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Introduction

The CRISPR system has been discovered as a defense mecha-
nism against exogenous nucleic acids (e.g., plasmids and phages) 
in bacteria and archaea (recently reviewed e.g., in refs. 1–8). In 
contrast to other gene transfer and phage defense mechanisms, 
the CRISPR system is highly adaptive and heritable as it incor-
porates sequences derived from foreign elements directly into its 
respective locus. The characteristic short palindromic repeats 
of a CRISPR locus are separated by short non-repetitive spacer 
sequences derived from previous encounters with foreign nucleic 
acids that specify the targets of CRISPR interference.9-13 The 
number of spacer and direct repeats in one CRISPR locus can vary 
considerably from one organism to another.14 The CRISPR loci 
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are usually flanked on one site by a set of cas (CRISPR-associated) 
genes, encoding the protein machinery essential for the CRISPR 
defense system.6,14 Those Cas proteins are arranged in different 
combinatory sets that serve as a criteria to classify CRISPR-Cas 
systems into three different types (reviewed in Westra et al.7). The 
defense mechanism of all three CRISPR types relies on similar 
tasks that are grouped into the following phases: Acquisition of 
new spacers into the CRISPR arrays (adaptation phase), process-
ing of the small interfering RNAs (crRNAs) (transcription and 
processing phase) and CRISPR interference with the invading 
foreign nucleic acids (interference phase).2,15-17 In general, little is 
known about the molecular mechanism of spacer acquisition,18-20 
whereas insight into the molecular process of the two other phases 
has been recently obtained, unraveling three major types of RNA 
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designated Cas6b.38 In general, Cas6-like proteins are involved 
in processing the precursor crRNA and represent one of the most 
diverse Cas proteins in the different CRISPR-Cas subtypes. 
Initially identified in CRISPR-Cas subtype III-B in Pyrococcus 
furiosus,25,27,28,39 Cas6-like proteins have also been recognized in 
subtype I-F in Pseudomonas aeruginosa (Cas6f),26 Thermus ther-
mophilus and Escherichia coli (Cas6e).29,40 Though all Cas6-like 
endoribonucleases are involved in the initial step of crRNA matu-
ration and therefore appear to be functionally analogous, these 
Cas6 family endoribonucleases show only moderate sequence 
homology, differ in their RNA recognition and binding behav-
ior (sRNA, ssRNA) as well as in the composition of their cata-
lytic center (reviewed in Wiedenheft et al.8). In contrast to most 
Cas6-like proteins, which require one single-conserved histidine 
residue for activity besides lysine or tyrosine,26-29,40,41 Cas6b in M. 
maripaludis and Clostridium thermocellum contain two additional 
complementary histidine residues (H38 and H40) essential for the 
cleavage activity.38 Besides this work, Beloglazova et al.42 provide 
an insight into the structure and activity of the Cas3 HD nuclease 
of Methanocaldococcus jannaschii, which is most likely involved in 
the interference step. In the Methanosarcinales however, no func-
tional analysis of CRISPR-Cas systems has been performed today.

Methanosarcina mazei strain Gö1 is a representative meso-
philic archaeon of significant ecological importance due to its role 
in biogenic methane production in various anaerobic habitats on 
Earth.43 The original genome annotation published in 200244 did 
not include the information on potential CRISPR loci. However, 
re-analyzing the genome identified two CRISPR-Cas systems. 
In this work, we provide the first insights into the function and 
specific roles of these two CRISPR-Cas systems, belonging to 
CRISPR-Cas subtype I-B and subtype III-B, respectively (see 
Fig. 1). To elucidate CRISPR RNA (crRNA) processing in M. 
mazei, we performed an RNA sequencing approach and northern 
blot analyses under several stress conditions. In addition, both 
potential Cas6b endonucleases were characterized and analyzed 
for crRNA processing in vitro.

