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To fend off foreign genetic elements, prokaryotes have developed several defense systems. The most recently discovered
defense system, CRISPR/Cas, is sequence-specific, adaptive and heritable. The two central components of this system are
the Cas proteins and the CRISPR RNA. The latter consists of repeat sequences that are interspersed with spacer sequences.
The CRISPR locus is transcribed into a precursor RNA that is subsequently processed into short crRNAs. CRISPR/Cas systems
have been identified in bacteria and archaea, and data show that many variations of this system exist. We analyzed
the requirements for a successful defense reaction in the halophilic archaeon Haloferax volcanii. Haloferax encodes a
CRISPR/Cas system of the I-B subtype, about which very little is known. Analysis of the mature crRNAs revealed that
they contain a spacer as their central element, which is preceded by an eight-nucleotide-long 5' handle that originates
from the upstream repeat. The repeat sequences have the potential to fold into a minimal stem loop. Sequencing of the
crRNA population indicated that not all of the spacers that are encoded by the three CRISPR loci are present in the same
abundance. By challenging Haloferax with an invader plasmid, we demonstrated that the interaction of the crRNA with
the invader DNA requires a 10-nucleotide-long seed sequence. In addition, we found that not all of the crRNAs from the
three CRISPR loci are effective at triggering the degradation of invader plasmids. The interference does not seem to be

influenced by the copy number of the invader plasmid.

Introduction

Every living organism must defend itself against foreign genetic
elements. Prokaryotes use a variety of defense mechanisms, one
of which is the recently discovered prokaryotic immune system
called the CRISPR/Cas system."® The system comes in various
forms, which have been classified into three major types (I-11I)
and a minimum of 10 subtypes.” In all of the CRISPR/Cas types,
the central elements are the crRNAs and a set of proteins, called
the Cas proteins. The defense reaction consists of three steps: (1)
adaptation to the invader, (2) the expression of the crRNAs and
(3) the degradation of the invader DNA (or RNA). In the first
stage, the adaptation step, the cell recognizes a new invader as
it enters the cell and degrades its DNA (or, in subtype III-B, its
RNA, from now on we will only mention DNA as target, but as

stated here in subtype III-B RNA is the target).®!! A piece of the
invader DNA (known as the protospacer) is subsequently selected
to be integrated into the CRISPR locus of the host (note that
once the protospacer has been integrated into the CRISPR locus,
it is renamed as a spacer). In the type I and type II CRISPR/Cas
systems, an important distinguishing characteristic for the selec-
tion of a protospacer is the protospacer adjacent motif (PAM).!?
This motif is located in the invader DNA, directly adjacent to
the protospacer. The PAM sequence is important, not only for
its selection as a spacer but also for the third step of the process,
the interference reaction.”’*" In the second stage of the defense
reaction, the expression step, the CRISPR RNA is synthesized
as a precursor RNA and is subsequently processed into crRNAs,
which are essential for the system to function. In the last stage
of the process, the interference reaction, the crRNA and the Cas
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We have investigated the CRISPR/Cas type I-B in
the halophilic archaecon Haloferax volcanii. This defense
system in Haloferax consists of eight Cas proteins (Casl-
Cas8b) (Fig. S1), which are encoded as a gene cluster

B UG that is flanked by two of the three CRISPR loci® on
Uu u the minichromosome pHV4; the third CRISPR locus

0 8:8 is located on the main chromosome. Recently, we have
5'@UUGAAGCGUUUCAGACGAAC-G 4 | shown that the CRISPR system remains active in this
archaeon and that the Haloferax defense system recog-

nizes six different PAM motifs.”> The CRISPR RNAs

in the repeat region directly upstream of nucleotide 23 (marked by the arrow)
Structure of the crRNA in Haloferax. The product of the pre-crRNA processing

which originates from the upstream repeat. Because position 23 varies betwe
three CRISPR repeats, the first nucleotide of the 5' handle is either a G (locus C
(locus P1) or a U (locus P2). Downstream of the spacer are the remaining 22 nu
tides of the downstream repeat, which can fold into a minimal stem loop.

