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Abstract

Clustered regularly interspaced short palindromic repeat (CRISPR) loci and CRISPR-associated (Cas) genes
encode CRISPR RNAs (crRNA) and Cas proteins, respectively, which play important roles in the adaptive
immunity system (CRISPR–Cas system) in prokaryotes. The crRNA and Cas proteins form ribonucleoprotein
effector complexes to capture and degrade invading genetic materials with base complementarity to the
crRNA guide sequences. The Csm complex, a type III-A effector complex, comprises five Cas proteins
(Csm1–Csm5) and a crRNA, which co-transcriptionally degrades invading DNA and RNA. Here we report the
crystal structures of the Staphylococcus epidermidis Csm2 (SeCsm2) and Thermoplasma volcanium Csm3
(TvCsm3) at 2.4- and 2.7-Å resolutions, respectively. SeCsm2 adopts a monomeric globular fold by itself, in
striking contrast to the previously reported Thermotoga maritima Csm2, which adopted an extended
conformation and formed a dimeric structure. We propose that the globular monomeric form is the bona fide
structure of Csm2. TvCsm3 forms a filamentous structure in the crystals. The molecular arrangement of
TvCsm3 is similar to that of the stacked Cmr4 proteins in the Cmr complex, suggesting the functionally
relevant architecture of the present Csm3 structure. We constructed model structures of the Csm complex,
which revealed that Csm3 binds the crRNA and periodically deforms the crRNA-target duplex by a similar
mechanism to that of Cmr4 in the Cmr complex. The model and mutational analysis suggest that the
conserved lysine residue of Csm2 is important for target RNA binding, and Csm2 stabilizes the active structure
of the Csm complex to facilitate the reaction.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Clustered regularly interspaced short palindromic
repeat (CRISPR) loci and CRISPR-associated (Cas)
genes serve as a prokaryotic adaptive immune system
that mediates RNA-guided interference to protect
bacteria and archaea against invading genetic ele-
ments, such as phages and plasmids [1–4]. CRISPR
loci contain arrays of short invariant repeats inter-
spaced with variable sequences that are derived from
previously encountered foreign genetic materials
[5–7]. Prokaryotes incorporate these invader-derived
sequences into CRISPR loci to protect themselves
from subsequent genetic invasions. The primary
transcripts of CRISPR loci are processed within each
repeat to generate mature CRISPR RNAs (crRNAs)
[8–10]. The crRNAs and Cas protein(s) form effector
r Ltd. All rights reserved.
complexes that degrade invading nucleic acids in a
base complementary manner, by using the crRNAs as
guides [8,11,12].
CRISPR–Cas systems are divided into two main

classes, based on the Cas protein composition of the
effector complexes [13]. The class 1 effector com-
plexes comprise multiple Cas proteins, while only a
single Cas protein is required for the class 2 effector
complexes. The class 1 CRISPR–Cas system is
further divided into two different types, I and III. The
type I effector complex, as represented by Cascade
(CRISPR-associated complex for antiviral defense), is
a large multisubunit ribonucleoprotein complex that
targets double-stranded DNA [8]. Cascade unwinds
the target double-stranded DNA to form an R-loop
structure, which subsequently recruits the helicase/
nuclease Cas3 to degrade the target DNA [8,14,15]. In
Journal of Molecular Biology (2019) 431, 748–763
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contrast, the type III effector complex, which is also
a multisubunit ribonucleoprotein complex [11,16],
exhibits dual DNA and RNA interference activities,
in which the DNA degradation is mediated in a
transcription-dependent manner [17–20]. The struc-
tures of the type I and III effector complexes have been
characterized by crystallography and cryoelectron
microscopy (cryoEM). These analyses, together with
a bioinformatics study, revealed their structural simi-
larity and divergent evolution froma commonancestral
complex [21–38].
The type III CRISPR–Cassystem is further classified

into four subtypes, III-A, III-B, III-C, and III-D, based on
the composition and organization of the type III
CRISPR–Cas loci [13]. The Csm and Cmr complexes,
which are well-characterized subtype III-A and III-B
effector complexes, respectively, comprise five
(Csm1–Csm5) and six (Cmr1–Cmr6) proteins in
addition to the crRNA [11,16]. Csm1 and Cmr2 in the
Csm and Cmr complexes, respectively, belong to a
Cas10 protein family that is a hallmark subunit of the
type III CRISPR–Cas system [13] and exhibits DNase
activity [17–20]. The structural studies of the type III
effector complexes revealed their filamentous archi-
tecture consisting of two helical chains [26–31]. One
chain is formed from a Csm4/Cmr3 molecule and
several Csm3/Cmr4molecules, and the other is from a
Csm1/Cmr2 molecule and several Csm2/Cmr5 mole-
cules in the Csm/Cmr complexes, respectively. The
crystal structure of the hybrid Cmr complex lacking
Cmr1 (simply called the Cmr complex hereafter)
elucidated the interactions between the Cmr proteins
and the crRNA-target duplex [30]. In the Cmr complex,
the crRNA-target duplex adopts an unwound ribbon-
like structure due to the intercalations of the idiosyn-
cratic loops (thumbs) of the stacked Cmr4 subunits.
These intercalatedCmr4 thumbsperiodically break the
base-pairings between the crRNA and target, causing
base-flipping from the duplex at 6-nt intervals. The
flipped target nucleotides are placed near the con-
served aspartate of Cmr4, which serves as a catalytic
residue in the Cmr complex [30,39,40]. The structure
explains the mechanism by which the Cmr complex
cleaves the target at multiple sites with 6-nt intervals.
The cryoEM structures and biochemical experi-

ments of the Csm complex suggested that the
mechanisms of target RNA recognition and cleavage
by this complex are analogous to those by the Cmr
complex [26,29,41]. The crystal structures of all Csm
protein subunits, except for Csm5, have been reported
[42–45]. Partial structural models of the Csm complex
were proposed, by superimposing the crystal struc-
tures of the Csm proteins onto the cryoEM electron
density. However, the complex model should be
further examined in greater detail, since the subunit
compositions of Csm2, Csm3, and Csm4 in the Csm
complex have remained unclear. In particular, the
subunit composition of Csm2 and its overall structure
in the functional state need to be re-assessed. In the
crystal structure of Thermotoga maritima Csm2
(TmCsm2), the protein reportedly formedahomodimer
[45], which is apparently inconsistent with the results
of cryoEM and biochemical experiments showing that
the Csm complex contains three Csm2 molecules
[29,41]. Venclovas [46] pointed out that the recombi-
nant TmCsm2 prepared by Gallo et al. [45] existed as
both a monomer and dimer, and suggested the
possibility that the monomer form of Csm2 is incorpo-
rated into the Csm complex in nature. Therefore,
the functional state of the Csm2 protein has been
controversial and remains to be elucidated. Csm3 is an
important protein component that forms a helical
backbone and binds the crRNA in the Csm complex
[26,29,41]. However, the mechanisms of the self-
association and crRNA binding by Csm3 have
remained elusive, because the crystal structures of
Csm3 determined to date only exhibited a monomeric
form or heterodimeric form with Csm4 [42,43].
Therefore, these diverse findings have hampered our
understanding of the structural and functional relation-
ships of the Csm complex.
In this study, we solved the crystal structures of

