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Supplementary Figure 1 │ Mapping of in vivo processing sites within CRISPR3 pre-
crRNA by primer extension using a 5’-labeled primer located in spacer 2. Total RNA was 
isolated from wild-type Synechocystis 6803 (WT), the CRISPR3 repeat-spacer deletion mutant 
(∆C3 array, negative control) and an RNase E overexpression mutant (RNase E OE) under 
standard growth conditions, as well as WT exposed to high light, iron or nitrogen deficiency 
and subjected to primer extension analysis using the 5’-labeled oligonucleotide 
primerExt_S2_rev (Supplementary Table 1) and 2 µg of total RNA per reaction. The detected 
sites are indicated by cartoons (upper part, repeat sequences in black, spacer and leader 
sequences in color) or arrows alongside the reverse complement pre-crRNA sequence (lower 
part, primer sequence in bold). Mapping of in vivo cleavage sites within CRISPR3 repeats 
revealed 13 and 14 nt 5’-handles (highlighted by asterisks) and a 2 nt long leader sequence. 
The majority of additional processing sites followed a 6-nt periodicity or multiples of it as 
marked by the curly braces. A representative of two independent experiments is shown.   



 

Supplementary Figure 2 │ Northern hybridization of individual deletion mutants using a 
radioactively labeled transcript probe spanning spacers 1-4 of CRISPR3. a, CRISPR1, 
CRISPR2 and CRISPR1CRISPR2 full-length knock-outs (∆C1, ∆C2 and ∆C1∆C2, 
respectively) reveal Cas6-independent CRISPR3 maturation in Synechocystis 6803. Deletion 
mutants of CRISPR1, CRISPR2 and CRISPR1CRISPR2 cas genes and repeat-spacer arrays 
have no influence on the accumulation of CRISPR3-derived transcripts compared to wild-type 
(WT), indicating that CRISPR3 crRNA maturation is independent of these systems in vivo. 
Three biological replicates are shown. b, The knock-out mutants ∆slr7083, ∆slr7084, ∆slr7086, 
∆slr7088 and ∆slr7091 do not differ in CRISPR3-derived crRNA maturation when compared to 
wild-type (WT). Three biological replicates are shown. Mature crRNAs are indicated by 
asterisks. The RiboRuler Low Range RNA Ladder served as size marker in both panels.   



 

Supplementary Figure 3 │ In vitro cleavage assay of the native CRISPR3 repeat RNA 
oligo and various mutated versions by RNase E. Cleavage of the radioactively 5'-labeled 
native CRISPR3 repeat results in two cleavage fragments of 22 and 23 nt in length 
corresponding to the 5’ fragment of the repeat sequence including the hairpin. Substitution of 
the ribose sugar to deoxyribose on the adenine at position 23 (C3dA23) resulted in multiple 
secondary targets. Mutations located further downstream of the processing sites (C3G23G24, 
C3mA23mA24) never completely prevented cleavage by RNase E. Methylated adenines at 
positon 23 and 24 within the repeat (C3mA23mA24) hindered the formation of the longer 
cleavage product supposing a steric hindrance. Two negative controls were included in the 
cleavage assay, one was incubated with RNase-free water, the other was incubated with 
eluate from a mock purification. M, the 21-mer DNA oligonucleotide included as a probe 
against the microRNA Marker (NEB) was used as a marker. Shown is a representative of three 
independent experiments.   



 

Supplementary Figure 4 │ In vitro cleavage assay of the native CRISPR3 repeat RNA 
oligo and various mutated versions by RNase E. Cleavage of the native CRISPR3 repeat 
results in two cleavage fragments of 22 and 23 nt in length corresponding to the 5’ fragment 
of the repeat sequence including the hairpin. Substitution of the ribose sugar to deoxyribose 
on the adenine at position 23 (C3dA23) resulted in multiple secondary targets. Mutations 
located further downstream of the processing sites (C3G25, C3G25G26, C3mA23mA24) never 
completely prevented cleavage by RNase E. Methylated adenines at positon 23 and 24 within 
the repeat (C3mA23mA24) hindered the formation of the longer cleavage product supposing a 
sterical hindrance. The psbA2 RNA oligo was used as a positive control for RNase E 
functionality. OH is the alkaline hydrolysis ladder derived from the CRISPR3 repeat and M is 
a microRNA Marker (NEB). A representative of three independent experiments is shown.   
  



