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Abstract
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs) confer adaptive immunity
to prokaryotes through a small RNA-mediated mechanism. Specific endoribonucleases are
required by all CRISPR-bearing organisms to process CRISPR RNAs into small RNA that serve
as guides for defensive effector complexes. The molecular mechanism of how the
endoribonucleases process the class of CRISPR RNA containing no secondary structural features
remains largely elusive. Here we report cocrystal structures of a processing endoribonuclease
bound with a noncleavable RNA substrate and its product-like fragment derived from a
nonpalindramic repeat. The enzyme stabilizes a short RNA stem-loop structure near the cleavage
site and cleaves the phosphodiester bond using an active site comprised of arginine and lysine
residues. The distinct RNA binding and cleavage mechanisms underline the diversity in CRISPR
RNA processing.

Introduction
Many bacteria and archaea employ a strategy based on Clustered Regularly Interspaced
Palindromic Repeats (CRISPRs) to defend themselves against harmful nucleic acids
(Barrangou et al., 2007; Brouns et al., 2008). Knowledge of this mechanism has fueled
studies of RNA-mediated gene regulation and silencing and is believed to have potential
applications in areas including development of new strategies for controlling antibiotics
resistance of bacterial pathogens (Deveau et al., 2010; Horvath and Barrangou, 2010;
Karginov and Hannon, 2010; Marraffini and Sontheimer, 2010; Sorek et al., 2008; van der
Oost et al., 2009). CRISPRs are genetic loci of identical repeats interspaced by unique
spacer sequences that are derived from past infections (Mojica et al., 2005; Pourcel et al.,
2005). CRISPR loci often include adjacent sets of protein encoding genes (CRISPR-
associated or cas genes) (Haft et al., 2005; Makarova et al., 2006). The repeat-spacer array
and the Cas proteins instigate three functional phases of this remarkable immunity
mechanism: spacer incorporation, CRISPR RNA (crRNA) biogenesis, and interference
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(Barrangou and Horvath, 2012; Bhaya et al., 2011; Terns and Terns, 2011; Wiedenheft et
al., 2012). In many organisms, the step of crRNA biogenesis critically depends on the
activity of the endonuribonuclease Cas6 that recognizes and excises the repeat-spacer array
transcript (Brouns et al., 2008; Carte et al., 2008; Haurwitz et al., 2010; Richter et al., 2012;
Zhang et al., 2012).

Cas6 cleaves within the repeat region of the repeat-spacer array transcript to yield individual
spacer RNA flanked by portions of the repeat (Fig. 1A). Mature crRNA subsequently
assemble with other Cas proteins into effector complexes. These complexes target invading
DNA or RNA for destruction. A processed crRNA typically contains the last 8 nucleotides
(nts) of the repeat (5′-handle), a spacer sequence (guide) (Brouns et al., 2008; Haurwitz et
al., 2010; Lintner et al., 2011) and, in some cases, a variable 3′ end comprised of the 5′
portion of the repeat (Hale et al., 2008; Richter et al., 2012; Zhang et al., 2012) (Fig. 1A).
The variability of the 3′ flanking repeat appears to be effector complex-specific (Hale et al.,
2009; Lintner et al., 2011; Zhang et al., 2012) and its further processing is believed to be
carried out by unknown exonuclease activities (Hale et al., 2008). The 5′-handle of the
crRNA plays critical roles in the specific assembly of effector complexes while the guide
facilitates selection of the target DNA or RNA in the destruction process (Hale et al., 2009;
Wiedenheft et al., 2011a; Wiedenheft et al., 2011b; Zhang et al., 2012). The unprocessed 3′-
flanking repeat is used to anchor Cas6 onto the effector complex, thereby coupling crRNA
processing to effector assembly (Haurwitz et al., 2012; Wiedenheft et al., 2011a).