Staphylococcus epidermidis Csm2 (SeCsm2) in a
monomeric form and Thermoplasma volcanium
Csm3 (TvCsm3) in a multimerized form at 2.4- and
2.7-Å resolutions, respectively. The SeCsm2 mono-
meric structure consistently explains its subunit com-
position in the Csm complex suggested previously
[29,41]. The multimerized TvCsm3 forms a helical
filament almost identical to the backbone of the Csm
complex [29]. Based on these structures, together with
the other previously reported structures, we construct-
ed a model of the Csm complex that delineates the
interactions between the Csm proteins and the crRNA-
target duplex.
Results and Discussion

Structure determination of S. epidermidis Csm2

In the crystal structure of T. maritima Csm2
(TmCsm2), the protein reportedly formed a homodi-
mer, in which the H3 helix from one protomer interacts
with the H3 helix from the other protomer to form an
interdigitated dimer with a symmetric structure [45].
However, this crystallographic result is inconsistent
with the finding that the Csm complex consists of three
Csm2 molecules, as suggested by biochemical and
cryoEM structural studies [29,41], because if Csm2
formed a homodimer, then the Csm complex would
contain an even number of Csm2 molecules. There-
fore, a reanalysis of the Csm2 structure is essential to
clarify the structural and functional relationships of the
Csm complex.
To reveal the bona fide structure ofCsm2,we sought

to determine the crystal structures of Csm2 proteins



750 Crystal Structures of Csm2 and Csm3
from other species. We expressed and purified the
Csm2 proteins from S. epidermidis (SeCsm2) and
Methanocaldococcus jannaschii (MjCsm2). We also
preparedTmCsm2, to reevaluate its oligomeric state in
solution. The size exclusion chromatography (SEC)
analysis revealed that the molecular weights of
SeCsm2, MjCsm2, and TmCsm2 are 10.3, 15.0, and
16.1 kDa, respectively (Fig. 1a and Supplementary
Fig. 1). The molecular weights of MjCsm2 and
TmCsm2aresimilar to the theoreticalmolecularweight
values of these proteins (17.8 and 18.8 kDa, respec-
tively), while that ofSeCsm2 is slightly smaller than the
theoretical value (17.6 kDa). The minor difference
between the calculated and theoretical molecular
weight values of SeCsm2 might be attributable to its
molecular properties under our assay conditions.
Together, these results demonstrated that the Csm2
proteins from various species exist as monomers in
solution. The previously purified TmCsm2 by Gallo
et al. [45] contained both monomeric and dimeric
forms, in contrast to the present studywherewedid not
detect the peak corresponding to the TmCsm2 dimer
(Fig. 1a). The difference between these two studies
might be due to variations in the experimental
conditions.
We solved the crystal structure of SeCsm2 by the

single-wavelength anomalous diffraction (SAD)
Fig. 1. Structure ofS. epidermidisCsm2. (a) SECof the purifie
and M. jannaschii (blue) on a Superdex 75 HR 10/300 column.
carbonic anhydrase (29 kDa), cytochrome C (12.3 kDa), and ap
calculate the standard curve for the column. The elution volumes
chromatograms. (b) Overall structure of SeCsm2. The secondary
SeCsm2 (right) and the TmCsm2 dimer [45] (PDB ID: 5AN6) (left
green, respectively. SeCsm2 is colored pink (residues 1–79)
superimposed onto the N-terminal part of the A protomer and th
respectively. The H3 helices in both protomers of TmCsm2 are in
region ofSeCsm2 is divided into three parts (helices α3, α4, and α
(light blue) and A. fulgidus Cmr5 [30] (orange).
method, using selenomethionine-labeled crystals.
The structure was refined at 2.4-Å resolution, with an
Rwork/Rfree of 0.212/0.233 (Table 1). The current
model contains two molecules in the asymmetric unit
(molecules A and B) and includes residues 1–13 and
25–125 for both molecules. The structures of the two
SeCsm2 molecules in the asymmetric unit are quite
similar, with a r.m.s. deviation of 0.206 Å in the
superimposition of the corresponding 114 Cα-atoms.

Crystal structure of S. epidermidis Csm2

SeCsm2 is a globular protein with six α-helices that
exists as a monomer in the crystals (Fig. 1b),
consistent with the SEC analysis (Fig. 1a). The
SeCsm2 structure is quite different from the previously
reported TmCsm2 structure [45], which exhibited the
extended structures of each protomer and formed a
homodimer (Fig. 1c). The structural difference is
exclusively attributable to the different arrangement
of the helices/helix between these two Csm2 proteins.
In the TmCsm2 crystal structure, residues 61–103
form a long H3 helix, thereby resulting in the extended
conformation of this protein [45] (Fig. 1c). In contrast,
the corresponding region in SeCsm2 (residues 59–
101) is divided into three helices, α3, α4, and α5, and
the latter two helices are folded back to form a globular
dCsm2 proteins fromS. epidermidis (gray),T.maritima (red),
For calibration, conalbumin (75 kDa), ovalbumin (44 kDa),
rotinin (6.5 kDa) were used as molecular weight markers to
for these molecular weight markers are indicated above the
structure elements are labeled. (c) Structural comparison of
). The A and B protomers of the TmCsm2 dimer are pink and
and green (residues 80–125), and these regions can be
e C-terminal part of the B protomer of the TmCsm2 dimer,
volved in the dimerization of this protein. The corresponding
5). (d) Stereoview of the superimposed structures ofSeCsm2



Table 1. Summary of data collection and refinement statistics

SeCsm2 TvCsm3

Data collection
Space group C2 P41212
Cell dimensions
a, b, c (Å) 98.5, 67.5, 69.6 78.3, 78.3, 182.7

