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Type I and type IIT CRISPR-Cas effector complexes share similar architec-
ture and have homologous key subunits. However, the relationship between
the so-called small subunits of these complexes remains a contentious issue.
Here, it is shown that the recently solved structure of Thermotoga maritima
Csm2 represents a dimer with the extensive structure swapping between
monomers. Unswapping the structure generates a compact globular monomer
which shares similar structure and surface properties with Cmr5, the small
subunit of a related Cmr complex. Detailed analysis of available structures of
small subunits reveals that they all have a common fold suggesting their
common origin.
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Approximately half of bacteria and the majority of
archaea possess Clustered Regularly Interspaced Short
Palindromic Repeat (CRISPR) arrays and CRISPR-
associated (Cas) proteins [1,2]. The CRISPR array
consists of conserved repeat sequences interrupted with
so-called spacer sequences that originate from foreign
DNA. The CRISPR locus transcription and subse-
quent processing produce short CRISPR RNA
(crRNA) molecules, each carrying a single spacer.
Together with Cas proteins crRNAs form large ribonu-
cleoprotein effector complexes that detect and destroy
virus or plasmid sequences if they have sequence com-
plementary to the spacer region of crRNA. Thus,
CRISPR-Cas systems function as adaptive immunity
systems that protect their prokaryotic hosts from the
invading foreign mobile genetic elements [3,4].

A recent classification of CRISPR-Cas systems
divides them into two broad classes depending on the
composition of the crRNA-effector complexes [5].
Class 1 encompasses multisubunit effector complexes,
whereas class 2 effector complexes consist of a single
protein. The two classes of CRISPR-Cas systems are
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further subdivided into five different types and multi-
ple subtypes; however, except for a recently character-
ized type V system [6], only the major CRISPR-Cas
types (I-III) have been studied in detail. Type II is a
class 2 system that includes a single effector protein,
Cas9. In contrast, types I and III are class 1 systems
represented by multiprotein effector complexes. Best
studied among the latter are Cascade (type I-E), Csm
(ITI-A), and Cmr (III-B) complexes.

Computational and experimental studies revealed
that the Cascade and type III CRISPR-Cas complexes
are linked by evolution [5,7-12], but the relationship is
intricate. Thus, all three complexes share a similar
architecture of two intertwined helical protein fila-
ments. The major filament, the backbone, in all three
complexes is formed by Cas5 and Cas7 family proteins
(Fig. 1). The minor filament or the ‘belly’ in Cascade
is formed by two copies of the small subunit (Cse2)
together with a four-helix bundle of the large subunit.
A corresponding minor filament in the Cmr complex is
composed of multiple copies of the small subunit
(CmrS) and the C-terminal domain of the large

CRISPR, Clusters of regularly interspaced short palindromic repeats; Cas, CRISPR associated; crRNA, CRISPR RNA; PDB, protein data bank.
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Fig. 1. Schematic representation of generic Cascade (A) and Cmr/
Csm (B) complexes. Cas7 and Casb subunits common to all
complexes are shown correspondingly in light green and gold. The
C-terminal 4-helix bundle of the large subunit (Cse1) of Cascade is
denoted as ‘4H’. The C-terminal domain within the unrelated large
subunit (Cmr2/Csm1) of the Cmr/Csm complex is denoted as 'D4".
‘Cas7 related’ subunits in Cmr correspond to Cmré and Cmr1,
whereas in Csm they correspond to the extra Cas7 subunit and
Csmb.

subunit, Cmr2 [11,13,14]. Although for the Csm com-
plex only low-resolution EM structures are available
[15,16], it is believed that the small (Csm2) and large
(Csml) subunits play similar architectural role in the
formation of the analogous filament. At the same time,
Cascade and type III complexes have unrelated large
subunits at the base and those capping the inter-
twined-filament structure at the head.

One of the open questions in our understanding of
the origin and evolution of multisubunit CRISPR-Cas
effector complexes is the relationship between their
small subunits. Based on the o-helical nature of small
subunits and their ubiquitous presence in CRISPR-Cas
systems, it was hypothesized that these subunits might
be related and therefore tentatively could be unified
into a single group (Casll) [7]. However, sequence-
based analyses failed to establish homology between
different families of small subunits. In such cases
experimentally determined structures are usually more
informative, because protein structures tend to be
more strongly conserved than sequences. However,
even crystal structures were unable to give a straight-
forward answer.