Whereas currently known Cas6 likely share a structural fold and a similar 3′ cleavage
product (i.e., 5′-handle), they appear to employ different methods for recognition of crRNA,
due largely to the highly variable structures of the repeat RNA. Cas6 proteins belong to the
Repeat Associated Mysterious Protein (RAMP) family of proteins that are characterized by,
in most cases, a tandem ferredoxin fold (Makarova et al., 2011). In contrast, repeat RNA of
even closely related organisms share little sequence homology except for a prominent
palindromic feature in many organisms (Kunin et al., 2007). The lack of sequence and
structural similarities in repeat RNAs raises the question how structurally different RNAs
are recognized by Cas6 proteins. Crystal structures of Cas6-RNA complexes determined so
far suggest at least two distinct methods of recognition. Both E. coli and Pseudomonas
aeruginosa (Pa) CRISPR repeats have clear palindromic features. Consistently, the structure
of Thermus thermophilus Cas6, Cas6e (also named CasE or Cse3) bound with its repeat
RNA and that of Pa Cas6, Cas6f (also named Csy4), bound with its repeat RNA revealed a
critical importance of the stem-loop structure of the RNA in their recognition and cleavage
(Gesner et al., 2011; Haurwitz et al., 2012; Haurwitz et al., 2010; Sashital et al., 2011). On
the other hand, Pyroccucus fulgidus (Pf) RNAs lack this secondary motif and the structure
of a PfCas6-RNA complex captured only the 5′ region of the repeat RNA in a single
stranded conformation with its cleavage site region disordered (Wang et al., 2011),
suggesting a binding model consistent with recognition of single stranded region. However,
structure data on recognition of the cleavage sites of the nonpalindromic repeats remain
missing, leaving a gap in our understanding of crRNA processing mechanisms.

Sulfolobus sulfotaricus P2 (Ss) provides a rich source of crRNA that result from its six
CRISPR loci A-F (Lillestol et al., 2009; Lintner et al., 2011; Zhang et al., 2012). Ss repeats
do not appear to exhibit conserved palindromic features and are thus categorized into a
cluster of unstructured repeats (Kunin et al., 2007). Among the five annotated Ss Cas6
proteins (SSO1381, SSO1406, SSO1422, SSO1437, and SSO2004), SSO2004 was the first
to be shown to possess specific processing activity on Ss repeat RNAs (Lintner et al., 2011).
To understand how Cas6 processes RNAs with no detectable secondary structures, we
studied crystal structures of SSO2004 (SsCas6 herein), both in absence and presence of a
repeat RNA substrate. Our structural and complementary biochemical analyses show that
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SsCas6 is able to bind and cleave the nonstructured RNA by stabilizing an otherwise
unstable duplex of merely two base pairs near the cleavage site, leading to an inline
conformation around the scissile phosphate necessary for its breakage.

Results
Overview of SsCas6-RNA Complex Structures

We first confirmed that a recombinant C-terminally histidine-tagged SsCas6 purified from
E. coli was able to cleave repeat RNAs. SsCas6 was incubated with a 5′-radiolabeled 24mer
repeat RNA derived from Ss CRISPR locus F at 45°C and a 16mer product was observed
(Fig. 1A). The same RNA substrate bearing 2′-deoxy modification at position 16 was not
cleaved, suggesting a cleavage mechanism similar to that of RNase A (Fig. 1A). Due to
small perturbation to RNA structure by the 2’-deoxy modification, the modified RNA is
expected to be a competitive inhibitor of the enzyme. The closest homolog of SsCas6,
SSO1437, also exhibited a similar activity while SSO1406, whose sequence clearly belongs
to a different subgroup than SsCas6 and SSO1437, did not process the same RNA (Fig. 1A).
The cleaved 3′ product matches the sequence of the 5′-handle previously determined by
deep sequencing of the crRNA associated with the Ss Cascade or the Cmr effector complex
(Lintner et al., 2011; Zhang et al., 2012).

We solved three different crystal structures of SsCas6: that of SsCas6 in isolation at 3.0 Å
(SsCas6), that of SsCas6 bound with the 2′-deoxy modified 24mer at 2.5 Å (24mer
noncleavage complex), and that of SsCas6 bound with a 16mer RNA mimicking the 5′-
cleavage product without the 2′,3′ cyclic phosphate at 2.8 Å (16mer product-like complex).
The first two structures were determined by a single wavelength anomalous diffraction
(SAD) method using crystals containing selenomethionine-substituted SsCas6 and the last
was determined by a molecular replacement (MR) method. The register of the protein
backbone was confirmed by positions of selenomethionine residues and the position of U8
was confirmed by 5-bromouridine (Figure S1). In all three models, SsCas6 lacks residues
63-77 due to disorder. In addition, SsCas6 bound with 24mer RNA also lacks residues
223-230. The 24mer RNA structure includes nucleotides 1-17 in one but 3-17 and 19-23 in
the other protomer. The 16mer RNA structure contains nucleotides 1-16 in all eight
protomers. Data collection, phasing, and refinement statistics for each complex are listed in
Table 1.