Results

M. mazei strain Gö1 encodes a subtype I-B and a subtype 
III-B CRISPR-Cas system. In addition to a CRISPR-Cas 

biogenesis and interference (types I–III) (reviewed in detail7,8), a 
classification which also takes phylogeny and composition of the 
cas genes into account.6,14 Transcription of CRISPR loci is initi-
ated within the leader region resulting in long precursor CRISPR 
RNAs (pre-crRNA) containing the full set of CRISPR repeats 
including the embedded invader derived spacers.21-24 All pre-
crRNAs are subsequently processed by specific endoribonucleases, 
CRISPR-specific Cas6-endoribonuclease (type I and type III) and 
RNase III (type II), generating the small interfering RNAs, called 
crRNAs.18,23,25-29 A general hallmark of CRISPR-based immunity 
is that pre-crRNAs are in general cleaved at a specific site within 
the repeat sequences followed by either 5' trimming (type II), 3' 
trimming (type III) or no trimming (certain type I subtypes).8

In types III and I, cleavage occurs in a sequence-specific man-
ner at the 3'-end of a stem-loop structure resulting in well-defined 
5'-ends of the crRNAs containing individual spacer sequences 
and a 5' flanking part of the repeat sequence (at least 8 nucleo-
tides, 5' tag), which is considered to be important for binding 
to the Cas-complex. During the interference phase, the matured 
crRNAs are used to guide Cas protein complexes for recogni-
tion and cleavage of the invading nucleic acid in the context of a 
crRNA/Cas ribonucleoprotein complex, resulting in elimination 
of the invader. The Cas-protein complexes constitute to ribonu-
cleoprotein effector complexes containing respective crRNAs 
and differ in their composition for type I, II and III.7,18,30-35 For a 
detailed description, see recent reviews.7,8

CRISPR loci are found in almost all sequenced archaeal 
genomes and ~40% of the bacterial genomes and show a surpris-
ing diversity of types and subtypes.6,14,31,36 In 2005, Haft et al.14 
defined eight CRISPR subtypes; only recently Makarova et al.6 
proposed a modified “polythetic” classification based on evolu-
tionary relationship and the definition of cas genes characteristic 
for certain subtypes (called signature genes). Overall, Makarova 
et al.6 defined three major types of CRISPR-Cas systems with a 
further division of several subtypes. We use the more recent sub-
type classification from Makarova et al.6 In methanoarchaea and 
haloarchaea, examples for CRISPR-cas subtype I-B systems have 
been identified and analyzed only very recently.37,38 The recent 
investigation of the single CRISPR-Cas system (subtype I-B) 
and respective RNA processing in Methanococcus maripaludis C5 
led to the identification of a novel Cas6 enzyme of subtype I-B 

Figure 1. The two cRIspR loci present in Methanosarcina mazei. Organization of the subtype I-B and subtype III-B cRIspR locus. The respective ORF 
numbers are indicated according to Deppenmeier et al.44 Gene names are based on the nomenclature of Makarova et al.6
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conservation with several CRISPR leaders in methanosarcinales 
(see Fig. 2).

Characterizing Cas6b proteins demonstrated repeat specific 
endonucleolytic activity. Both CRISPR I-B and III-B modules 
contained a homolog of the Cas6b endonuclease of M. maripalu-
dis, which shows only 12% identity to the P. furiosus Cas6. The 
two M. mazei Cas6b homologs [Cas6b-IB (MM560) and Cas6b-
IIIB (MM3359)] share 39% amino acid identity (63% amino 
acid similarity). In comparison to the M. maripaludis Cas6b, 
they showed 44% (Cas6b-IB) and 38% (Cas6b-IIIB) amino 
acid identity (69% and 64% amino acid similarity), including 
the two conserved histidines (H38 and H40) recently reported 
to be essential for catalytic activity in M. maripaludis38 (Fig. 3A). 
In addition, both M. mazei Cas6b proteins contained the typical 
Cas6 motif. Modeling the structure of the two M. mazei Cas6b 
endonucleases using the phyre 2 server demonstrated high struc-
tural conservation (Fig. 3B) and verified the conserved position 
of the two catalytic histidines, H38 and H40 (Cas6b-IB) and 
H40 and H42 (Cas6b-IIIB), respectively. A comparison based 
on the predicted structure of the M. maripaludis Cas6b revealed 
that the overall structure of all three proteins is highly conserved. 
Moreover, the structural location and steric orientation of the 
first conserved histidine of all three Cas6b proteins (MM560 
H38, MM3359 H40 and M. maripaludis Cas6b H38) is pre-
dicted to be identical, whereas in case of the second histidine, the 
steric orientation in MM3359 and M. maripaludis is predicted to 
be identical, but differs from the orientation of MM560. Taking 
the high conservation of the two repeats in M. mazei into account 
as well, this finding indicates that the endonucleolytic activities 
of the M. mazei Cas6b proteins is similar.

