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An RNA-based screen was performed to reveal a possible evolutionary scenario for the CRISPR-Cas systems in two
cyanobacterial model strains. Following the analysis of a draft genome sequence of Synechocystis sp PCC6714, three
different CRISPR-Cas systems were characterized that have different degrees of relatedness to another three CRISPR-Cas
systems in Synechocystis sp PCC6803. A subtype IlI-B system was identified that is extremely conserved between both
strains. Strong signals in northern hybridizations and the presence of different spacers (but identical repeats) indicated
this system to be active, despite the absence of a known endonuclease candidate gene involved in the maturation of
its crRNAs in the two strains. The other two systems were found to differ significantly from each other, with different
sets of repeat-spacer arrays and different Cas genes. In view of the otherwise very close relatedness of the two analyzed
strains, this is suggestive of an unknown mechanism involved in the replacement of CRISPR-Cas cassettes as a whole.
Further RNA analyses revealed the accumulation of crRNAs to be impacted by environmental conditions critical for
photoautotropic growth. All six systems are associated with a gene for a possible transcriptional repressor. Indeed, we
identified one of these genes, s/l7009, as encoding a negative regulator specific for the CRISPR1 subtype I-D system in

Synechocystis sp PCC6803.

Introduction

The CRISPR-Cas (clustered regularly interspaced short palin-
dromic repeats, CRISPR associated proteins) system provides
adaptive immunity in archaea and bacteria."* In addition, alter-
native functions in DNA repair were demonstrated of at least
some components of the CRISPR-Cas system.’

Ribonucleoprotein complexes consisting of Cas proteins and
properly processed short CRISPR RNAs, the crRNAs, target for-
eign DNA or RNA molecules for cleavage and degradation.#!*13
CRISPR-Cas systems are extremely diverse across different
organisms and can be exchanged via horizontal gene transfer,"
contributing to the observed high diversity and variability among
the CRISPR-Cas loci from different organisms.

Previously, 45 families of Cas proteins were identified,” of
which subsets make up the diverse modules of Cas proteins. These
modules function independently and highly specific with their
respective ccRNAs. Characterized examples include the Cmr [Cas
module RAMP (repeat-associated mysterious proteins)] and the
CASCADE (CRISPR-associated complex for antiviral defense)
complexes of Pyrococcus furiosus and E. coli, respectively.'* By
comparing phylogenies of common cas genes, repeat sequences
and the architecture of CRISPR-cas loci, CRISPR-Cas systems

were further categorized into three major types of CRISPR-Cas
systems, [, I and III. These can be further divided into at least
10 subtypes and some chimeric variants.'>!

A hitherto only marginally studied group are the CRISPR-
Cas systems of oxygenic phototrophic cyanobacteria.””? In the
model cyanobacterium Synechocystis sp PCC6803 (from here:
Synechocystis 6803), three fundamentally different CRISPR-Cas
systems were found, called CRISPR1, CRISPR2 and CRISPR3,
which are encoded together on pSYSA, a single large plasmid.?
From these, CRISPR1 was assigned to the subtype I-D,'*'®
whereas CRISPR2 and CRISPR3 are type III systems. All three
systems were found to be associated after maturation with abun-
dant transcripts.?! In addition to the CRISPR systems, the plas-
mid pSYSA encodes at least six different type II toxin-antitoxin
systems.** These were shown to be simultaneously active and are
likely involved in post-segregational killing, suggesting that the
maintenance of pSYSA and of the three CRISPR systems located
on it has been highly selected for.?

A hallmark of CRISPR-Cas system:s is the involvement of short
crRNAs that guide associated ribonucleoprotein complexes in the
destruction of invading DNA or RNA. The precise maturation of
these crRNAs is therefore functionally important for the function
of these systems. Endoribonucleases from various type I and type
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III CRISPR-Cas systems have been characterized as key players in
crRNA maturation. Based on genetic, transcriptomic and bioin-
formatic approaches we previously identified in Synechocystis 6803
distinct processing pathways for each of the three CRISPR-Cas
systems. It is well known that the CRISPR maturation endoribo-
nucleases cleave repeats at distinct sequence and structure motifs
leavinga 8 nt5' repeathandle (5' tag): Cas6,? Cse3,'¢2“ recently
renamed to Cas6e,” and Csy4,”®% recently renamed to Cas6f.”®
After cleavage, the ctRNAs are trimmed further by a poorly
characterized ruler mechanism to fixed lengths.>* In Synechocystis
6803, the maturation of crRNAs was found to include at least
one maturation step dependent on the endonucleases Cas6-1
(CRISPR1) or Cas6-2a (CRISPR2). However, the maturation of
CRISPR3 crRNAs was found to be Cas6-independent,? which is
unusual for a type III system. Instead, a Cmr2 protein (CRISPR
module RAMP protein no. 2) was identified as involved in the
maturation, regulation of expression, Cmr complex formation or
stabilization of transcripts from the CRISPR3 spacer-repeat locus,
as in its absence no CRISPR3-derived crRNAs were detected.?
Cmr2 proteins contain a GGDEF domain, an RNA recognition
motif (RRM)-fold*? and have some similarity to the Palm/
Cyclase polymerase domain.®# In Pyrococcus furiosus Cmr2 is
a component of the CRISPR-Cas effector complex that destroys
complementary RNAs, was suggested as the subunit responsible
for target RNA cleavage,'”
by structural analysis.?> In view of these findings, a role of Cmr2 in
the maturation of Synechocystis 6803 CRISPR3 crRNAs appeared
surprising and furthermore, it appeared unclear if CRISPR3 is an
active system at all. However, a resequencing analysis of the used
substrain, Synechocystis 6803 “PCC-M,” revealed two deletions
in the repeat-spacer arrays of CRISPR1 and CRISPR2, whereas
CRISPR3 appeared unchanged.*

To reveal a possible evolutionary scenario for these cyanobac-
terial CRISPR-Cas systems, here we performed an RNA-based
screen of four other Synechocystis strains available in the Pasteur
Culture Collection. We identified one closely related strain,
Synechocystis sp PCC6714 (from here: Synechocystis 6714), with sig-
nals in northern hybridizations clearly indicating the presence of
a CRISPR3 system similar to the one in Synechocystis 6803. Both
strains were isolated by R. Kunisawa from freshwater in California
USA, in 1967 (Synechocystis 6714) and 1968 (Synechocystis 6803),

i.e., from very similar environments, suggesting a possible close

which, however, was not supported

relationship. Following draft genome analysis, we identified three
distinct CRISPR-Cas systems also in Synechocystis 6714, one of
which is indeed very close to the CRISPR3 of Synechocystis 6803.
However, the other two are very distinct despite the generally very
close relatedness of the two analyzed strains. A striking similar-
ity among the six systems is the presence of genes encoding pos-
sible transcriptional regulators. We tested their functionality by
genetic knockout experiments and identified one as a repressor of
the subtype I-D CRISPR1 locus in Synechocystis 6803.