Until recently, only structures for Cse2 (type I-E),
Csa5 (type I-A), and Cmr5 (type III-B) subunits from
different organisms were solved. Cse2 is a small two-
domain all a-helical protein [17,18], Csa5 also has two
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domains but only the a-helical domain (hereafter D1)
is conserved within the family [19], whereas CmrS5 is a
single-domain o-helical protein [20,21]. The first
intriguing observation was made by noting the struc-
tural similarity between Cmr5 and the C-terminal (D4)
domain of Cmr2 suggesting that they may interact
within the Cmr complex [22], which was subsequently
confirmed by the crystal structure of the Cmr complex
[11]. Reeks et al. [19] found that domain D1 of the
Csa5 subunit is related to the C-terminal (D2) domain
of Cse2. They also noted similarity between Cmr5 and
the N-terminal (D1) domain of Cse2. These observa-
tions led to the conclusion that there are two struc-
tural families, one represented by domain D1 of Cse2
and Cmr5 and the other one represented by domains
D2 of Cse2 and D1 of Csa5 and that the two families
are unrelated to each other [19]. Most recently the
missing structure of Csm2, the small subunit of the
Csm complex, has been solved [23]. It revealed a dimer
of a-helical monomers. Based on the structural analy-
sis the authors concluded that Csm2 has a different
fold than either Cse2, Cmr5, or Csa5 and thus might
be a functional analog rather than structural homolog
of these other small subunits [23].

In this study, the structural relationship between
small subunits was revisited. The analysis revealed that
the Csm2 structure represents a dimer with the exten-
sive swapping of structural elements of individual pro-
tein chains. The expected monomeric structure of
Csm2 was found to exhibit close structural and func-
tional resemblance to Cmr5. Furthermore, the exhaus-
tive structural comparison of the available structures
of small subunits revealed that they all share the same
overall fold.

Materials and methods

Protein structures analyzed in this work were obtained
from PDB (http://www.pdb.org). Sequence searches for
close homologs were performed with BLAST [24] against the
nonredundant sequence database obtained from NCBI
(http://www.ncbi.nlm.nih.gov). Multiple sequence align-
ments were constructed with MArrT v7.221 [25]. Remote
homology detection was performed using HMM profile—
profile searches with HHPRED [26]. Predicted secondary
structures were obtained using pSIPRED [27], while the actual
secondary structures were derived from crystal structures
with pssp [28]. Protein structure comparison and superposi-
tion was done using DALILITE v2.4.1 [29]. Protein structure
and surface visualization and analysis as well as construc-
tion of models of protein complexes were performed
using UcsF cHIMERA [30]. Electrostatic properties of protein
surfaces were computed with the Apss (Adaptive Poisson—
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Boltzmann Solver) tool [31]. Figures representing protein
sequence alignments and three-dimensional structures were
prepared with EsprIPT [32] and USCF CHIMERA, respectively.

Results and Discussion

Csm2 structure represents a swapped dimer

A recently solved Thermotoga maritima Csm2 crystal
structure (PDB id: 5SAN6) is a dimer with an exten-
sive interface between the two chains. Each chain of
the dimer is composed of four a-helices and bears no
resemblance to the structures of other small subunits
[23]. However, it should be emphasized that in solu-
tion Csm2 exists in both dimeric and monomeric
forms [23]. The solved structure accounts for the
dimeric form, but raises a question as to the structure
of a monomer. An extensive hydrophobic surface bur-
ied at the dimer interface would be exposed to the
solution in the isolated individual chain and the N-
terminal o-helix would become detached from the sec-
ond and the third a-helices (Fig. 2B). This observa-
tion argues strongly against the monomeric structure
being the same as that of an individual chain of the
dimer. What then could be the structure of a mono-
mer? The analysis of homologous sequences from
other Thermotoga species and the secondary structure
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prediction provide an immediate clue. Thus, close
Csm2 homologs from Thermotoga naphthophila (82%
identical to T. maritima Csm2) and Thermotoga pro-

