 Jul 12; 448(7150):157—62. doi: 10.1038/
nature05932 PMID: 17581590

Szychowska M, Siwek W, Pawolski D, Kazrani AA, Pyrc K, Bochtler M. Type Ill CRISPR complexes
from Thermus thermophilus. Acta Biochimica Polonica. 2016 Jun 14; 63(2):377-86. doi: 10.18388/abp.
2016_1261 PMID: 27299480

Jinek M, Jiang F, Taylor DW, Sternberg SH, Kaya E, Ma E, et al. Structures of Cas9 Endonucleases
Reveal RNA-Mediated Conformational Activation. Science. 2014 Mar 14; 343(6176):1247997—
1247997. doi: 10.1126/science.1247997 PMID: 24505130

Niewoehner O, Jinek M. Structural basis for the endoribonuclease activity of the type Ill-A CRISPR-
associated protein Csm6. RNA. 2016 Mar; 22(3):318-29. doi: 10.1261/rna.054098.115 PMID:
26763118

Carte J, Pfister NT, Compton MM, Terns RM, Terns MP. Binding and cleavage of CRISPR RNA by
Cas6. RNA. 2010 Nov 1; 16(11):2181-8. doi: 10.1261/rna.2230110 PMID: 20884784

Hochstrasser ML, Doudna JA. Cutting it close: CRISPR-associated endoribonuclease structure and
function. Trends in Biochemical Sciences. 2015 Jan 1; 40(1):58—-66. doi: 10.1016/j.tibs.2014.10.007
PMID: 25468820

Niewoehner O, Jinek M, Doudna JA. Evolution of CRISPR RNA recognition and processing by Cas6
endonucleases. Nucleic Acids Research. 2014 Jan 1; 42(2):1341-583. doi: 10.1093/nar/gkt922 PMID:
24150936

PLOS ONE | DOI:10.1371/journal.pone.0170552 January 23, 2017 19/20


http://dx.doi.org/10.1093/nar/gkw020
http://www.ncbi.nlm.nih.gov/pubmed/26801642
http://dx.doi.org/10.1126/science.aaf5573
http://www.ncbi.nlm.nih.gov/pubmed/27256883
http://dx.doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://dx.doi.org/10.1038/nature19802
http://www.ncbi.nlm.nih.gov/pubmed/27669025
http://dx.doi.org/10.1016/j.molcel.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25457165
http://dx.doi.org/10.1126/science.1165771
http://www.ncbi.nlm.nih.gov/pubmed/19095942
http://dx.doi.org/10.1016/j.molcel.2014.09.027
http://www.ncbi.nlm.nih.gov/pubmed/25458845
http://dx.doi.org/10.1038/nature13637
http://dx.doi.org/10.1038/nature13637
http://www.ncbi.nlm.nih.gov/pubmed/25174707
http://dx.doi.org/10.1128/JB.01130-13
http://dx.doi.org/10.1128/JB.01130-13
http://www.ncbi.nlm.nih.gov/pubmed/24187086
http://dx.doi.org/10.1016/j.molcel.2015.03.018
http://dx.doi.org/10.1016/j.molcel.2015.03.018
http://www.ncbi.nlm.nih.gov/pubmed/25921071
http://dx.doi.org/10.1126/science.aaa4535
http://dx.doi.org/10.1126/science.aaa4535
http://www.ncbi.nlm.nih.gov/pubmed/25837515
http://dx.doi.org/10.1038/nature05932
http://dx.doi.org/10.1038/nature05932
http://www.ncbi.nlm.nih.gov/pubmed/17581590
http://dx.doi.org/10.18388/abp.2016_1261
http://dx.doi.org/10.18388/abp.2016_1261
http://www.ncbi.nlm.nih.gov/pubmed/27299480
http://dx.doi.org/10.1126/science.1247997
http://www.ncbi.nlm.nih.gov/pubmed/24505130
http://dx.doi.org/10.1261/rna.054098.115
http://www.ncbi.nlm.nih.gov/pubmed/26763118
http://dx.doi.org/10.1261/rna.2230110
http://www.ncbi.nlm.nih.gov/pubmed/20884784
http://dx.doi.org/10.1016/j.tibs.2014.10.007
http://www.ncbi.nlm.nih.gov/pubmed/25468820
http://dx.doi.org/10.1093/nar/gkt922
http://www.ncbi.nlm.nih.gov/pubmed/24150936

®PLOS | on

RNA and DNA Targeting by Reconstituted Tt Type Ill-A CRISPR-Cas System

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Rouillon C, Zhou M, Zhang J, Politis A, Beilsten-Edmands V, Cannone G, et al. Structure of the CRISPR
Interference Complex CSM Reveals Key Similarities with Cascade. Molecular Cell. 2013 Oct 10; 52
(1):124-34. doi: 10.1016/j.molcel.2013.08.020 PMID: 24119402

Marraffini LA, Sontheimer EJ. Self versus non-self discrimination during CRISPR RNA-directed immu-
nity. Nature. 2010 Jan 28; 463(7280):568—71. doi: 10.1038/nature08703 PMID: 20072129

Kuznedelov K, Mekler V, Lemak S, Tokmina-Lukaszewska M, Datsenko KA, Jain |, et al. Altered stoichi-
ometry Escherichia coli Cascade complexes with shortened CRISPR RNA spacers are capable of inter-
ference and primed adaptation. Nucleic acids research. 2016 Dec 15; 44(22):10849-61. doi: 10.1093/
nar/gkw914 PMID: 27738137

