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The prokaryotic antiviral defense systems CRISPR (clustered regularly interspaced short palindromic repeats)/Cas (CRISPR-
associated) employs short crRNAs (CRISPR RNAs) to target invading viral nucleic acids. A short spacer sequence of these
crBRNAs can be derived from a viral genome and recognizes a reoccurring attack of a virus via base complementarity.
We analyzed the effect of spacer sequences on the maturation of crRNAs of the subtype I-B Methanococcus maripaludis
C5 CRISPR cluster. The responsible endonuclease, termed Caséb, bound non-hydrolyzable repeat RNA as a dimer
and mature crRNA as a monomer. Comparative analysis of Cas6b processing of individual spacer-repeat-spacer RNA
substrates and crRNA stability revealed the potential influence of spacer sequence and length on these parameters.
Correlation of these observations with the variable abundance of crRNAs visualized by deep-sequencing analyses is
discussed. Finally, insertion of spacer and repeat sequences with archaeal poly-T termination signals is suggested to be

prevented in archaeal CRISPR/Cas systems.

Introduction

The adaptive immune system CRISPR/Cas consists of an array
of clustered, regularly interspaced, short palindrome repeats
(CRISPR) and a set of CRISPR-associated (Cas) proteins. Spacer
sequences that are present between the repeats can be derived
from the genomes of mobile genetic elements (e.g., viruses) and
are utilized to protect host organisms against recurring attacks
from these elements. The activity of the CRISPR/Cas system
within the cell is divided into three phases: (1) the adaptation
of new spacers, (2) the maturation of small CRISPR RNAs
(crRNA) that contain a single spacer sequence and (3) the inter-
ference with foreign nucleic acids using crRNAs bound to a Cas
protein interference complex."!

The diverse CRISPR/Cas systems are divided into three
major types and at least 10 subtypes."! In Clostridia, methano-
gens and halophiles, the subtype I-B is present, which is defined
by the subtype-specific protein Cas8b. Methanococcus maripalu-
dis C5 possesses a single subtype I-B CRISPR/Cas system with
a minimal Cas protein set composed of the universal proteins
Casl, Cas2 and Cas4 (proposed to mediate spacer acquisition),
as well as Cas3, Cas5, Cas7 and Cas8b, which are presumed to
form the interference complex Cascade (Cas complex for anti-
viral defense). Cas6b completes the set of Cas proteins and was
shown to process pre-ctRNA in M. maripaludis.* Cas6b belongs

to a diversified family of Cas6 endonucleases that is responsible
for ctRNA processing. The first characterized Cas6 enzyme
belongs to the subtype I1I-C system present in Pyrococcus furiosus
(Pf Cas6). Pf Cas6 was described as a metal-independent endo-
nuclease involved in the processing of pre-crRNAs into mature
crRNAs. 310 Different Cas6 enzymes were also characterized
for subtype I-F (Cas6f, also known as Csy4 in Pseudomonas aer-
ouginosa” ") and subtype I-E (Cas6e or Cse3 in Escherichia coli
and Thermus thermophilus®™*'). For the subtype I-C that lacks a
Cas6 protein, Cas5d appears to compensate for the functions of
both Cas6e and Cas5e.?** Investigated Cas6 enzymes share a
similar structure despite their low sequence similarities, feature a
ferredoxin-like fold and operate in an analogous manner to create
mature ctRNA molecules. Nevertheless, significant differences in
their catalytic site composition have been observed. In Pf Cas6,
a catalytic triad formed by tyrosine, histidine and lysine residues
can be found,"” while Cas6e utilizes a catalytic dyad of tyrosine
and histidine residues.”® Two adjacent conserved histidine resi-
dues play a major role for ctRNA processing by Cas6b.'? Despite
these differences in their active sites, all investigated Cas6 pro-
teins generate crRNAs with a 5'-terminal 8 nt repeat tag,'>!'*!1720:2!
whereas Cas5d processing yields an 11 nt 5'-terminal tag.”? The
3" end of a crRNA contains the remaining repeat nucleotides, but
is often subsequently trimmed by a currently unknown mecha-
nism.'>?*? It was shown that Cas6 enzymes bind their respective
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substrates as monomers'>!>17:19-21

and are proposed to deliver the
mature ctRNA to the Cascade complex.'"'® However, a non-
cleaving homolog of Pf Cas6 was observed to form dimers upon
binding of unspecific RNA substrates."” Monomeric Cas6 activ-
ity is in agreement with a proposed wrap-around mechanism for
Pf Cas6, in which Cas6 was suggested to be bound to the pre-
ctRNA in a bead chain-like manner using the spacer sequences as
guide elements for repeat binding.”