 

 

Supplementary Figure 5 │ Mass-spectrometry analysis of cross-linked protein-RNA 
interactions between RNase E and the CRISPR3 repeat. Four identified RNase E peptides 
(red) directly cross-linked to the indicated nucleotides were subjected to tandem mass 
spectrometry fragmentation. This allowed the identification of four amino acids (green) that 
interact with the repeat sequence. The RNase E sequence is shown as used in the experiment, 
with the additional final RSH6 residues. 
 

 
 
  



 

Supplementary Figure 6 │Self and non-self discrimination in Synechocystis 6803. a, 
Schematic representation of the CRISPR3 5‘-handle sequence with numbered nucleotide 
positions. b, Self- and non-self discrimination assay of CRISPR3 5’-handle repeat variants 
containing multiple mutations in Synechocystis 6803. c, Self- and non-self discrimination assay 
of CRISPR3 5’-handle repeat variants containing single mutations in Synechocystis 6803. 
Experimental procedure and statistical analysis for panels (b) and (c): The conjugation 
efficiency of the control plasmid maintaining the native repeat sequence (pNT) was set to 1 
and the number of colonies for the tested repeat mutation variants pT was normalized to the 
control plasmid pNT. Hence, conjugation efficiencies were calculated by the ratio of pT/pNT. 
Numbers indicate the corresponding mutated nucleotides within the 5’-handle. Data points are 
shown as dot plots and standard deviations were calculated for three independent biological 
replicates. Data points with 0 values were not considered because log(0) is not defined.  
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Supplementary Table 1  

DNA and RNA oligonucleotides used in this study. DNA oligonucleotides were ordered 

from SIGMA-ALDRICH®, RNA oligonucleotides were ordered PAGE-purified from 

PURIMEX. T7 promoter sequences are highlighted in bold.  

DNA oligonucleotides (sequence 5’-3’) 

Primer extension 

PrimerExt_Ladder_fwd CTCGATGGCTTACTGTATAAG 
DNA template for reference 
sequence ladder, primer 
extension 

PrimerExt_S3_rev CTACTAAGCTCGACAATTG 

DNA template for reference 
sequence ladder, primer 
extension, annealing site in 
spacer 3 

PrimerExt_S2_rev CTTCCTTCAGGAACTCTG 

DNA template for reference 
sequence ladder, primer 
extension annealing site in 
spacer 2 

∆C1 knock-out 

F1_up_1.8kb_fwd ttgtaaaacgacggccagtgAAGTAA
AATAGATTGTTGTAAATTCAG Homologous region for ∆C1 cas 

gene array knock-out 
F1_up_1.8kb(Km+)_rev cgctggtgagTTAGGTCTGATGC

AGAATC 

Km+_fwd tcagacctaaCTCACCAGCGGCA
ACCGC Antibiotic resistance marker 

(kanamycin) gene for ∆C1 cas 
gene array knock-out Km+_rev ctggcggcgtGCCGCCGTCCCGT

CAAGT 
F2_down_1.2kb(+Km)_fw
d 

ggacggcggcACGCCGCCAGCC
CACCAG Homologous region for ∆C1 cas 

gene array knock-out 
F2_down_1.2kb_rev ctatgaccatgattacgccaTTCTCCG

CTACACAAATGCGTACCCAG 

DC1total_Seg_rev ACTTGGAGATGATGTTAACTG
GCGCTGG 

Verification of ∆C1 cas gene 
array knock-out 

DC1tot_Seg_S14_fwd TTGCTAGAGAAAGCGCAACA
AAACAAGC 

DC1tot_Seq_S3_fwd TTTGCTTCAGCTAGTACCAAA
GGCTAGC 

DC1total_Seg_fwd 
TCGTACATAAGTGCGATTCAA
CGATTCTGC  
 

∆C2 knock-out 
pUC19_rev_shorterbackb
one2 TCACCGTCATCACCGAAACG pUC19 backbone for Gibson 

assembly  
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pUC19_fwd_shorterbackb
one2 AGCTCACTCAAAGGCGGTAA 