Results

Identification of a strain carrying a CRISPR-Cas system closely
related to CRISPR3 of Synechocystis 6803. In our previous
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work, we demonstrated the very high transcript abundance for
CRISPR3-derived precursor transcripts, maturation interme-
diates and ctRNAs in Synechocystis 6803 despite the lack of a
known endonuclease gene involved in these steps.?’ Therefore,
here we employed an RNA-based screen for possible homologs
of Synechocystis 6803 CRISPR3 in four further Synechocystis
strains. These strains were chosen based on their published 16S
rRNA sequences (Fig. 1A) as very closely related (< 1% sequence
divergence, strains PCC6714, PCC6702 and PCC6805), or only
moderately related (PCC6308, 89% 16S rRNA sequence iden-
tity with Synechocystis 6803), and were obtained as axenic cul-
tures from the Pasteur Culture Collection. Following cultivation
under standard growth conditions, total RNA was extracted,
electrophoretically separated and hybridized to a transcript probe
encompassing the four 5' terminal repeat-spacer units of the
repeat-spacer array of Synechocystis 6803 CRISPR3 (Fig. 1B). As
expected, a very strong signal was observed for the total RNA
from Synechocystis 6803, but there was a second lane with signal,
corresponding to the total RNA from Synechocystis 6714 (Fig. 1B).
Overexposure of the latter revealed a signal pattern of comparable
complexity for both strains. Upon successful PCR amplification
and sequence analysis of a 1,231 nt fragment, the presence of a
Synechocystis 6803 CRISPR3-homologous repeat-spacer array in
Synechocystis 6714 was confirmed (Fig. 2). However, whereas the
direct repeat sequences were identical, the spacer sequences were
not, consistent with the lowered hybridization signal intensity in
the lower molecular weight range observed for Synechocystis 6714
RNA compared with Synechocystis 6803 RNA (Fig. 1B), as with
decreasing length these signals are increasingly spacer-related.
The CRISPR repeat-spacer array shown in Figure 2 was named
CRISPR3*, because of its similarity to CRISPR3 in Synechocystis
6803. The two homologous arrays CRISPR3/3* are preceded by
a highly conserved leader region as can be concluded from the
95% sequence identity (78/82 nt) of the sequence between the 3'
end of the PCR primer used for amplification and the first tran-
scribed nucleotide (transcription start site, TSS; Fig. 2).

Genome analysis identifies three CRISPR-Cas loci in
Synechocystis 6714. To obtain a more comprehensive view on
the CRISPR-Cas systems in Synechocystis 6714, we determined
its total genome sequence based on a whole genome shotgun
sequencing approach, yielding five scaffolds. The sequence infor-
mation has been deposited at DDBJ/EMBL/GenBank and can
be accessed under the accession AMZV01000000.

The 16S rRNA sequence identities between Synechocystis 6714
and Synechocystis 6803 are 1429/1437 residues, corresponding
to 99.4%. Accordingly, the gene content and predicted pro-
teome between both strains is very highly conserved. However,
with regard to the CRISPR-Cas systems, a different picture was
obtained. Three casI genes were identified, located on two dif-
ferent scaffolds and indicating the presence of three distinct
CRISPR-Cas systems also in Synechocystis 6714. From these cas!
genes, one (sly4000830) encodes a protein that is very closely
related to SIr7092 in the CRISPR3 array of Symechocystis 6803
(97% identical residues). However, phylogenetic analysis revealed
the other two Casl proteins to be only remotely related to the other
two Casl proteins of Synechocystis 6803, Slr7016 and Slr7071
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(Fig. 3). This is further substantiated
by the fact that the other two proteins
possess a very distinct domain archi-
tecture, one (Sly4000470) consist-
ing of a Cas4-Casl protein fusion of
564 amino acids, whereas the other
(S1y1028190) is a truncated form of
only 129 residues (compared with
~300 amino acids for most Casl pro-
teins). Accordingly, both are found
in very distinct phylogenetic clades.
Cas4-Casl fusion proteins exist also
in the CRISPR-Cas systems of many
other cyanobacteria and non-cyano-
bacteria, including Myxococcus xanthus
DK 1622 and gram-positive bacteria
(Fig 3), whereas the truncated form
might have been affected by a recom-
bination with the CRISPR3 system
and might be non-functional.

Detailed comparison of CRISPR
repeat-spacer arrays. All three cas!
genes in Synechocystis 6714 are associ-
ated with an extended set of Cas genes
and a transcribed repeat-spacer array,
here called CRISPR1*, CRISPR2* and
CRISPR3* in analogy to CRISPR1-3
in Synechocystis 6803.

General features of the CRISPR
arrays from both Synechocystis strains
are summarized in Table 1. The direct
repeat sequences are identical within
the CRISPRI* or CRISPR2* repeat-
spacer arrays and differ substantially
from the CRISPR1 and CRISPR2
repeats. In contrast, the CRISPR3*
repeats are identical with those of
Synechocystis 6803 CRISPR3, except
a degeneration of 4 nt, which can be
detected within the final repeat of
CRISPR3*.