Gleditzsch D, Miiller-Esparza H, Pausch P, Sharma K, Dwarakanath S, Urlaub H, et al. Modulating the
Cascade architecture of a minimal Type I-F CRISPR-Cas system. Nucleic acids research. 2016 Jul 8;
44(12):5872-82. doi: 10.1093/nar/gkw469 PMID: 27216815

Luo ML, Jackson RN, Denny SR, Tokmina-Lukaszewska M, Maksimchuk KR, Lin W, et al. The CRISPR
RNA-guided surveillance complex in Escherichia coliaccommodates extended RNA spacers. Nucleic
Acids Research. 2016 May 12; 44(15):gkw421.

Sashital DG, Wiedenheft B, Doudna JA. Mechanism of Foreign DNA Selection in a Bacterial Adaptive
Immune System. Molecular Cell. 2012 Jun 8; 46(5):606—15. doi: 10.1016/j.molcel.2012.03.020 PMID:
22521690

Jore MM, Lundgren M, van Duijn E, Bultema JB, Westra ER, Waghmare SP, et al. Structural basis for
CRISPR RNA-guided DNA recognition by Cascade. Nature Structural & Molecular Biology. 2011 May
3; 18(5):529-36.

Mulepati S, Bailey S. In vitro reconstitution of an Escherichia coli RNA-guided immune system reveals

unidirectional, ATP-dependent degradation of DNA Target. Journal of Biological Chemistry. 2013; 288
(31):22184-92. doi: 10.1074/jbc.M113.472233 PMID: 23760266

Sinkunas T, Gasiunas G, Waghmare SP, Dickman MJ, Barrangou R, Horvath P, et al. In vitro reconsti-
tution of Cascade-mediated CRISPR immunity in Streptococcus thermophilus. The EMBO Journal.
2013 Jan 18; 32(3):385-94. doi: 10.1038/emboj.2012.352 PMID: 23334296

Westra ER, van Erp PBG, Kiinne T, Wong SP, Staals RHJ, Seegers CLC, et al. CRISPR Immunity
Relies on the Consecutive Binding and Degradation of Negatively Supercoiled Invader DNA by Cas-
cade and Cas3. Molecular Cell. 2012 Jun 8; 46(5):595-605. doi: 10.1016/j.molcel.2012.03.018 PMID:
22521689

Deng L, Garrett RA, Shah SA, Peng X, She Q. A novel interference mechanism by a type I1IB CRISPR-
Cmr module in Sulfolobus. Molecular Microbiology. 2013 Mar 1; 87(5):1088-99. doi: 10.1111/mmi.
12152 PMID: 23320564

Wang D, Landick R. Nuclease cleavage of the upstream half of the nontemplate strand DNA in an
Escherichia coli transcription elongation complex causes upstream translocation and transcriptional
arrest. Journal of Biological Chemistry. 1997; 272(9):5989-94. PMID: 9038220

Zuo 'Y, Steitz TA. Crystal Structures of the E. coli Transcription Initiation Complexes with a Complete
Bubble. Molecular Cell. 2015 May 7; 58(3):534—40. doi: 10.1016/j.molcel.2015.03.010 PMID: 25866247

Radke-Mitchell LC, Sandine WE. Influence of Temperature on Associative Growth of Streptococcus
thermophilus and Lactobacillus bulgaricus. Journal of Dairy Science. 1986 Oct; 69(10):2558—68. doi:
10.3168/jds.S0022-0302(86)80701-9 PMID: 3805441

PLOS ONE | DOI:10.1371/journal.pone.0170552 January 23, 2017 20/20


http://dx.doi.org/10.1016/j.molcel.2013.08.020
http://www.ncbi.nlm.nih.gov/pubmed/24119402
http://dx.doi.org/10.1038/nature08703
http://www.ncbi.nlm.nih.gov/pubmed/20072129
http://dx.doi.org/10.1093/nar/gkw914
http://dx.doi.org/10.1093/nar/gkw914
http://www.ncbi.nlm.nih.gov/pubmed/27738137
http://dx.doi.org/10.1093/nar/gkw469
http://www.ncbi.nlm.nih.gov/pubmed/27216815
http://dx.doi.org/10.1016/j.molcel.2012.03.020
http://www.ncbi.nlm.nih.gov/pubmed/22521690
http://dx.doi.org/10.1074/jbc.M113.472233
http://www.ncbi.nlm.nih.gov/pubmed/23760266
http://dx.doi.org/10.1038/emboj.2012.352
http://www.ncbi.nlm.nih.gov/pubmed/23334296
http://dx.doi.org/10.1016/j.molcel.2012.03.018
http://www.ncbi.nlm.nih.gov/pubmed/22521689
http://dx.doi.org/10.1111/mmi.12152
http://dx.doi.org/10.1111/mmi.12152
http://www.ncbi.nlm.nih.gov/pubmed/23320564
http://www.ncbi.nlm.nih.gov/pubmed/9038220
http://dx.doi.org/10.1016/j.molcel.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25866247
http://dx.doi.org/10.3168/jds.S0022-0302(86)80701-9
http://www.ncbi.nlm.nih.gov/pubmed/3805441