funda (43% sequence identity) feature respectively an

insertion and a deletion within the long H3 a-helix
(Fig. 2A) suggesting that in these homologs the corre-
sponding o-helix is disrupted. Moreover, secondary
structure prediction for the T. maritima Csm2 confi-
dently assigns two a-helices in place of the single H3
o-helix (Fig. 2A). Notably, the linker region connect-
ing the two predicted helices coincides with the inser-
tion/deletion in the Csm2 homologs. Taken together
these observations suggest that the H3 a-helix is pre-
disposed to form two helices. The break in H3 would
allow the C-terminal region of a chain to fold back
onto its own N-terminal region (Fig. 2B). This struc-
tural rearrangement would produce a globular mono-
meric structure consisting of five o-helices and
corresponding to half of the dimer (Fig. 2C). In other
words, the solved Csm2 structure apparently repre-
sents a structure-swapped dimer which can be
unswapped by introducing a break into the H3 o-
helix. Extensive structural rearrangements required for
the transition between monomeric and dimeric forms
explain the observed relative stability of monomeric
and dimeric populations of the T. maritima Csm2 in
solution [23].
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Fig. 2. Structure of T. maritima Csm2
represents a structure-swapped dimer.

(A) Sequence alignment of Csm2 proteins
from three Thermotoga species. Identical
and similar residues are colored in red and
yellow, respectively. Both predicted
(SS_psipred) and actual (SS_X-ray)
secondary structures are shown above the
alignment. Green arrow indicates an
expected break in the H3 helix of

T. maritima Csm2. (B) Crystal structure of
T. maritima Csm2 with two chains colored
in blue and orange, respectively. Green
arrows indicate breaks in H3 helices of
corresponding chains for unswapping the
dimeric structure. (C) Structures of
monomers resulting from unswapping the
dimeric structure. (D) Unswapped
structure of a monomer with coloring
indicating chain progression from
N-terminus (blue) to C-terminus (red).
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Unswapped Csm2 monomer is a structural
homolog of Cmr5 with the expected similar
binding properties

As the original Csm2 structure was found to lack simi-
larity to other small subunits [23] an obvious question
is what happens if the structure is unswapped. Struc-
tural comparison of the unswapped structure of Csm2
monomer with the Cmr5 subunit (PDB id: 2ZOP) of a
related Cmr complex revealed that they do share simi-
lar structures (Fig. 3). Csm2 and CmrS5 could be super-
imposed with 2.9A RMSD over 87 residue pairs.
Moreover, the connectivity of a-helices in both struc-
tures is the same indicating that they have the same
fold. Although structurally similar, superimposed
Csm2 and Cmr5 display only negligible sequence simi-
larity (~ 13% identical residues) providing an explana-
tion of why the structural homology could not be
identified previously. Structural similarity suggests that
Csm2 and Cmr5 may perform identical or similar
functions in the corresponding Csm and Cmr com-
plexes. To date there is no high-resolution structure of
a Csm complex. On the other hand, a crystal structure
of Cmr bound to crRNA and single-stranded DNA
has been recently reported [11]. Although the crystal-
lized complex lacks one of the subunits (Cmrl) cap-
ping an end of the Cmr complex, it is active in
cleaving the single-stranded RNA target complemen-
tary to the guide crRNA. This indicates that the Cmr
crystal structure is functionally relevant [11]. The Cmr
complex is composed of two helical protein filaments
that form a groove for the binding of crRNA-target
duplex. Two Cmr5 subunits together with the C-term-
inal domain (D4) of a large subunit, Cmr2, form the
minor filament, which mostly contributes to the bind-
ing of target strand of the duplex (Figs 4A and S1).
Consistent with this function, the Cmr5 subunits dis-
play an elevated positive electrostatic potential on the
target-binding surface. To test whether Csm2 could
perform a similar function, two Csm2 subunits were
modeled into the filament in place of Cmr5 by simply
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overlaying them onto the Cmr5 subunits and then
removing the latter (Fig. 4B). Although simplistic, the
model offers two important observations. First, Csm2
subunits fit into the modeled filament without major
steric clashes. Second, the Csm2 surface in the vicinity
of the target strand also shows an increased positive
electrostatic potential, which is even more strongly
pronounced than in CmrS. Taken together, these data
establish that Csm2 and Cmr5 are homologous pro-
teins performing the same or very similar function. It
should be emphasized that the uncovered structural-
functional similarity between Csm2 and Cmr5 is rele-
vant for the unswapped structure of Csm2 monomer.
The functional importance of the monomeric form of
Csm?2 is also indirectly supported by the composition
of other Csm complexes. For example, the Staphylo-
coccus thermophilus Csm complex containing a mature
crRNA includes three Csm2 subunits [33], the esti-
mated stoichiometries of Thermus thermophilus and
Sulfolobus solfataricus Csm complexes also include
three copies of Csm2 homologs [15,16]. Whether the
Csm2 dimer has any role in the context of the Csm
complex is not clear and additional experiments are
needed to answer this question.