SsCas6 comprises a tandem ferredoxin fold arranged side-by-side and displays two distinct
surfaces: one of β-sheets and one of α-helices (Fig. 1B). Like other RAMP proteins, both
ferredoxin domains are interrupted by insertions to the canonical βαββαβ arrangement
(Figure S2). The most notable is a three-helix insertion (α5-α7) following the first β-strand
(β6) of the C-terminal ferredoxin domain. Together with another helix insertion to the N-
terminal ferredoxin fold (α2), these insertions form an important binding platform for the
repeat RNA (Fig. 1B).

The overall structure of SsCas6-RNA is a 2:2 (protein:RNA) homodimer. There are two
protein-RNA complexes in the asymmetric units of the 24mer noncleavable complex
crystals while there are eight protein-RNA complexes in the16mer product-like complex
crystal. However, the eight noncrystallographic symmetry-related protomers comprise only
four pairs of the same homodimer as that of the 24mer crystal. Although the isolated SsCas6
crystal has one protomer in its asymmetric unit, it again forms the same homodimer via
crystallographic symmetry interactions. Thus, in all structures, SsCas6 or SsCas6-RNA
complexes form the same homodimer mediated by protein residue interactions. The
dimerization interface has a relatively extensive buried surface solvent accessible area (1289
Å2) that is suggestive of dimerization in solution and is made primarily of the helices (α5-
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α8) and β7 of its C-terminal ferredoxin domain (Figure S3). Cas6 dimerization has been
previously observed in a non-catalytic Cas6 protein from Pyrococcus horikoshii (Ph) bound
with its repeat RNA that, however, is mediated by the bound RNA molecules (Wang et al.,
2012). The other three Cas6 do not seem to form dimers (Gesner et al., 2011; Haurwitz et
al., 2012; Haurwitz et al., 2010; Sashital et al., 2011; Wang et al., 2011). Thus, dimerization
is likely an inherent property of the protein unique to SsCas6. Structure superimposition
revealed few differences in SsCas6 among the three structures with an exception for the β7-
β8 hairpin loop (discussed below). Structural differences among protomers or between the
24mer and the 16mer complexes are observed only in two termini of the bound RNA due to
different packing interactions, suggesting that the observed core enzyme-RNA structure is
independent of crystal packing interactions.

SsCas6 Stabilizes a Short RNA Stem-loop Motif near the Cleavage Site
The bound 24mer RNA forms two single-stranded regions (nucleotides 1-5 and 17-23) and a
central stem-loop (nucleotides 6-16) (Fig. 2). Of the five loop nucleotides of the stem-loop,
three extrude out of helical stacking (A9, U11, and U13) and two stack on the three base-
pair stem (C10 and A12) (Fig. 2). The short RNA stem-loop interacts extensively with
SsCas6 while the single stranded regions have only limited contacts with the enzyme. The
terminal nucleotides that do not contact SsCas5 (G1, C2, G21, A22, A23, and A24) are
either disordered or are stabilized by crystal packing interactions. Thus the stem-loop is the
primary structure recognized by SsCas6 (Fig. 2A).

SsCas6 uses a narrow surface to interact with the RNA. It comprises α1, α2, loop α2β2, the
G-loop and loop β7β8 (Fig. 2A). SsCas6 forms both non-specific and specific interactions
with the RNA. The most extensive interaction with the RNA phosphate sugar backbone is
formed with the short stem, in particular, the 3′ side of the stem (nucleotides 14-16). The
backbone of nucleotides 14-16 lies against a positively charged surface of SsCas6 comprised
primarily of loop α2β2 and the G-loop (Fig. 2A and 2B). The amino group of Lys51
contacts the non-bridging oxygen atoms of both G15 and A16. The guanidinium group of
Arg270 of the G-loop further stabilizes the negative charge of nonbridging oxygen of G15.
In addition, the side chain atoms of Ser148 on α5 and Tyr180 on α7 contact the nonbridging
oxygen atoms of A14. With the exception of Arg270 that is strictly conserved, Lys51,
Ser148 and Tyr180 may be substituted by other residue in SsCas6 close homologs (Figure
S3), suggesting a shape-specific interaction in this region.

