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Cas6 is an endoribonuclease that
generates guide RNAs for invader defense
in prokaryotes
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An RNA-based gene silencing pathway that protects bacteria and archaea from viruses and other genome
invaders is hypothesized to arise from guide RNAs encoded by CRISPR loci and proteins encoded by the cas
genes. CRISPR loci contain multiple short invader-derived sequences separated by short repeats. The presence
of virus-specific sequences within CRISPR loci of prokaryotic genomes confers resistance against
corresponding viruses. The CRISPR loci are transcribed as long RNAs that must be processed to smaller guide
RNAs. Here we identified Pyrococcus furiosus Cas6 as a novel endoribonuclease that cleaves CRISPR RNAs

within the repeat sequences to release individual invader targeting RNAs. Cas6 interacts with a specific
sequence motif in the 5’ region of the CRISPR repeat element and cleaves at a defined site within the 3’
region of the repeat. The 1.8 angstrom crystal structure of the enzyme reveals two ferredoxin-like folds that
are also found in other RNA-binding proteins. The predicted active site of the enzyme is similar to that of
tRNA splicing endonucleases, and concordantly, Cas6 activity is metal-independent. casé6 is one of the most
widely distributed CRISPR-associated genes. Our findings indicate that Cas6 functions in the generation of
CRISPR-derived guide RNAs in numerous bacteria and archaea.
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All genomes are potential targets of invasion by molecu-
lar parasites such as viruses and transposable elements,
and organisms have evolved RNA-directed defense
mechanisms to cope with the constant threat of genome
invaders (Farazi et al. 2008; Girard and Hannon 2008).
The well-known subpathway of RNA silencing referred
to as RNAIi functions in defense against viruses in eu-
karyotes (Ding and Voinnet 2007). The RNAi defense
response is mediated by short (~22-nucleotide [nt]) RNAs
termed siRNAs. The siRNAs are generated from invad-
ing viral RNAs by dsRNA-specific, RNase Ill-like endo-
nucleases called Dicers (Jaskiewicz and Filipowicz 2008).
The mature siRNAs are assembled with host effector
proteins and target them to corresponding viral target
RNAs to effect viral gene silencing via RNA destruction
or other mechanisms (Farazi et al. 2008; Girard and Han-
non 2008).

Compelling evidence has recently emerged for the ex-
istence of an RNA-mediated genome defense pathway in
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archaea and numerous bacteria that has been hypoth-
esized to parallel the eukaryotic RNAi pathway (for re-
views, see Godde and Bickerton 2006; Lillestol et al.
2006; Makarova et al. 2006; Sorek et al. 2008). Known as
the CRISPR-Cas system or prokaryotic RNAi (pRNAI),
the pathway is proposed to arise from two evolutionarily
and often physically linked gene loci: the CRISPR (clus-
tered regularly interspaced short palindromic repeats) lo-
cus, which encodes RNA components of the system, and
the cas (CRISPR-associated) locus, which encodes pro-
teins (Jansen et al. 2002; Makarova et al. 2002, 2006; Haft
et al. 2005). The individual Cas proteins do not share
significant sequence similarity with protein components
of the eukaryotic RNAi machinery, but have analogous
predicted functions (e.g.,, RNA binding, nuclease, heli-
case, etc.) (Makarova et al. 2006).

Unlike the siRNAs of the eukaryotic RNAi system,
the effector RNAs of pRNAI are encoded in the host
genome. CRISPR loci encode short (typically ~30- to 35-
nt) invader-derived sequences interspersed between
short (typically ~30- to 35-nt) direct repeat sequences
(Bolotin et al. 2005; Mojica et al. 2005; Pourcel et al.
2005; Godde and Bickerton 2006; Lillestol et al. 2006;
Makarova et al. 2006; Horvath et al. 2008; Sorek et al.
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2008). Recent studies have provided clear experimental
evidence that correlates the presence of virus-specific
CRISPR sequences with viral immunity (Barrangou et al.
2007; Brouns et al. 2008; Deveau et al. 2008). Further-
more, viral infection has been shown to result in the
appearance of new corresponding CRISPR elements in
surviving strains (Barrangou et al. 2007; Deveau et al.
2008). This rapidly adapting CRISPR-based immunity
acts within natural microbial populations to promote
host cell fitness and to influence microbial ecology
(Andersson and Banfield 2008; Tyson and Banfield 2008).