To test this assumption, both potential Cas6b endoribonu-
cleases, Cas6b-IB and Cas6b-IIIB, were cloned as N-terminal 
His-tag fusions and heterologously overexpressed in E. coli, 
leading to a highly soluble Cas6b-IIIB protein fraction and a 
significant less soluble Cas6b-IB fraction (approx. 95% insol-
uble, see Fig. S2A). Both proteins were purified by affinity 
chromatography on Ni-NTA agarose leading to approx. 95% 

system of subtype I-B that posses 8 cas genes, a second system 
representing a CRISPR-Cas subtype III-B is encoded in the 
chromosome comprised of at least 6 cas genes (see Fig. 1). The 
CRISPR-Cas subtype I-B (Hmari subtype) contains 46 direct 
repeats with separating spacers (34–43 nt). The Cas proteins are 
encoded on the reverse strand in one long polycistronic operon 
(MM565-MM557) directly flanking the leader and CRISPR 
array as depicted in Figure 1. Overall, this CRISPR-Cas sub-
type I-B module shows a gene structure very similar to the sin-
gle CRISPR-Cas module of M. maripaludis C538 and includes a 
Cas6-like endonuclease (MM560), with high sequence similar-
ity to the novel Cas6b enzyme of M. maripaludis. The two sys-
tems differ, however, concerning their operon structure. By an 
RT-PCR analysis, we determined a single operon organization 
for the I-B cas-genes in M. mazei (data not shown). In contrast, 
the cas-genes in M. maripaludis are encoded in two separate 
operons in opposite orientations: Cas8b, Cas7, Cas5, Cas3 and 
Cas6b in one and Cas1, Cas2 and Cas4 in the other. The second 
CRISPR locus, subtype III-B, is also on the reverse strand, but 
these cas-genes are downstream of the CRISPR array. The array 
contains 81 direct repeats separated by spacers (32–48 nt) with 
a 152 nt leader. It is flanked by a potential polycistronic operon 
(MM3360-MM3353) encoding the RAMP module of Cas pro-
teins (Cas6 like protein, Cmr1, Cmr6, Cas10, Cmr4 and Csm4) 
including two open reading frames (MM3360 and MM3354), 
for which no function could be assigned (Fig. 1). Strikingly, 
the CRISPR subtype III-B also contains a homolog of the novel 
Cas6b enzyme identified in M. maripaludis (MM3359). Both 
CRISPR loci contain a highly conserved direct repeat of 37 
nucleotides (see below). Overall, the 5'-end of the direct repeats 
found in the CRISPR-Cas systems in methanoarchaea (see 
Fig. S1) and moreover across very many CRISPR repeats of dif-
ferent repeat clusters is highly conserved,31,36 potentially leading 
to a distinct and highly conserved 5' tag of the respective down-
stream spacer during crRNA maturation. The leader sequence 
upstream of the CRISPR array in both different M. mazei sub-
types is nearly identical, its predicted structure showed high 

Figure 2. structural comparison of the conserved leader sequences of cRIspR-cas systems in Methanosarcinales. (A) secondary structure alignment 
of leader sequences identified by computer-based searches of related Methanosarcina species performed with LocARNA.67 MM, M. mazei; Mbar, M. 
barkeri; MA, M. acetivorans. (B) consensus secondary structure prediction by RNalifold.71
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showed significant but very low levels of cleavage activity (data 
not shown).

CRISPR-Cas subtypes I-B and III-B are transcribed and pro-
cessed in vivo under high NaCl conditions. Previous transcrip-
tome analyses using genome-wide DNA microarrays indicated 
that all genes encoding Cas proteins of the CRISPR-Cas subtype 
I-B and subtype III-B are transcribed in M. mazei.45-47 Studying 
in vivo transcription and maturation of precursor crRNA by a 
northern blot analysis using labeled repeat-IB probes demon-
strated only very low expression and maturation of crRNAs under 
optimal growth conditions during both exponential and station-
ary growth, under oxygen or temperature stress (see Fig. 5) or 
UV-light exposure or nitrogen limitation (data not shown). In 
the presence of high NaCl concentrations (500 mM) however, 
transcription and maturation was strongly induced, leading to 
large amounts of distinct crRNAs with an approximate length of 
67 nt; also, several longer fragments of precursor crRNAs were 
detected due to incomplete 5' processing and unspecific process-
ing at the 3' end of crRNA precusors (see Fig. 5; Fig. S3).