CRISPR direct repeats frequently
contain imperfect palindromes. Thus,
after transcription, these elements are
subject to the formation of second-
ary structures and these structures
are important determinants of RNA
maturation by RNA endonucle-
ases.”7?%373 The general practice in
the search for the functional CRISPR
repeat structure is to compute the
minimum free energy (MFE) struc-
ture of a single repeat sequence. Such
MEFE predictions are frequently cor-
rect due to highly stable stem-loop
structures with many GC base-pairs,
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Figure 1. Identification of a locus homologous to the Synechocystis 6803 CRISPR3 array in closely
related cyanobacteria. (A) Phylogenetic relatedness among analyzed (in boldface letters) Synechocystis
strains, based on 16S rRNA sequences. The sequence of the unicellular cyanobacterium Prochlorococ-
cus sp MED4 served as outgroup. The numbers at nodes refer to bootstrap support values (10,000 rep-
etitions). The phylogenetic tree was generated using the minimum evolution method within MEGA5.5
The optimal tree with the sum of branch length = 0.2726 is shown. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic
tree and are given in the number of base substitutions per site. There were a total of 1441 positions in
the final data set. The GenBank accession (Gl) numbers are 14625357, 226844852, 298103759, 16215697,
16215698 and 16215699 for Synechocystis strain PCC6308, SMMG-7, aquatilis 1LT32504, PCC6702,
PCC6714 and PCC6805. For Synechocystis 6803 and Prochlorococcus MED4, data were obtained from
the whole genome sequences (CP003265 and BX548174). (B) Northern analysis of the selected strains.
Left side: Denaturing gel electrophoresis of total RNA; Right side: hybridization with a single-stranded
RNA probe for the 5'-terminal section of the Synechocystis 6803 CRISPR3 array (exposure time 1 h). The
lane with Synechocystis 6714 total RNA was overexposed for 6 d (very right, lane “OE”). The positions of
selected size marker bands are indicated.
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Figure 2. Comparison of the PCR-amplified CRISPR3* repeat-spacer sequence from Synechocystis 6714 (6714_C3*) compared with CRISPR3 from Syn-
echocystis 6803 (6803_C3). A sequence alignment of the complete PCR-amplified and resequenced CRISPR3* and of the first 14 direct repeat, spacer
units of CRISPR3 is shown. The highly conserved leader region in the 5' region of both CRISPR arrays (position 1-107) is marked by a dotted line. The
oligonucleotide primers used for amplification are indicated by long horizontal arrows in black. The bent arrows indicate mapped TSS and the spacers

are labeled by roman numerals.

for example in E. coli'® In Figure 4, the predicted secondary
structures for CRISPR1*, CRISPR2* and CRISPR3* are shown.
These structures are similar for CRISPR2* and CRISPR3*, sug-
gesting some similarity between these two systems. Moreover,
taking the entire array sequence into account, we discussed previ-
ously a likely improved similarity to the native structures for the

www.landesbioscience.com

Synechocystis 6803 CRISPR3 repeats and identified by transcrip-
tome analysis the endonuclease cleavage site within this context,
leaving the unusual 13 nt repeat handle 5-AUU GAU UGG
AAA C remaining at the processed spacer 5' ends,? as indicated
in Figure 4. As the CRISPR3 and CRISPR3* repeats are identi-
cal, this should apply to CRISPR3* as well. Interestingly, also
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Figure 3. Phylogenetic relationship among Cas1 proteins of Synechocystis and of selected other bacteria. Gene identification numbers (gi) are given
for all compared sequences expect for the Cas1 proteins from Synechocystis 6803 and Synechocystis 6714. For Synechocystis sequences the gene names
are indicated together with the designation of the respective CRISPR-Cas system they are associated with (Fig. 5). “Truncated sequences (< 200 amino
acids). Non-cyanobacterial sequences are in lighter color and the sequence of the E. coli K12 Cas1 protein was used as outgroup. The evolutionary
history was inferred using the minimum evolution method as implemented in MEGA5.>* The optimal tree with the sum of branch length = 9.7587 is
shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (10,000 replicates) are shown next to
the branches if > 60. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phyloge-
netic tree. The evolutionary distances were computed using the Poisson correction method and are in the units of the number of amino acid substitu-
tions per site. All ambiguous positions were removed for each sequence pair. There were a total of 607 positions in the final data set.
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for CRISPR2* a long unpaired section in the repeat’s 3" half is
predicted, which is except one substitution (5-AUU AGU UGG
AAA C) identical to the experimentally identified 13 nt repeat
handle of CRISPR3/3*, reinforcing the possible relationship
between CRISPR2* and CRISPR3*.

The sequence comparison of different repeats revealed a
widespread conserved 3' end, consisting of 5 nt (GAAA-C/G)."
This is also observed for CRISPR2* and CRISPR3* repeats in
Synechocystis 6714 (and all Synechocystis 6803 CRISPRs), which
end in GAAAC. In contrast, CRISPRI* repeats finish with
the unusual GAGCAC (Table 1). A CRISPR array with iden-
tical repeat sequences exists in the marine strain Synechococcus
PCC7002, which is also associated with closely related Cas pro-
teins, such as the fused Cas4-Casl protein (Fig. 3). These facts
suggest the presence of a CRISPR1*-like CRISPR-Cas system in
Synechococcus PCC7002.

856 RNA Biology

CRISPR1*-CRISPR3* consist of 11, 8 and 13 repeat-spacer
units per locus (each with an additional final repeat). The spacer
sequences in Synechocystis 6714 differ in lengths from 32-47 nt
and are all unique, except spacer 6 and 7 of C3*, which is dif-
ferent from the situation in Synechocystis 6803, where duplicate
spacers exist only in CRISPR1 and 2 (Table 1). Despite the very
substantial differences in cas-gene content and CRISPR subtype,
a very similar sequence (27/36 residues) is shared between spacer
10 of Synechocystis 6714 CRISPR1* and spacer 10 of Synechocystis
6803 CRISPRI, indicating a past challenge by a closely related
invader DNA in the progenitor of both strains at about the same
time, as the order of spacers can be considered to be chronologi-
cally. All other Synechocystis 6714 spacer sequences differ from
those in Synechocystis 6803.

