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binding prior to Type I-A CRISPR-Cas interference in Sulfolobus

Marzieh Mousaei , Ling Deng, Qunxin She , and Roger A. Garrett

Archaea Centre, Department of Biology, Copenhagen University, Copenhagen N, Denmark

ARTICLE HISTORY
Received 17 June 2016
Revised 12 August 2016
Accepted 24 August 2016

ABSTRACT
The stringency of crRNA-protospacer DNA base pair matching required for effective CRISPR-Cas
interference is relatively low in crenarchaeal Sulfolobus species in contrast to that required in some
bacteria. To understand its biological significance we studied crRNA-protospacer interactions in Sulfolobus
islandicus REY15A which carries multiple, and functionally diverse, interference complexes. A range of
mismatches were introduced into a vector-borne protospacer that was identical to spacer 1 of CRISPR
locus 2, with a cognate CCN PAM sequence. Two important crRNA annealing regions were identified on
the 39 bp protospacer, a strong primary site centered on nucleotides 3 – 7 and a weaker secondary site at
nucleotides 21 – 25. Multiple mismatches introduced into remaining protospacer regions did not seriously
impair interference. Extending the study to different protospacers demonstrated that the efficacy of the
secondary site was greatest for protospacers with higher GCC contents. In addition, the interference
effects were assigned specifically to the type I-A dsDNA-targeting module by repeating the experiments
with mutated protospacer constructs that were transformed into an S. islandicus mutant lacking type III-Ba
and III-Bb interference gene cassettes, which showed similar interference levels to those of the wild-type
strain. Parallels are drawn to the involvement of 2 annealing sites for microRNAs on some eukaryal mRNAs
which provide enhanced binding capacity and specificity. A biological rationale for the relatively low
crRNA-protospacer base pairing stringency among the Sulfolobales is considered.
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Introduction

Archaeal CRISPR-Cas adaptive immune systems fall into 2 major
classes denoted type I and type III.1,2 The immune response
involves 3 main steps, adaptation, biogenesis of crRNAs and
interference. Adaptation involves incorporation of small DNA
fragments from invading genetic elements into CRISPR arrays as
de novo spacer-repeat units generally, but not invariably, adjacent
to the leader region.3,4 Moreover, in Sulfolobus species, a single
adaptation module is often cofunctional with functionally diverse
interference modules.1,5 crRNAs are generated by processing of
CRISPR transcripts by Cas6 cleavage within repeats. They carry
most or all of the spacer sequence, depending on whether they
participate in type I or type III interference, with an 8 nt repeat
sequence at the 5�-end.6-9 These crRNAs assemble with Cas pro-
teins into effector complexes and anneal to spacer-matching
sequences (protospacers) on invading genetic elements, or tran-
scripts thereof, which are then cleaved.10-12

Much of the seminal work on crenarchaeal CRISPR-Cas sys-
tems has been performed on a few model Sulfolobus species,
including Sulfolobus solfataricus P2 and S. islandicus REY15A,
which can host a variety of diverse viruses and for which versatile
genetic systems have been developed (reviewed in13-15). These
CRISPR-Cas systems tend to be exceptional in that CRISPR loci
are multiple and large, and a mixture of type I-A and different
type III systems are generally present.1 Although Sulfolobus

CRISPR transcription and processing mechanisms have been elu-
cidated and the modes of CRISPR-Cas adaptation and interfer-
ence have been studied extensively (reviewed in 13,14), questions
remain regarding the degree of crRNA-protospacer base pairing
stringency required for effective interference.16-18

In initial studies on cRNA-protospacer annealing in the bacte-
ria-specific type II CRISPR-Cas system of Streptococcus thermophi-
lus, effective interference was inferred to require highly stringent
base pairing of the crRNA-protospacer sequences.19,20 Moreover,
results obtained with type I-E system of Eschericia coli also indi-
cated the involvement of additional strict base pair matching at
positions 1–5 and 7–8 of the protospacer that provides a seeding
sequence for crRNA annealing21 and similar results were observed
for the type I-F system of Pseudomonas aeroginosa.22 For the type
I-B system of the archaeon Haloferax volcanii matching at posi-
tions 1–5, 7–10 and 13 was shown to be critical for effective inter-
ference.23 However, more recent studies on the latter type I-B, I-E
and I-F systems have suggested that less perfect annealing may still
be effective, depending on the sequence of the protospacer and on
the spacer-specific crRNA yields.22-25