The proposed wrap-around mechanism correlates with the
regularly interspaced arrangement of a pre-ctRNA as determined
by the CRISPR array. The repeats of a CRISPR are nearly uni-
form for one particular array and the spacer sequences are most
often unique."**!° The length of both spacers (26-72 nt) and
repeats (24—47 nt) varies between different CRISPR systems®*¢
and the arrays appear to follow restrictions regarding the pre-
ferred and allowed lengths of repeat and spacer sequences. Spacer
acquisition studies in E. coli indicated a favored length of 32-33
nt for newly integrated spacers, which is consistent with the
length of previously existing spacers of the particular array.”
A Gaussian-like distribution of spacer length was found for the
three CRISPR loci in Streptococcus thermophilus™® also showing
a particular range of spacer lengths that is favored. In M. mari-
paludis, the spacer length varies between 34—40 nt (Table S1).
Apart from their length, repeat sequences can differ in proposed
secondary structures, which have been shown to be important
for processing of some repeat sequences.””?*** In other cases, the
palindromic nature of repeats giving rise to small hairpin struc-
tures was shown to not be necessary for ccRNA maturation.'>"
The position of the 5' processing site within the repeat was shown
to influence the length of mature ctRNA, as a ruler mechanism
is applied to ensure a consistent length.”” Based on their length,
sequence and potential hairpin formation, 11 different repeat
clusters were classified.’*® Deep sequencing analyses identified
highly variable crRNA abundance patterns for different organ-
isms. A general observed trend, e.g., for both CRISPR loci of V.
equitans’ and for the CRISPR locus of M. maripaludis (Table
§1),"* is a gradual decline in abundance of crRNAs from the
first (closest to the promoter) to the last spacer. Newly acquired
spacers are inserted closest to the promoter and this abundance
pattern infers that the most recent interactions with viruses
cause a Cascade-targeting system that might be most effective
against these recently spotted viruses. However, it is puzzling
why some crRNAs do not follow this trend and are found to be
severely underrepresented in vivo. The analysis of the abundance
of ctRNAs bound to CMR complexes in Sulfolobus solfataricus
identified a variable distribution of crRNAs that are loaded into
the interfering complex.’? Similar results were obtained by RNA
sequencing of a total RNA isolation of S. so/fataricus, where the
ctRNA abundances were highly variable.?***

Both repeat and spacer sequences could affect crRNA abun-
dance in the cell. To assess the variable ctrRNA abundance
pattern of the single CRISPR system of M. maripaludis, we
generated 26 spacer-repeat-spacer substrates and analyzed the
influence of these spacer sequences on Cas6b cleavage activity
in vitro. Possible influences of crRNA stability were monitored
via in-line probing of ctRNAs of M. maripaludis in the presence
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and absence of Cas6b. In addition, we observed dimerization of
Cas6b upon binding of non-cleavable substrates while mature
crRNA is bound by Cas6b monomers.