The primary products of the CRISPR loci appear to be
short RNAs that contain the invader targeting se-
quences, and are termed guide RNAs or prokaryotic si-
lencing RNAs (psiRNAs) based on their hypothesized
role in the pathway (Makarova et al. 2006; Hale et al.
2008). RNA analysis indicates that CRISPR locus tran-
scripts are cleaved within the repeat sequences to release
~60- to 70-nt RNA intermediates that contain individual
invader targeting sequences and flanking repeat frag-
ments (Fig. 1A; Tang et al. 2002, 2005; Lillestol et al.
2006; Brouns et al. 2008; Hale et al. 2008). In the ar-
chaeon Pyrococcus furiosus, these intermediate RNAs
are further processed to abundant, stable ~35- to 45-nt
mature psiRNAs (Hale et al. 2008).

The primary goal of this study was to begin to under-
stand the biogenesis of psiRNAs through identification
and characterization of the enzyme that cleaves within
the repeat sequences of CRISPR RNA transcripts to lib-
erate the many individual psiRNA species that function
in defense against molecular invaders. Our results indi-
cate that Cas6, one of the six highly conserved or “core”
Cas proteins (Haft et al. 2005), functions as a CRISPR
repeat RN A-specific endoribonuclease in P. furiosus and
likely numerous other archaea and bacteria.

Results

The psiRNAs, which are thought to be primary agents in
prokaryotic genome defense, are derived from CRISPR
RNA transcripts that consist of a series of individual

invader targeting sequences separated by a common re-
peat sequence (Fig. 1A). To identify the enzyme required
for dicing CRISPR RNA transcripts and releasing the in-
dividual embedded psiRNAs, we screened a number of
recombinant P. furiosus Cas proteins for the ability to
cleave CRISPR repeat sequences. We identified a single
protein, Cas6 (PF1131), that cleaves specifically within
the repeat sequence of radiolabeled substrate RNAs con-
sisting of either a guide (invader targeting or “spacer”)
sequence flanked by two repeat sequences or the repeat
sequence alone (Fig. 1B,C). Examination of the cleavage
products generated from uniformly labeled and 5’-end-
labeled RNA substrates indicates that cleavage occurs
~20-25 nt from the 5’ end of the repeat. Cleavage also
occurs within each repeat of an extended substrate RNA
containing two guide sequences and flanking repeats
(Fig. 2).

More than 40 CRISPR-associated genes have been
identified; however, only a subset of the cas genes is
found in any given genome, and no cas gene appears to be
present in all organisms that possess the CRISPR-Cas
system (Haft et al. 2005; Makarova et al. 2006). Cas6 is
among the most widely distributed Cas proteins and is
found in both bacteria and archaea (Haft et al. 2005). A
distinct protein with similar activity was very recently
reported in Escherichia coli (Brouns et al. 2008). This
protein, Cse3 (CRISPR-Cas system subtype E. coli, also
referred to as CasE), is found in some bacteria that lack
Cas6 (Haft et al. 2005). Both Cas6 and Cse3 are members
of the RAMP (repeat-associated mysterious protein) su-
perfamily, as are a large number of the Cas proteins
(Makarova et al. 2002, 2006). RAMP proteins contain
G-rich loops and are predicted to be RNA-binding pro-
teins (Makarova et al. 2002, 2006). Cas6 is distinguished
from the many other RAMP family members by a con-
served sequence motif within the predicted C-terminal
G-rich loop (consensus GhGxxxxxGhG, where h is hy-
drophobic and xxxxx has at least one lysine or arginine)
(Makarova et al. 2002; Haft et al. 2005). Nuclease activ-
ity was not predicted for Cas6 based on sequence analy-
sis.