DCRISPR2_FL1_fwd cgtttcggtgatgacggtgaAAAGCCC
AGTTCAAACGC Homologous region for ∆C2 cas 

gene array knock-out DCRISPR2_FL1_Km+_re
v 

cgctggtgagGTCATAAATAAATT
CAATTAGTGAAGTTC 

DCRISPR2_Km+_fwd tatttatgacCTCACCAGCGGCAA
CCGC Antibiotic resistance marker 

(kanamycin) gene for ∆C2 cas 
gene array knock-out DCRISPR2_Km+_rev cctcaggcgcGCCGCCGTCCCGT

CAAGT 
DCRISPR2_FL2_Km+_fw
d 

ggacggcggcGCGCCTGAGGTG
GTCAAT 

Homologous region for ∆C2 cas 
gene array knock-out 

DCRISPR2_FL2_rev 
ttaccgcctttgagtgagctAATCTAAT
GATGGTAAAAATCGTTTATTT
GCC 

DCRISPR2_Segregation_f
wd 

GTTTACTGAAGAACTTCACTA
ATTG 
 

Colony PCR during cloning in E. 
coli and segregation PCR in 
Synechocystis 6803 DCRISPR2_Segregation_

rev GTGTTGAACGAGCCATGG 

∆C1∆C2 knock-out 

pUC19_Rev CACTGGCCGTCGTTTTACAA
CG pUC19 backbone for Gibson 

assembly 
pUC19_Fw TGGCGTAATCATGGTCATAG

C 

DDeltaC1C2_Fl1_Fw ttgtaaaacgacggccagtgAAAGCC
CAGTTCAAACGC Homologous region for ∆C1C2 

cas gene array knock-out 
DDeltaC1C2_Fl1_Rev tacgataataGTCATAAATAAATT

CAATTAGTGAAGTTCTTC 

DDeltaC1C2_StrepR_Fw tatttatgacTATTATCGTAGTTGC
TCTCAG Antibiotic resistance marker 

(streptomycin) gene for ∆C1C2 
cas gene array knock-out DDeltaC1C2_StrepR_Rev cctcaggcgcGTACAGAGTGATG

TCAAC 

DDeltaC1C2_Fl2_Fw cactctgtacGCGCCTGAGGTGG
TCAATAG 

Homologous region for ∆C2 cas 
gene array knock-out 

DDeltaC1C2_Fl2_Rev 
ctatgaccatgattacgccaAATCTAA
TGATGGTAAAAATCGTTTATT
TGCC 

Transcript-specific probe (S1-S4) 
antiC3S1_fwd  CTTTAGGTGGGCGTTGACCT 

Northern hybridization 
antiC3S4_rev TAATACGACTCACTATAGGGt

aatagtaatgacaggcag 
sgRNA and dCas9 

sgRNA2_fwd  
  

TCAGCAATGACAATTTGTTTG
TTTTAGAGCTAGAAATAGCAA
G 

Inverse PCR to replace the 
protospacer region of Addgene 
plasmid #44251 by sgRNA2 
targeting slr1129  sgRNA2_rev AAACAAATTGTCATTGCTGAA

GCTCCCAGTATCTCTATCAC 
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sgRNA_Segregation_fwd
   