Analysis of Cas genes indicates swap of two CRISPR-Cas
cassettes but conservation of the third. The arrangement and
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Table 1. Details of the three repeat-spacer arrays CRISPR1*-CRISPR3* present in Synechocystis 6714 compared with the three loci CRISPR1-CRISPR3 in

Synechocystis 6803 substrain ‘PCC-M’ 3¢

CRISPR  Subtype™®

CRISPRT* I-Aor |-B

CRISPR1

CRISPR2*

CRISPR2

CRISPR3*

CRISPR3

I-D

11-B

11-B

111-B

Repeat sequence

GTGTCCAAACCATTGATGCCGTAAGGCGTTGAGCAC
GTGTCCAAACCATTGATGCCATAAGGCGTTGAGCAC
CTTTCCTTCTACTAATCCCGGCGATCGGGACTGAAAC
CCCTACCGATTGGATTAAATCGGATTAGTTGGAAAC
CCCTACCGATTGGATTAAATCGGATTAGTCGGAAAC
ACCTATCAATGGAATTAAATCAGATTAGTTAGAAAC
GTTCAACACCCTCTTTTCCCCGTCAGGGGACTGAAAC
GTTCAACACCCTCTTTTCCCCGTTAGGGGACTGAAAC
GTCTCCACTCGTAGGAGAAATTAATTGATTGGAAAC
GTCTCGACTCGTAGGAGAAATTAACTGATTTAAAAC
GTCTCCACTCGTAGGAGAAATTAATTGATTGGAAAC
GTCTCCACTCGCAGGAGAAATTAATTGATTGGAAAC

length No. of Spacer Identical spacer-repeat

spacers length (nt) units

36 n 35-37 none*

37 49 31-41 10-11

36 8 32-44 none

37 56 34-46 6/7-8/9, 37-39

36 13 35-47 6-7

36 38 35-47 none

For each CRISPR, the repeat sequence and single occurring mutant variants in the terminal repeats (array 3' end) are given underneath (the mutated
nucleotide is in boldface). Nucleotide positions identical to the widely conserved 3' repeat motif are underlined. The numbers and lengths of spacers
are given, together with information on spacer-repeat unit duplications (consecutive identical spacer-repeat units are separated by a dash, duplicated
unit pairs are united by a slash). *A very similar sequence (27/36 residues) is shared between spacer 10 of CRISPR1* and CRISPR1.

dG mfe

CRISPR1* -11.00 -11.50
CRISPR2*  -7.70 -7.80
CRISPR3*  -6.30

CRISPR2*

CRISPR3*

Figure 4. Predicted secondary structures of CRISPR repeats in Synecho-
cystis 6714. The energy values (mfe, minimal folding energy and dG,
energy of the selected structure) are given in the inset. The CRISPR3*
structure is identical to the one published for CRISPR3 of Synechocystis
6803%" and is characterized by a 13 nt tag remaining at the 5' end of the
mature spacers after maturation (arrow).

types of CRISPRI1*-associated Cas genes are only remotely
related to those accompanying CRISPR1 of Synechocystis 6803,
and differ even more from CRISPR2 and CRISPR3. CRISPR1*
possesses in addition to the fused cas4-casl gene sly4000470 a
cas5/devS gene sly4000490, which indicates the CRISPR sub-
type MYXAN (GenProp0922, named after Myxococcus xan-
thus).”® Another gene (s4000520) is a homolog of cas3. All
these genes are compatible with CRISPR subtypes I-A and I-B."”
Consequently, although other subtype-specific markers such as
a cas8 gene were not identified, CRISPR1* belongs into subtype
class I-A or I-B. Thus, the CRISPR1* subtype is clearly distinct
from Synechocystis 6803 CRISPR1 that was classified as subtype
[-D? due to the presence of signature genes cscl, csc2 and csc3.°
Among the CRISPRI*-associated Cas genes is furthermore a
putative cas6 endonuclease gene (s/y4000530). However, this
is not closely related to the cas6-1, cas6-2a and cas6-2b genes of
Synechocystis 6803 but belongs to the MYXAN subtype.”

In contrast, CRISPR2* and CRISPR3* resemble type III
CRISPRs, indicated by the presence of cmr2/casl0 homologs.
Although the subtype-specific marker Cmr5" could not be iden-
tified for either of them, the presence of cmr2, cmr3 and cmrd
genes associates CRISPR2* and CRISPR3* with subtype II1-B
rather than with III-A, for which csm-type genes would have been
expected.’® However, a single subtype III-A superfamily Csm6
protein is associated with CRISPR2* (gene s/y1028100), as well
as CRISPR2 (s//7062). Thus, CRISPR2* and CRISPR3* are of
the same subtype as CRISPR3 of Synechocystis 6803, including
the additional presence of a Csm6 homolog,.

In fact, CRISPR3* and CRISPR3 loci appear as fully syntenic
with very high percentages of identical residues in pairwise pro-
tein sequence alignments (Fig. 5), reaching 100% in case of the
Cas2 protein. This high conservation is furthermore consistent
with the identical repeat sequence for CRISPR3/3* and is in the
range of what might have been expected for the genome sequences
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Figure 5. Organization of the two Type Ill CRISPR-cas systems in Synechocystis 6714 compared with Synechocystis 6803. Several cas genes are associ-
ated with each of these CRISPR arrays in both organisms, indicated by the arrows (genes not drawn to scale). Rectangles symbolize the direct repeats.
For genes that could be annotated, the nomenclature introduced by Makarova et al. is followed, ' otherwise the systematic gene IDs are given. The
percentage of sequence identity between predicted gene products (blastP) is coded as indicated. Start sites of transcription (TSS) are marked by thin

arrows. For better orientation, selected genes are connected by lines that correspond to their pairwise percentage identity. The synteny between
CRISPR3* and CRISPR3 begins within the s/[7077/5ly4000940 genes and includes the repeat spacer arrays plus immediately following genes. The cas?
and cas2 gene products of CRISPR2* have a substantially higher percentage of identical residues to their counterparts in CRISPR3 than in CRISPR2.
Gene sly4000940 in CRISPR3* of Synechocystis 6714 terminates with a sequence motif aligned in the center of the figure to a direct repeat of CRISPR2 of
Synechocystis 6803. The final nucleotides of the sly4000940 reading frame are in boldface letters and the stop codon is underlined (reverse orientation).
Note that this sequence points to a particular set of repeats that are followed by a TG dinucleotide from the following spacer.