Figure 1. Cas6 is an endoribonuclease that A B unifommiy lebsisd. 5 and labslsd
cleaves CRISPR RNAs within repeat se- M Cas6 Rl R Rl R
quences. (A) psiRNA biogenesis pathway 100 M %ﬁ JT T T :Casé
model. The primary CRISPR transcript con- CRISPR Primary Transéript 75 - ;

tains unique invader targeting or guide se- 100 -

quences (colored blocks) flanked by direct Bl 80 " % "__

repeat sequences (R). Cas6 catalyzes site- o7 28,1 :

specific cleavage within each repeat, releas- o _- 40+ é '

ing individual invader targeting units. The
Cas6 cleavage products undergo further pro-
cessing to generate smaller mature psiRNA
species. (B) Purified recombinant PfCas6 ex-
pressed in E. coli. The sizes (in kilodaltons)
of protein markers (M) are indicated. (C) Ra-
diolabeled RNAs (repeat-guide-repeat
[R-g-R] or repeat alone [R], as diagrammed)
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were either uniformly or 5’-end-labeled and incubated in the absence (-) or presence (+) of PfCas6 protein (500 nM). Products were
resolved by denaturing gel electrophoresis and visualized using a phosphorimager. The main cleavage products are indicated by a star

or asterisk on the gel and in the diagram.
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Figure 2. PfCas6 cleavage of a CRISPR RNA containing two
repeat-guide RNA units. A uniformly radiolabeled substrate
RNA containing two guide (invader targeting) sequences (yel-
low and green), two repeats (R) and a short (natural) 5’ leader (L)
sequence was incubated with 1 pM PfCas6 protein and samples
were analyzed by denaturing gel electrophoresis at the indicated
times. The expected sizes and compositions of the RNA prod-
ucts (based on site-specific cleavage within each repeat) are in-
dicated, as are the sizes of the marker RNAs (M).

To determine the precise PfCas6 cleavage site within
the CRISPR repeat sequence, 5'-end-labeled repeat RNA
was incubated with the purified enzyme and the 5’ cleav-
age product was mapped relative to RNase T1 (cuts after
guanosines) and alkaline hydrolysis (cuts after each
nucleotide) cleavage products (Fig. 3A). A 22-nt 5’ cleav-
age product was identified indicating that cleavage oc-
curs between adenosine 22 and adenosine 23 of the 30-nt
repeat sequence (Fig. 3A,B). The resulting 5’ end gener-
ated by PfCas6 is the same as that observed in mature
psiRNA species isolated from P. furiosus cells (C. Hale,
R. Terns, and M. Terns, unpubl.). Mutation of the 2 nt
spanning the cleavage site (AA to GG) drastically re-
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duced the cleavage activity of PfCas6 (Fig. 3C) without
preventing binding of the enzyme to the RNA (assayed
by RNA gel mobility shift; Fig. 3D). The site of cleavage
is at a junction within a potential stem-loop structure
that may form by base-pairing between weakly palin-
dromic sequences commonly found at the 5’ and 3’ ter-
mini of CRISPR repeat sequences (Fig. 3B; Godde and
Bickerton 2006; Kunin et al. 2007).

We next investigated the RNA sequence requirements
of Cas6 binding and endonucleolytic cleavage. To iden-
tify the RNA-binding determinants, we performed gel
mobility shift assays with a series of RNAs (Fig. 4A). The
results indicate that sequences in the 5’ region of the
CRISPR repeat are important for PfCas6 binding. Under
normal assay conditions, rapid cleavage prevents unam-
biguous observation of PfCas6 binding to the intact re-
peat (Fig. 3C,D), although binding can be observed with
the cleavage site mutant (Fig. 3D) and at reduced tem-
peratures where PfCas6 cleavage activity is inhibited
(Supplemental Fig. S1). However, incubation of P{Cas6
with the repeat RNA (Fig. 3D) or with a guide sequence
flanked by two repeat sequences (Fig. 4A, panel a) under
conditions compatible with cleavage reveals interaction
of the protein with the 5’ cleavage product generated
during incubation. PfCas6 also interacts with the gel-
purified 5’ cleavage product, but not with the 3’ cleavage
product (Fig. 4B). Furthermore, we found that PfCas6
binds each tested RNA that contains the repeat se-
quences found upstream of the cleavage site (i.e., the first
22 nt of the repeat) (Fig. 4A, panels c,f,g), but not an RNA
that contains only the downstream region (last 8 nt) of
the repeat (Fig. 4A, panel b).