Results

Cas6b forms dimers upon binding to non-cleavable repeat sub-
strates. Cas6b was previously identified to be the endonuclease
responsible for the cleavage of repeat sequences of pre-crRNA
molecules and for the generation of the ctRNAS’ 5'-terminal 8
nt tag.!? In this work, we analyzed the binding of the enzyme
to a native repeat substrate. To prevent endonucleolytic cleavage
of this repeat sequence during the performed binding assays, a
non-cleavable variant of the repeat served as a substrate. This
variant harbors a 2'-deoxy modification at the position of cleav-
age (Fig. 1A), which was shown to abolish nuclease activity.'>"
Electrophoretic mobility shift assays (EMSA) were performed
with varying concentrations of purified recombinant Cas6b.
The EMSA assays revealed a band shift at low Cas6b concen-
trations that is fully converted to a distinct super shifted band
with increasing Cas6b concentrations (Fig. 1B). This pattern of
Cas6b repeat RNA binding is in accordance with the possible
dimerization of the enzyme. Fractionation of a Cas6b-repeat
complex via size-exclusion chromatography also supports Cas6b
dimerization (Fig. S1). To prove that the observed Cas6b bind-
ing was specific, competition assays were performed. The addi-
tion of increasing concentrations of unlabeled 2'-deoxy-modified
repeat RNA appears to preferentially diminish the occurrence
of the super shift (Fig. 1C) and the total amount of unbound
labeled RNA increased. The addition of up to 10 g unlabeled
yeast RNA did not influence the pattern of RNA shifts (Fig. 1C).
Finally, we assayed the binding of a mature crRNA and observed
a single band shift (Fig. 1D) that suggests the formation of a
Cas6b monomer-ctRNA complex after successful cleavage.
Establishment of an experimental approach to assess crRNA
processing in M. maripaludis. To assess the previously reported
highly variable abundance pattern of crRNAs isolated from M.
maripaludis* we specifically designed an experimental setup to
individually assay the influence of the two neighboring spacer
sequences on Cas6b repeat RNA processing and crRNA stability
in vitro (Fig. 2). Individual primer pairs were designed to amplify
spacer-repeat-spacer sequences from M. maripaludis genomic
DNA. One primer contained the T7 RNA polymerase promoter
sequence. PCR products were generated for each spacer(n)-repeat-
spacer(n+1) combination that were subsequently used as DNA
templates for T7 RNA polymerase mediated in vitro run-off
transcription. This approach allowed us to produce all individual
RNA substrates. The addition of (a-*P)-ATP in the transcription
mixture yielded radioactively labeled RNA substrates that were
used for Cas6b endonuclease assays. In an alternative approach,
we generated unlabeled RNA molecules, processed these with an
excess amount of Cas6b to obtain mature ctRNA, which then
were radioactively labeled at their 5'-termini and used in in-line
probing assays® for structural analyses (Fig. 4). Even though the
cleavage of spacer-repeat-spacer substrates yields two fragments,
the T4 polynucleotide kinase labeling reaction strongly favored

Volume 10 Issue 5

©2012 Landes Bioscience. Do not distribute.



d(-1) repeat:

crRNA12:

-1
5.CUAAAAGAAUAACUUGCAAAAUAACAAG (dC)[AUUGAAAG 3 5-[AUUGAAACAGCGUCUAUAUAAGCGGAACUAUACGCACUUUCCGGU-3

unlabeled d(-1) repeat

B Cas6b C

C

|
|

yeast RNA D Cas6b
C I—

4
"

.| ———

-

- Tw=

d(-1) repeat

d(-1) repeat

crRNA12

Figure 1. Cas6b-binding assays with non-cleavable native repeat RNA and mature crRNAs. (A) The employed RNA sequences are indicated. To prevent
processing of the RNA repeat substrate, a deoxy substitution of the first base upstream of the 5' tag (boxed) was used in the binding assays. (B) Bind-
ing assays using decreasing concentrations of Cas6b (50-10 M) and equal amounts of deoxy repeat RNA resulted in shift and super shift formation.
The separation of samples was performed in native polyacrylamide gels (7%). Bands were visualized by phosphorimaging. (C) Competition assays with
unchanged Cas6b concentration (20 M) and increasing concentrations of unlabeled deoxy repeat RNA (0-5 M) and yeast RNA (10-1 p.g) show speci-
ficity of Cas6b binding. (D) Only a single shift is observed for Casé6b binding (30-5 M) with 5'-labeled crRNA substrate.

the ctRNA product, which demonstrates the differences in
the 5-terminal phosphorylation state (5'-ppp vs. 5-OH) of
the two fragments.

Spacer sequences influence crRNA maturation in vitro.
Three independent Cas6b endonuclease assays were per-
formed with 26 consecutive spacer(n)-repeat-spacer(n+1)
RNA substrates of the M. maripaludis CRISPR locus (span-
ning spacer 1-26) to screen for the influences of flanking
spacer pairs on the efficiency of repeat RNA processing. Each
RNA species was incubated with three different concentra-
tions of Cas6b (10 M, 1 wM and 0.1 wM) to evaluate and
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that were quantified in triplicate (Fig. 3B). Cleavage assays
with 1 wM Cas6b revealed that the two substrates contain-
ing spacer 8 (sp8) (60% and 70% substrate conversion,
respectively) and the spl8-repeat-spl9 (79% substrate con-
version), as well as the sp25-repeat-sp26 pre-ctRNAs (72%
substrate conversion), were less efficiently processed (Fig. 3).
The addition of 0.1 wM Cas6b showed further differences
with reduced crRNA maturation for some of the substrates
(e.g., sp3-repeat-sp4, spl8-repeat-spl9, sp25-repeat-sp26)
while other substrates displayed a comparatively increased
product formation (e.g., sp2-repeat-sp3 or sp9-repeat-sp10).
Minor differences of ctRNA stability were observed
in vitro. To analyze other possible factors that might influ-
ence the abundance of ctRNA in M. maripaludis in vivo,
the stability of the individual crRNAs was compared in
in-line probing assays (Fig. 4). In these assays, the natural
instability of crRNA is observed over time (16 h) to achieve
partial digestion of the RNA, which can be slowed down
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Figure 2. Experimental setup to assess the influence of adjacent spacers