Figure 1. (A) Repeat sequences of the three CRISPR loci in H. volcanii. The repeat
sequences of the three different CRISPR RNAs differ by one nucleotide (at position
23). The sequence of the CRISPR locus C repeat is shown. Positions that are identical
in the P1 and P2 locus repeats are indicated with a dot. The pre-crRNA is processed

tion is shown. It contains the spacer sequence and an eight-nucleotide 5' handle,

are constitutively expressed and processed to crRNAs.
Here, we analyzed the crRNA population of the
CRISPR/Cas system of Haloferax and the details of the
interference reaction, which depends on the crRNA-
invader interaction. We show that the CRISPR/Cas
type I-B also requires a seed sequence to interact with
the invader.
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proteins form a ribonucleoprotein interference complex, which
recognizes the DNA of an attacking invader in a sequence-spe-
cific manner (by base-pairing with the target sequence). The
invader’s DNA is subsequently cleaved by the Cas proteins. In
the CRISPR/Cas systems I and 11, the invader is only recognized
and degraded if it carries the correct PAM sequence."

The crRNA is elemental in base-pairing with the invader
DNA and, thereby, identifying it in a sequence-specific man-
ner. In the type I and type III systems, the crRNA is generated
by a member of the Cas6 protein family.” After processing the
ctRNA, Cas6 remains bound to the 3" handle,'*” while the 5'
handle of the ctRNA is protected by the binding of another Cas
protein (e.g., Csel, Cas7 or Cas5 for type I systems).”” The cen-
tral part of the crRNA is the spacer sequence (Fig. 1B), which
is flanked by parts of the repeat sequences. Because the spacer is
an exact copy of the protospacer, there is initially a 100% match
between the crRNA and the DNA of the invader. However, the
invader could escape this immune system by mutating the pro-
tospacer; the success of the escape depends on the degree and
the location of these mutations.* In Escherichia coli,"* (CRISPR/
Cas type I-E) and Pseudomonas aeruginosa”’ (CRISPR/Cas type
I-F), it has been shown that the interaction between the crRNA
and the invader DNA is initiated and controlled by a seed region.
A non-contiguous seven-nucleotide match proximal to the PAM
sequence is required for the defense reaction to occur in E. coli."
Mutations in the invader DNA that are distal to the PAM do not
disable the defense.

Although the CRISPR/Cas systems have been classified into
three major groups (I-III),” data indicate that there are profound
differences between the subtypes of each class. For instance, the
subtype III-A targets invader DNA, whereas the subtype III-B
attacks invader RNA."¥ The CRISPR/Cas type L is the most diverse
type, and it has been classified into six different subtypes. Subtypes
I-A, I-C, I-E and I-F have been studied to some extent, but very
little is known about the CRISPR/Cas types I-B and I-D.1°
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H. volcanii encodes three CRISPR RNAs with nearly
identical repeat sequences. H. wolcanii H119 contains three
CRISPR loci with almost identical repeat sequences, which dif-
fer only at position 23 (Fig. 1A). The repeat sequences of all three
of the CRISPR loci are 30 nucleotides long, and the last one or
two repeats of each locus are mutated. The last repeat of locus C
is shortened by 13 nucleotides at its 3' end, and in locus P1, the
last repeat is shortened by one nucleotide. In locus P2, the next-
to-last repeat has a G instead of a T at position 23, thereby resem-
bling the repeat of locus C. In addition, the last repeat in the P2
locus is shortened by 23 nucleotides. The spacer lengths vary and
are between 34 and 39 nucleotides, with an average length of
36 nucleotides. To determine the exact 5' ends of the crRNAs,
we isolated the fraction of RNA from H. volcanii ranging in size
from 55-80 nucleotides. After generating cDNA from this frac-
tion, high-throughput sequencing was performed (for details,
see Materials and Methods). Analysis of the reads obtained con-
firmed that all three of the loci are expressed, as had been sug-
gested earlier by northern blot analysis."” The crRNAs contain the
spacer sequence, preceded by eight nucleotides of the upstream
repeat (Fig. 1), the sequence known as the 5' handle.”” Because
the repeats of the three loci differ at position 23, we found three
types of handles (Fig. 1B): GTT GAA GC (52% of the crRNAs,
locus C), ATT GAA GC (41% of the crRNAs, locus P1), TTT
GAA GC (7% of the ctRNAs, locus P2). Accordingly, process-
ing of the ctRNAs occurs between nucleotides 22 and 23 of the
repeat (Fig. 2). The individual ctRNAs derived from the three
CRISPR loci are not present in the same abundance; some of the
crRNAs are overrepresented, while others are completely absent
(Fig. 3). However, the previously reported trend of higher levels
proximal to the leader and decreasing levels toward the 3' end of
the CRISPR locus*®* was not observed here. In summary, we
were able to demonstrate that the crRNAs of all three loci possess
an eight-nucleotide long 5' handle and differ in their abundance.