Wavelength 0.97875 0.9788
Resolution (Å) 50–2.4 (2.44–2.40) 50–2.7 (2.75–2.70)
Rmerge 0.080 (0.505) 0.080 (0.466)
I/σI 21.4 (2.3) 60.7 (11.5)
Completeness (%) 100.0 (99.8) 99.7 (100.0)
Redundancy 6.6 (5.6) 13.9 (14.2)
Refinement
Resolution (Å) 49.3–2.4 39.5–2.7
No. reflections 12,643 16,271
Rwork

a/Rfree
b 0.212/0.233 0.211/0.243

No. atoms 1,940 2,867
B-factors (Å2) 61.7 49.7
R.m.s. deviations
Bond lengths (Å) 0.002 0.002
Bond angles (°) 0.376 0.592

Ramachandran plot
Most favored (%) 94.9 90.9
Additionally allowed (%) 5.1 8.8
Generously allowed (%) 0 0.3
Disallowed (%) 0 0

The values in parentheses are for the outermost shell.
a Rwork = Σ |Fo − Fc |/ΣFo for reflections of working set.
b Rfree = Σ |Fo − Fc |/ΣFo for reflections of test set (5.0% of total

reflections).
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structure (Figs. 1c and 2a). The α6 helix is located in a
similar position to theC-terminal H4 helix of protomerB
of TmCsm2 (Fig. 1c). Gallo et al. [45] reported
previously that TmCsm2 exists as both a monomer
and dimer in solution, as judged by SEC and LC-MS
experiments. Therefore, the monomeric structure of
TmCsm2 seems to be quite similar to the present
SeCsm2 structure. The reported dimeric structure of
TmCsm2 would not be a functionally relevant state,
since the Thermus thermophilus Csm complex report-
edly contained three Csm2 molecules [29], which
would be incompetent if Csm2 existed as a dimer.
Based on the sequence alignment and the secondary
structure prediction of Csm2, Venclovas [46] sug-
gested that the long H3 α-helix observed in the
reported TmCsm2 structure can be divided into two
parts, and its C-terminal portion and the following H4
helix fold back into the N-terminal region of the protein.
This possible structural rearrangement may form a
globular monomeric structure of Csm2 that would be
similar to the present SeCsm2 structure. Considering
these findings together, we strongly propose that
Csm2 alone forms a globular conformation, as
observed in the present work.
The SeCsm2 structure shares structural similarity

with Cmr5, which is the smallest subunit of the type III-
B Cmr complex [30,47] (Fig. 1d), although these two
protein families only have low-sequence similarity.
The SeCsm2 structure was superimposed onto the
Archaeoglobus fulgidus and T. thermophilus Cmr5
structures (PDB IDs: 3X1L and 2ZOP, respectively)
with r.m.s. deviations of 2.81 Å (84 aligned Cα atoms)
and 2.71 Å (88 aligned Cα atoms), respectively.

Structure determination of T. volcanium Csm3

Several Csm3 molecules associate around the
crRNA to form the helical backbone of the Csm
complex [26,29]. The crystal structures of Methano-
pyrus kandleriCsm3 (MkCsm3) in themonomeric form
[42] andM. jannaschii Csm3 (MjCsm3) in the complex
with Csm4 [43] have been determined. However, there
is no detailed information about the multimeric Csm3
structure that can provide molecular insights into its
function, in the context of the Csm complex. In an
attempt to obtain the multimerized Csm3 structure, we
tried to crystallize the Csm3 proteins from several
bacterial and archaeal species (M. jannaschii,
Pyrococcus horikoshii, T. volcanium, S. epidermidis,
and T. maritima). The T. volcanium Csm3 (TvCsm3)
crystals were successfully obtained, and the crystal
structure was solved by the molecular replacement
method, using the MjCsm3 structure as the search
model. The TvCsm3 structure was refined to an Rwork/
Rfree of 0.211/0.243 at 2.7-Å resolution (Table 1). There
are two molecules in the asymmetric unit (molecules A
and B), and the model contains residues 5–26, 37–91,
102–132, and 144–216 for molecule A and residues
5–26, 37–91, 102–132, and 145–216 for molecule B.
The structures of the two TvCsm3 molecules in the
asymmetric unit can be superimposed with an r.m.s.
deviation of 0.673 Å for the corresponding 179 Cα-
atoms. The TvCsm3 structure resembles the Cmr4
structure reported previously [30,39], consistent with
the fact that the Csm3 and Cmr4 proteins belong to the
Cas7 family [13].

Crystal structure of T. volcanium Csm3

Two TvCsm3 molecules interact with each other in
the asymmetric unit (Fig. 3a), in which the interface
of the proteins buries a solvent-accessible surface
area of 1,017 Å2, corresponding to approximately
10% of the total solvent-accessible surface area of
the protein. The residues (Glu128, Lys130, Arg149,
Asp186, and Ser187) from one-molecule hydrogen
bond with the residues (Tyr57, Ser61 Arg108,
Asp109, Lys210, and Tyr215) of the other molecule
(Fig. 3b). Many of these residues are well-conserved
in the Csm3 protein family (Fig. 2b). Furthermore,
many hydrophobic residues from each protomer
strengthen the interactions at the interface.
Intriguingly, the two interacting TvCsm3molecules in

the asymmetric unit contact the adjacent molecules on
both sides in thecrystal lattice (Fig. 3c),where thesame
interactions observed between the two TvCsm3
molecules in the asymmetric unit stabilize the contacts.
Therefore, many of the residues involved in the
interactions with the symmetry-related molecules are