on repeat RNA processing by Caséb. Individual primers for each spacer(n)-
repeat-spacer(n+1) combination were designed and each forward primer
contained a T7 RNA polymerase promoter sequence. The primers were used
in PCR reactions with genomic DNA to generate individual spacer-repeat-
spacer templates for in vitro run-off transcription. Adding («-3*P)-ATP to

the reaction yields radioactively labeled RNAs that were used for Cas6b
endonuclease assays, whereas unlabeled RNAs were treated with Cas6b to
generate mature crRNAs, which subsequently were labeled at the 5' tag and
used for in-line probing reactions to evaluate crRNA stability.
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Figure 3. The influence of spacer sequences on crRNA maturation. (A) In three independent endonucleolytic cleavage assays, each internally labeled
spacer(n)-repeat-spacer(n+1) substrate was processed using 10 wM, 1 wM and 0.1 wM Cas6éb (“C” indicates controls). The RNAs were separated in de-
naturing polyacrylamide gels (12%) running at 12 W and visualized by autoradiography. (B) Quantification of product formation. In three independent
cleavage assays, the intensities of formed products in relation to the total intensity of observed bands was determined.

or prevented by the formation of RNA secondary structures.®
In a second assay, Cas6b was added to the reaction in order to
investigate potential stabilizing or destabilizing effects of the
endonuclease binding to mature ctRNAs. The probing assays
for most of the ctRNAs of the M. maripaludis CRISPR locus
showed no obvious differences in crRNA stability since all reac-
tions resulted in uniform laddered degradation that is expected
for unstructured RNAs (Fig. 4A, lane “I”). A potential small
hairpin formed by inverted 5'-CUUG-3' sequences in the repeat
was not apparent. Interestingly, the addition of Cas6b (Fig. 4A,
lane “C”) to the probing assay causes, for most crRNAs, a change
of the degradation pattern with the accumulation of smaller
RNA fragments (most prominently e.g., for ccRNAs containing
spacer 10 or 23). Parallel assays with equal amounts of Cas6b
storage buffer alone did not cause this destabilizing effect on the
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ctRNAs. The ctRNA24 was not degraded and the ctRNA26
exhibits degradation that differs from the degradation pattern of
the other crRNAs. In the probing reaction of this substrate with
Cas6b, the accumulation of smaller RNA degradation products
was not observed. However, the formation of a distinct larger
RNA fragment can be seen. A time course experiment using
this particular ctRNA confirmed this observation (Fig. 4B).
With longer incubation times, the amount of the large crRNA
fragment increased while the substrate amount decreased. The
degradation patterns for the probing reaction without Cas6b
remained nearly identical during the investigated time period.
RNase T1 digests were utilized to identify guanine bases in the
RNA in order to pinpoint the sites of increased differential RNA
stability found for probing with Cas6b (Fig. 4C). The RNase
T1 digestion revealed that most of the accumulated 5'-labeled
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Figure 4. In-line crRNA probing assays. (A) Individual spacer(n)-repeat-spacer(n+1) RNAs were generated by in vitro run-off transcription, processed
by Cas6b to yield mature crRNAs. The crRNAs were 5' labeled with (y-*2P)-ATP and incubated for 16h at room temperature using a mild alkaline buffer
to aim for partial digestion (lane “I”). Cas6b influence in the probing reaction was determined by addition of 20 wM Cas6b (lane “C"), untreated crRNA
served as control (“-"). The probing reactions were separated by denaturing polyacrylamide gel-electrophoresis (20%) and visualized by autoradiogra-
phy. (B) A time-course experiment employing crRNA26 was performed taking samples at the indicated time spots. (C) Exemplary RNase T1 (Ambion)
digests of the indicated crRNAs using 1 U of the enzyme were performed to identify specific cleavage of guanine bases and to determine the sizes of
the RNA fragments. Two enzyme concentrations were tested for crRNA11 (1 U, 0.1 U).

small RNA fragments have a length of 811 bases indicating the
repeat tag of the crRNA. The accumulated ctRNA26 fragment
is cleaved between bases 22-23 of the ctRNA. This is a very
G-rich region of this spacer with the highest GC-content of all
M. maripaludis spacers.