GATACTCGCTTCTTGGATG 
 Segregation PCR of sgRNA2 

into slr2030-slr2031 homology 
site sgRNA_Segregation_rev CCAGAAACTGATTCAGATTAT

G 
dCas9_Segregation_fwd
   

GGCTTGATCTGGCATTTAC 
 Segregation PCR of dCas9 into 

the psbA1 neutral site 
dCas9_Segregation_rev GATTCATTACATTTCACCCTA

G 
Partial slr1129 knock-out 

RNaseEf GTTGCAATTCCTTTTGGCCCA
G Deletion of slr1129 encoding 

RNase E  
RNaseEr GTGGACCGGGCTACTCATCT

G 
Heterologous overexpression of slr1129 
pQE70_Gibson_Codonopt
_fwd 

CGTTCTCATCACCATCACCAT
C pQE70 for Gibson assembly, 

codon optimization  pQE70_Gibson_Codonopt
_rev 

GCTTAATTTCTCCTCTTTAAT
GAATTCTGTG 

slr1129_Subcloning_fwd 
TTCGGGCTTTGTTACTCCGCT
GAAGAACGGCGGCGGCGGC
GGCCAGG  Codon optimization of slr1129 

and subcloning 
 slr1129_Subcloning_rev 

AAATACAGGTTTTCCTCGAGC
TCCGCTGAAGAACGGCGGCG
GCGGCGGCCAGG 

slr1129_Codonopt_fwd ttaaagaggagaaattaagcATGCCA
AAACAAATTGTCATTG Codon-optimized and TEV site-

fused RNase E gene (slr1129) 
for Gibson assembly slr1129_Codonopt_rev tggtgatggtgatgagaacgCGCGCC

CTGAAAATACAG 
Site-directed mutagenesis of slr1129 

F64_fwd AAAAAATGGCgcgATCCACGT
CAGTGAC F64A of slr1129 

F64_rev TCGGTGTCCCCAATGTTA 

K98_fwd GCAGGTGATGgcgGAACCCAC
CG K98A of slr1129 

K98_rev ACCAACACTCTTTGTTGAG 

K494_fwd GGAAAATATTgcgTCTGTGGG
AATTTCCC K494A of slr1129 

K494_rev TTTTCAGAAAACTCCGAG 

K512_fwd CACTAAGGAGgcgGTGACGG
GCACTGCTCCTCCCC K512A of slr1129 

K512_rev GGGCTGGGGCTGGGACCC 
Overexpression of slr1129 
P4_RNase E_fw ATGCCAAAACAAATTGTCATT

GCTG 
Overexpression of RNase E in 
Synechocystis 6803 (NdeI) 

P5_RNase E_rev GGAATAAAAAACGCCCGGCG
GCAACCGAGCGTTCAGGCGA
TCGCCACCTAATC 

Overexpression of RNase E in 
Synechocystis 6803 (with oop 
terminator) 
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Design of the interference assay 

GentaR_pUC19_fwd 
cggtgatgacggtgaGATTCCATTT
TTACACTGATGAATGTTCCGT
TGCG Gentamicin resistance cassette 

with overlaps to pUC19 
GentaR_pUC19_rev cgcctttgagtgagctCCCGGCATTC

GCTGCGCT 

CRISPR3_S2sense_fwd 
Gtagcgccacagctgacagagttcctga
aggaagctaatTAACAATTCGTTC
AAGCCGAGATC 

Spacer 2 sense orientation 

CRISPR3_S2sense_rev 
attagcttccttcaggaactctgtcagctgtg
gcgctacGGTGGCGGTACTTGG
GTC 

CRISPR3_S2as_fwd 
attagcttccttcaggaactctgtcagctgtg
gcgctacTAACAATTCGTTCAAG
CCGAGATC 