Further analysis indicates that the first 12 nt of the 5’
region of the CRISPR repeat play a critical role in Cas6
binding. PfCas6 binds to an RNA comprised of the first
12 nt of the repeat with similar affinity as the 5’ cleavage
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Figure 3. Identification of the site of PfCas6 cleavage within the CRISPR repeat RNA. (A) The site of PfCas6 cleavage within the
CRISPR repeat RNA was mapped by incubating 5’ end labeled repeat RNA with PfCas6 nuclease and comparing the size of the 5’ RNA
cleavage product (arrow) with RNAse T1 (T1) and alkaline hydrolysis (OH) sequence ladders. (B) Potential secondary structure of P.
furiosus repeat RNA with cleavage site indicated. (C) Analysis of cleavage of wild-type and cleavage site mutant (AA to GG) repeat
RNAs with increasing concentrations (0, 1, 50, 200, and 500 nM) of PfCas6. (D) Native gel mobility shift analysis of wild-type and
mutant repeat RNAs with increasing concentrations of PfCas6. The positions of the free (RNA) and protein-bound (RNP) RNAs are
indicated. 5’ and 3’ cleavage products are indicated in both C and D. The sizes of RNA markers (M) are indicated in A and C.
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Figure 4. CRISPR repeat sequence requirements for Pf-
Cas6 binding. (A) Detailed analysis of binding with a
series of CRISPR-derived RNAs and mutants. The left
panel illustrates the RNAs tested, with repeat (R) and
invader targeting (yellow blocks) sequences, and PfCas6
cleavage site (dashed lines) indicated. Blue block de-
notes an insertion, dashed block denotes an internal de-
letion, and red blocks denote substitutions (with
complementary sequence). DNA indicates a DNA re-
peat sequence substrate. PfCas6 binding is summarized
relative to binding to the 5’ cleavage product (++++).
Corresponding RNA diagrams and data panels are des-
ignated with lowercase letters. The right panels show
gel mobility shift analysis of the indicated RNAs with
increasing concentrations (0, 1, 50, 200, and 500 nM) of
PfCas6. Substrates are uniformly radiolabeled except for
those shown in panels a, b, ¢, and I, which are 5’-end-
labeled. Data for the intact repeat (*) and cleavage site
mutant (**) are shown in Figure 3D. (B) P{Cas6 interacts
with the gel-purified 5’ cleavage product. The left panel
shows the products of incubation of uniformly radiola- B
beled repeat RNA with (+) or without (-) PfCas6 (1 pnM).

o

*

= Lot - e «Q — o Q

—

EHHE'HEHﬂéEgmg

The positions of the 5’ and 3’ cleavage products are in- .
dicated. The right panel shows native gel mobility shift =
analysis of the gel-purified 5’ and 3’ PfCas6 cleavage

o . -
products (from the left panel) with increasing concen- 8
trations (0, 1, 50, 200, and 500 nM) of PfCas6. The po-
sitions of free (RNA) and protein-bound RNA (RNP) are "3

indicated. (C) Model summarizing the minimal PfCas6-
binding site within the CRISPR repeat RNA relative to
the cleavage site.

product (Fig. 4A, panel h). Furthermore, protein binding
is abolished by substitution or deletion of the first 8 nt of
the repeat (Fig. 4A, panels d,e). In addition, substitution,
insertion or deletion in the region of nucleotides 9-12
appears to have slightly reduced interaction (Fig. 4A,
panels i,j,k). No binding was observed with a DNA re-
peat sequence (Fig. 4A, panel 1). Taken together, the re-
sults indicate that PfCas6 requires sequence and/or
structure information present within the first 12 nt of
the CRISPR repeat RNA for stable interaction (Fig. 4C).