In addition to electrostatic and hydrogen-bonding interactions with the phosphate backbone,
SsCas6 forms base-specific interactions with the short stem. For the U6-A16 base pair, O4
of U6 and N6 of A16 are within hydrogen bonding distances from the hydroxyl groups of
Tyr168 of loop α6α7 and Ser269 of the G-loop, respectively (Fig. 2B). Ser269 is well
conserved while Tyr168 is often replaced by phenylalanine in SsCas6 homologs (Figure S3).
A16 is further stabilized by a close contact between its N3 atom and the guanidinium group
of Arg232 (Fig. 2B). The G15C7 pair involves the most extensive interactions. Arg268 of
the G-loop lies near the Watson-Crick edge of G15 and forms base-specific interactions with
the G15C7 base pair (Fig. 2B). Its guanidinium group simultaneously contacts O6 and N7 of
G15 (Fig. 2B). The fact that Arg268 is often replaced by lysine in other SsCas6 homolog
suggests a possibility of coevolution between Cas6 and its substrates (Figure S3).

Although the penta-nucleotide loop contacts SsCas6, it does so through its two extruded
nucleotides, U11 and U13, in a manner independent of bases. Protein residues (Lys15,
Lys49, and Tyr50) stabilize the phosphate sugar back of both U11 and U13. Although the
exocyclic oxygen atoms of U11 contact Asp48 side chain atoms, Asp48 is not well
conserved, suggesting that the protein may be able to accommodate other nucleotides in the
loop. The fact that there is no contact between the protein and the rest of the loop
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nucleotides suggests that both the size and the base identity of the loop are not critical to
RNA recognition.

Two Specific Base Pairs Comprise the Minimal Recognition Motif of SsCas6
Formation of the stem-loop structure in SsCas6-bound repeat RNA is unexpected given the
instability of this structure in isolation (ΔG0 > 0 by mfold, http://mfold.rna.albany.edu/?
q=mfold) (Zuker, 2003) and the nearly flat thermal melting profile (data not shown). We
thus tested the requirement of the stem loop structure in RNA cleavage by SsCas6. Deletion
of a significant portion of the single stranded region at both 5′ and 3′ ends did not prevent
the enzyme from cleaving the RNA (Fig. 3). In contrast, disruption of either U6-A16 or C7-
G15 base pair (U6A and C7G) nearly abolished enzyme activity. Furthermore,
compensatory mutations (U6A/A16U and C7G/G15C) to restore base pairing at these two
positions did not rescue the activity (Fig. 3), confirming the observed specific recognition of
these two base pairs. Interestingly, mutation of U8 to adenosine, which disrupted the third
base pair, or substitution of the AU by GC pair had only a minor effect on enzyme activity
(Fig. 3), suggesting a less stringent dependence on this base pair. We also tested importance
of the size of the penta-loop by either deleting two non-interacting A9C10 or by inserting
two adenosine residues between A9 and C10 (Fig. 3). While deletion of A9 and C10
significantly reduced RNA cleavage activity, insertion of two adenosine nucleotides had
little impact on RNA cleavage activity, suggesting a relaxed requirement for the number of
nucleotides in the loop (Fig. 3). These results define an essential core structure required for
recognition by SsCas6 that comprises two specific base pairs upstream the cleavage site of
the repeat RNA.