A small stem loop is conserved in haloarchaeal repeats.
Kunin et al. grouped the CRISPR repeat sequences into 12 large
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Figure 2. A small stem loop structural motif is conserved across 22 haloarchaeal species. (A) Part of the predicted structure for the repeat from locus
Cis conserved throughout the haloarchaeal species (highlighted in yellow). The red line corresponds to the cleavage site just upstream of the 5' crRNA
tag. The G nucleotide that is cyan in color corresponds to the 23rd nucleotide, which is different in the P1 (A) and P2 (U) loci. (B and C) Multiple se-
quence alignments generated by LocARNA; the red columns correspond to conserved base pairs and the mustard yellow columns correspond to the
presence of a compensatory base pair that conserves the consensus structure. The conserved structural motif from (A) is surrounded by the black box.
(B) The larger group of haloarchaea with the conserved motif and a 4-nucleotide hairpin loop. (C) The smaller group with a 5-nucleotide hairpin loop.
The conserved CG stem-loop motif is surrounded by stabilizing base pairs in both groups.

clusters? based on sequence similarity. These clusters were clas-
sified as “unfolded” or “folded” based on their ability to form
a consensus structure. According to these analyses, the repeats
from H. volcanii (Hmari®® CRISPR/Cas subtype) belong to two
unfolded clusters (bacterial repeat cluster 1 and archaeal repeat
cluster 9).22 However, we identified stable structures for each of
the H. volcanii repeats using the thermodynamic structure pre-
diction programs RNAfold** and mfold® (Fig. S3). Therefore,
we analyzed the folding potential of each single repeat in all three
of the CRISPR RNAs as a function of the surrounding spacer
sequences. According to these analyses, all of the repeats share
a minimal three base-pair stem loop, and some repeats have the
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potential to fold into a longer stem loop structure (repeats C5
and C9, for instance, Fig. S2). Variations in the folding poten-
tials of individual repeats indicate that the structure of the repeat
depends on the neighboring spacer sequences. A comparative
approach, using CRISPR repeat sequences from other haloar-
chaeal genomes (most with type I-B cas genes), confirmed the
individual structure predictions (Fig. S2). The minimal stem loop
is conserved in all of the analyzed haloarchaea; it contains three
C-G base pairs and is situated directly upstream of the cleavage
site that generates the 8-nucleotide 5' crRNA tag (Fig. 2). This
conserved structural motif is generally surrounded by additional
stabilizing base pairs within the repeat. The haloarchaea can be
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Figure 3. Profile of reads across each CRISPR locus: crRNAs accumulate to varying degrees. The reads of the extracted crRNA are mapped to the three
CRISPR RNA loci and the variation in their abundance is shown. The blue bars correspond to the spacer number. The number of reads (y-axis) is given
on alog-scale. In locus P1, a large deletion of 23 spacers occurred in our lab strain, in comparison to the sequenced genome in the database.” Due to
the internal priming of the 3' oligonucleotide used in the sequencing protocol, the 3' ends generated do not represent the in vivo 3' ends. For map-

ping, the reads that started with the 5' repeat tag were extracted to a maximum length of 35 nucleotides.

separated into two groups: the larger group is made up of halo-
archaea that form a 4-nucleotide hairpin loop, and the other,
smaller, group includes haloarchaea that form a 5-nucleotide
hairpin loop. However, the sequences of both groups contain the
three consecutive C-G base pairs (Fig. 2B and C).

In addition to the in silico analyses, we employed two differ-
ent experimental approaches to identify base-pairing regions in
the repeats from the P1 and P2 CRISPR loci. The experimen-
tal analyses did not reveal any structures in the repeat sequences
under the conditions tested. 1D NMR analysis suggested that
neither repeat folded into a stable structure, as only a few very
broad signals were observed in the imino-proton 1D spectra, and
these completely disappeared at temperatures higher than 10°C
(Fig. S4). This lack of signal indicates the absence of stable base-
pairing interactions in the putative stem loops because imino
proton signals are only observed when their respective nucleo-
tides are part of well-defined base-pairing interactions. In the sec-
ond approach, we probed the structure of the repeat RNA using
the ribonucleases T1, V1 and A. Again, no defined structure was
found, confirming the results that had been previously obtained
using NMR (data not shown).