of two Synechocystis strains as closely related as PCC6714 and
PCC6803. A difference is that the two separate genes s/r7081
and s/r7082 in Synechocystis 6803 are fused into a single gene
(sly4000910) in Synechocystis 6714 (Fig. 5). A closer inspection
showed that the DNA sequence in the critical region at the end
of s/r7081 and between the genes s/77081 and slr7082 is almost
fully conserved between the two strains but that in Synechocystis
6714 a “TAT” codon is found instead of the “TAG” stop codon
in Synechocystis 6803. Because the analysis was conducted with a
Synechocystis 6714 draft genome sequence, we checked the pos-
sibility of sequencing error by sequence analysis of a PCR prod-
uct from this region. However, both sequences were identical,
providing independent verification for this difference (Fig. S1).
The CRISPR3 and CRISPR2 loci form in Synechocystis 6803
a contiguous stretch of 43 kb on plasmid pSYSA and encompass
at least the genes s/r7061-s/r7095. Therefore, a corresponding
degree of similarity as for CRISPR3/3* might also be expected
for CRISPR2/2* However, that is not the case. The high
sequence conservation finishes within the s//7077 gene, encod-
ing a protein with a predicted HD domain (metal dependent

858 RNA Biology

phosphohydrolases),*® whose first 65 codons are still 98% con-
served (64/65 amino acids), whereas the remaining 128 resi-
dues (S117077) or 87 residues (Sly4000940) are so distant that
they can hardly be aligned any more. In Synechocystis 6803 this
gene (s/[7077) is directly adjacent to the repeat-spacer array of
CRISPR2 (Fig. 5). This is not the case in Synechocystis 6714 but,
interestingly, a single direct repeat-like sequence element is pres-
ent at the end of the s/4000940 ORF (Fig. 5). The correctness
of this genomic arrangement was independently verified by PCR
(Fig. S2).

Such metal dependent phosphohydrolases can very well play a
role in nucleic acid metabolism. However, it should be noted that
in addition to SlI7077/Sly4000940, there are several additional
homologs in both genomes, these are s//1660 in Synechocystis
6803, genes s/y1002080 and sly1028310 in Synechocystis 6714.

Expression of the CRISPRI* repeat-spacer array is modu-
lated by environmental conditions. We noticed that in all six
studied CRISPR systems possible transcriptional regulators are
part of the cas gene cassettes. These genes are /7009, sl[7062
and s/[7078 in case of Synechocystis 6803. In Synechocystis 6714,
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Figure 6. Environmental conditions affect expression levels of CRISPR1*.
Nine different environmentally relevant conditions were tested for the
accumulation of CRISPR1*-derived transcripts by hybridization using a
synthetic oligonucleotide against the direct repeats. Labels are used as
follows, exp., exponential phase (standard conditions); stat., stationary
phase (standard conditions); 15°C, cold stress; 42°C, heat stress; HL, high
light stress; dark, darkness; -CO,, CO, limitation; -N, nitrogen limita-

tion; -Fe, iron limitation. Five S, 5S rRNA was hybridized as a loading
control and after densitometric scanning was used for normalization of
CRISPR1* band intensities (lower panel).

the respective genes are sly4000560, sly1028100 and sly4000930,
which appear associated with CRISPR1*, 2* and 3*. Four of these
six proteins are WYL domain proteins and all four respective
genes belong into the same Cluster of Orthologous Genes 2378
(COG2378). The WYL domain is around 170 amino acids in
length and typically found to the C terminus of a DNA-binding
helix-turn-helix domain. WYL domain proteins encompass
mainly proteins classified as transcriptional regulators, including
several DeoR family proteins. Consistent with the WYL domain
annotation is the COG2378, which encompasses proteins clas-
sified as transcriptional regulators, including many DeoR fam-
ily proteins as well. The other two (Sly1028100 and Sl17062) of
these six proteins belong into the Csm6_III-A family of proteins.
Members of this family are often fused to an HTH domain and
are also known as APE2256 family proteins. One representative
of the Csm6 protein family, the Sulfolobus solfataricus protein
Sso1445, has been structurally characterized;*' it contains an
HTH domain and was suggested as a regulatory protein.'

www.landesbioscience.com

It is known that in enterobacteria the expression of the
CRISPR system is under transcriptional control.®* Therefore,
we wondered if expression of the Synechocystis CRISPRs would
be regulated in some way and what role, if any, these possible
regulators would play in it. Nine different conditions relevant for
photoautotrophic organisms were tested for their impact on the
CRISPR expression; (1) exponential phase (standard conditions),
(2) stationary phase (standard conditions), (3) cold stress, (4)
heat stress, (5) high light stress, (6) darkness, (7) CO, limitation,
(8) nitrogen and (9) iron limitation.

Northern hybridizations were performed with an oligonucle-
otide probe against the direct repeat sequence of the respective
CRISPR. For CRISPRI*, we observed a reduced amount of
mature ctRNA and processing intermediates in conditions with
temperature or light stress, compared with standard growth con-
ditions (exponential phase; Fig. 6). In contrast, nitrogen and iron
limitation seemed to enhance the expression of the CRISPR1*
array.

A transcriptional regulator involved in the regulation
of CRISPR expression. The observed altered expression of
CRISPRI* in Synechcocystis 6714 under a variety of stress con-
ditions (Fig. 6) and the presence of genes encoding possible
transcriptional regulators as part of the CRISPR loci in both
Synechcocystis strains led us to analyze these genes. Here, we
chose the genes s/[7009, 5si[7062 and sl[7078 of Synechcocystis 6803
because of its well-characterized system for genetic manipulation.
We tested respective single knockout mutants after 30 min of
high light stress and 30 min high light stress followed by a 30
min recovery phase under standard light conditions, respectively.
In northern hybridization using an oligonucleotide probe against
spacer one of CRISPRI an increased amount of small CRISPR-
derived transcripts (mature ctRNA) of about 50 nt length can be
seen in the deletion background of s//7009. No such drastic effect
is seen for the knockouts of s/[7062 nor si[7078 (Fig. 7). This
result if fully consistent with the association of s/77009 with the
CRISPR1 array, whereas s//7062 and s/[7078 rather appear associ-
ated with the CRISPR2 and CRISPR3 arrays.”