The Structure of the Active Site
Cas6 proteins reported so far, including SsCas6, do not require metal ions for cleavage and
are believed to employ a general acid and base mechanism similar to those of RNase A
(Raines, 1998) and tRNA splicing endonuclease (Xue et al., 2006) for the RNA cleavage
reaction. Like RNase A and tRNA splicing endonuclease, a number of Cas6 proteins contain
a critical histidine residue in their putative active sites and, in the case of Cas6f, was
assigned to be the general base (Carte et al., 2010; Haurwitz et al., 2012; Haurwitz et al.,
2010; Sashital et al., 2011; Wang et al., 2011). An important serine and tyrosine was also
found crucial to RNA cleavage activity of Cas6f (Haurwitz et al., 2012; Haurwitz et al.,
2010) and Cas6e (Gesner et al., 2011; Sashital et al., 2011) respectively. In contrast, SsCas6
does not contain any conserved histidine or tyrosine in its sequence (Figure S3 and S4).
Furthermore, although several serine residues are conserved, they are found in positions
nonequivalent to that in Cas6f (Figure S3). Examination of the SsCas6-24mer and
SsCas6-16mer structures identified, surprisingly, four positively charged residues in its
active site. These include Lys25 and Lys28 of α1 where the critical histidine of Cas6f and
tyrosine of Cas6e are located, Lys51 on the loop connecting α2-β2, and Arg232 on the long
β-hairpin loop where the critical serine of Cas6f resides. Observed separately in the 24mer
noncleavable and 16mer product-like complex structures, the three lysine residues are within
3.5 Å to phosphate groups (Lys51 to A16, both Lys25 and Lys28 to A17) and Arg232 is
close to 2′-OH of A16 (2.6 Å) (Fig. 4A). In the 24mer noncleavable complex structure
where the nucleophile 2′-OH group is missing, Arg232 is further away from the active site
than that in the 16mer product-like complex, suggesting its specific stabilization role for the
2′-OH group of A16 (Fig. 4A). Strikingly, both Lys28 and Arg232 are strictly and Lys25
and Lys51 are well conserved in close homologs of SsCas6 (Figure S3).

In addition to the placement of four positively charged residues at the active site, an RNA
structure suggestive of the “inline attack” conformation at the cleavage site is also observed.
Similar to the conformation previously observed in Cas6e- or Cas6f-bound RNA, the
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leaving nucleotide, A17, is flipped out of the helical stack, leading to a near inline geometry
among the three atoms participating in bond breakage. An earlier computational study on
tRNA splicing endonuclease provided quantitative support to a moderate stabilization effect
(by ~12 fold) of the surrounding protein surface on the otherwise unstable inline
conformation in solution (Min et al., 2007), suggesting that SsCas6 may similarly employ
conformational trapping as a strategy for rate enhancement. To assess the importance of the
active site and surrounding residues to the RNA cleavage reaction, we carried out site-
directed mutations to the surrounding residues and tested their effects on RNA cleavage. We
found that Arg232Ala, Lys25Ala, Lys28Ala, or Lys51Ala had significant impact on activity
(Fig. 4B) while Ser46Ala, His57Ala, Glu225Ala or Asp226Ala did not (Fig. 4B). To
quantify contributions of the four positively charged residues to the RNA cleavage activity,
we compared the single turnover rate of the wild-type enzyme to those of the four mutants
(Fig. 4C). Both Lys51Ala and Arg232Ala had significant reduction in activity (2.6×102-fold
and 1.5×102-fold reduction, respectively), supporting their importance in catalysis and/or
stabilizing the RNA conformation.

Discussion
Many CRISPR repeats contain no detectable palindromic feature, nor do they display
conserved sequences. This raises the question of how CRISPR processing endonucleases
recognize and cleave RNA transcribed from this group of CRISPR repeats. Here we show
by both crystallographic and biochemical studies that a CRISPR repeat RNA derived from a
nonpalindromic repeat forms a short stem-loop motif, comprising minimally of two base
pairs, near the site of cleavage. The endonuclease that cleaves this CRISPR repeat RNA,
SsCas6, stabilizes and specifically recognizes the stem-loop motif. This mode of protein-
RNA interaction results in a conformation of the scissile phosphate bond that enables its
breakage. Mutations of SsCas6 residues that are predicted to stabilize this conformation are
found to greatly reduce the RNA cleavage activity of SsCas6.