In summary, we find that a minimal stem loop structure is
conserved in haloarchaeal repeats; this structure is not stable at
room temperature in vitro but might be stabilized in vivo by salt
or proteins.
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A seed region is essential for interference. In E. coli'* and
P. aeruginosa,"” a “seed region” was found to be essential for the
recognition of the protospacer by the CRISPR/Cas system. The
seed region must exactly match the corresponding sequence of
the spacer to ensure successful interference."*'” According to our
previous analysis, the H. volcanii defense system recognizes a
broad range of PAM sequences, suggesting that the defense sys-
tem is quite flexible. To analyze how many protospacer mutations
(based on spacer 1 of CRISPR locus P1: P1.1) can be tolerated by
the H. volcanii CRISPR/Cas system, we systematically inserted
single-point mutations in the potential seed region (5' region) of
the protospacer and exchanged nucleotides in the 3' region of the
protospacer (Fig. 4). Point mutations at positions 1-5 and 7-10
of the protospacer sequence resulted in transformation rates that
were similar to those obtained when the pTA409 vector alone
was transformed (Table 1). Thus, the mutated invader plasmid
was no longer recognized as foreign. However, single nucleotide
exchanges at positions 6, 11, 12, 15-18 or 36 of the 37-bp long
protospacer and the combined mutation of the last three posi-
tions (35-37) did not affect the recognition of the plasmid by
the CRISPR/Cas system or the efficiency of the interference
reaction. A deletion of the nucleotide at position 17 and the
combined mutation of positions 17 and 36, as well as 12 and
36, resulted in a protospacer variant that could no longer trig-
ger the defense of H. volcanii CRISPR/Cas system. The same
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is true of a protospacer variant in which the A
last seven positions of the protospacer (31-37)
are mutated. Mutations at position 14 gave
ambiguous results; in some transformations,
the mutation of position 14 resulted in interfer-
ence, in others, it did not. This is the position
at which the transition between the nucleo-
tides that are essential for interference and
the nucleotides that are non-essential seems
to occur, and this transition is reflected by the
results that we obtained. Taken together, our
results suggest that the defense system requires
a 10-nucleotide non-contiguous seed sequence

12,17,26,36

PAM-spacer sequence

ACT-GCAGGCATCTCGACCGGCGACCTCCCGGAACACTTTG

12,17,36

31-33
35-37
31-37 -

but can tolerate a mismatch at position 6. B

Not all crRNAs can trigger successful
interference. The observed differences in the
abundance of the crRNAs from each CRISPR 3

locus (Fig. 3) prompted us to investigate
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whether each ctRNA can trigger a successful
interference reaction. We constructed a set of

invader plasmids, each of which each carried
a different protospacer that is identical to the
spacers encoded in the CRISPR loci. In our
previous experiments, we used only one pro-
tospacer, which was derived from the spacer 1
that is encoded by CRISPR locus P1 (P1.1).
This protospacer was effectively recognized by

its corresponding crRNA and by the CRISPR/

Figure 4. A seed sequence is required to trigger an interference reaction. (A) To investi-
gate the positions that are essential for successful interference, nucleotides were mutated
or deleted (marked by a d) in the protospacer sequence. The PAM sequence is indicated

in green. Variants that were recognized by the CRISPR/Cas machinery are marked with

a “+” variants that were not recognized as invader are labeled with a “-". (B) The interac-
tion between the crRNA and the invader plasmid is shown schematically. The crRNA and
the plasmid form an R loop, in which the crRNA is able to base pair with the protospacer
sequence. The PAM sequence is shown in green, the protospacer sequence in yellow. Base
pairs that are essential for the interference reaction are shown in red, while non-essential
base pairs are shown in grey.

Cas system when it was preceded by a func-
tional PAM sequence. Here, we cloned spacer
sequences from all three of the CRISPR loci: from each locus
a spacer from the 5' end, the central part and the 3" end was
cloned: spacers 6 and 16 from locus P1 (P1.6, P1.16); spacers
1, 6, 8 and 10 from locus P2 (P2.1, P2.6, P2.8 and P2.10) and
spacers 1, 9, 10, 14 and 24 from locus C (C.1, C.9, C.10, C.14
and C.24). All 11 of the protospacers were cloned into plasmid
pI'A409 downstream of the previously identified functional PAM
sequences TTC (PAM3) and ACT (PAM9).” The transforma-
tion of Haloferax with these constructs demonstrated that four of
these sequences triggered a defense reaction: P1.1, P1.6, P2.6 and
C.1 (Table 2). The remaining seven protospacers (P1.16, P2.1,
P2.8, P2.10, C.9, C.10 and C.24) were not recognized as invad-
ers. While the P1.1 and P2.6 spacers were active in triggering
a response with both of the PAM sequences tested (PAM3 and
PAMO), spacers P1.6 and C.1 were active only with the PAM
sequence TTC (PAM3) but not with the ACT sequence (PAM9).
In summary, we could show that not all of the ctRNAs can trig-
ger a successful interference.