In contrast, studies on crRNA-protospacer annealing in Sulfo-
lobus species have indicated that a much lower level of base pair
matching can still produce effective interference. Experiments
employing a plasmid carrying viral genes, or protospacers, that
match CRISPR spacers of S. solfataricus P2 or S. islandicus

CONTACT Roger A. Garrett garrett@bio.ku.dk
Supplemental data for this article can be accessed on the publisher’s website.

© 2016 Taylor & Francis Group, LLC

RNA BIOLOGY
2016, VOL. 13, NO. 11, 1166–1173
http://dx.doi.org/10.1080/15476286.2016.1229735

http://dx.doi.org/10.1080/15476286.2016.1229735
http://dx.doi.org/10.1080/15476286.2016.1229735


REY15A demonstrated that the interference response could toler-
ate several base pair mismatches, 16 and similar conclusions were
reached in a parallel study with modified SSV1 fusellovirus infect-
ing S. solfataricus P2.17 The latter study was later extended to
demonstrate that base pairing toward the start of the protospacer
was relatively more important for strong interference.18

Nevertheless, interpretation of crRNA annealing properties
in Sulfolobus species is complicated by the coexistence of multi-
ple effector complexes which compete for similar crRNAs but
exhibit different targeting mechanisms. Both S. solfataricus P2
and S. islandicus REY15A carry type I-A, type III-Ba and III-
Bb interference modules, targeting dsDNA, transcribing DNA
and transcripts, respectively, 10-12,16,17,26 and the former organ-
ism also carries a type III-D module which may function simi-
larly to the type III-Ba module.1,27 To date no experimental
distinction has been made between the crRNA annealing
requirements of these different effector complexes. Further-
more, there is still no credible explanation for the strong differ-
ences in base pair stringency requirements observed between
Sulfolobus species and those of some bacterial species carrying
type I-E and type I-F CRISPR-Cas systems.21,22,24,25

In this study, we utilize a protospacer-carrying plasmid vector
system developed earlier16 to investigate more systematically the

dependence of interference on the stringency of crRNA-proto-
spacer annealing of CRISPR locus 2-spacer 1 (L2S1) of S. islandi-
cus REY15A. Moreover, we establish that PAM-dependent type
I-A interference was specifically monitored by employing a
knockout mutant lacking the gene cassettes for the type III-Ba
and III-Bb interference modules.12 Introduction of a large variety
of different combinations of basemutations along the protospacer
reaffirmed that multiple mismatched base pairs generally pro-
duced interference, albeit often at reduced levels. In addition, evi-
dence was found for the presence of primary (positions 3–7) and
secondary (positions 21–25) annealing sites for which base pair-
ing was important. Analysis of these 2 sites for 5 different CRISPR
spacers showed that the effectiveness of secondary annealing was
dependent on the GC C content of the protospacer.

Results

Identifying important crRNA-protospacer annealing sites

Constructs were prepared in plasmid pEXA2 carrying the pro-
tospacer sequence matching spacer 1 at the leader end of
CRISPR locus 2, L2S1, of S. islandicus REY15A, that carried a
cognate CCN PAM (Fig. 1A). Constructs containing mutated

Figure 1. CRISPR deletions induced by plasmid-borne mutated protospacers matching spacer L2S1. (A) Protospacer L2S1 inserted into pEXA2 vector with lacS as reporter and
pyrEF genes as selective markers. (B) PCR amplified products from the leader region to repeat 94 of CRISPR locus 2, from selected transformants that have survived CRISPR-Cas
interference. The products were resolved in 0.8% agarose gels and carried deletions between repeats (r): lane 1: r1-r79 - no mutation; lane 2: r1-r13 - A to C (position 1); lane 3:
r1-r63 – AC to CT (positions 1–2); lane 4: r1-r80 – ACA to CTG (positions 1–3); lane 5: r1-r80 - ACAC to CTGG (positions 1–4); lane 6: no deletion - ACACT to TGTGA (positions 1–5).
C - control from host CRISPR locus 2. M - size markers. (C) Histogram showing the number and size distributions of all the unique CRISPR locus 2 deletions observed in surviving
transformants after challenging with plasmid-borne protospacers carrying a range of mismatches. No deletions terminated between repeats 31 and 60.
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protospacers were transformed into S. islandicus and the level
of CRISPR-Cas interference was estimated by comparing the
numbers of transformant colonies formed on Gelrite plates
with those from control samples transformed with pEXA2 lack-
ing the protospacer using the method described earlier.10,16