Discussion

Different oligomerization states are reported for members of
the Cas6 family of ctRNA processing endonucleases. While

www.landesbioscience.com

most Cas6 proteins are reported to act as monomeric proteins,
a non-catalytic Cas6 homolog from P. horikoshii was shown to
feature RNA sequence-dependent dimerization.'® The active site
of Cas6 can feature a catalytic triad that is also commonly found
in tRNA splicing endonucleases. These splicing endonucleases
always act as multimers with different families that form either
heterotetrameric,*** homotetrameric*® or dimeric**? assemblies.
Our binding assays with M. maripaludis Cas6b and a non-hydro-
lysable repeat RNA clearly show two distinct shifts and, together
with gel-filtration analysis, suggest dimerization of Cas6b
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upon substrate binding. However, binding assays with mature
ctRNA revealed only a single shift, which suggests monomeric
ctRNA binding of Cas6b after processing. Cas6b dimerization
is observed in a state of stalled substrate processing, similar to the
results obtained for P. horikoshii. Here, the non-catalytic active
site of Cas6 hinders processing, while in the case of Cas6b, the
2'-deoxy modification of the repeat RNA prevents endonucleo-
lytic cleavage. Pull-down assays with either Cas7 or Cas5 from S.
solfataricus did not lead to co-purification of Cas6 proteins, sug-
gesting that Cas6 does not interact (or interacts only transiently)
with these Cascade proteins.”® In conclusion, we support a model
that requires Cas6b dimerization during repeat RNA cleavage.
A long CRISPR RNA precursor could potentially facilitate the
binding of several Cas6b dimers to the various repeat sequences.
Finally, Cas6 enzymes might act as a transporter to deliver the
ctRNA to the Cascade complex. Thus, commonly observed
monomeric Cas6-ctRNA complexes might act as a scaffold for
Cascade formation around the mature crRNA.

The processing of pre-ctRNAs by Cas6 enzymes is highly
dependent on the repeat sequence, but it is not fully understood
which role spacer sequences play in influencing efficient ctRNA
processing and the total abundance of different ctRNAs in the
cell. Different factors determine which spacer is integrated into a
CRISPR array. A crucial element is the protospacer adjacent motif
(PAM), which is essential for recognition of protospacer sequences
in the DNA of mobile genetic elements and, therefore, for the
adaptation of new spacers into the growing CRISPR array.'"
PAM sequences were shown to be very small, only 2 nt® or 3 nt‘
in length, and are also needed for the interference step to distin-
4-47 Tn addition, it
was shown that the length of the spacer is significant. Spacer acqui-

guish between self and non-self nucleic acids.

sition assays in E. coli revealed that the majority of newly acquired
spacers had a length between 32-33 nt with only few exceptions
of longer or shorter spacers.”’ A similar spacer distribution was
identified for the three CRISPR loci of S. thermaophilus.*® Spacer
length in M. maripaludis shows an analogous pattern with most
of the spacers being 36-38 nt in length (Table S1). The longest
spacer is spacer 8, which is the only 40 nt spacer in the investigated
CRISPR. Interestingly, both spacer-repeat-spacer RNA substrates
that contained spacer 8 showed a reduced Cas6b processing effi-
ciency, which suggests that spacer sequences or spacer length play
a role in Cas6b activity. Our comparative analysis of all potential
spacer-repeat-spacer combinations revealed additional reproducible
differences in the efficiency of Cas6b processing of the enclosed
repeat. However, these differences are often minor and, most
importantly, do not clearly match with the highly variable ccRNA
abundance pattern observed in vivo (Table S1).!2 The crRNAs that
are underrepresented in deep-sequencing data showed no reduced
5'-terminal maturation by Cas6b. However, potential sequencing
biases in RNA-Seq studies should always be considered. Variable
stability of crRNAs might also influence the crRNA abundance in
vivo. However, our in-line probing experiments indicated a rather
uniform pattern of crRNA degradation without observing stable
secondary structure elements within the crRNAs. It was surpris-
ing to see that Cas6b destabilizes crRNAs, which could e.g., be
explained by bending of the phosphate backbone upon Cas6b