The SsCas6-RNA complex structure suggests that extensive base pairing in RNA is not
required for recognition by this class of processing endoribonucleases. The minimal two-
base pair stem-loop formed near the cleavage site can be easily satisfied by many CRISPR
repeat RNA devoid of stable secondary structures. Given the favorable conformation of the
scissile phosphate bond for cleavage, we suggest that the observed SsCas6-RNA interactions
near the cleavage site serve as a model for the class of endoribonucleases that recognize
nonstructured CRISPR RNA. Individual Cas6 proteins may further fine-tune the specificity
by recognizing base pairs and/or RNA nucleotides within and beyond the stem-loop motif.
For instance, the previously studied PfCas6 endoribonuclease specifically recognizes the
first eight nucleotides in addition to the cleavage site around nucleotide 22 (the wrap-around
model) (Wang et al., 2011; Wang et al., 2012). Although the structure of the RNA cleavage
site bound to PfCas6 is not observed, it is tantalizing to imagine that this region also forms a
short stem-loop. If so, a general recognition model of nonstructured RNA may comprise
both individually recognized peripherals and the cleavage site short stem-loop. Significantly,
the short stem loop resembles the structure at the cleavage site of the CRISPR RNA derived
from panlindromic repeats. This common motif near the RNA cleavage site establishes a
mechanistic link in the catalytic process of the endonuribonucleases that process two
different types of RNA.

The discovery of an arginine residue in SsCas6 at the position typically occupied by the
general base in metal-independent endoribonucleases is surprising. Although arginine has a
favorable electrostatic property for stabilizing the developing charge in the pentavalent
transition state during phosphodiester bond cleavage reaction, the naturally high pKa of its
guanidinium group argues against its role as a general base. However, we note that the
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functional groups tentatively assigned as the general base in several ribozymes also have
naturally high pKa (Cochrane and Strobel, 2008). In these cases, it has been proposed that
active site environment may lower the pKa values of these groups (Cochrane and Strobel,
2008). Whether this is the case for the arginine of SsCas6 awaits additional careful
dissection of the catalytic mechanism.

Materials and Methods
Protein preparation and crystallization

The gene encoding SSO2004 protein was cloned into pET28a with a 6-histidine tag at the C-
terminus and the protein was expressed in Escherichia coli BL21 RIPL cells (Agilent
technologies, Santa Clara, CA). Cell pellets were resuspended in a lysis buffer (25mM
sodium phosphate pH 7.5, 1.0M NaCl, 10 % (v/v) glycerol, 5.0mM β-mercaptoethanol, and
0.2mM phenylmethylsulfonyl fluoride). The cells were lysed by sonication and their debris
was cleared by centrifugation. The supernatant was loaded onto a Ni-NTA column
equilibrated with the lysis buffer supplemented with 5mM imidazole. The column was
washed with the lysis buffer containing 25mM imidazole and the protein was eluted by
increasing imidazole to 350mM. Fractions containing protein were pooled and loaded onto a
Superdex 200 (Hiload 26/60, GE Healthcare) size-exclusion chromatography column that
had been equilibrated with 20mM Tris-HCl pH 7.4, 500mM NaCl, 5 % (v/v) glycerol, and 5
mM β-mercaptoethanol. Fractions corresponding to the SSO2004 protein were pooled and
concentrated. The L-selenomethionine (SeMet) labeled protein was prepared by a similar
procedure. Mutant SSO2004 proteins were individually purified by heating and a single-step
Ni-NTA affinity column followed by overnight dialysis in order to avoid cross
contamination with the wild-type protein.

The SSO repeat RNA derived from Ss CRISPR locus F consisting of nucleotides 1-24, or
1-16 and those containing bromide substitutions were ordered from Integrated DNA
technology (Coralville, IA). To crystallize the noncleavable complex, the 24mer repeat RNA
containing 2′-deoxy modification at position 16 was mixed with SSO2004 protein at 1.2:1
molar ratio. For the product-like complex, the 16mer was used in place of the 24mer. In
addition, a 24mer RNA containing 5-bromourdine at position 8 was used in cocrystallization
in order to aid RNA tracing. All protein and protein-RNA complexes were crystallized at
30°C by using the vapor diffusion hanging-drop method. The SSO2004 protein was mixed
in 1:1 volume ratio with reservoir solution containing 200mM MgCl2, 100mM Tris-Cl (pH
7.6), 32% PEG 400. Crystals grew to full size (0.3×0.4×0.1 mm3 in 3 days. The SSO2004
protein or the seleno-methionine-labeled protein bound with 24mer was mixed in 1:1
volume ratio with the reservoir solution containing 5mM MgCl2, 100mM KCl, 25% MPD,
100mM Tris-Cl (pH 7.9). Crystals(0.1×0.04×0.04 mm3) were obtained in 8 days. Lastly,
The SSO2004 protein bound with 16mer RNA was mixed with the reservoir solution
containing 15%(v/v) isopropanol, 1mM spermine, 10mM Co(NH4)6Cl3, 50mM Tris-HCl
(pH 7.0) and crystals (0.08×0.05×0.05 mm3) were formed in 4 days.