High levels of transformants in the sample carrying the active
protospacer were indicative of a low level, or absence, of
CRISPR-Cas interference whereas few surviving transformants
resulted from strong interference, such that 100% transforma-
tion efficiency (T.E.) indicates zero interference and vice-versa.
The average value and standard deviation of the numbers of
transformant colonies was estimated in triplicate experiments
for each protospacer mutation.

In addition, many surviving transformants were tested for the
presence of L2S1 by PCR amplification of the CRISPR locus 2
and a gel electrophoresis assay (Fig. 1B) and almost all constructs
had retained both the protospacer and the plasmid-borne pyrEF
genes that are essential for growth by undergoing deletions
extending from CRISPR repeat 1 (Table S1). This resulted in the
loss of both L2S1 and the capacity for CRISPR-Cas interference
of the plasmid. Non identical deletions were identified in 37 trans-
formants from different experiments; they all included L2S1 and
many were large, extending to repeats 60 to 93, with no deletions
terminating between repeats 31 and 60 (Fig. 1C).

Initially, 15 single-site mutations were introduced at proto-
spacer positions 1 to 8, the location of the “seed” sequence in
bacterial type I-E and I-F systems, and at sites 13, 22, 23, 24 28,
33 and 38 interspaced along the 39 bp protospacer, in order to
determine potentially important recognition sites, and the sites
were mutated for 3 alternative nucleotides (Table S1). Few
transformants were obtained from each culture and generally
no significant differences in transformation efficiency (TE)
were detected relative to the control samples, for the alternative
nucleotides at each position, indicative of unimpeded interfer-
ence (Table S1). However, significant minor increases in T.E.
(>0.2%) were observed at positions 3 (A - G), 7 (G - A), 22
(G - C) and 23 (A - G) (Table S1).

Next, we generated consecutive triplet mismatches along the
protospacer, introducing primarily base transversions at each
position. Only two altered triplets produced significantly
altered TE values (Table S1); the value increased strongly for
the mismatching triplet C4-T5-G6, and less strongly for the
triplet G22-A23-C24 (Table 1). These data were consistent
with the minor increases observed for the single base changes
at positions 3, 7, 22 and 23 (Table 2).

Consecutive quintuplet base pairmismatches were then gener-
ated along the protospacer, most with base transversions
(Table S1). Strongly increased TE values were observed for
mutated quintuplets 1 – 5 and 2 – 6 (17 – 24%) and a very strong
increase occurred for positions 3 – 7 (79%) (Table 1). No other
significant differences from the control were observed except for
the quintuplet at positions 21 – 25, where a moderately increased
TE value (6%) was detected (Table 2). Finally, mismatches were
introduced at positions 11 – 20, 20 – 26, 21 – 30 and 31 – 39; the
former 3 produced moderately increased TE values while the lat-
ter was indistinguishable from the control (Table S1).

A summary of the data for the site at the start of the proto-
spacer showed that whereas mismatches at positions 1, 1C2
had no effect on TE levels, with minor increases for mutations

at positions 1C2C3. Results obtained for positions 1 to 4 were
variable and dependent on the mismatching nucleotides. Over-
all the data support that positions 3 to 7 are critical for the
annealing process (Table 1).

At the second site, beyond the center of the protospacer,
alignment of the corresponding sets of data show that transfor-
mation efficiencies increased significantly for mutated positions
20 – 26 (10%) and 21 – 25 (6%), but were low for all partially
overlapping sequences tested including 19 – 23 and 23 – 26
(1–1.2%) and all less strong than for positions 3 to 7 (Table 2).
In summary, the results are consistent with the the presence of
major and minor crRNA annealing sites centered on positions
3 – 7 and 21 – 25, respectively, that are important for effective
interference.