Analyzing crRNA processing for CRISPR-Cas subtype 
I-B and subtype III-B by an RNAsequencing approach. Total 
RNA from from exponentially growing cultures under optimal 

pure protein fractions (Fig. S2B). The purified proteins were 
analyzed concerning their in vitro cleavage activity using 5' 
radioactively labeled single repeat RNAs (37 nt) derived from 
both CRISPR modules (consensus repeat I-B and repeat III-B, 
see Materials and Methods). Each Cas6b homolog was able to 
cleave both repeat variants and showed the same cleavage speci-
ficity, generating a 5'-labeled product of 29 nt and the respec-
tive non-labeled 3' fragment of 8 nt (5'-AUU GAA AC) (Fig. 
4, repeat III-B not shown). Additional smaller 5'-labeled frag-
ments were detected (e.g., 20 nt, 25 nt), some of them represent 
non-enzymatic cleavage products (control assay) or result from 
further unspecific processing of the remaining 29 nt repeat by 
Cas6b proteins (data not shown). In comparison, Cas6b-IIIB 
showed a significantly higher cleavage activity than Cas6b-IB 
(appr. 20-fold). This observation might be due to the optimal 
folding of Cas6b-IIIB; in case of Cas6b-IB, only a subpopula-
tion might be folded correctly since the protein tended to pre-
cipitate. As a control, the repeat-IB with a dGTP at position 
29 was used as a substrate for both Cas6b homologs, which 
resulted in both cases in the loss of cleavage activity verifying 
the processing site (data not shown). The cleavage activity of 
in vivo synthesized Cas6b homologs in M. mazei cell extracts 

Figure 3. structural comparison of cas6 proteins. (A) Alignment (clustalW2) of the N-terminal part of cas6 homologs shows the conserved histidines 
for all cas6b homologs (black boxes). MM, M. mazei; Mbar, M. barkeri; MA, M. acetivorans; Mmarc5, M. maripaludis c5; pF, P. furiosus; ph, P. horikoshii. (B) 
structural models (phyre2) of the whole proteins of M. mazei (MM) cas6b-IB and cas6b-IIIB and the M. maripaludis c5 (Mmarc5) cas6b were aligned 
(DaliLite). Depicted are comparisons of MM cas6b-IB (green) and cas6b-IIIB (red) and of MM cas6b-IB and Mmarc5 cas6b (blue). homolouge histidines 
are indicated through arrows.
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spacer 10 and 7, respectively, demonstrated that the 5'-ends of the 
crRNAs of both subtypes are distinct, whereas the 3'-ends are 
quite diverse, potentially due to further processing or exonuclease 
activities in the cell. In the case of subtype III-B, 3'-ends were 