Fig. 2. Structure-based sequence alignments of Csm2 (a) and Csm3 (b). The sequence alignments were performed with
ClustalW, with manual editing based on the aligned structures. The proteins from S. epidermidis, T. maritima, T. volcanium,
M. jannaschii, andM. kandleri are abbreviated asSe, Tm, Tv,Mj, andMk, respectively. The amino acid residue numberings and
secondary structure elements of SeCsm2 and TvCsm3 are indicated above the alignments. Conserved residues and
conservative replacements are colored pink and cyan, respectively. The α-helices and β-sheets are colored green andmagenta,
respectively. The disordered regions are shown as dotted lines.
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Fig. 3. Structure of the T. volcanium Csm3. (a) Crystal structure of the TvCsm3 proteins in the asymmetric unit.
Molecules A and B are colored cyan and gray, respectively. (b) Stereoview of the interactions between two TvCsm3
molecules in the asymmetric unit, with the same color codes as in panel a. Hydrogen bonds are depicted by dashed lines.
(c) Molecular arrangement of TvCsm3 in the crystal lattice. Two molecules in the crystallographic asymmetric unit are
surrounded by a dashed line. The two symmetry-related molecules on each side are shown with the same color codes.
(d) Stereoview of the superimposition of the stacked TvCsm3 molecules in the crystal lattice onto the stacked Cmr4
molecules in the Cmr complex [30] (PDB ID: 3X1L). TvCsm3 and Cmr4 are colored cyan and pink, respectively. (e) Size
exclusion chromatogram of the purified TvCsm3, analyzed with a Superdex 75 HR 10/300 column. The elution volumes
for the molecular weight markers, conalbumin (75 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), and
cytochrome C (12.3 kDa), are indicated above the chromatogram. The SEC analysis revealed the calculated molecular
weight of TvCsm3 as 39.9 kDa, which is slightly larger than the theoretical molecular weight value of this protein
(25.5 kDa). The difference may be due to the asymmetric molecular shape of this protein.
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also well conserved among the Csm3 family members.
The buried surface area between the symmetry-related
molecules is comparable (1,021 Å2) to that between
the two TvCsm3 molecules in the asymmetric unit.
Thus, the TvCsm3 molecules are stacked in a regular
manner, giving rise to themultimerization of TvCsm3 in
the crystals (Fig. 3c).
The multimerized TvCsm3 molecules exhibit a

helical arrangement, which is similar to the stacked
structure of the three Cmr4 molecules in the Cmr
complex [30] (Fig. 3d). In contrast, the SEC analysis
revealed that TvCsm3 exists as a monomer in solution
(Fig. 3e). The inconsistency between the TvCsm3
states in the crystal and in solution might be due in part
to the differences in the experimental conditions. It is
also likely that the crystal packing interaction forces
TvCsm3 to adopt this stable molecular arrangement,
which may also be found in nature. Intriguingly, a
cryoEM study demonstrated that the recombinant
Cmr4, together with Cmr5, formed a long filamentous
structure with an architecture resembling that of the
helical backbone of the Cmr complex [27]. A similar
helical filament was also reported for the Sulfolobus
solfataricus Cas7 protein from the type I-A system,
despite the fact that the recombinant Cas7 protein
expressed in Escherichia coli was monomeric in
solution [48]. These findings suggest that the Cas7
family proteins have an intrinsic property to polymerize
by themselves. The multimerized TvCsm3 structure in
the crystals seems to represent a functionally relevant
state of this protein, because the residues involved in
the molecular contacts are well conserved in the Csm3
Fig. 4. Model of the Csm complex. (a) Model of the Csm com
Csm2, Csm3, Csm4, and the crRNA-target duplex are colored y
model was constructed by superimposing each Csm protein onto
complexmodel (the protein stoichiometry of Csm1125364151) into t
complex [29]. TheCsm1125364151modelwasconstructedbasedo
reconstruction by using the UCSF Chimera program [50]. The co
family (Figs. 2b and 3b) and themolecular arrangement
is similar to that of Cmr4 in the Cmr complex (Fig. 3d).
While the Csm3 and Cmr4 families exhibit similar
molecular arrangements in their polymerized structures
(Fig. 3d), the residues responsible for their multi-
merizations are not conserved in these proteins,
showing that they diverged from a common ancestor
during evolution.
A structural comparison of three Csm3 molecules

from different species revealed that MkCsm3 has an
additional domain adjacent to the RNA recognition
motif (RRM) fold [42], which is absent in both the
TvCsm3 and MjCsm3 structures [43] (Supplementary
Fig. 2a–c). This additional domain inMkCsm3 does not
clash with the interface responsible for the multi-
merization of the Csm3 protein, as clarified by
the present TvCsm3 crystal structure (Supplementary
Fig. 2d–f). These findings suggest some conservation
in themode of self-association among the Csm3 family
members and support the idea that the multimerized
TvCsm3 structure in the crystals represents a function-
ally relevant state of this protein. The structural
comparison between TvCsm3 and the M. jannaschii
Csm3–Csm4 complex [43] revealed that the concave
surface involved in the multimerization of TvCsm3 is
equivalent to the interface between MjCsm3 and
MjCsm4 (Supplementary Fig. 3). Therefore, Csm3
uses the same region for both Csm4 binding and its
multimerization. This resembles the mechanism for
Cmr complex formation, where Cmr4 and Cmr3
(orthologs of Csm3 and Csm4, respectively) also
adopt a similar strategy [30].
plex with the protein stoichiometry of Csm1122334151. Csm1,
ellow, green, blue, orange, and magenta, respectively. The
the Cmr complex [30] (PDB ID: 3X1L). (b) Fitting of the Csm
heEM reconstruction (EMD-2420) of theT. thermophilusCsm
n theCsm1122334151model andmanually docked into theEM
loring scheme is the same as in panel a.
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Model of the Csm complex

The Csm complex comprises five Csm proteins
(Csm1–5) and the crRNA [49]. Although the crystal
structure of Csm5 is not presently available, it is
possible to construct a partial model of the Csm
complex by superimposing the Csm protein structures
onto the crystal structure of the Cmr complex [30]. The
multimerized TvCsm3 structure can be superimposed
well on the three stacked Cmr4 molecules in the Cmr
complex [30]. Two SeCsm2 molecules are snugly
accommodated in the positions that are occupied
by two Cmr5 molecules in the Cmr complex [30].
Fig. 5. Model of the Csm3 molecules bound to the crRNA-
molecules and the crRNA-target duplex. The modeled atomic co
(Csm3.1–3.3) are represented by surface models. The residue
according to the sequence conservation among the Csm3 fami
electrostatic potential (blue and red show electropositive and elec
(bottom). (Left) Front view of the model. (Right) Back view of the m
target strand are green and yellow, respectively. Two Csm2 mole
was omitted for clarity. (b) Stereoviews of Cmr4 (top) and Csm3
complex crystal structure [30] (PDB ID: 3X1L) and in the Csm co
colored pink. The Cmr4 residues responsible for crRNA binding a
models. (c) Catalytic aspartates (Asp37 residues) in the Csm com
Furthermore, we used the M. jannaschii Csm4 [43]
and Thermococcus onnurineus Csm1 [44] structures,
giving rise to the partial model of the Csm complex with
the protein stoichiometry of one Csm1 molecule, two
Csm2 molecules, three Csm3 molecules, one Csm4
molecule, and one Csm5 molecule (Csm1122334151)
(Fig. 4a). Like the Cmr complex [30], by regularly
adding more of each subunit of Csm2 and Csm3 to the
above-mentioned Csm complex model, a larger Csm
complex model with the protein stoichiometry of
Csm1125364151 can be constructed, which fit well to
the cryoEM map of the T. thermophilus Csm complex
[29] (Fig. 4b).
target duplex. (a) Interactions between the modeled Csm3
ordinates are the same as in Fig. 4a. Three Csm3 molecules
s are color-coded (magenta: conserved → cyan: variable)
ly proteins, calculated by the ConSurf server [53] (top). The
tronegative, respectively) of the stacked TvCsm3 molecules
odel, rotated by 180° from the left panel. The crRNA and the