Which type of effector complex targets the plasmid
protospacer?

S. islandicus encodes 3 CRISPR-Cas interference complexes
which compete for similar crRNAs, type I-A, type III-Ba and

Table 1. Protospacer L2S1 carrying multiple base pair mismatches at positions 1 to
10. Averaged transformation efficiencies (TE) from triplicate experiments were nor-
malized to values for the control plasmid constructs set to 100%. The sizes of
CRISPR deletions detected in surviving transformants are shown with the repeat (r)
extremities. 0 - no deletion detected. n.d. not determined. The major annealing
site is centered on the shaded positions.

Construct 1A 2C 3A 4C 5T 6G 7G 8G 9C 10G TE (%) CRISPR deletion

1 C T < 0.1 r1-r63
2 C A G < 0.1 r1-r63
3 C T G 0.1 r1-r80
4 C T G T 0.2 r1-r70
5 C T G G 1.1 r1-r80
6 C T G A 13 0
7 T G T < 0.1 n.d.
8 T G T G 12 0
9 C T G A C 17 0
10 T G T G A 24 0
11 G T G A 9 0
12 G T G A C 17 0
13 T G A C C 79 0
14 G A C 10 0
15 A C C C 0.1 n.d.
16 C C C G C < 0.1 n.d.
17 C C G < 0.1 n.d.

Table 2. Protospacer L2S1 carrying multiple base pair mismatches at positions 19
to 27. Averaged transformation efficiencies (TE) from triplicate experiments were
normalized to values for control plasmid constructs set to 100%. The sizes of
CRISPR deletions in surviving transformants are given with repeat (r) extremities.
n.d. - not determined. The minor annealing site is centered on the shaded
positions.

Construct 19A 20A 21C 22G 23A 24C 25A 26G 27G TE (%) CRISPR deletion

1 T T G 0.1 n.d.
2 T T G C T 1 r1-r7
3 T G C T G T C 10 n.d.
4 G C T G T 6 n.d.
5 C T G T 1.1 r1-r26
6 C T G 1 r1-r7
7 T G T C 1.2 n.d.
8 C T < 0.1 n.d.
9 T G 0 n.d.
10 C G 0 n.d.
11 T C C < 0.1 n.d.
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III-Bb which cleave dsDNA, transcripts and transcribing
DNA, and RNA transcripts, respectively (Fig. 2). Although
this, and the earlier experiments, were designed to test for
type I-A-directed DNA interference, we could not eliminate
the possibility that transcriptional read-through from distant
promoters had occurred on either strand of the protospacer,
such that type III interference was also activated. Therefore,
we repeated the experiments in an S. islandicus mutant lacking
type III-Ba C III-Bb interference gene cassettes.12 Protospacer
constructs were prepared with a cognate CCN PAM and mis-
matches were introduced in sequence regions 3 – 7 and 21 –
25. No significant differences were observed in the levels of
interference observed for the mutant and wild-type strains
(Fig. 3) and it was concluded, therefore, that all interference

effects observed derived primarily from type I-A effector
complexes.

PAM sequence recognition during interference

Although the dinucleotide PAM sequence required for
CRISPR-Cas adaptation in Sulfolobus species appears to be
highly conserved, and is CCN for most, but not all, Sulfolobus
type I-A subfamilies, 3,16 earlier studies suggested that some
sequence redundancy in the dinucleotide was tolerated during
interference.16 In addition, studies on haloarchaeal type I-B
interference revealed that a range of triplet PAM sequences
ACT, TAA, TAT, TAG, TTC, and CAC were active.28 There-
fore, using the same plasmid-borne protospacer assay, we
examined systematically the effects of all the alternative dinu-
cleotide CCN PAM sequences in wild-type S. islandicus and in
the deletion mutant lacking type III-B Cmr-a C Cmr-b inter-
ference gene cassettes.12 The PAM analysis data demonstrate
that CCA is the most effective PAM. It is about 5-fold more
effective than TCA and CTA which, in turn, are about 10-fold
better than the remainder of the PAMs (Fig. 4; Table S2).