Small subunits and C-terminal domains of large
Cmr/Csm subunits feature the same overall fold

The uncovered similarity between Csm2 and Cmr5
prompted to take a fresh look at the relationship
between all known structures of small subunits. To this
end, the unswapped monomeric Csm2 structure, three
Cmr5 structures, N- and C-terminal domains of four
different Cse2 structures, Csa5 domain D1, and C-term-
inal domains of Cmr2 and Csml all were compared
against each other using DaliLite. Results of structural
comparisons are provided as Dali Z-scores in Table 1
and more details for each comparison including RMSD
values and the number of aligned residues are available
in Table S1. Dali Z-score above 2 usually suggests that

Cmr5

Fig. 3. Structural similarity between Csm2
and Cmr5. Corresponding structural
regions of Csm2 (left) and Cmrb (right) are
colored in green and magenta,
respectively. Middle panel shows
structural superposition of these regions.
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L Cmr2 D4

Cmr2 D4

Fig. 4. Comparison of protein filaments involving Cmr5 and Csm2,
respectively. (A) Crystal structure of the Cmr complex. For clarity
only the Cmr2 D4 domain, two Cmr5 subunits, crRNA (orange) and
the target oligonucleotide (yellow) are shown. Proteins are
represented as a ribbon diagram (left) and as molecular surfaces
(right) colored according to electrostatic potential (positive, blue;
negative, red). (B) The same structure in which Cmr5 subunits
were replaced with Csm2.

two structures might have the same fold, and the higher
the Z-score value, the more significant structural simi-
larity is expected to be. However, this Z-score threshold
has been derived empirically and may vary for individ-
ual protein structural families. In addition, Z-score
strongly depends on the size of the structure, with large
structures producing higher Z-scores than the small
ones. The Dali Z-scores (Table 1) immediately reveal
highly similar groups of structures that comprise the
Cmr5 family and individual domains of the Cse2 family.
Most pairs within these groups have Z-scores > 5 and
some even have Z-scores > 10. Somewhat lower scoring
pairs include previously noted similarities between Csa5
D1 and Cse2 D2 domains [19], Cmr5 and Cse2 DI
domains [19], Cmr5 and Cmr2 D4 [22] as well as D4

Csm2 helps relate CRISPR-Cas small subunits

domains of homologous large Cmr/Csm subunits (Cmr2
and Csml, respectively) [34]. As expected from the
established structural homology between Csm2 and
CmrS5, Csm?2 is also similar to the D4 domains of Cmr2/
Csml. Unexpectedly, however, DaliLite detected signifi-
cant similarity (Z-scores > 3) of Csm2 with domain D2,
but not with domain D1 of Cse2. Since the homologous
relationship of Csm2 and CmrS5 is evident, this suggests
that Cse2 D1 and D2 domains might also have similar
folds but this similarity is perhaps too subtle for auto-
matic detection. The protein fold similarity is commonly
defined as the same major secondary structure elements
arranged similarly in the three-dimensional space and
connected in the same order [35]. Let us consider in the
light of this definition the structures/domains of small
subunits and Cmr2/Csm1 D4 domains. Apparently, all
these structures have similarly arranged o-helices which
are connected in the same order (Fig. 5). Admittedly,
there is a fairly large variability of the corresponding
helices in both size and orientation—some are even bro-
ken into two, some are shifted relative to the others.
Nevertheless, all the structures can be described by the
common o-helical fold consisting of five helices,
arranged as two intercalating helix pairs (a1-o2 and ad—
a5) each shaped as letter “V’ and connected together by
the a3-helix (Fig. 5).