Interference depends on the type of the origin of replica-
tion. To investigate whether the copy number of the invader is
relevant to a successful defense reaction, we cloned spacer P1.1 as
a protospacer flanked by a functional PAM (PAM3 and PAM9)
into various Haloferax vectors with different origins. The invader
plasmid used originally was generated in vector pI'A409, which
is a low-copy vector that contains the Haloferax pHV1 ori.?*%
To test an additional low-copy vector with the same origin of
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Table 1. Mutations in the target sequence that do not prevent
successful interference

Plasmid Position Reduction in transformation
changed rate by factor

pTA409-P1.1 — 1x103
pTA409-SEED6 6 2x 1073
pTA409-SEED11 1" 5x 103
pTA409-SEED12 12 1x103
pTA409-SEED15 15 1x103
pPTA409-SEED16 16 1x103
pTA409-SEED17 17 1x103
pTA409-SEED18 18 4x10*
pPTA409-SEED36 36 4x10*
pTA409-SEED35-37 35-37 6x103

The different positions mutated in the target sequence are shown
(“position changed” column). The transformation rate for the vector
pTA409 (carrying no insert) was set to 1. The reductions in transforma-
tion rate for the invader plasmid pTA409-P1.1 (without mutations) and
the pTA409 plasmids with mutations in the target sequence are shown
(“reduction in transformation rate by factor” column).

replication but another selection marker (/exB instead of pyrE2),
we used pI'A352,%¢ which also triggered the defense reaction. To
test whether a high-copy plasmid would behave differently, we
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Table 2. Spacers have different abilities to trigger the defense reaction

spacer . PAM3 . A PAMS . Spacer length AT %
(reduction in transformation rate by factor) (reduction in transformation rate by factor)

P1.1 1x103 1x103 37 35
P1.6 6x10° no 36 52
P1.16 no no 39 33
P2.1 no no 38 45
P2.6 3x103 3x103 35 37
P2.8 no no 35 54
P2.10 no no 37 32
C1 2x103 no 36 50
c9 no no 35 34
Cc.10 no no 36 58
C.24 no no 36 39

The different spacers used as the invader sequence are shown (spacer column). Their ability to trigger the defense reaction, together with the PAM
sequences TTC (PAM3) (PAM3 column) and ACT (PAM9) (PAM9 column), are shown, as well as their length (spacer length column, shown in nucleotides)
and AT content (AT% column). The transformation rate for the vector pTA409 (carrying no insert) was set to 1. The reductions in transformation rate for
the invader plasmid pTA409-P1.1 and the pTA409 plasmids with other spacers as the target sequence are shown.

used vector pI'A232, which contains the ori pHV2.2¢2%? Upon
transformation of Haloferax cells with this plasmid, no interfer-
ence was observed; i.e., the plasmid was not recognized as an
invader. To investigate whether this is due to the nature of the
origin or due to the copy number, we transformed Haloferax
cells with both the pTA409-PAM3 and pT'A232-PAM3 plas-
mids simultaneously (the same experiment was performed with
PTA409-PAM9 and pTA232-PAMY) (Fig. 5). If a high-copy
number, resulting in too many copies of invader DNA for the
restricted number of crRNAs available, overwhelms the defense
system and renders it inoperable, we would expect normal trans-
formation rates. Instead, we observed a selective interference
reaction directed at only one type of plasmid, specifically, the
pl'A409 invader plasmid (Fig. 4). We observed interference if
the transformants were plated on medium that was selective only
for the pT'A409-type invader plasmid; when transformants were
plated on medium that was selective only for the pT’A232 invader
plasmid, we observed normal transformation rates. Thus, only
the pTA409 plasmid is destroyed, while the pT'A232 plasmid is
not degraded. These results suggest that for successful interfer-
ence, the copy number of the invader is not important but that
the type of origin of replication is crucial.