Data collection and structure determination
The space groups and the cell dimensions of the three crystals are listed in Table 1. Crystals
of the SsCas6 in isolation was directly mounted on a goniometer head from its mother
liquor. Its structure was determined by single-wavelength anomalous dispersion (SAD)
using data collected from a crystal containing selenomethionine-labeled proteins. Crystals of
the 24mer noncleavable complex were cryo-protected in a buffer containing 400mM KCl,
20% MPD, 10% glucose, 100mM Tris-HCl (pH 7.9) prior to being mounted on a
goniometer head. Crystals of the 16mer product-like complex were cryo-protected in its
mother liquor containing 30% isopropanol. X-ray diffraction data were collected at the
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Southeast Regional Collaborative Access Team (SER-CAT) beamline 22ID or 22BM. Data
were indexed, integrated, and scaled using the HKL2000 software package (Otwinowski and
Minor, 1997). Phases of the 24mer crystals were obtained from a highly redundant SAD
data set from crystals of selenomethionine-labeled SsCas6 protein and the 24mer RNA. The
16mer product-like complex structure was determined by the maximum-likelihood
molecular replacement method using a 24mer noncleavable complex monomer structure as
the search model. Structure determination, iterative model building and structure refinement
were carried out using the PHENIX (Adams et al., 2011) and COOT programs (Emsley and
Cowtan, 2004). The Maximum likelihood refinement protocol including experimental phase
constraints was applied to complexes solved by SAD methods during initial stages of
refinement. In order to reduce the data to degrees-of-freedom radio, non-crystallographic
symmetry restraints were applied for both the 24mer noncleavable and the 16mer product-
like complexes throughout refinement. The refinement and model statistics indicate
satisfactory models for the three structures and are presented in Table 1.

RNA-cleavage reactions
In vitro RNA cleavage assay was carried out similarly as previously described (Wang et al.,
2011). Briefly, SsCas6 (1 μM) was incubated with 16 nM 5′-32P-labeled 24mer repeat RNA
or its variants for 30 min at 45°C in the cleavage buffer containing 20 mM Tris-HCl (pH
7.0) and 400 mM KCl. The reaction was quenched by the addition of 96% formamide dye.
The cleavage products were resolved on a 15% polyacrylamide denaturing gel and
visualized by phosphorimaging. For single turnover rate measurements, cleavage reactions
were carried out at 45°C in a volume of 20 μl containing the same buffer, 1μM SsCas6 and
25nM RNA substrate. RNA cleavage products at various time points were separated on a
15% denaturing polyacrylamide gel and quantified by the Imagequant Software (Molecular
Dynamics) of the phosphoimaging instrument. The reaction rate, kobs, for each reaction was
obtained by fitting the faction of cleavage versus time to a single exponential function using
SigmaPlot. Error bars were deviations from the mean of triplicate measurements.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlight

A large proportion of CRISPR repeat RNAs contains no conserved primary or secondary
structures. How is this group of RNA recognized and processed by CRISPR processing
endoribonucleases? This study reveals an essential recognition motif near the RNA
cleavage site comprised of a short stem.
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Fig. 1.
Overview of CRISPR RNA processing activities and structures of SsCas6 bound with a
repeat RNA. The scissile phosphate group is indicated by a red oval. (A). Sulfolobus
sulfotaricus P2 (Ss) CRISPR RNA processing activities of Ss proteins SSO2004, SSO1437,
and SSO1406. The repeat RNA from Ss CRISPR locus F was cleaved by the two close
homologs SSO2004 and SSO1437 but not SSO1406 whose sequence clearly distinguishes
itself from the other two. “2′-deoxy” denotes the cleavage result with SSO2004 and the
same 24mer repeat RNA containing 2′-deoxy modification at position 16. Markers were
used to provide relative positions of non-related RNA oligomers. (B). Overview of SsCas6
structure and its complex with the repeat RNA. The structure of SsCas6 in isolation is
similar to that bound with RNA and is thus not shown separately here. Secondary structure
elements of SsCas6 and the RNA nucleotides are labeled. (C). Two orthogonal views of the
dimeric structure of SsCas6 bound with the 24mer noncleavable RNA. The monomeric units
are distinguished by different colors.
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Fig. 2.
Detailed views of SsCas6-RNA interactions and the RNA secondary structure. Red sphere
indicates the scissile phosphate group. (A). Regions on SsCas6 and on the 24mer RNA that
form the protein-RNA interface are highlighted in blue and are shown in two separately
panels. (B). Schematic of RNA secondary structure and residues of SsCas6 that interact with
the RNA. The interaction residues were identified by their solvent accessible surface area
changes upon RNA binding (> 5 Å2). Structures of two base pairs that interact extensively
with the protein residues are depicted in details.
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Fig. 3.
Activity assay results for RNA structure requirement for its processing. (A) Nomenclatures
for RNA variants used in the activity assay. Nucleotide changes are indicated by arrows and
the resulting mutant RNAs are represented by a single letter. The cleavage site is indicated
by a red oval. (B) Radiographs of RNA cleavage reactions with the wild-type and variants of
the repeat RNA incubated with 1 μM SsCas6 at 45°C (see Materials and Methods for
details).
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Fig. 4.
Active site geometry and mutational study results. The scissile bond is between nucleotides
16 and 17. (A). Close-up view of the structure near the RNA cleavage site of the 24mer
noncleavable complex (upper panel) and that of the 16mer product-like complex (lower
panel). The scissile phosphate position is indicated by a red oval. Protein residues within 3.6
Å of any of the atoms of A16 and A17 are displayed and those within 3.2 Å are indicated by
dashed lines to RNA. (B). RNA cleavage activity assay results indicate critical roles of four
positively charged residues in catalysis. Trace amount of 5′-radiolabeled 24mer repeat RNA
was incubated with 1 μM SsCas6 (WT) and various mutants (indicated by single letter
amino acid codes) for 10 minutes at 45°C. The reaction products were separated on a
denaturing polyacrylamide gel and visualized by phosphorimaging. The lane labeled with
“-” contains RNA and the reaction buffer. (C) Progression curves of enzyme activities under
a single turnover condition for the wild-type and four mutants of SsCas6. The single-
turnover rates for the wild-type and the mutants are labeled near the respective curves.
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Table 1

Crystallographic data collection and refinement statistics*

SsCas6-24mer noncleavable
complex (4ILL)

SsCas6-16mer Product-like complex
(4ILM)

SsCas6 (4ILR)

Data Collection Statistics

Space group C2 P21 P6522

 a 159.7 79.0 58.4

 b 68.5 154.6 58.4

 c 79.8 130.8 471.0

 α 90.0 90.0 90.0

 β 119.1 93.6 90.0

 γ 90.0 90.0 120.0

Resolution range (Å) 50.0-2.5 (2.6-2.5) 50.0-3.0 (3.1-3.0) 50.0-3.0 (3.1-3.0)

No. of observed unique reflections 24962 (988) 57752 (2099) 8986 (171)

Redundancy 9.4 (3.8) 6.7 (3.5) 28.2 (15.6)

Completeness (%) 93.8 (54.4) 95.9 (70.6) 89.1 (34.2)

<I>/<σ(I)> 41.4 (2.2) 24.9 (1.7) 42.8 (3.5)

Rsym(%) 9.3 (51.1) 8.8 (62.3) 8.4 (42.7)

Refinement statistics

Resolution range (Å) 50.0-2.5 (2.6-2.5) 50.0-3.0 (3.1-3.0) 50.0-3.0 (3.1-3.0)

Rwork(%) 20.9 22.9 25.2

Rfree(%) 24.6 28.3 29.0

Model information

 No. of protein/RNA complexes 2/2 8/8 1/0

 No. of amino acids/nucleotides/water 560/37/14 2248/128/4 280/0/0

 Root-mean-square deviations (rmsd)

 Bond length (Å) 0.009 0.010 0.011

 Bond angle (°) 1.268 1.221 1.350

Ramachandran plot of protein residues

 Preferred regions (%) 96.0 91.3 92.3

 Allowed regions (%) 4.0 8.7 7.7

 Disallowed region (%) 0.0 0.0 0.0

*
Values in parentheses are for the last resolution shell. PDBid for each structure is indicated after each title.
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