Discussion

Recently, we have described three distinct CRISPR systems,
named CRISPR1, CRISPR2 and CRISPR3 in the widely used
cyanobacterial model strain Synechocystis 6803.2' The CRISPR3-
associated Cas genes in Synechocystis 6803 lack a gene with a
known function as maturation endonuclease. Moreover, we
found in genetic analyses the maturation and/or accumulation
of ctRNAs from the CRISPR3 system to be independent of
the Cas6 activities associated with CRISPR1 and CRISPR2 of
Synechocystis 6803.%' Instead, we identified a cmr2 gene that upon
inactivation led to a loss of CRISPR3-derived crRNAs, a phe-
notype that was reversed upon re-introduction of the gene. This
result suggested Cmr2 (S117090) as involved in the maturation,
regulation of expression, Cmr complex formation or stabilization
of transcripts. There are several facts known about Cmr2 pro-

31,32

teins,®# and the structure of Cmr2 from Pyrococcus furiosus has

recently been solved.**¢ However, none of these data did point
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Figure 7. A transcription factor acting
as repressor is involved in the regula-
tion of CRISPR1 expression. (A) Knock-
out mutants of putative transcription
factor genes were tested for the abun-
dance of CRISPR1 transcripts. Chosen
conditions were 30 min high light (HL)
and 30 min high light followed by a 30
min recovery phase under standard
light conditions (R). The positions of
selected size marker bands are indi-
cated. 5 S, 55 rRNA was hybridized as a
loading control and after densitometric
scanning was used for normalization of
CRISPR1 band intensities (lower panel).
(B) Phylogenetic relationships among
CRISPR-associated transcription factor
proteins of Synechocystis and of select-
ed other bacteria using the minimum
evolution method. Gene identification
numbers (gi) are given for all compared
sequences expect for the proteins from
Synechocystis 6803 and Synechocystis
6714. For Synechocystis sequences the
gene names are indicated together
with the designation of the respective
CRISPR-Cas system they are associated
with (compare Fig. 5). We noticed the
plasmid pSYSM-encoded Synecho-
cystis 6803 protein SII5097 to be very
similar to Synechocystis 6714 protein
Sly4000560. However, the relation of
SI15097 to the CRISPR system, if any, is
unknown. The sequence of the E. coli
APEC O1 DeoR protein was used as out-
group. The optimal tree with the sum of
branch length = 6.15816 is shown. The
percentage of replicate trees in which
the associated taxa clustered together
in the bootstrap test (10,000 replicates)
are shown next to the branches. The
tree is drawn to scale, with branch
lengths in the same units as those of
the evolutionary distances used to infer
the phylogenetic tree. The evolution-
ary distances were computed using the
Poisson correction method and are in
the units of the number of amino acid
substitutions per site. The multiple
sequence alignment was obtained us-
ing T-Coffee.>* All positions containing
gaps and missing data were eliminated.
There were a total of 105 positions in
the final data set. Evolutionary analyses
were conducted in MEGA5.>

directly toward a possible role of
Cmr2 in the maturation of crRNAs.
Therefore, the function of Cmr2 in
Synechocystis 6803 CRISPR3 crRNA
accumulation appeared enigmatic
and it appeared even possible that
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CRISPR3 is not a functionally active system at all. possibly Cmr2-dependent system closely related to CRISPR3 of
Therefore, here we addressed the evolutionary history of these  Synechocystis 6803. Indeed, we identified one closely related strain,
cyanobacterial CRISPR-Cas systems and set out to identify a  Synechocystis 6714, which possesses a CRISPR3 system similar to
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the one in Synechocystis 6803 (called here CRISPR3*). The direct
repeat sequences of CRISPR3* and CRISPR3 are identical, the
Cas gene clusters are perfectly syntenic to each other (Fig. 5), and
the predicted Cas proteins are also very close, with up to 100%
sequence identity (Cas2). Like in Synechocystis 6803, a cas6 gene
is lacking, whereas a well-conserved cm72 gene (94% amino acid
identity) is present. The only noteworthy difference between the
CRISPR3 and CRISPR3* systems of both strains are the spacer
sequences. Hence, these systems must have been active in spacer
acquisition in both strains at least until very recently. In addition,
the complex pattern of transcript accumulation detected for both
(Fig. 1B and Scholz et al.?!) is indicative of a well-working matu-
ration apparatus. We conclude that Cmr2 is indeed a candidate
factor involved in the maturation of crRNAs.

In the course of our draft genome analysis, we identified two
additional CRISPR-Cas systems in Synechocystis 6714. In contrast
to CRISPR3*/CRISPR3, these two are very different, despite
the generally very close relatedness of the two analyzed strains
(99.4% sequence identity in 16S rRNA). Hence, this observa-
tion suggested substitution of the two complete CRISPR-Cas
cassettes had occurred. In an alternative scenario, it could be that
CRISPR3/3* were introduced to their current respective hosts
via horizontal gene transfer, in which CRISPR1/1* and 2/2* were
present prior to this transfer.

Whereas extensive recombination events and horizontal
gene transfer are known to play a role in the genetic modifica-
tion of CRISPR-Cas cassettes, the exact mechanisms are not.
In Synechocystis 6803, the CRISPR2 locus is directly adja-
cent to the CRISPR3 locus. Because of the high conserva-
tion of CRISPR3*/3, it was possible to search for the possible
break point, where sequence identity would drop. We identified
this region within the s/[7077/5ly4000940 gene pair (Fig. 5).
Within this region we identified a direct repeat-like sequence
in Synechocystis 6714, similar to the sequence of Synechocystis
6803 CRISPR2 direct repeats. This is relevant as there is no
CRISPR2 in the Synechocystis 6714 genome, the possible substi-
tute is not only at another location but also possesses an entirely
different repeat (compare CRISPR2* and CRSIPR2 repeats in
Table 1). Therefore, the CRISPR2 direct repeat-like element in
gene sly4000940 (Fig. 5) is indicative of a previous Synechocystis
6803 CRISPR2-like CRISPR-Cas system that was present at this
region some while ago.