Discussion

Haloferax CRISPR repeats contain a conserved minimal stem
loop. According to our bioinformatic analyses, the Haloferax
CRISPR repeats have the potential to fold into a minimal stem
loop structure. Because it contains only three base pairs, this
potential structure is not very stable; it would unfold even at
lower temperatures, which explains why the structure was not
detected by NMR analysis and structure probing. The minimal
stem loop might be stabilized in the cell by protein binding; in
addition, the high salt concentration inside the Haloferax cell (up
to 2 M KCI*°) could stabilize this stem. The identified structural
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motif is in good agreement with previously published CRISPR
RNA structures, which also contain multiple CG base pairs, and
the Gs are predominantly on the right side of the stem. This G
side of the stem has been suggested to be important for recogni-
tion and cleavage in the type III system of Staphylococcus epider-
midis, based on the results of mutational analyses.?' The CRISPR
precursor is cleaved 3' to the final CG base pair in the identified

structure,'?31-34 19,21,31,33-36

generating an eight-nucleotide 5" handle.
The length of the remaining repeat sequence at the 3" end of
the crRNA differs from organism to organism and consists of
either the remaining repeat sequence or a shortened sequence,
sometimes all but the spacer is removed.'®'”3"33-% We could dem-
onstrate here that the Haloferax crRNA contains an 8-nucleotide-
long handle. According to northern blots, the Haloferax crRNAs
are approximately 65-70 nucleotides long,"” which would imply
that the 3" handle consists of the remaining 22-nucleotide repeat
sequence. However, further experiments will be needed to deter-
mine the exact nature of the 3' end.

The Cas6 protein has been shown to interact with unstruc-

8

tured RNA, as has been found in Pyrococcus furiosus® as well

as with structured RNA, as has been observed in P. aeruginosa®
(Cas6f) and Thermus thermophilus® (Cas6e). It will be interest-
ing to see whether the Haloferax Cas6 protein binds to the mini-
mal loop structure that is predicted for the Haloferax repeats or
to the unfolded Haloferax repeat.

Mature crRNAs are present in different concentrations.
The sequencing data revealed that the ctRNAs were not pres-
ent in equal concentrations; a similar observation was made in
Sulfolobus solfataricus® P. furiosus,® Clostridium thermocellum®
and Methanococcus maripaludis.* One reason for this unequal
distribution might be technical biases; for instance, reverse
transcription could be prematurely terminated by stable RNA
structures. Two additional reasons for this unequal distribution
have been discussed in previously published reports: transcrip-
tion from the opposite strand could produce anti-crRNAs, which
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could base pair with the crRNAs,
thereby reducing the detection of
crRNAs, or there could be internal
promoters present. To investigate
whether any promoters are located
in the spacer sequences, we ana-
lyzed the regions upstream of spac-
ers, which accumulated to very high
levels, and in two upstream spacers
(C.8 and P2.1), a potential pro-
moter was found, which could initi-
ate transcription of the downstream
spacers C.9 and P2.2, respectively.
Additional experiments will show
whether these potential promoter
motifs are indeed active. With our
approach to sequencing RNA in the
size range of 55-80 nucleotides, we
did not detect any antisense tran-
scripts to the crRNAs.

A seed sequence is required for
an effective interaction. Our data
demonstrate that, for the defense
reaction, a non-contiguous 10-nucle-
otide seed sequence is essential. Base

Haloferax cell

leuB

easees emae SR

selection pyrE2 selection pyrE2 and leuB selection leuB

Figure 5. Interference as a function of the invader plasmid origin. To analyze whether the efficiency of
the interference reaction depends on the copy number, different types of vectors were used to clone the
protospacer and PAM sequences. Haloferax cells were transformed with pTA409-PAM3-P1.1 (pyrE2 marker)
and pTA232-PAM3-P1.1 (leuB marker) simultaneously. Plating on medium that was selective for both plas-

pairing at nucleotides one to five and
seven to 10 is essential for effective
interference. Base pairing at position
11 and 12 is not essential, but position

mids (ura- and leu-) resulted in very low transformation rates. Plating on medium selective only for plas-
mid pTA409-PAM3-P1.1 (ura-) resulted, likewise, in very low transformation rates, indicating that in both
cases, the interference reaction was successful. In contrast, plating on medium that was selective only for
plasmid pTA232-PAM3-P1.1 (leu-) resulted in full plates, indicating that the defense reaction was not active.
Taken together, these data demonstrate that plasmid pTA409-PAM3-P1.1 is selectively degraded.