*

Figure 5. CRISPR repeat sequence requirements for
PfCas6 cleavage. Detailed analysis of cleavage with a
series of CRISPR-derived RN As and mutants. The left
panel illustrates the RNAs tested as in Figure 4. PfCas6
cleavage is summarized relative to cleavage of the in-
tact repeat RNA (++++). PfCas6 binding is summarized
from Figure 4. Corresponding RNA diagrams and data
panels are designated with lowercase letters. The right
panels show cleavage assays using uniformly radiola-
beled repeat RNA with (+) or without (-) PfCas6 (500
nM). Data for the intact repeat (*) is shown on right
and data for the cleavage site mutant (**) is shown in
Figure 3C.
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While nucleotides at the 5’ end of the CRISPR repeat
are sufficient for robust PfCas6 binding, cleavage appears
to involve additional elements. As expected, mutations
that disrupt protein binding also eliminate cleavage ac-
tivity (Fig. 5, panels d,e). However, other mutations dra-
matically reduced cleavage efficiency without disrupting
PfCas6 binding. As indicated above, substitution of the
two adenosines at the cleavage site disrupts cleavage but
not binding (Fig. 3C,D). In addition, substitution of the
last 8 nt of the repeat specifically disrupted cleavage (Fig.
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5, panel f). PfCas6 cleavage activity was also signifi-
cantly reduced by small (4-nt) insertions or deletions be-
tween the PfCas6-binding site and cleavage site (Fig. 5,
panels i,j). Substitution of 6 nt between the binding and
cleavage sites also disrupted cleavage (Fig. 5, panel k). No
cleavage activity was observed with a DNA repeat se-
quence (Fig. 5, panel 1). These results suggest that cleav-
age depends upon sequence elements along the length of
the repeat and perhaps upon the distance between the
binding and cleavage sites, and are consistent with a re-
quirement for a specific RNA fold such as the predicted
hairpin structure (Fig. 3B; Godde and Bickerton 2006;
Kunin et al. 2007).

P. furiosus has seven CRISPR loci with five slightly
varied repeat sequences, and the elements that we iden-
tified as most important for Cas6 recognition and cleav-
age map to the regions of greatest sequence conservation.
Variation is observed at only one position within each
the first 12 and last 11 nt of the P. furiosus repeat se-
quences, consistent with the importance of these two
regions in Cas6 binding and cleavage. On the other hand,
variation occurs at three positions between the binding
and cleavage sites (positions 14, 16, and 19), suggesting
that nucleotide identities are less important in this re-
gion.

To gain a more detailed understanding of PfCas6, we
obtained a crystal structure of the protein at 1.8 A reso-
lution (Fig. 5; see Supplemental Table S3 for structure
determination details). PfCas6 contains a duplicated fer-
redoxin-like fold linked by an extended peptide (residues
118-123). The close arrangement of the B-sheets of the
two ferredoxin-like folds creates a well-formed central
cleft (Fig. 6A). The ferredoxin fold is a common protein
fold also found in the structures of other RNA-binding
proteins including the well-characterized RNA recogni-
tion motif (RRM), which primarily functions in ssSRNA
binding (Maris et al. 2005). However, PfCas6 appears to
exploit a distinct mechanism of base-specific ssRNA rec-
ognition. Most notably, P{Cas6 lacks the prevalent aro-
matic and positive residues that characterize the
B-sheets of RRMs (Maris et al. 2005). The central regions
of both the front and back surfaces of PfCas6 display
positive potential that coincides with regions of con-
served amino acids (Fig. 6) suggesting that the composite
surfaces formed by the tandem ferredoxin-like folds cor-
respond to RNA-binding sites.

The structure of PfCas6 allows us to predict the site of
catalysis and catalytic mechanism of the enzyme. Sev-
eral candidate catalytic residues are evident as strictly
conserved residues in aligned Cas6 sequences (Supple-
mental Fig. S2). These include Tyr31, His46, and Lys52,
which cluster within 6 A of each other and are found in
close proximity to the G-rich loop that contains the Cas6
signature motif (Fig. 6B). We suggest that these three
residues form a catalytic triad for RNA cleavage similar
to that of the tRNA intron splicing endonuclease (Calvin
and Li 2008). The G-rich loop is located immediately
above the putative catalytic triad and may facilitate the
placement of CRISPR repeat RNA substrates. Consistent
with the corresponding predicted general acid-base cata-

Cas6 generates prokaryotic siRNAs
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Figure 6. Structural features of PfCas6. Front (A) and back (B)
views of the structure of PfCas6 represented in ribbon diagrams
(Ieft) and colored electrostatic surface potential (right). In the
center, the fold topology is illustrated with arrows (B-strands)
and circles (a-helices). In the ribbon diagrams, the G-rich loop
characteristic of RAMP proteins is designated in red and the
predicted catalytic triad residues are indicated in green. The
electrostatic potential was computed using the GRASP2 pro-
gram (Petrey and Honig 2003) and is colored red and blue, for
negative and positive potentials, respectively.

lytic mechanism (proposed for the splicing endonucle-
ase) (Calvin and Li 2008), PfCas6 does not require diva-
lent metals and like other metal-independent nucleases
cleaves on the 5’ side of the phosphodiester bond, likely
generating 5’ hydroxyl (OH) and 2/, 3’ cyclic phosphate
RNA end groups (Fig. 7). Finally, while binding of the
enzyme occurs over a wide temperature range, PfCas6
cleavage activity is sharply temperature-dependent with
significantly more activity at 70°C than 37°C (Supple-
mental Fig. S1).