Why has the existence of a common fold until now
escaped detection? This can be explained by at least
two factors—the small domain size and the plasticity
of the fold. The impact of the small size can be illus-
trated with relatively poor Dali Z-scores obtained by
comparing Cse2 D1 domains with each other (Table 1).
The structural plasticity or variability can be exempli-
fied with C-terminal (D4) domains of Cmr2 and Csml
subunits, both being members of the Casl10 family. The
homology between the corresponding D4 domains can
be detected with high confidence even from sequence
data, for example, by using profile—profile comparison
with HHsearch. However, despite obvious homology
their structures feature a number of differences, in par-
ticular o4-helix, which is nearly completely replaced by
the coil region in Csml D4 (Fig. 5). Thus, relating
structures of small subunits appears by no means a
trivial task and the Csm2 structure has contributed in a
major way by helping to reveal previously unrecog-
nized similarity between the two groups of structures
represented by the individual domains of Cse2.

A common fold does not necessarily imply a homol-
ogous relationship between proteins. However, in this
case it seems unlikely that small subunits of Cascade/
Cmr/Csm and D4 domains of Cmr2/Csml had origi-
nated independently. With the established relationship
between Csm2 and CmrS5, the homology between Csm
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Csm2

Fig. 5. Comparison of experimental
structures of small subunits and D4
domains of large Cmr/Csm subunits.
Structures include the unswapped
structure of T. maritima Csm2 (PDB:
B5ANG), T. thermophilus Cmr5 (PDB:
2Z0P), T. thermophilus Cse2 domains D1
and D2 (PDB: 2ZCA), domain D1 of

S. solfataricus Csab (PDB: 3ZC4), and D4
domains of Pyrococcus furiosus Cmr2
(PDB: 3W2W) and Thermococcus
onnurineus Csm1 (PDB: 4UW2).
Structures are shown in a similar
orientation and corresponding a-helices are
colored in the same color. The encircled
schematic diagram represents an idealized
consensus fold.

Cse2 D2

and Cmr complexes can now be extended to all of their
subunits. Furthermore, Cascade and Csm/Cmr com-
plexes have also been suggested to have common roots
[7]. These complexes share similar overall architecture
and their corresponding major filaments include
homologous subunits. Since small subunits Cse2,
CmrS5, and Csm?2 in their respective effector complexes
play an equivalent architectural role by forming the
minor protein filament, it is reasonable to assume that
Cse2 might be homologous to Csm2 and CmrS5. It is
also interesting to note that of all small subunits the
Csm2 structure appears to be closest to the common
fold (Fig. 5). This observation is in line with the pro-
posed evolution of CRISPR-Cas complexes from an
ancestral Csm-like complex [7]. Moreover, the present
study could supply more details to the proposed evolu-
tionary scenario. In particular, the observed higher
similarity of Csm2 to Cse2 D2 and Cmr5 to Cse2 DI is
consistent with Cse2 originating from the fusion of
Csm2-like and Cmr5-like subunits. In conclusion, both
general and specific insights derived from the structural
analysis in the present study are expected to facilitate
structural, functional, and evolutionary studies of
known and newly discovered CRISPR-Cas effector
complexes.
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Supporting information

Additional Supporting Information may be found
online in the supporting information tab for this arti-
cle:

Fig. S1. The minor protein filament involving Cmr5
and the Cmr2 D4 domain is shown in the context of
entire structure of the Cmr complex. Cmr2 D4
domain, two Cmr5 subunits, crRNA (orange) and the
target oligonucleotide (yellow), are shown in solid col-
ors. Remaining Cmr subunits are shown in semitrans-
parent gray color.

Table S1. DaliLite pairwise comparison of structures
(RMSD z&/superimposed residue pairs).
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