Are the 2 annealing regions conserved in other
protospacers?

The variability in sequence, base composition and size of
CRISPR spacers could influence the preferred annealing sites
and, therefore, the experiments were repeated with proto-
spacers matching 4 additional CRISPR spacers with different
GCC contents: locus 1-spacer 58 (61.5% GC), locus 2-spacer
55 (60.5% GC), locus 2-spacer 45 (49% GC) and locus 1-spacer
61 (25.6% GC). Transversion mutations were generated in the

Figure 2. Overview of cas gene cassettes of the single adaptation and 3 interfer-
ence CRISPR-Cas modules of S. islandicus REY15A. CRISPR loci 1 (115 repeat-spacer
units) and 2 (93 units) are indicated and the genomic locations are given. Anti-
toxin-toxin vapBC gene pairs are shown together with mobile element-related
genes (chequered).

Figure 3. Averaged transformation efficiencies of constructs of the L2S1 proto-
spacer carrying quintuplet mismatches at positions 3 – 7 or 21 – 25. Each construct
was transformed into the hosts: S. islandicus E233 strain (black) and S. islandicus
E233 DIII-B Cmr-a C Cmr-b interference modules (gray). Transformation efficiency
of the control plasmid is set at 100%. Error bars are shown for triplet experiments
for each construct.
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Figure 4. Averaged transformation efficiencies of the S. islandicus DIII-Ba and IIIB-
b deletion mutant after challenging with plasmid-borne L2S1 protospacers carry-
ing all possible dinucleotide modifications of the CCN PAM sequence. Transforma-
tion efficiency of the non-target plasmid is set at 100% and error bars derive from
triplet experiments for each construct. Transformation efficiency and standard
deviation values for the wild-type and mutated strains are listed in Table S2.
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quintipulet positions 3 – 7, 11 – 15, 16 – 20, 21 – 25 and
31 – 35 of the plasmid-borne protospacers to test for positional
conservation of the observed annealing sites. The average trans-
formation efficiencies observed are summarised in Table 3 and
they correlate approximately with the results obtained for L2S1,
with interference being significantly reduced only for the con-
structs modified at positions 3 – 7 and 21 – 25. However, the
effectiveness of both sites was dependent on the overall GCC
content of the protospacer. The largest effects were observed
for the 2 spacers with 61.5% GCC decreasing through 60.5%
and with reduced but significant effects at 49% and 25.6%
GCC (Table 3).

Discussion

Earlier studies on the stringency of crRNA-protospacer base
pairing in different Sulfolobus species, utilizing plasmid- and
fusellovirus SSV1-borne protospacers that were identical to
host CRISPR spacers, demonstrated that effective interference
could occur despite the presence of multiple base pair mis-
matches.16,17 Later the viral study was extended to demonstrate
that disruption of the base pairing near the start of the proto-
spacer was particularly effective in impairing interference.18

These results are summarised in Table 4 and, overall, they differ
strongly from data obtained for some bacterial CRISPR-Cas

systems, including the type II system of S. thermophilus19,20 and
bacterial type I-E and I-F systems21,22,24,25 which require high
base pairing stringency for effective interference.

In the present work, by introducing diverse single and multi-
ple nucleotide mutations along a protospacer, we could demon-
strate that effective interference could tolerate mismatches all
along the protospacer but that 2 regions are particularly critical
for interference, a major site centered on positions 3 to 7 and a
minor site at positions 21 – 25, for different protospacers.
These findings are consistent with, and significantly extend, the
earlier Sulfolobus results (Table 4). However, Sulfolobus species
generally carry multiple type I-A and type III CRISPR-Cas
interference modules and experiments, to date, have not estab-
lished which type of crRNA-directed interference was being
monitored. Therefore, we employed an S. islandicus deletion
mutant lacking gene cassettes for the type III-Ba and III-Bb
effector complexes which target transcribing DNA and tran-
scripts, respectively.12 The results demonstrated that only type
I-A-directed DNA interference was being measured.