conditions and in the presence of high 
NaCl concentrations was isolated 
and freed of residual genomic DNA 
by DNase I treatment. At next, total 
RNA was divided into two parts. One 
was directly used (untreated library) 
for Solexa sequencing (see next part), 
whereas the second one was enriched 
for transcripts that possess 5'-hydroxy 
and 3'-phosphate termini by T4 poly-
nucleotide kinase (PNK) to phosphor-
ylate all 5' ends. T4 polynucleotide 
kinase treatment also removes non-
3'-OH ends comprising 2' phosphate, 
3' phosphate or cyclic 2',3' phosphate. 
The four obtained cDNA libraries 
(salt +/- PNK and control +/- PNK) 
were sequenced using a HiSeq 2000 
machine (Illumina) in single read mode (see Materials 
and Methods). Approximately 3.6 million sequence reads 
were obtained for each library, which were mapped to the 
M. mazei genome. The number of cDNA hits for each 
nucleotide position for both strands were calculated and 
the data visualized using the Integrated Genome Browser 
(IGB, Affimetrix) as recently described.48 Analyzing the 
reads of the respective CRISPR loci, the abundance of 
crRNAs and processing patterns confirmed active tran-
scription and processing of both arrays under high NaCl 
conditions, whereas under control conditions, very low 
expression and processing was obtained. Comparing 
the respective differential libraries normalized against 
each other demonstrated that the PNK-treated cDNA 
libraries are in general enriched for crRNAs at both loci 
(see Fig. S4), strongly arguing that the mature crRNAs 
contain 5'-OH/ ends and 3'-P ends due to cleavage and 
processing. In the following, the analyses mainly focused 
on the PNK-treated libraries. Under control conditions, 
both CRISPR subtypes were expressed at very low (but 
comparable) levels, whereas under NaCl conditions, 
expression and maturation was approximately 5–10-fold 
higher (see Fig. 6). As was expected, 46 mature crRNAs 
of subtype I-B and 81 of subtype III-B were detected 
and they showed different abundances with an overall 
tendency that crRNAs derived from the leader end are 
more abundant than the distal ones. This tendency was 
more pronounced in subtype III-B than in subtype I-B. 
In addition, a few crRNAs appear to be extremely high 
abundant in comparison with their respective flanking 
crRNAs (e.g., crRNA containing spacer 7 in subtype 
III-B or spacer 32 in subtype I-B), which might be due 
to direct effects of the respective flanking spacers on the 
formation of the repeat structure, potentially leading to a 
processing order for the biogenesis of crRNAs (see below), as well 
as on crRNA stability.

Zooming into the 5'- and 3'-ends of individual crRNAs as 
exemplarily depicted in Figure 6 IB and IIB for crRNA containing 

Figure 4. endonuclease activity of purified cas6b-IB and cas6b-IIIB proteins. The cleavage assay 
was performed with 5' radioactively labeled repeat 1 RNA in the presence of cas6b-IB (10 μg, 15 μg, 
20 μg) and cas6b-IIIB (0.5 ng, 5 ng, 50 ng, 0.5 μg, 5 μg) protein. cleavage patterns were analyzed on 
8% polyacrylamide/7 M urea sequencing gel. On the right side, the identified repeat cleavage site is 
schematically depicted.

Figure 5. crRNA abundance in M. mazei. Total RNA was isolated from M. mazei 
growing under optimal growth conditions and under various stress condi-
tions (O2, 30°c, 40°c, Nacl) as described in Materials and Methods. subsequent 
northern blot analysis using 5' radioactively labeled repeat I-B (subtype I-B) 
was performed. In addition, the expression of 5s rRNA of the respective RNA 
preparation is shown. The pUc Mix 8 marker (Thermo scientific, cat. no. sM0303) 
was used for designation of fragment size. On the right side, observed crRNA 
processing is depicted schematically.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

6 RNA Biology Volume 10 Issue 5

variation in the hairpin stability is detectable in the respective 
spacer context; however, the majority of repeat instance show a 
high probability of forming this structure (i.e., have a base pair 
accuracy above 0.4) as depicted in Figure S5. Mutations in the 
repeat seem not to effect the formation of the structure and in 
the processing of mature crRNAs, only a very slight effect might 
occur for spacers 1–3 at the 3'-end in subtype III-B (see RNaseq 
data, Fig. 6). In addition, we verified the formation of the hairpin 
structure by in vitro structure probing of the repeat (Fig. 7B).

Analyzing CRISPR loci from different M. mazei isolates 
indicates low CRISPR activity. Re-sequencing the I-B CRISPR 
locus demonstrated that no new spacer has been acquired in the 
M. mazei strain Gö1 during the past 10 y of culturing M. mazei 
in our laboratory. Thus, the CRISPR subtype I-B locus was 
PCR-cloned and sequenced from 3 different M. mazei isolates 
from three different continents, which are commercially available 
(DSMZ 4556, DSMZ6300, DSMZ2244). The analysis showed 
that all isolates share the identical organization of the respective 
cas-genes, and contain the same leader sequence. Analyzing each 
spacer sequence of the different isolates demonstrated that iso-
late DSMZ2244 contains exactly the same CRISPR array as M. 
mazei strain Gö1, including all 46 spacers. Furthermore, the first 
two spacers are identical in all isolates analyzed. In M. mazei 
DSMZ 4556 however, the four spacers following spacer 1 and 