6 RNA Biology

binding. Most retaining RNA degradation products show that the
5'-terminal repeat tag is protected from further degradation. In our
experiment, the influence of spacer sequences on the stability of
the RNA is obvious as the single spacer 26 with an unusually high
GC-content forms a distinct RNA fragment that is protected from
further degradation. However, ccRNA26 appears not to be over-
represented in the cell (Table S1). In conclusion, these results show
that while spacer sequences do have an effect on Cas6b processing
and Cas6b-crRNA stability, these effects do not fully explain the
in vivo ctRNA abundance patterns. These patterns are suggested to
be determined by several factors that include the ones we measured
with the presented methodology. Additional parameters that could
not be addressed with the current experimental setup are (1) the
establishment of the interaction of crRNAs with Cas protein inter-
ference complexes in the cell, (2) differential turnover of crRNAs
depending on their utilization in the cell and (3) different intrinsic
stabilities of crRNAs after Cas protein interference complex bind-
ing. It could be shown for S. soffataricus that the abundance of
crRNAs bound to the interference Cas protein complex CMR was
also very diverse.?? Therefore, the distance of the crRNA’s spacer to
the promoter and the success rate of the loading of crRNAs into a
CMR or Cascade complex might have the strongest influences on
crRNA abundance in the cell.

Finally, the sequences of potential spacers have a huge impact
on the global CRISPR transcription if they contain elements that
might either serve as promoters or terminators. Recent studies
revealed internal promotion of CRISPR array transcription'*%
suggesting that spacer sequences with promoter elements could
be selected for during evolution if the increased transcription of
crRNAs with older spacers was beneficial. A problematic scenario
is the possible integration of spacer sequences with transcription
termination sequences into a CRISPR. Many questions remain
regarding the termination signals in archaeal genomes. However,
one commonly observed feature are poly-T stretches at termination
sites.”®* We observed that M. maripaludis and many archaea avoid
the adaptation of spacer sequences with long poly-T stretches.
In addition, several long poly-A stretches are found in the newly
acquired spacers of the M. maripaludis CRISPR. These poly-A
stretches specify poly-T stretches in the reverse direction and might
provide beneficial termination signals for the prevention of anti-
crRNA production. In addition, repeat sequences appear to have
evolved to lack poly-T (more than 3 T bases in a row) motifs in
Archaea while these are commonly found in bacterial repeats.’
Careful manual inspection of archaeal repeats identified only two
sequences with four consecutive T residues while the majority of
them (over 300) contained poly-A sequences. Future research on
the loading efficiency of Cascade complexes, internal promotion
and termination signal will be required to fully assess the diverse
influences that spacer sequences can have on ctRNA abundance
and their effectiveness against viral attacks.

Material and Methods
Production of Cas6b. Production and purification of recom-

binant Cas6b via Ni-NTA chromatography was performed as
described earlier.!” Oligomeric states of Cas6b were determined
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by size-exclusion chromatography. Ni-NTA purified Cas6b in
lysis buffer [10 mM TRIS-HCI (pH 8.0); 300 mM NaCl; 10%
glycerol; 0.5 mM DTT] or Cas6b incubated with repeat RNA
harboring a 2'-deoxy modification (see below) was applied to an
analytical Superdex column (200 10/300 GL, GE Healthcare)
and fractionated using a FPLC Akta-Purification system (GE
Healthcare). Proteins of collected fractions were precipitated by
addition of one quarter volume 100% TCA (trichloracetic acid)
and 15 min incubation on ice. The precipitated proteins were
washed twice with 200 pl acetone (100%, ice-cold) and dried
at 95°C for 5 min before resuspension in SDS loading buffer.
Molecular weight of the fractions was determined by compari-
son to a calibration of the column with molecular weight mark-
ers, as described in the manufacturer manual (Kit for Molecular
Weights, Sigma-Aldrich).