13 must base pair. Notably, a point
mutation at position 17 is tolerated,
but a deletion of position 17 is not. Single mutations at positions
12, 17 or 36 are tolerated, but double mutations at positions 12
and 36, as well as at positions 17 and 36, result in the loss of inter-
ference. The observed seed sequence is similar to the observed
seed sequence prerequisites of other organisms'7! and to the
eukaryotic RNAI seeds, which require a six- to seven-nucleotide
long contiguous seed.”** The Haloferax seed sequence is, at 10
nucleotides, three nucleotides longer than the seven-nucleotide
seed sequence that has been reported for E. coli. As discussed by
Semenova et al.,' the requirement for a seed sequence suggests
that the interference complex (consisting of the Cas proteins and
crRNA) scans the invader DNA for the initial identification of
the target sequence to allow the subsequent base-pairing of the
crRNA.

Not all ctRNAs are effective at triggering the interference
reaction. Analysis of the efficiency of the various protospacers
as invaders revealed a complex picture. Interference is triggered
if the crRNA contains any of four different spacers: P1.1, P1.6,
P2.6 or C.1. The seven other spacers tested (P1.16, P2.1, P2.8,
P2.10, C.9, C.10 and C.24) were not active in triggering the
defense mechanism. The invader plasmid is efficient with both
of the PAM sequences that were tested (PAM3 and PAMY), if
it is carrying spacer P1.1 or spacer P2.6, while spacers P1.6 and
C.1 are only active with the PAM sequence PAM3. The PAM
sequences we initially identified were all selected for their efficient

www.landesbioscience.com

activity with spacer P1.1." So, for each spacer, one might need to
find the optimal PAM sequence. Another factor contributing to
efficient target recognition might be the AT content of the spacer
sequence. The sequences of spacers P2.1 and P2.8 possess AT
contents of 45% and 54%, respectively, which is considerably
higher than average, when compared with the sequence of the
Haloferax genome (35% AT in average®). The increased AT con-
tent might result in less stable base pairing between the crRNA
and the invader DNA, reducing the efficiency of the interference.
Spacers that are part of crRNAs that are present in high concen-
trations are not necessarily active in triggering the defense sys-
tem, as protospacers C.9 and P2.10 are not recognized. Because
spacers from all three of the CRISPR loci are active (P1, P2 and
C), the difference in the repeat sequence at position 23 does
not seem to affect activity. The Haloferax genome encodes only
one set of Cas proteins, which must process all three types of
CRISPR repeats. Although we observed that the spacers that
were effective in triggering the defense reaction had lengths of
35, 36 and 37 nucleotides, other spacers of the same lengths did
not work. Thus, spacer length alone is not important for recogni-
tion. It seems that different factors act together to make a certain
crRNA effective.

Interference does not depend on the copy number of the
invader plasmid. According to the observed results, we believe
that the defense reaction is not dependent on the copy number of
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the invader plasmid but depends on the origin type that is carried
by the plasmid. The fact that, upon entering the cell, the plas-
mid is presumably present only in single-copy form makes any
dependence on the copy number unlikely. While the two plas-
mids that trigger a defense reaction (pT'A409 and pT’A352) use an
ORC-based mode of replication,***” plasmid pT'A232 possesses
the replication origin pHV2, which uses a distinct replication
mode (presumably Rep-dependent®®#%). Additional experiments
will be needed to show whether the different modes of replication
interfere sterically with the defense system (the origin of replica-
tion and the invader sequence are located directly next to each
other in all three plasmids).

Materials and Methods

Strains. H. wvolcanii strains H26 (ApyrE2) and H119%” were
grown aerobically at 45°C in Hv-YPC medium or in Hv-Ca
medium (www.haloarchaea.com/resources/halohandbook/
Halohandbook _2008_v7.pdf). E. coli strains DH5a (Invitrogen)
and GM121% were grown aerobically at 37°C in 2YT medium.*

Construction of invader plasmid mutants. The initial
invader plasmid construct was generated based on the Haloferax
shuttle vector pTA409% (pHV1, pyrE2), including spacer 1 of the
CRISPR locus P1 (P1.1) and the PAM sequence TTC (PAM3) or
ACT (PAMY).5 To generate the mutations in the seed regions, an
overlap-extension reaction was performed with Pfi polymerase
(Fermentas, ThermoScientific) and different sets of oligonucle-
otides (Table S1). The reaction products were cloned into the
EcoRV-digested pTA409% vector, and the resulting plasmids were
sequenced. Plasmids were passaged through E. coli GM121 cells
(to avoid methylation) and were then introduced into Haloferax
cells using the PEG method.”* The additional plasmids that
were used for the invader tests were pTA3522° (pHV1, /euB) and
plA232% (pHV2, leuB).