Discussion

The results presented here indicate that Cas6 plays a
central role in the production of the psiRNAs in the
emerging prokaryotic RNAi pathway. Cas6 is a novel
riboendonuclease. Through direct binding and cleavage
of CRISPR repeat sequences, Cas6 is capable of dicing
long, single-stranded CRISPR primary transcripts into
units that consist of an individual guide sequence
flanked by a short (8-nt) repeat sequence at the 5’ end and
by the remaining repeat sequence at the 3’ end of the
RNA (Fig. 1A). Mature psiRNAs retain the short repeat-
derived sequence established by Cas6 at their 5’ ends in
P. furiosus (C. Hale, R. Terns, and M. Terns, unpubl.),
which we speculate functions as a psiRNA identity tag
that allows recognition of the guide RNAs by compo-
nents of the pRNAi machinery. A repeat sequence of the
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Figure 7. Catalytic features of PfCas6 cleavage activity. (A) Cleavage activity is not dependent on divalent metal ions. Uniformly
radiolabeled repeat RN A was incubated with 1 uM PfCas6 in the absence (-) or presence (+) of 1.5 mM MgCl, or 20 mM metal chelator
EDTA as indicated. (B) Analysis of the termini of PfCas6 cleavage products. The products of cleavage reactions performed with
unlabeled repeat RNA substrates (initially containing hydroxyl groups at both the 5’ and 3’ termini) were radiolabeled at either their
5’ ends (using 32P-ATP and polynuclotide kinase) or 3’ ends (using >>pCp and RNA ligase). The positions of the 5’ and 3’ cleavage
products are indicated in A and B. (C) The pattern of radiolabeling of the RNA cleavage products (B) indicates that PfCas6 cleaves on
the 5’ side of the phosphodiester bond, as is the case for other metal-independent ribonucleases. Cleavage likely generates 5" hydroxyl

(OH) and 2, 3’ cyclic phosphate (>P) RNA termini.

same length was observed on the 5’ ends of RNAs asso-
ciated with E. coli Cse3, indicating that this may indeed
be a generally conserved feature (Brouns et al. 2008). The
3’ ends of Cas6 cleavage products appear to be further
processed since mature psiRNAs lack repeat sequences
at their 3’ termini in P. furiosus (C. Hale, R. Terns, and
M. Terns, unpubl.). Because Cas6 remains bound to the
CRISPR repeat sequences at the 3’ end of the cleavage
product (Figs. 3, 4B), Cas6 could influence the subse-
quent 3’ end processing of the RNA. Additional studies
may reveal if Cas6 is also an important component of
PRNAI effector complexes (serving to couple biogenesis
and function), as is the case for eukaryotic Dicer en-
zymes (Jaskiewicz and Filipowicz 2008).

Cas6 is evolutionarily, structurally, and catalytically
distinct from the Dicer proteins that function in the re-
lease of individual RNAs that mediate gene silencing in
eukaryotes (Hammond 2005; Jaskiewicz and Filipowicz
2008). However, Cas6 is one of three different ferredoxin
fold Cas proteins recently found to possess nuclease ac-
tivity. Cas2, another protein found in many of the pro-
karyotes that possess the CRISPR-Cas system, cleaves
U-rich ssRNA (Beloglazova et al. 2008). The mechanism
of action of Cas6 seems to be distinct from that of Cas2,
which appears to be a metal-dependent, hydrolytic en-
zyme (Beloglazova et al. 2008). The role of Cas2 in the
PRNAI pathway is currently unknown. The E. coli Cse3
protein functions like Cas6 as a CRISPR repeat cleaving
enzyme (Brouns et al. 2008). Cse3 also cleaves RNA in a
divalent metal-independent manner (Brouns et al. 2008).
The substrate RNA recognition requirements and the
precise cleavage site have not yet been defined for Cse3.
Interestingly, despite the lack of significant sequence ho-
mology, the Cas6 and Cse3 proteins appear to adopt
similar structures to perform a common function in
psiRNA biogenesis. Moreover, some bacteria with the
CRISPR-Cas system do not appear to contain either a
casé or a cse3 gene, suggesting that there is another Cas6
functional homolog among the Cas proteins, and illus-
trating the diversity of the CRISPR-Cas systems present
in prokaryotes.
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Materials and methods