Spacer 2 antisense orientation 

CRISPR3_S2as_rev 
gtagcgccacagctgacagagttcctgaa
ggaagctaatGGTGGCGGTACTT
GGGTC 

GentaR_ColPCR_fwd CTACGTGCAAGCAGATTACG
GTGACG Colony PCR for spacer 

integration 
GentaR_ColPCR_rev GGCGTTGTGACAATTTACCG

AACAACT 
GentaR_pVZ322_fwd tctgctcctgcaggtcgactGATTCCAT

TTTTACACTGATGAATGTTCC
GTTGCGCTGCCC Gentamicin resistance cassette 

with overlaps to pVZ322 
GentaR_pVZ322_rev CCCGGCATTCGCTGCGCTTA

TGGCAGAGCA 
GentaR_Seq_rev GCTTATGGCAGAGCAGGG Sequencing primer 
C3S2_Ref_self_fwd ttagcttccttcaggaactctgtcagctgtgg

cgctgtttccaatcaattaatttctcctacga
gtggagacTAACAATTCGTTCAA
GCCGAGATC 

Inverse PCR, native repeat 
sequence 

C3S2_Ref_self_rev TTAgtctccactcgtaggagaaattaattg
attggaaacagcgccacagctgacagag
ttcctgaaggaagctaaGGTGGCGG
TACTTGGGTC 

C3S2_mut.35-36_fwd tgttccaatcaattaatttctcctacgagtgg
agacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
double mutation at position 13-
14 C3S2_mut.35-36_rev TTAgtctccactcgtaggagaaattaattg

attggaacaagcgccacagctgacaga 
C3S2_mut.33-34_fwd gtggccaatcaattaatttctcctacgagtg

gagacTAACAATTCGTTCAAGC
CGAGATC 

Inverse PCR, integration of 
double mutation at position 11-
12 

C3S2_mut.33-34_rev TTAgtctccactcgtaggagaaattaattg
attggccacagcgccacagctgacaga 

C3S2_mut.31-32_fwd gtttttaatcaattaatttctcctacgagtgga
gacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
double mutation at position 9-10 



5 
 

C3S2_mut.31-32_rev TTAgtctccactcgtaggagaaattaattg
attaaaaacagcgccacagctgacaga 

C3S2_mut.29-30_fwd gtttcccctcaattaatttctcctacgagtgg
agacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
double mutation at position 7-8 

C3S2_mut.29-30_rev TTAgtctccactcgtaggagaaattaattg
aggggaaacagcgccacagctgacaga 

C3S2_mut.27-28_fwd gtttccaagaaattaatttctcctacgagtgg
agacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
double mutation at position 5-6 

C3S2_mut.27-28_rev TTAgtctccactcgtaggagaaattaattt
cttggaaacagcgccacagctgacaga 

C3S2_mut.25-26_fwd gtttccaatcccttaatttctcctacgagtgg
agacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
double mutation at position 3-4 

C3S2_mut.25-26_rev TTAgtctccactcgtaggagaaattaagg
gattggaaacagcgccacagctgacaga 

C3S2_mut.23-24_fwd gtttccaatcaaggaatttctcctacgagtg
gagacTAACAATTCGTTCAAGC
CGAGATC 

Inverse PCR, integration of 
double mutation at position 1-2 

C3S2_mut.23-24_rev TTAgtctccactcgtaggagaaattccttg
attggaaacagcgccacagctgacaga 

C3S2_mut.33-36_fwd tgggccaatcaattaatttctcctacgagtg
gagacTAACAATTCGTTCAAGC
CGAGATC 

Inverse PCR, integration of 
quadruple mutation at position 
11-14 

C3S2_mut.33-36_rev TTAgtctccactcgtaggagaaattaattg
attggcccaagcgccacagctgacaga 

C3S2_mut.29-32_fwd gtttttcctcaattaatttctcctacgagtgga
gacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
quadruple mutation at position 7-
10 

C3S2_mut.29-32_rev TTAgtctccactcgtaggagaaattaattg
aggaaaaacagcgccacagctgacaga 

C3S2_mut.25-28_fwd gtttccaagaccttaatttctcctacgagtgg
agacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
quadruple mutation at position 3-
6 

C3S2_mut.25-28_rev TTAgtctccactcgtaggagaaattaagg
tcttggaaacagcgccacagctgacaga 

C3S2_mut.23-28_fwd gtttccaagaccggaatttctcctacgagtg
gagacTAACAATTCGTTCAAGC
CGAGATC 