The importance of a single primary seeding site for crRNA-
protospacer annealing was first demonstrated for the type I-E
system of E. coli21 and involved protospacer positions 1 – 5 and
7 – 8, and more recently similar seed sequences have been
observed for the type I-E and I-F systems of Pseudomonas aeru-
ginosa22 and Pectobacterium atrosepticum29 and, with some
variation, for the type I-B system of Haloferax volcanii.23 A
rationale for the non involvement of position 6 in the type I-E
system was later provided by the crystal structure of the E. coli
type I-E effector complex in which every sixth nucleotide (posi-
tions 6, 12, 18 etc.) in the crRNA-DNA duplex was stabilised
by Cas proteins and unavailable for base pairing.30 The compa-
rable annealing site in Sulfolobus is smaller, and less stringent,
with single mutations of each of the individual nucleotides
being tolerated (Table S1). Moreover, the structure of the cren-
archaeal type I-A interference complex differs substantially
from that of the bacterial type I-E complex; they share a Cas7
oligomeric backbone and a base structure of Cas5 and Cas8
but, in contrast to the bacterial complex, the type I-A complex
carries Cas30 and Cas3” but no Cas6.21,31-33 Therefore, the
structural details of the crRNA-DNA-protein interactions are
likely to differ significantly.

A possible insight into the different crRNA annealing prop-
erties in Sulfolobus derives from a study of type I-E interference
in E. coli which demonstrated that 2 distinct crRNA-DNA
mechanisms can operate34; the one described above that
involves stringent base pairing that is essential for interference,
and another with less stringent base pairing that may facilitate

Table 4. Summary of literature experiments investigating the stringency of crRNA-
protospacer base pairing required for effective interference for selected CRISPR
spacers of Sulfolobus species. TE - transformation efficiency; pfu - plaque forming
units.

Organism/CRISPR
spacer/PAM Vector

Mutated protospacer
positions TE (%)

S. solfataricus P216

LA-S28 (TCN)
plasmid 1, 19, 38, 1C38, 10C19,

35¡38, 29¡38
<2

LD-S29 (CCN) plasmid 24, 18C24, 18C21C24 <2
S. islandicus16

L2-S45 (CCN)
plasmid 1, 19, 38, 34–37,

29¡32C35¡38
<2

pfu (%)
S. solfataricus P217

LA-S53 (TCN)
SSV1 virus 2C5¡6 85

2C5¡6C18C32
C34C36

20

S. solfataricus P2 18

LA-S53 (TCN)
SSV1 virus 1–6, 1–8, 1–10,

2C5¡6
75, 87, 80, 78

2C5¡6C32¡35C37 29
32C34, 32¡35C37 0, 4

29¡35C37, 27¡35C37 34, 43
25C27¡35C37 65

24¡25C27¡35C37 30
23¡25C27¡35C37 54
20¡25C27¡35C37 90

Table 3. Normalized average transformation efficiencies obtained with plasmid-borne protospacers matching 5 different spacers of CRISPR loci 1 and 2. The constructs
carry quintipulet mismatches with transversions distributed along the protospacer. Experiments were performed in triplicate. Results for the major and minor annealing
sites are shaded.

CRISPR spacer – TE% values

Mutated quintuplet L2-S1 (61.5% GC) L1-S58 (61.5% GC) L2-S55 (60.5% GC) L2-S45 (49% GC) L1-S61 (25.6% GC)

3 – 7 79 (§7.1) 87.3 (§19.9) 66.3 (§ 11.2) 41.5 (§ 11.5) 25 (§ 2.5)
11 – 15 0.031 (§0.41) 0.17 (§0.12) 0. 1 (§ 0. 1) 0.2 ( § 0.1) 0.16 (§ 0.14)
16 – 20 0.002 (§0.002) 0.16 (§0.05) 0.1 (§ 0.04) 0.01 (§ 0.01) 0.04 (§ 0.01)
21 – 25 6 (§4.2) 7.4 (§ 5.7) 3.4 (§ 1.7) 1.05 (§ 0.05) 0.8 (§ 0.1)
31 – 35 0.023 (§0.032) 0.6 (§0.2) 0.7 (§0.3) 0. 3 (§ 0.03) 0.44 (§ 0.07)
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priming of CRISPR-Cas adaptation, a process that has not been
demonstrated unambiguously to occur in Sulfolobus spe-
cies.13,35 Possibly, Sulfolobus type I-A interference uses a more
primitive system wherein the minor annealing site increases
the overall binding specificity.