Generation of RNA substrates. PCR reactions with genomic
DNA, isolated from Methanococcus maripaludis C5 and contain-
ing forward primers encoding the T7 RNA polymerase (RNAP)
promoter, yielded spacer(n)-repeat-spacer(n+1) templates for in
vitro run-off transcription (Fig. 2). Transcriptions for unlabeled
RNAs were performed for 1 h at 37°C in a final volume of 20 .l
(40 mM HEPES-KOH (pH 8.0); 22 mM MgCl; 5 mM DTT;
1 mM spermidine; 4 mM UTP, CTP, GTP, ATP; 20 U RNase
Inhibitor, 1 pg T7 RNAP, 1 pg PCR product]. Radiolabeled
spacer-repeat-spacer substrates were generated by in vitro run-off
transcription reducing the amount of ATP to 2 mM and adding
25 uCi (a-*?P) adenosine triphosphate (ATP) (5,000 Ci/mmol,
Hartman Analytic). For the production of crRNA substrates,
unlabeled spacer-repeat-spacer RNAs were processed with 15
uM Cas6b and purified by phenol-chloroform extraction. The
obtained crRNAs were 5'-end labeled using (y-**P) ATP (5,000
Ci/mmol) and T4 polynucleotide kinase (PNK) in a volume of
20 wl [15 pl of purified RNA; 2 pl PNK buffer (New England
Biolabs) and 25 U T4 PNK (Ambion)] for 1 h at 37°C. Synthesis
of repeat RNA with a deoxy substitution of the first unprocessed
nucleotide was done by Eurofins MWG Operon. 5'-end labeling
of the deoxy-modified repeat RNA was achieved as mentioned
above. Labeled RNAs were separated by denaturing PAGE (8 M
urea; 1 x TBE; 10% polyacrylamide) and visualized by autora-
diography. Identified bands were excised from the gels and RNA
species were eluted by overnight incubation on ice using 500 pl
RNA elution buffer [250 mM NaOAc; 20 mM TRIS-HCI (pH
7.5); 1.5 mM ehtylenediaminetetraacetic acid (EDTA) (pH 8.0);
0.25% SDS]. After addition of two volumes, EtOH (100%, ice
cold) and 1/100 glycogen (Roche) the RNAs were precipitated
for 1 h at -20°C. Subsequent washing with 70% EtOH was fol-
lowed by pelleting of the RNA.

Endonuclease assay. In endonucleolytic cleavage assays the
indicated Cas6b concentrations were incubated for 10 min at
37°C together with the RNA substrates in cleavage buffer [250
mM KCI; 1.875 mM MgClz; 1 mM DTT; 20 mM HEPES-
KOH (pH 8.0)]. The reaction was quenched by adding 2 x for-
mamide buffer [95% formamide; 5 mM EDTA (pH 8.0); 2.5 mg
bromophenol blue; 2.5 mg xylene cyanol] and incubation at 95°C
for 5 min. Separation of RNA species was achieved by a denatur-
ing 12-20% polyacrylamide gel running at 12 W. Visualization
of RNA was done by autoradiography. In order to obtain full
processing of precursor RNA to generate mature crRNAs suitable
for 5' labeling with (y-**P) ATD, the reaction time was increased
to 1 h with 15 wM Cas6b.

Electrophoretic mobility shift assay (EMSA). In EMSA reac-
tions, indicated Cas6b concentrations were mixed with radio-
labeled RNA substrates in binding buffer [10 mM TRIS-HCI
(pH 8.0); 200 mM KCl; 5% Glycerol; 0.5 mM DTT; 0.5 mM
EDTA (pH 8.0); 1 g BSA]. The reaction mix was incubated
for 1 h at 37°C and immediately mixed with 6 x DNA loading
dye (4 g sucrose; 25 mg bromophenol blue; 25 mg xylene cyanol
in 10 ml H,O). Separation of the reaction was done with a 7%
native polyacrylamide gel running in 1 x TBE at 8 W for 2.5 h.
Visualization was achieved by autoradiography.

In-line probing. Structural analysis of crRNAs was ana-
lyzed via in-line probing® incubating ctRNA in probing buf-
fer [5 mM TRIS-HCI (pH 8.5), 0.5 pg yeast RNA (Ambion),
100 mM KCI, 20 mM MgCL] for 16 h at room temperature.
To test Cas6b influence on crRNA stability, 20 pM Cas6b was
added to the probing reaction. The reaction was stopped by addi-
tion of 2 x formamide buffer and incubation at 95°C for 5 min.
Visualization was achieved by phosphorimaging after separation
of RNA using 20% denaturing polyacrylamide gels.
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