Inverse PCR, integration of 
sixtuple mutation at position 1-6 

C3S2_mut.23-28_rev TTAgtctccactcgtaggagaaattccgg
tcttggaaacagcgccacagctgacaga 

C3S2_mut.36_fwd ttttccaatcaattaatttctcctacgagtgga
gacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
single mutation at position 14 

C3S2_mut.36_rev TTAgtctccactcgtaggagaaattaattg
attggaaaaagcgccacagctgacaga 

C3S2_mut.35_fwd ggttccaatcaattaatttctcctacgagtgg
agacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
single mutation at position 13 
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C3S2_mut.35_rev TTAgtctccactcgtaggagaaattaattg
attggaaccagcgccacagctgacaga 

C3S2_mut.34_fwd gtgtccaatcaattaatttctcctacgagtgg
agacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
single mutation at position 12 

C3S2_mut.34_rev TTAgtctccactcgtaggagaaattaattg
attggacacagcgccacagctgacaga 

C3S2_mut.33_fwd gttgccaatcaattaatttctcctacgagtgg
agacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
single mutation at position 11 

C3S2_mut.33_rev TTAgtctccactcgtaggagaaattaattg
attggcaacagcgccacagctgacaga 

C3S2_mut.32_fwd gttttcaatcaattaatttctcctacgagtgga
gacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
single mutation at position 10 

C3S2_mut.32_rev TTAgtctccactcgtaggagaaattaattg
attgaaaacagcgccacagctgacaga 

C3S2_mut.31_fwd gtttctaatcaattaatttctcctacgagtgga
gacTAACAATTCGTTCAAGCC
GAGATC 

Inverse PCR, integration of 
single mutation at position 9 

C3S2_mut.31_rev TTAgtctccactcgtaggagaaattaattg
attagaaacagcgccacagctgacaga 

RNA oligonucleotides (sequence 5’-3’) 

C3 GUCUCCACUCGUAGGAGAAA
UUAAUUGAUUGGAAAC 

Native CRISPR3 repeat 
sequence 

C3dA23 GUCUCCACUCGUAGGAGAAA
UUdAAUUGAUUGGAAAC 

Modified CRISPR3 repeat, 2-
deoxyribose adenine at position 
23 

C3G23G24 GUCUCCACUCGUAGGAGAAA
UUGGUUGAUUGGAAAC 

Modified CRISPR3 repeat, two 
guanine nucleotides at position 
23 and 24 

C3mA23mA24 GUCUCCACUCGUAGGAGAAA
UUmAmAUUGAUUGGAAAC 

Modified CRISPR3 repeat, two 
methylated adenine nucleotides 
at position 23 and 24 

C3dU22 GUCUCCACUCGUAGGAGAAA
UdUAAUUGAUUGGAAAC 

Modified CRISPR3 repeat, 2-
deoxyribose uridine at position 
23 

C3G25 GUCUCCACUCGUAGGAGAAA
UUAAGUGAUUGGAAAC 

Modified CRISPR3 repeat, 
guanine nucleotide at position 25 

C3G25G26 GUCUCCACUCGUAGGAGAAA
UUAAGGGAUUGGAAAC 

Modified CRISPR3 repeat, two 
guanine nucleotides at position 
25 and 26 

C3C15C17 GUCUCCACUCGUAGCACAAA
UUAAUUGAUUGGAAAC 

Modified CRISPR3 repeat, two 
cytosine nucleotides at position 
15 and 17 

C3A21A22 GUCUCCACUCGUAGGAGAAA
AAAAUUGAUUGGAAAC 

Modified CRISPR3 repeat, two 
adenine nucleotides at position 
21 and 22 

psbA2 AGUCAGUUCCAAUCUGAACA
UCGACAAAUACAUAAG 

Positive control for RNase E in 
vitro cleavage activity 
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Raw full length gels and blots

Figure S1
Primer extension with primer in spacer 3

Figure 2
Primer extension with primer in spacer 2
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