cules and Csm4 are shown in light gray ribbon models. Csm1
(bottom) interacting with the crRNA-target duplex in the Cmr
mplex model, respectively. The thumbs of each complex are
nd their corresponding residues in Csm3 are depicted by stick
plex model appear periodically at a distance of 24 Å.
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The model of the Csm complex exhibits a filamen-
tousarchitecture similar to that of theCmrcomplex. The
helical filament comprises two chains, the major and
minor chains formed by Csm3 and Csm2, respectively.
Like the Cmr complex [30], these two chains contact
Csm4 (ortholog of Cmr3) and the D4 domain of Csm1
(ortholog of Cmr2), respectively (Fig. 4a). As proposed
by Venclovas [46], the Csm2 structure resembles the
D4 domain of Csm1, and these two proteins are
arranged in a similar manner to those orthologs in the
Cmr complex [30]. The molecular arrangement of
Csm3 and Csm4 is analogous to that of Cmr4 and
Cmr3 [30], as stated above. Therefore, the Csm
complex forms the helical filament in the samemanner
as that of the Cmr complex.
During peer review of this manuscript, the high-

resolution cryoEM structures of the Csm complexes
from Streptococcus thermophilus and T. onnurineus
were reported [51,52]. The currentCsmcomplexmodel
resembles the cryoEM structures, despite the differ-
ences of the protein stoichiometry of the complex. This
finding shows that the structure and function of theCsm
complex are well conserved among different species.

Implications for crRNA-target binding and target
degradation

Based on the model of the Csm complex, the
conserved residues among the Csm3 family members
are localized on the possible crRNA binding face
(Fig. 5a). Positively charged residues are clustered on
this surface (Fig. 5a). The shape of the crRNA bound to
theCmr complex [30] fit well to themolecular surface of
the multimerized TvCsm3 structure (Fig. 5a), suggest-
ing that these two type III effector complexes bind the
crRNA-target duplex in a similar manner. In contrast,
the opposite surface of the TvCsm3 molecules is not
conserved (Fig. 5a), consistent with the idea that this
Fig. 6. The Csm2 molecules in the Csm complex model. (a)
the crRNA-target duplex. The modeled atomic coordinates are
and Csm2.2), the crRNA, and the target strand are colored light
and α5), which contact the target strand, are labeled in each mo
contact site. Two Csm2 molecules are represented by surfac
conservation, as in Fig. 5a. (c) Superimposition of SeCsm2 on
that these two proteins have a lysine residue at the same pos
region faces the solvent. In the Cmr complex, the long
loop of Cmr4, the so-called “thumb,” plays an important
role in deforming the crRNA-target duplex for period-
ically directing the scissile bonds toward the active sites
[30]. The corresponding region of TvCsm3 (residues
127–150) is partially folded to form the thumb-like
structure (residues 133–143 are disordered) that
intercalates the duplex in the model (Fig. 5b). In
contrast, the corresponding regions in MkCsm3 and
MjCsm3 were completely disordered in the crystals
[42,43]. These findings suggest that the thumb is
structured through subunit multimerization and is
further stabilized by the interactions with the crRNA-
target duplex.
A structural comparison between TvCsm3 and A.

fulgidus Cmr4 (AfCmr4) [30] revealed that several
residues (Gly22, Ser49, Lys51, Arg55, and Thr335) in
AfCmr4 responsible for the crRNA binding in the Cmr
complex appear in the same places in the TvCsm3
structure (Gly25, Ser62, Lys64, Arg68, and Thr194,
respectively) (Fig. 5b). These residues are conserved
among the Csm3 family proteins (Fig. 2b). These
findings, together with the mutational analysis demon-
strating the importance of Lys51 and Arg55 of AfCmr4
in the target cleavage reactionby theCmr complex [30],
strongly suggest that these conserved residues among
the Csm3 proteins bind the crRNA in the samemanner
as those of Cmr4 reported in the Cmr complex
structure. These Csm3 residues are indeed located in
closeproximity to the phosphate groupsof the crRNA in
the recently published cryoEM structures [51,52].
A conserved Asp residue in Csm3 (Asp37 in

TvCsm3) serves as the catalyst in the target RNA
cleavage reaction [17,41]. This aspartate is also
conserved in Cmr4 and may serve as the acid catalyst
in the Cmr complex [30,39,40]. In the Csm complex
model, the Asp37 residues of TvCsm3 are separated
from each other by approximately 24 Å (Fig. 5c). A
Model of the interactions between the Csm2 proteins and
the same as in Fig. 4a. The two Csm2 molecules (Csm2.1
green, pink, blue, and yellow, respectively. Helices (α2, α3,
lecule. (b) The conserved surface of Csm2 forms the target
e models and are color-coded according to the sequence
to AfCmr5 in the Cmr complex [30] (PDB ID: 3X1L) shows
ition, close to the target strand.
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comparable distance (23–24 Å) is observed in the Cmr
complex, where the Asp31 residues in AfCmr4 are
close to the scissile bonds of the target strand [30].
Furthermore, the Asp37 residues in TvCsm3 exist in
quite similar places to those of the corresponding
Fig. 7 (legend o
aspartates inAfCmr4. These findings definitely support
the biochemical experiments suggesting that the Csm
complex periodically cleaves the target RNAatmultiple
sites with 6-nt intervals [29,41], in the same manner as
the Cmr complex.
n next page)
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Possible role of the small subunit of the type III
effector complex