Purification of PF1131 protein for cleavage and RNA-binding
assays

N-terminal, 6x-histidine-tagged PF1131 protein (PfCas6 from P.
furiosus DSM 3638 strain) was expressed in Escherichia coli
BL21 codon + (DE3, Invitrogen) cells harboring a pET24d plas-
mid containing the appropriate gene insert (gift of Michael Ad-
ams, University of Georgia). Protein expression was induced by
growing the cells to an ODgq, of 0.6 and adding isopropylthio-
B-D-galactoside (IPTG) to a final concentration of 1 mM. The
cells were disrupted by sonication (Misonix Sonicator 3000) in
buffer A (20 mM sodium phosphate [pH 7.0], 500 mM NaCl and
0.1 mM phenylmethylsulfonyl fluoride). The lysate was then
cleared by centrifugation and the supernatant was incubated for
20 min at 70°C. This sample was centrifuged and the superna-
tant was applied to a Ni-NTA agarose column (Qiagen) that had
been equilibrated with Buffer A. The protein was eluted from
the column with Buffer A containing 350 mM imidazole. The
purity of the protein was evaluated by SDS-PAGE and staining
with coomassie blue. Buffer exchange into 40 mM HEPES-KOH
(pH 7.0), 500 mM KCL was carried out using Microcon PL-10
filter columns (Millipore). The protein concentration was deter-
mined by the BCA assay (Pierce).

Generation of RNA substrates

Synthetic RNAs (listed in Supplemental Table S1) and the RNA
size standards (Decade Markers) were purchased from Inte-
grated DNA Technologies (IDT) and Ambion, respectively.
These RNAs were 5'-end-labeled with T4 Polynucleotide kinase
(Ambion) in a 20-uL reaction containing 20 pmol of RNA, 500
nCi of [y32P] ATP (3000 Ci/mmol; MP Biomedicals), and 20 U of
T4 kinase. The RNAs were separated by electrophoresis on de-
naturing (7 M urea) 15% polyacrylamide gels, and the appropri-
ate RNA species were excised from the gel with a sterile razor
blade guided by a brief autoradiographic exposure. The RNAs
were eluted from the gel slices by end-over-end rotation in 400
pL of RNA elution buffer (500 mM NH,OAc, 0.1% SDS, 0.5
mM EDTA) for 12-14 h at 4°C. The RNA was then extracted
with phenol/chloroform/isoamyl alcohol (PCI, 25:24:1 at pH
5.2), and precipitated with 2.5 vol of 100% ethanol in the pres-
ence of 0.3 M sodium acetate and 20 nug of glycogen after incu-
bation for 1 h at -20°C.
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All other RN As were generated by in vitro transcription using
T7 RNA polymerase (Ambion) and uniformly labeled with
[«-**P] UTP (700 Ci/mmol; MP Biomedicals) as described (Baker
et al. 2005). The templates used were either annealed DNA
oligonucleotides or PCR products (see Supplemental Tables S1,
S2), both containing the T7 promoter sequence. A typical reac-
tion contained 200 ng of PCR product or annealed deoxyoligo-
nucleotides, 1 mM DTT, 10 U SUPERase-IN RNase inihibitor
(Ambion), 500 pM ATP, CTP, and GTP, 50 uM UTP, 30 nCi
[«-32P] UTP, 1x transcription buffer (Ambion), and 40 U T7
RNA polymerase in a total volume of 20 pL.

RNA-binding and cleavage reactions

Typically, identical reaction conditions were used to assay the
ability of PfCas6 protein to bind to and to cleave substrate
RNAs. These reactions were initiated by incubating 0.05 pmol
of 32P-radiolabed RNAs (either uniformly or 5’-end-labeled)
with up to 1 pM (as indicated in the figure legends) of PfCas6
protein in 20 mM HEPES-KOH (pH 7.0), 250 mM KCI, 0.75 mM
DTT, 1.5 mM MgCl,, 5 pg of E. coli tRNA, and 10% glycerol in
a 20-pL reaction volume for 30 min at 70°C. Half of the reac-
tions were directly run on native 8% polyacrylamide gels to
assay RNA binding by gel mobility shift essentially as described
(Baker et al. 2005). RNA cleavage was assayed using the remain-
ing half of the reaction by deproteinizing (PCI extraction and
ethanol precipitation) the RNAs and separating them by elec-
trophoresis on denaturing (7 M urea), 12%-15% polyacrylamide
gels. Gels were dried and the radiolabeled RNAs visualized by
phosporimaging.