The operation of less specific interference could also explain
the less strict CCN PAM recognition for interference, 16,36 in
contrast to the strict requirement for the CCN PAM during
adaptation.4 About 5-fold weaker effects were observed with
TCA and CTA, consistent with earlier work, 16 and even weaker
effects were observed with GCN, CAN, ACN, suggesting that
CN and NC pairs can elicit an interference response.

The finding of 2 annealing sites also suggests a structural
similarity to the mode of action of some microRNAs (miRNA).
These small 20 – 25 nt RNAs regulate gene expression in ani-
mals and plants by binding to UTRs of mRNAs.37 Moreover,
they carry a “seed” region at 50-positions 2 – 7 which consti-
tutes the primary annealing site to mRNAs but many miRNAs
also exhibit a secondary binding site toward the 30-end (posi-
tions 13 – 16) which may have a compensatory role when the
5�-seed interaction is weaker and/or generate enhanced specific-
ity for certain mRNA sites.38-40

Most of the tested transformants that survived interference
were found to have undergone deletions from CRISPR locus 2,
that included L2S1, and they tended to be large, often covering
much of the array. Such deletions were observed earlier when a
plasmid-borne protospacer was constructed with pyrE/F genes
that were essential for host cell growth. The deletions were
inferred to arise from rare, random, recombination events
between repeats, 16,41 which is consistent with the finding that
recombination can occur between relatively short sequences in
Sulfolobus.42 An alternative explanation would be a reverse
adaptation reaction involving Cas1 but then one would expect
a high proportion of single L2S1 deletions, as was observed in
an earlier S. islandicus experiment.16

The CRISPR-Cas systems of the Sulfolobales are exceptional
in that CRISPR loci tend to carry hundreds of spacers, includ-
ing multiple spacers with significant sequence matches to spe-
cific viruses or conjugative plasmids.1,5 Paradoxically, some
Sulfolobus species are also excellent hosts for viral propagation
in the laboratory. Therefore, it has been suggested that this
extensive spacer redundancy, and partially overlapping inter-
ference capabilities, could reflect that the interference is rela-
tively inefficient and primarily directed to restricting viral
infections to manageable levels for the host.5,13 This would
have the considerable advantage that the CRISPR-Cas adapta-
tion, which coincides with strong growth retardation and
extensive cell death, could generally be avoided,.35,43,44

Materials and methods

Archaeal and bacterial strains, media and growth
conditions

S. islandicus E233S is a uracil-auxotroph of S. islandicus with
the complete pyrE/pyrF and lacS genes deleted.45 Sulfolobus
SCV medium was used and 0.2% sucrose, 0.2% (w/v) vitamin
free casamino acids, and a mixed vitamin solution, were added
and the final pH was adjusted to 3.5 using 1 M H2SO4.

46

Sulfolobus strains, or colonies, were inoculated into test tubes
containing 6 mL SCV and grown at 78 �C with shaking at
150 rpm. Sulfolobus colonies were developed on 0.7% Gelrite
plates. Two-layer plating was used where diluted liquid cultures
were mixed with the same medium containing 0.4% Gelrite
and plated on an upper layer. Strains or transformants to be
selected via uracil drop out selection were cultured in SCV
medium, whereas pyrEF-minus mutants were cultured in SCV
with added uracil (20 mg/mL).10, 16

E. coli DH5a and pEXA2 were employed as host and cloning
vector, respectively. Transformants were cultured in Luria–Ber-
tani (LB) medium supplemented with 100 mg/ml ampicillin and
cultured at 37 �C. Standard cloning methods were used for DNA
manipulation.47 Restriction enzymes were from New England
Biolabs (Hitchin, UK) or Fermentas (Waltham, MA). Plasmid
DNAwas isolated from E. coli and Sulfolobus cells using QIAprep
Spin Miniprep kits (QIAGen Westberg, Germany). Total DNA
was prepared using QIAGen DNeasy kits (Hilden, Germany).
DNA oligonucleotides used for PCR amplification were synthe-
sized at TAG (Copenhagen, Denmark) and DNA was sequenced
by EurofinsMWG (Ebersberg, Germany).