In the Csm complex model, the Csm2 molecules fit
snugly with the target nucleic acid (Fig. 6a). Three
helices (α2, α3, and α5) of SeCsm2 may form a target
binding groove in the Csm complex (Fig. 6a). Intrigu-
ingly, the conserved residues in the Csm2 family are
clustered on this proposed target binding surface
(Fig. 6b). In particular, several basic and hydrophilic
residues (Arg36, Tyr74, Arg78, and Lys122), which are
conserved among the Csm2 family members (Fig. 2a),
are locatednear the target strand. These residuesare in
close contact with the target RNA in the recent cryoEM
structures of the Csm complex [51,52]. The structural
alignment between SeCsm2 and AfCmr5 [30] revealed
that AfCmr5 has the corresponding lysine residue
(Lys148) at the same position as Lys122 of SeCsm2
(Fig. 6c). In the Cmr complex, Lys148 of AfCmr5 is
located near the scissile bonds of the target strand [30]
(Fig. 6c). This lysine residue is well conserved in the
Csm2 family, but not in the Cmr5 family.
To test the importance of this residue in the target

RNA cleavage activity, we prepared the wild-type
and mutant Csm complexes for the reaction. At first,
we reconstituted the SeCsm complex, but the target
RNA cleavage activity by the wild-type SeCsm
complex was very low in our assay conditions. We
then prepared the M. jannaschii Csm (MjCsm)
complex, which exhibited robust target RNA degrad-
ing activity (Fig. 7a and b). We could not observe the
particle formation of the Csm complex by the SEC
analysis, possibly due in part to the low affinities of
the Csm proteins, which did not form a stable
complex in our experimental conditions. However,
when MjCsm2 was removed from the reconstitution,
the RNA cleavage activity disappeared (lane 6 of
Fig. 7b). This result strongly suggests that the Csm
complex was properly reconstituted in the presence
of all of the protein components and the crRNA. We
next sought to explore the role of the lysine residue
in the target RNA cleavage reaction. Lys127 in
MjCsm2, corresponding to the Lys122 residue of
SeCsm2, was mutated to alanine, and the mutant
Fig. 7. Target RNA cleavage activity. (a) Nucleotide sequen
cleavage experiment of the reconstitutedMjCsmcomplex. The com
The possible cleavage sites on the target RNA strand are indicate
MjCsm complex. The RNA cleavage reaction was performed for
reconstituted under the MjCsm2-deficient conditions. The target
triangles, respectively. (c) Time courses of the RNA cleavage exp
containing (bottom)MjCsm complexes. (d) RNA degrading activiti
The relative amounts of the residual target RNA were calculated fr
by red triangles) were normalized to that of the reaction time of 0 m
from three independent measurements. (e) Time courses of the
K148A mutant-containing (bottom) Cmr complexes. The nucleoti
assay are in Ref. [30]. The synthetic RNA corresponding to the re
loaded in the first lanes to calculate the product amount of each re
mutant (red) Cmr complexes. The product amounts of each reac
standard deviation determined from two independent experiment
Csm2-containing MjCsm complex was reconstituted.
The MjCsm2 K127A mutation-containing MjCsm
complex exhibited reduced target RNA cleavage
activity as compared to the wild-type MjCsm complex
(Fig. 7c and d), showing that this conserved lysine
residue plays an important role, possibly by binding the
target strand during the reaction. This finding also
supports the accuracy of the present Csm complex
model. We also prepared the K148Amutant ofAfCmr5
and reconstituted themutant Cmr complex. Themutant
Cmr complex exhibited decreased RNA degrading
activity, as compared to the wild-type complex (Fig. 7e
and f). These mutagenesis experiments also sug-
gested that the lysine residues in Csm2 and Cmr5 are
not directly involved in catalysis during the RNA
hydrolysis reaction. In the Cmr complex structure,
Cmr5 and Cmr4 associate with the crRNA-target
duplex [30]. Cmr5 is located near the target strand but
only interacts with the target sparsely, in striking
contrast to the extensive interactions between Cmr4
and the crRNA-target duplex [30]. The Csm complex
model suggested a similar environment around the
crRNA-target duplex. This is also supported by the
recently published cryoEM structures of the Csm
complex [51,52]. Furthermore, neither Csm2 nor
Cmr5hasother polar or hydrophilic conserved residues
in the vicinity of the scissile bonds. Together, these
findings suggest that the small subunit proteins (Csm2
and Cmr5) of the type III effector complexes do not
participate in the catalysis during the RNA cleavage
reaction. Instead, these proteinsmay be predominantly
involved in the formation of the helical filament of the
effector complex, to stabilize the active structure of the
complex that facilitates the RNA cleavage reaction.
The helical filament in the Csm complex is reportedly

capped by Csm5 [29,51,52], by a capping mechanism
analogous to that by Cmr6 in the Cmr complex [30]. In
contrast to the Csm complex that comprises five Csm
proteins, the Cmr complex has an extra protein, Cmr1,
in addition to their five counterparts [11]. A recent study
of the Sulfolobus islandicus Cmr complex suggested
that Cmr1 enhances the RNA and DNA interference
activities of the Cmr complex, by boosting the binding
ability to both the crRNA and target RNA [54]. Csm5
ces of Mj6.01 crRNA and the target RNA used in the RNA
plementary region between both strands is depicted by lines.
d by triangles. (b) RNA cleavage activity of the reconstituted
1 h at 70 °C. Δ2 in lane 6 denotes the reaction by the particle
RNA and cleavage products are indicated by red and black
eriments with the wild-type (top) andMjCsm2 K127A mutant-
es of the wild-type (blue) and mutant (red)MjCsm complexes.
om panel c, where the band intensities of the target (indicated
in. The error bars indicate the standard deviation determined
RNA cleavage experiment by the wild-type (top) and Cmr5
de sequences of the Pf7.01 crRNA and its target used in this
action product (20 mer) (indicated by the black triangles) was
action. (f) RNA degrading activities of the wild-type (blue) and
tion were calculated from panel e. The error bars indicate the
s.
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might perform multiple roles in the CRISPR interfer-
ence process that are accomplished by two protein
components (Cmr1 and Cmr6) in the Cmr complex.
Alternatively, the detailed action mechanisms for target
recognitionandcleavagemight havedivergedbetween
these two type III effector complexes. Biochemical
study of Csm5 is needed to understand the role of
Csm5 and to clarify the differences in the interference
mechanisms between these type III effector com-
plexes. In the present study, we solved the structures of
the functional states of the Csm2 and Csm3 proteins,
and successfully constructed a model of the Csm
complex, which will contribute to the elucidation of the
RNA-guided interference mechanism of the type III
effector complexes.
Materials and Methods