Transformation of H. volcanii. Plasmids were introduced
into H. volcanii strain H26” (ApyrE2) or H119% (ApyrE2, AleuB,
AtrpA). Transformants were selected on Hv-Ca plates without
uracil. As a positive control, strain H26 or H119 was transformed
with plasmid pTA409. Transformation rates were calculated as
the number of uracil prototroph colonies, divided by the number
of clones that could be grown in the absence of selection pres-
sure. Each transformation reaction was conducted at least twice
using independent preparations of plasmid. To confirm the iden-
tification of a functional invader sequence, H. volcanii cells were
transformed at least three times with the plasmid-invader con-
struct, using at least two different plasmid preparations. As has

1355 it is difficult to accurately

been observed in similar studies,
determine transformation rates: therefore, we defined only those
sequences that led to at least a 100-fold reduction in transforma-
tion rates in this plasmid assay as a functional invader sequences
for H. volcanii.

Isolation of the crRNA fraction and sequencing of cDNAs.
Total RNA was isolated from exponentially growing H. vol-
canii H119 cells (OD: 0,8) using TriZol (Invitrogen, Life
Technologies) and separated by 8% PAGE. The fraction of

RNA ranging from 55-80 nucleotides length was eluted.
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Because ctRNAs have been reported to contain 3" phosphate
and 5" OH groups, the eluted RNA was treated with T4 poly-
nucleotide kinase to generate 3' OH groups® and to obtain 5'
phosphate groups. For the generation of cDNA and for sequenc-
ing, the RNA was sent to LGC Genomics GmbH (Berlin).
Shortly, 3 g of gel-purified RNA was ligated with 20 pM of
454 LibA-Adaptor RNA oligo using T4 RNA ligase (Epicenter
Biotechnologies). The RNA was reverse-transcribed using a 454
LibB-Adaptor-nonaN DNA oligo and AffinityScript Reverse
Transcriptase (Takara Bio Inc.). The resulting first strand
c¢DNAs were amplified by PCR, using the standard 454 Adaptor
primers 454-F/454-R. The PCR products were sequenced using
the Roche/454 GS FLX system with the Roche/454 Titanium
chemistry according to the manufacturer’s instructions (454
Life Sciences). The sequencing was performed on 1/8th of a
PTD.

Analysis of the sequencing data. Due to the internal priming
of the 3" oligonucleotides used in the sequencing protocol, we
first extracted ctRNA sequences from all of the read sequences.
Extraction was performed by identifying the individual crRNA
5' tags and cutting up to 35 nucleotides of the subsequent spacer
sequence. The crRNA reads were extracted for each locus indi-
vidually and then mapped to the genome using Segemehl, version
0.1.3.°° We used the sequenced genome for H. volcanii DS2, with
the accession NC_013967.1 for the chromosome and CP001955.1
for the plasmid pHV4. The ctRNA abundance profiles for each
locus were visualized using the Integrative Genomics Viewer
(IGV), version 2.0.3.'

Repeat structure predictions. The minimum free-energy
structures of each repeat were determined using RNA fold from
the Vienna Package, version 1.8.4,% with the options -d2-noLP-p
(Figs. S2 and S3). A single repeat representative was taken from
one of the other 21 Haloarchaeal genomes in the CRISPRdb
database.’* The consensus structural alignments were generated
using the LocARNA web server.”> To determine the influence of
the context sequence on the individual repeats, the entire repeat-
spacer array was folded using RNAplfold, also from the Vienna
Package, version 1.8.4,>* with the options -W 200-L 150-noLP
(Figs. S2 and S3). The locality parameter settings for the win-
dow size (W) and the maximum base-pair span (L) were taken
from Lange et al.”

NMR analyses. The 1D-1H-NMR-spectra were recorded on
a Bruker Avance 600-MHz NMR-spectrometer equipped with
a cryogenic probe, in a buffer containing 25 mM K HPO,/
KH,PO,, pH 6.5, 50 mM KCI and 10% (v/v) D,O, using a
Jump-Return-Echo pulse sequence®®
temperatures of 283 and 298 K.

Structural probing. The repeat RNA for P1 and P2 was
obtained from Biomers (biomers.net). The RNA was labeled
at the 5' end and subjected to digestion with the RNases T1,
V1 and S1 to identify single-stranded and double-stranded
regions, according to the manufacturer’s instructions (Ambion,

for water suppression at

Invitrogen, Life Technologies).
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