Plasmid constructs

All plasmid constructs were derived from the shuttle vector pEXA2
carrying pyrEF genes.16 The lacS gene cassette was amplified from
S. islandicus E233 by PCR using specific primers.45 NheI and NdeI
restriction sites were incorporated into the primers to facilitate
cloning. The DNA polymerase used for producing PCR fragments
was purified with the QIAGen PCR purification kit.

Spacer sequences SisL2S1, SisL2S45, L2S55, L1S58 and
SisL1S61 were used to design forward and reverse primers
carrying NheI and MluI restriction sites with overlaps. The
primer sets were annealed by heating for 5 min at 95 �C
and cooling to room temperature on a Thermo-block
(Eppendorf, Hamburg, Germany) and maintaining at 4 �C
for 15 min. Ligation was performed to insert annealed pro-
tospacer fragments into purified digested pEXA2 vector for
3 h at 22 �C. The ligation mixture was transformed into E.
coli DH5a competent cells using heat shock and harvested
on Luria-Bertani (LB) plates supplemented with 100 mg/ml
ampicillin and incubated at 37 �C for 12 – 16 h. Positive
colonies were detected by colony PCR and cultured in LB
medium supplemented with 100 mg/ml ampicillin, incubat-
ing at 37 �C for 10 – 14 h.47 Plasmids were purified using
Miniprep plasmid purification kits (QIAGen) and precipi-
tated with ethanol.

Transformation procedures

S. islandicus transformation was generally performed by elec-
troporation48 and all procedures were executed at room tem-
perature and 950 mL preheated high salt medium (pH 5 to 6)
was added immediately to electroporated cells with further
incubation at 75 �C for 30 min without shaking. Different dilu-
tions of transformation mixtures were added to 8 mL of 2 x
SCV medium C 0.4% Gelrite or phytagel and plated. After
polymerizing the upper layer, plates were incubated in tightly
closed plastic boxes at 78 �C for 5 to 8 days.10,16
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The two-layer cultivation method was adopted to plate Sul-
folobus transformants because non-transformants also form
small colonies on selective plates on direct plating. This proba-
bly occurs because pyrimidine compounds are released from
lysed cells and can support growth. Plating electroporated cells
in the top Gelrite layer protects cells from lysis and only true
transformants form colonies on selective plates.10,16 Typically,
shuttle plasmid-transformed cells appeared as single colonies
after 5 – 7 days. Furthermore, the b-glycosidase activity
encoded by lacS in Sulfolobus colonies (lacS activity) was
employed to reveal real transformants carrying plasmids and
was detected by X-gal (5-bromo-4-chloro-3-indolyl-b-Dgalac-
topyranoside) staining. 2 mL X-gal (2 mg/mL) was added onto
plates with transformants carrying the lacS gene a a reporter.
Plates were rotated gently to distribute X-gal on the surface and
incubated at 78 �C. The resulting blue color developed over-
night. lacS activity was measured in liquid culture by adding X-
gal to a final concentration of 2 mg/mL and incubating at 78 �C
for 2 h before estimating color development.49

After selecting blue colonies that appeared in the upper
Gelrite layer after 5 to 7 days, relative transformation effi-
ciency values were calculated from the cfu per mg DNA of
the construct divided by the cfu per mg DNA of the posi-
tive control plasmid, in triplicate replicates, and the values
were averaged and standard deviations estimated.10,16 Rela-
tive T.E. values are presented as percentages where 100% T.
E. corresponds to zero CRISPR-Cas interference and 0% T.
E. denotes total interference.

Characterization of transformants and gene deletion
mutants

Transformant colonies were picked from plates with a tip car-
rying a broad hole and transferred to the surface of another
SCV plate and stored at 78 �C for 3 – 5 days. The large trans-
formant colonies were released into SCV medium (6 mL) in a
test tube and incubated at 78 �C for 3 – 7 days. After culturing,
DNA was extracted from each sample and subjected to PCR
amplification of CRISPR locus 2 and sequencing to check for
the occurrence, and size, of CRISPR deletions. Once a desired
mutant/strain was identified, each single colony was purified by
transferring to a fresh SCV plate and then to SCV medium 3
successive times.
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