Protein expression and purification

The synthetic genes encoding S. epidermidis Csm2
and T. volcanium Csm3 were purchased from Takara
Bio, and were cloned into the NdeI and BamHI sites of
the pET28b vector (Novagen). The recombinant
proteins were produced in E. coli strain BL21-
CodonPlus (DE3)-RIL (Agilent). The harvested E. coli
cells were lysed by sonication in lysis buffer, containing
20 mM Tris–HCl (pH 8.0), 300 mM NaCl, 10 mM
imidazole, 1mMPMSF, 1mMbenzamidine, and 7mM
2-mercaptoethanol. After sonication, the cell debris
was removed by centrifugation at 8000 rpm for 15 min.
For SeCsm2, the solution was further centrifuged at
11,000 rpm for 15min, and the subsequent supernatant
was used for purification. ForTvCsm3, the solutionwas
subjected to heat treatment at 65 °C for 20min, and the
heat-denatured proteins were removed by centrifuga-
tion at 8000 rpm for 15 min. Both recombinant proteins
have theHis-tag sequencederived from theexpression
plasmid at the N-terminus, and therefore, the clear
lysate was applied to a Ni-NTA column (Qiagen),
equilibrated with 20 mM Tris–HCl (pH 8.0), 300 mM
NaCl, 10mM imidazole, and 7mM2-mercaptoethanol.
Both proteins were eluted with the same buffer
containing 250 mM imidazole. The eluate of SeCsm2
was dialyzed against 20 mM Tris–HCl (pH 7.0),
400 mM NaCl, and 7 mM 2-mercaptoethanol. The
supernatant of the dialysate was loaded onto a
Resource Q column (GE Healthcare), previously
equilibrated with the same buffer, to separate
SeCsm2 from the nucleic acids. The flow-through
fraction containing SeCsm2 was collected and dia-
lyzed against 20mMTris–HCl (pH7.0), 200mMNaCl,
and 7 mM 2-mercaptoethanol. The dialysate was
loaded onto a Resource S column (GE Healthcare),
previously equilibrated with the same buffer. SeCsm2
was eluted with a linear gradient of 0.2–1.0 M NaCl
in the same buffer. The protein-rich fractions were
pooled and dialyzed against 20mMTris–HCl (pH 8.0),
200 mM NaCl, and 1 mM DTT.
After purification on a Ni-NTA column, the TvCsm3

solution was dialyzed against 20 mM Tris–HCl (pH
7.0), 200 mM NaCl, and 7 mM 2-mercaptoethanol.
After the concentration of NaCl in the protein solution
was reduced to 100 mM by mixing with an equal
volume of 20 mM Tris–HCl (pH 7.0) and 7 mM
2-mercaptoethanol, the protein solution was purified
on a HiTrap Heparin column (GE Healthcare),
previously equilibrated with 20 mM Tris–HCl (pH
7.0), 100 mM NaCl, and 7 mM 2-mercaptoethanol. A
linear gradient from 0.1 to 1.0 M NaCl was
developed in the same buffer. The protein-rich
fractions were pooled and dialyzed against 20 mM
Tris–HCl (pH 8.5), 100 mM NaCl, and 7 mM 2-
mercaptoethanol. TvCsm3 was then purified on a
Resource Q column, previously equilibrated with the
same buffer. The protein was eluted with a linear
gradient of 0.1–1.0 M NaCl in the same buffer. The
fractions rich in TvCsm3 were pooled and dialyzed
against 10 mM Tris–HCl (pH 8.0), 200 mMNaCl, and
1 mM DTT.
The purified SeCsm2 and TvCsm3 proteins were

concentrated to 0.485 and 13.7 mg/ml and were
flash-frozen in liquid nitrogen before storage at
−80 °C. The protein concentrations of SeCsm2 and
TvCsm3 were determined using the molar extinction
coefficients of 13,410 and 21,890M−1 cm−1 at 280 nm,
respectively. The selenomethionine (SeMet)-labeled
SeCsm2 was produced in the methionine auxotroph
E. coli strain B834-CodonPlus (DE3)-RIL and was
purified in the same manner as the native protein.

Size exclusion chromatography

The molecular weights of the purified proteins
were analyzed by SEC on a Superdex 75 HR 10/300
column, which was equilibrated with 10 mM Tris–
HCl (pH 8.0), 200 mM NaCl, and 1 mM DTT.
Conalbumin (75 kDa), ovalbumin (44 kDa), carbonic
anhydrase (29 kDa), cytochrome C (12.3 kDa), and
aprotinin (6.5 kDa) were used as molecular weight
marker proteins to calculate the standard curve for
the column.

Crystallization and data collection

SeCsm2 was crystallized by the sitting-drop vapor
diffusion method at 20 °C, under conditions contain-
ing 180 mM Li2SO4, 90 mM Hepes-Na (pH 7.5),
22.5% (w/v) PEG3350, and 10 mM sarcosine. Sitting
drops were prepared by mixing 1 μl of the reservoir
solution with 1 μl of the protein solution (0.485 mg/ml),
and were equilibrated against 100 μl of reservoir
solution. TheSeCsm2crystals grewwithin 3 days. The
SeMet-labeled SeCsm2 crystals were also obtained
under the same conditions as those used for the native
crystals. The TvCsm3 crystals were obtained by the



760 Crystal Structures of Csm2 and Csm3
sitting-drop vapor diffusion method at 20 °C, with a
reservoir composed of 180 mM di-ammonium tartrate,
18% (w/v) PEG3350, and 3% (w/v) PEG1500. The
TvCsm3 crystals grew within 10 days.
For data collection, the SeCsm2 and TvCsm3

crystals were transferred to cryoprotectant solutions
supplemented with 20% (w/v) PEG400 and 20% (w/v)
ethylene glycol, respectively, in each reservoir solution.
The crystals were mounted in a nylon loop, and then
flash-cooled in a nitrogen stream at 95 K. X-ray
diffraction data were collected at the beam-line
BL-17A of the Photon Factory (Ibaraki, Japan), using
Pilatus3S6MandADSCQ315r detectors, respectively.
Diffraction data were integrated and scaled with the
program HKL2000 [55]. The processing statistics are
summarized in Table 1.