A striking feature of the six systems compared here is their
association to genes encoding possible transcriptional regulators.
We noticed a remote similarity to DeoR-type regulators for four
of these six proteins. The archetypical transcriptional repressor
DeoR (“Deoxyribose Regulator”) is involved in the negative
regulation of genes that are involved in nucleotide catabolism.”
What makes this association so interesting is our finding that
certain environmental conditions impact accumulation of
ctRNAs (Fig. 6). Proteins of this family of transcriptional regu-
lators consist of two domains, a potential helix-turn-helix DNA-
binding motif and a domain involved in the oligomerization
and the recognition of a possible co-inducer in the C-terminal
part [WYL (pfam13280) domain in the proteins SI7009,
Sl17078, Sly4000560 and Sly4000930 compared in Fig. 7B].%

www.landesbioscience.com

It is tempting to speculate that this domain could mediate the
response to an environmental cue to the CRISPR system.

We tested the functionality of these possible regulators by
genetic knockout experiments and identified one (S117009) as
a repressor of the subtype I-D CRISPRI locus in Synechocystis
6803 (Fig. 7A). This association is specific as knockout muta-
genesis of the other two possible regulators, Sl17062 and S117078,
had no effect on the accumulation of CRISPR1-derived tran-
scripts. Transcriptional control over the CRISPR system has been
demonstrated for E. coli and Salmonella enterica.**> However,
our finding identifies for the first time a transcriptional regula-
tor of CRISPR expression outside the enterobacteria and it is to
our knowledge the first observation of transcriptional control of
CRISPR expression by a WYL domain-containing protein of the
COG2378-type transcription factor family.

Materials and Methods

Strains, culture media and growth conditions. The Synechocystis
PCC6803 “PCC-M” strain®® was obtained from A. Wilde,
University of Freiburg (originally from S. Shestakov, Moscow
State University). Synechocystis strains PCC6308, PCC6702,
PCC6714 and PCC6805 were purchased from the Pasteur
Culture Collection (PCC) in Paris, France.

Liquid cultures were grown at 30°C in BG11 medium® under
continuous white light illumination of 50 pmol quanta m?s™ and
a continuous stream of air to the desired growth phase (OD_; =
0.6 - 0.8). For the expression analysis, cultures of Synechocystis
6714 were initially grown under standard conditions and then
transferred to nine different conditions: (1) exponential growth
untilan OD__ of 0.67; (2) stationary phase untilan OD_, of 4.1;
(3) cold stress, 15°C for 30 min; (4) heat stress, 42°C for 30 min;
(5) high light, 470 wMol q s'm™ for 30 min; (6) dark, no light
for 12 h; (7) C, depletion, 150 mL of culture were washed three
times with 100 mL of carbon-free BG11 and cultivated further
for 20 h; (8) N depletion, 150 mL of culture were washed three
times with 100 mM of nitrogen-free BG11 and cultivated further
for 12 h; (9) Fe stress, addition of DFB chelator for 24 h.

For the expression analysis of the transcription factor knock-
out mutants, cultures were initially grown under standard condi-
tionsan OD__ of 0.85 and then exposed to high light, 600 Mol
q s'm? for 30 min (HL) and recovered for 30 min at standard
illumination of 50 wmol quanta m?s™.

Knockout experiments and transformation of Synechocystis
6803. To analyze gene functions, putative transcription factor
genes were knocked out by replacing the gene with a resistance
cassette through homologous recombination. The upstream
and downstream flanking regions of the corresponding gene
were amplified via PCR (for primer sequences, see Table 2)
and ligated with the resistance cassette, resulting in follow-
ing construct: upstream flanking region, resistance cassette,
downstream flanking region. Three different resistance cas-
settes were used, providing resistance against the antibiotics
kanamycin (from vector puc4K), streptomycin (from vector
pRL692) or chloramphenicol (from vector pACYC184). These

constructs were ligated into the multiple cloning site of pJetl.2
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Table 2. Desoxyoligonucleotide primers used in this study

Oligonucleotide

sequence (5'3')

Knockout constructs

Asll7009_I_fw
Asll7009_1_rev
Asll7009_I1_fw
Asll7009_11_rev
Asll7062_I_fw
Asll7062_1_rev
Asl17062_I1_fw
Asll7062_11_rev
Asll7078_1_fw
Asll7078_1_rev_B
Asl17078_I1_fw
Asll7078_l1_rev
Km_Agel_fw
Km_Fsel_rev

Cm_Agel_pACYC184_fw
Cm_Fsel_pACYC184_rev
Strep_Agel_pRL692_fw
Strep_Fsel_pRL692_rev

CGATCGCCTCATGTCTGTTTTAAC
CTAGGCCGGCCACAAAATAATTAGGTCTGA
GACCGGTATTGAAATTTCATACTAGTCTTCAAAC
CCTGTGGTGCATTAAATGCTGTTTC
CCAAAATTCCTAGGAGGAATACCAAG
GATAACCGGTTCATTATTGATAAATTGGGGCTG
GGCCGGCCACAAGGGGAAACAATAACG
GAGGAAACTTCTGCTATTGGCG
GTTGCCAGTTTTGCCGTTTTTGC G
GTACCGGTCATGGCAGCCCTTTAC
CATCGGCCGGCCTACTTTGGGCC
GCAATGGCCACCGACTGGG
GGCTTTACCGGTTATATGGGAATTCCG
GGCCGGCCTTGTCGGGAAGATG
GATACCGGTAAGCCCTGGGC
CCGACGGCCGGCCCGAATTTGC
CAGTAGACCGGTGTACAGAGTGATGTC
GTAATTGGCCGGCCTATTATCGTAGTTGCTC