Cleavage site mapping

In order to map the site of RNA cleavage by Cas6, a standard
cleavage reaction was set up using 5’ end labeled repeat RNA as
described above. Alkaline hydrolysis and RNase T1 (0.1 U) lad-
ders were generated as described previously (Youssef et al.
2007). Following the reactions, the RNAs were extracted with
PCI, ethanol precipitated, and separated by electrophoresis on
large, denaturing (7 M urea), 15% polyacrylamide (19:1 acryl-
amide:bis) gels. The gels were dried and the RNAs visualized by
phosphorimaging.

Purification of PfCasé6 for structure determination

N-terminal polyhistidine-tagged wild-type and selenomethio-
nine-labeled PF1131 protein was expressed in E. coli and puri-
fied from cell extract by heat-denaturation and two chromatog-
raphy steps. The cells were disrupted by sonication in a buffer
containing 25 mM sodium phosphate (pH 7.5), 5% (v/v) glyc-
erol, 1 M NaCl, 5 mM B-mercaptoethanol (BME), and 0.2 mM
phenylmethylsulfonyl fluoride. The cell lysate was heated for
15 min to 70°C before being pelleted. The supernatant was then
directly loaded at room temperature onto a Ni-NTA (Qiagen)
column equilibrated with 25 mM sodium phosphate (pH 7.5),
5% (v/v) glycerol, 1 M NaCl, and 5 mM imidazole. The column
was washed with the loading buffer containing 25 mM imidaz-
ole and then the bound protein was eluted using the loading
buffer containing 350 mM imidazole. Fractions containing
PF1131 were pooled and loaded onto a Superdex 200 (Hiload
26/60, Pharmacia) size-exclusion column equilibrated with 20
mM Tris-HCI (pH 7.4), 500 mM KCl, 5% glycerol, 0.5 mM
ethylenediaminetetraacetic acid (EDTA), and 5 mM BME. The
fractions corresponding to PF1131 were pooled and concen-
trated to 100 mg/mL for crystallization.

Cas6 generates prokaryotic siRNAs

Crystallization of PF1131 and selenomethionine-labeled
PF1131

Both the wild-type and selenomethionine-labeled PF1131 pro-
tein were crystallized using vapor diffusion in a hanging drop at
30°C. The droplets of PF1131 at 40 mg/mL were combined in
equal volume with a well solution that contained 50 mM MES
(pH 6.0), 30 mM MgCl,, and 15% (v/v) isopropanol. The crystals
formed in 1-5 d with a cubic shape and to a size of ~0.4
mm x 0.4 mm x 0.4 mm.

Data collection and structure determination

Crystals were soaked briefly in a cryo-protecting solution con-
taining the mother liquor plus 20% (w/v) polyethylene glycol
4000 before being flash frozen in a nitrogen stream at 100
Kelvin. The crystals of the native and selenomethionine-labeled
PF1131 diffracted to d,;, = 1.8-2.2 A at the Southeast Regional
Collaborative Access Team (SER-CAT) beamline 22ID. The
space group of the crystals was determined to be P3,21 and the
cell dimensions are listed in Supplemental Table S3. A single
wavelength data set was collected at the anomalous peak of
selenine from a selenomethionine-labeled crystal. The solvent
content was calculated to be 54.9% if the crystal was assumed
to contain one PF1131 in one asymmetric unit. The structure of
PF1131 was solved by a SAD phasing method using the auto-
mated crystallographic structure solution program SOLVE (Ter-
williger and Berendzen 1999). The initial model traced by
SOLVE was further improved by the program COOT (Emsley
and Cowtan 2004), followed by refinement using CNS (Brunger
et al. 1998) and REFMACS5 (Murshudov et al. 1997) to Ryou/
Riee Of 23.6/27.3. The quality of the structure model was
checked by PROCHECK (Laskowski et al. 1993) and was found
to be of satisfactory stereochemical properties.
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