Structure determination and refinement

We determined the SeCsm2 structure by the SAD
method, using the data from the SeMet-labeled
crystals, with the AutoSol program in the Phenix suite
[56]. The SAD experimental electron density map at
2.4-Å resolution had sufficient quality for tracing two
SeCsm2 molecules. The initial model was manually
built with the program Coot [57] using the SeMet
locations as guides. The model was then improved by
iterative cycles of refinement with the programPHENIX
and manual rebuilding with Coot. The SeCsm2
structure was finally refined to an Rwork of 21.2% and
an Rfree of 23.3% at 2.4-Å resolution. The final model
contains two SeCsm2 molecules (residues 1–13 and
25–125 for bothmolecules). ARamachandran analysis
by PROCHECK [58] showed 94.9%, 5.1%, 0%, and
0% of the protein residues in the most favored,
additionally allowed, generously allowed, and disal-
lowed regions, respectively.
The structure of TvCsm3 was solved by the

molecular replacement method with the program
Molrep [59] using the M. jannaschii Csm3 structure
[43] (PDB ID: 4QTS)as the searchmodel. TheTvCsm3
structure was refined to anRwork of 21.1% and an Rfree
of 24.3%at 2.7-Å resolution,with the programPHENIX.
The final model contains two TvCsm3 molecules
(residues 5–26, 37–91, 102–132, and 144–216 for
molecule A and residues 5–26, 37–91, 102–132, and
145–216 for molecule B). The stereochemistry of the
models was verified by PROCHECK (90.9%, 8.8%,
0.3%, and 0% in themost favored, additionally allowed,
generously allowed, and disallowed regions, respec-
tively). Refinement statistics are summarized in
Table 1. Molecular graphics were illustrated with
PyMol (http://www.pymol.org/).

Modeling of the Csm complex

To build the Csm complex model, we first super-
imposed one copy of ToCsm1 [44], two copies of
SeCsm2, three copies of TvCsm3, and one copy of
MjCsm4 [43] onto the individual Cmr2, Cmr5, Cmr4,
and Cmr3 proteins in the Cmr complex [30], to
generate the Csm complex model with the protein
stoichiometry of Csm1122334151. To distinguish each
protomer of the Csm2 and Csm3 proteins, the Csm2
molecule adjacent to Csm1 in the model is named
Csm2.1, and the other Csm2 molecule is Csm2.2
(Fig. 4a). The Csm3 molecule contacting Csm4 is
named Csm3.1, and its adjacent molecule and the
other subunit are Csm3.2 and Csm3.3, respectively
(Fig. 4a). Although the Csm complex model was
not subjected to energy minimization, the subunits
fit the model without any major steric clashes, and
only minor clashes of several side chains occurred
between Csm1 and Csm4, Csm3 and Csm4,
and Csm2 and Csm3. These minor clashes would be
attributable to the use of Csm proteins from different
species for constructing the model. The crRNA-target
duplex in the Cmr complex [30] fit well to the
Csm1122334151 model without any adjustment.
Although the cryoEM reconstruction and mass

spectrometric experiment suggested that the stoichi-
ometry of the T. thermophilus Csm complex
was Csm1123364251 [29], we estimated it as
Csm1125364151, based on the structural analogies
between the Csm and Cmr proteins and the assembly
pattern of the Cmr proteins in the Cmr complex. To
build the Csm1125364151 model, the Csm2233 sub-
complexwas isolated from theCsm1122334151model.
Csm2.1 and Csm3.2 of the Csm2233 subcomplex
were superimposed onto Csm2.2 and Csm3.3 in the
Csm1122334151 model, respectively, to generate new
Csm2.3 and Csm3.4 molecules, resulting in the
Csm1123344151 model. Similarly, the Csm2334 sub-
complexwas isolated from theCsm1123344151model.
Csm2.1 and Csm3.2 of the Csm2334 subcomplex
were then superimposed onto Csm2.3 and Csm3.4 in
the Csm1123344151 model, respectively, which creat-
ed new Csm2.4, Csm2.5, Csm3.5, and Csm3.6
molecules to give rise to the Csm1125364151 model.
The duplex between the crRNA guide and target was
extended to fit the Csm1125364151 model in a regular
manner. The Csm1125364151 model was fit to the
cryoEMmap of the T. thermophilusCsm complex [29]
by using the UCSF Chimera program [50].

Target RNA cleavage activity

M. jannaschii Csm proteins were prepared by the
method previously reported [43]. The single-stranded
RNA (43-mer) from the M. jannaschii CRISPR locus
(Mj6.01-crRNA: AUGGAAAUUGCUCCUCAAAAU
GUACAAAAUACUCAGAUUAAAU) and its target
sequence (AUUUAAUCUGAGUAUUUUGUA
CAUUUUGAGGAGCA) that is complementary to the
guide of Mj6.01-crRNA were purchased from Sigma.
The purified MjCsm1–5 proteins and Mj6.01-crRNA
were mixed in a molar ratio of 1:2:3:1:1:1, respectively,
and incubated at 70 °C for 30 min to form the MjCsm
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complex. Although we did not observe the formation of
the stable complex by the SEC analysis, we estimated
the composition of the reconstituted MjCsm complex
to be 1:2:3:1:1:1 for MjCsm1, MjCsm2, MjCsm3,
MjCsm4, MjCsm5, and Mj6.01-crRNA, respectively.
The RNA-cleavage reaction was performed at 70 °C
in a 50-μl reaction mixture containing 400 nM MjCsm
complex and 3.4 μM target RNA in the
reaction buffer [20 mM Hepes-Na (pH 7.0), 250 mM
KCl, 2 mM MgCl2, 10 mM DTT, and 1 U ribonuclease
inhibitor]. The RNA cleavage reaction was terminated
by phenol–chloroform–isoamyl alcohol extraction, and
the RNAs were precipitated with ethanol and then
dissolved in 10 μl of loading dye (3.5 M urea, 0.05%
bromophenol blue, and 0.05% xylene cyanol). The
mixture was incubated at 95 °C for 10 min and then on
ice for 2 min, and was fractionated on a 15%–20%
denaturing polyacrylamide gel containing 7 M urea.
After electrophoresis, the gels were stained with SYBR
Green II. The target RNA cleavage activity of the wild-
type and mutant Cmr5-containing Cmr complex was
analyzed as previously described [30].

Accession codes

The atomic coordinates and the structure factors
of SeCsm2 and TvCsm3 have been deposited in the
Protein Data Bank under the accession codes 6AE1
and 6AE2, respectively.
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