Northern hybridization

C151
DR1_6714
CRISPR3_TS_fw
CRISPR3_TS_rev
55_6803
PCR amplification
6714_C3_FW
6714_C3_RV
6714_4-910_FW
6714_4-910_int_FW
6714_4-910_RV
40930-6714_FW
dws40950_6714_RV

and the resulting vectors were subsequently used to transform
cells of Synechocystis 6803. For each transformation, 10 ml of
Synechocystis 6803 culture (OD_,; = 0.5 - 1.0) were centrifuged
(4,000 rpm, 20°C, 10 min) and the pellet resuspended in 200 .l
BG11 medium. After addition of 1-3 pg plasmid (vector pJetl.2
with adequate insert which should be integrated into the pSYSA
plasmid via homologous recombination) the sample was incu-
bated at room temperature for 1 h and then plated on BG11 agar
plates without antibiotics. Slightly shaded plates were incubated
for 1-2 d at 30°C. For subsequent selection, kanamycin (10 pg/
ml) was added to the plates underneath the agar layer. After
3—4 wk, single colonies were picked and cultivation on plates
continued with increasing concentration of antibiotics until full
segregation was achieved.
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GCATTGAAAGCGACCGCCAGGGGCAC
GTGCTCAACGCCTTACGGCATCAATGG
GGATGCCTTGTCCCGTAAGG

TAATACGACTCACTATAGGGAGAGACAGGCAGTGCGCTAACAC

CGCTGTCACATTTCACAACCGAGTG

TCAGCCGCTATTTTTACATTGAGC
ACCGTATACTCCTGGTGATCCAAGG
AGTAATGTTCAATGGTAGTTGACTC
TTGTCACCATTGGCAAACGGAAGC

ACTTGTCATGGCTTTACCAGATTG

TATCGCCACCAAGACAATAACG
GTCGTAATATTCGTCTGCTATGC

RNA analysis and hybridization conditions. One hundred
milliliters of Synechocystis cultures (samples Fig. 6: 50 ml) were
harvested through centrifugation (10,000 rpm, 20°C, 8 min).
The pellet was resuspended in 1 ml of PGTX* and immedi-
ately frozen in liquid nitrogen. Samples were then incubated for
5 min at 95°C and put on ice for 5 min. After addition of 1
ml of chloroform/isoamylalcohol (24:1) and thorough agitation
samples were incubated at room temperature for 10 min. Samples
were centrifuged with a swing out rotor at 6,000 rpm, 15°C for
15 min. The upper aqueous phase was transferred into a new vial
and the same volume of chloroform/isoamylalcohol (24:1) was
added and mixed. Samples were centrifuged as described above
and the aqueous phase removed again and combined with an
equal volume of isopropanol. After gently inverting the tube,
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RNA was allowed to precipitate over night at -20°C. RNA was
pelleted through centrifugation (13,000 rpm, 4°C, 30 min). The
pellet was washed with 1 ml of 70% ethanol (13,000 rpm, 20°C,
5 min), allowed to air dry for approximately 10 min and resus-
pended in 30 pl H,O.

Eight g of total RNA per lane were separated on 10% poly-
acrylamide-urea gels and electroblotted onto Hybond-N+ mem-
branes from Amersham. Membranes were prehybridized for at
least 30 min at 45°C with hybridization buffer (50% deionized
formamide, 7% SDS, 250 mM NaCl, 120 mM NaP, buffer,
pH 7.2) in glass tubes under continuous rotation. For northern
hybridization, synthetic oligonucleotide probes (Table 2) labeled
by (**P) ATP were used. For 5' labeling of oligonucleotides with
30 nCi (**P) ATP, T4 polynucleotide kinase (Fermentas) was
used: 5 pl oligonucleotide (10 pmol/pl) and 9 pl H,O were
mixed and incubated for 5 min at 95°C and put on ice. After
addition of 2 pl 10 x buffer A, 3 pl (*P) ATP (10 mCi/ml) and
1 Wl PNK (10 U/pl) the probe was incubated for 30 min at 37°C
and the reaction stopped at 95°C for 5 min. The probe was put
on ice and then added to the prehybridized membrane for hybrid-
ization at 45°C overnight. Subsequent washing of the membrane
was performed at 40°C with washing solution I (2 x SSC, 1%
SDS), IT (1 x SSC, 0.5% SDS) and III (0.1 x SSC, 0.1% SDS)
for 10 min each. Signals were detected with a storage phosphor
screen (Kodak), read on a BIO-RAD Molecular Imager FW sys-
tem and analyzed with the Quantity One software (BIO-RAD).
Signals were normalized by 5S rRNA.

Analysis of genomic DNA. The preparation of genomic DNA
for deep sequencing analysis followed a recently published proto-
col.?® In short, DNA was isolated from 80 ml cultures harvested
on a glass microfiber filter by vacuum filtration, followed by cell
lysis in the presence of 2% SDS and 1.5 mg proteinase K at 50°C
overnight. Following phenol/chloroform extraction and 2-propa-
nol precipitation, the DNA was resuspended in 50 pl H,O. One
wlof RNase A (Sigma) was added and the tube incubated at 37°C
and 260 rpm overnight. RNase was removed by another round of
phenol/chloroform extraction and 2-propanol precipitation.

Sequencing of genomic DNA was performed on an Illumina
Genome Analyzer IIx system. We performed paired-end

sequencing for a library with approx. Three hundred-bp long
fragments and for a mate-paired library created for 3 kb long
fragments. Velvet was used to assemble the resulting data sets
into five scaffolds with lengths ranging from 46,504-2,984,476
nt. A preliminary annotation was performed with RAST!

Sequence data. All sequence analyses with Synechocystis
6803 were done using the publicly available sequence for
the “Kazusa” strain as reported in RefSeq (NC_005230.1)
or GenBank (AP004311.1) and for the “PCC-M” strain in
CP003267. The sequence information for Synechocystis 6714
can be accessed at DDBJ/EMBL/GenBank under the accession
AMZV01000000.

RNA structure prediction. Putative secondary structures of
the repeat sequences were predicted using RNAHeliCes.”> We
inspected the low-energy structures and selected the ones with
the highest similarity to the structures presented in Scholz, et
al.?! Structure drawings were generated with VARNA.
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