even more diverse than for subtype I-B ranging from position 
5–19 of the repeat (see Fig. 6 IIC). The distinct 5'-ends of the 
crRNAs further established the specific in vivo cleavage site of 
both Cas6b endonucleases within the 3'-end of the direct repeat 
between position 29 and 30 (see Fig. 6 IC and IIC), confirming 
the cleavage site of both Cas6b homologs determined in vitro. 
These specific cleavage sites were also detectable when analyzing 
the respective – PKN cDNA libraries. In general, we found no 
antisense transcription (asRNA) as has been extensively obtained 
in M. maripaludis,38 with the exception of a single spacer in the 
subtype III-B (spacer 18, see Fig. S4), for which a low number of 
the respective asRNA was detected. However, this did not cor-
relate with a significantly reduced abundance of the respective 
sense crRNA in comparison to the flanking crRNAs.

Direct repeats form a five base pair hairpin structure despite 
multiple mutations. Comprehensive comparative sequence 
analysis demonstrated that both CRISPR loci contain multiple 
mutations in the repeat sequences. The minimum free energy 
structure of these variations, however, is the same hairpin con-
taining five base pairs (Fig. 7A). The experimentally identified 
crRNA processing site that results in the 8 nt 5' tag is just below 
the two C-G base pairs in the middle of the stem; no mutations 
occur in this stem. Further, the influence of surrounding spacer 
sequences on each repeat instance in the array was analyzed. A 

Figure 6I. crRNA processing for cRIspR-cas subtype I-B by an RNA sequencing approach. (A) sequencing reads for the cRIspR array are mapped to 
the M. mazei genome. comparison of analyzed RNAseq reads derived from a culture under optimal growth condition and high salt condition. (B) The 
general processing of crRNA is shown exemplary for spacer 10. (C) Within the repeat structure, the distinct conserved 5'-cleavage of crRNAs is shown, 
whereas the 3'-ends of crRNAs are variable trimmed at marked region.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com RNA Biology 7

genome. However, it is not known so far which protein is respon-
sible for RNA cleavage. It has been suggested to be Cmr2, but an 
impressive study by Zhang et al.35 showed that Cmr2 is unlikely 
to be the catalytic subunit of the Cmr complex for target RNA 
cleavage. The requirement to identify the nuclease responsible for 
target RNA cleavage is accelerating the importance to study type 
III systems in different species. In addition, the presence of an 
HD domain in Cas10 that is usually located in Cas3 proteins 
and posses nuclease activity suggests that type III-B could also be 
active against foreign DNA.49,50

Cas6b endonucleases are present in both subtypes of 
CRISPR systems. Evidence was obtained that in both CRISPR-
Cas subtypes present in M. mazei, subtypes I-B and III-B contain-
ing considerably different cas genes, a Cas6b class endonuclease 
involved in crRNA processing is present. Since the different sub-
types have almost identical repeats they can be recognized by 
Cas6-like proteins encoded by two different CRISPR subtypes, 
as shown in vitro. In most cases, the type III-B is often linked to a 
type I system and cannot be found independently since it is miss-
ing its own cas1 gene that is required for the adaptaion process.6

Both Cas6b endonucleases of M. mazei show significant homol-
ogy to the Cas6b protein recently identified in M. maripaludis.38 
Comparative analysis demonstrated the presence of further Cas6b 
homologs in the CRISPR-Cas locus in Methanosarcina acetivorans 

2 are identical to spacer 28–31 of strain Gö1 followed by spacer 
identical to spacer 14–31 of strain Gö1. Sequence analysis of the 
further downstream sequence was not successful. In M. mazei 
DSMZ6300, the spacer following spacer 1 and 2 are identical 
to spacer 7–46 of strain Gö1 with an additional inserted spacer 
15, 16 and 22 (see Fig. S6). This pattern of spacers demonstrate 
that no new spacers have been acquired in the different environ-
ments, where the strains were originally isolated. The duplica-
tions of several spacers in DSM6300 and DSMZ4556 argue for 
rearrangements within the CRIPSR array by homologous recom-
bination including deletions and duplications.

Discussion

In this first report on CRISPR-Cas systems in M. mazei, we dis-
covered two different CRISPR loci of subtypes I-B and III-B. 
The latter one is also known for Cmr effector protein complexes, 
another class of multisubunit ribonucleoprotein complexes most 
common in archaea and well-studied in P. furiosus.14,30 Based on 
in vitro experiments, this type III-B CRISPR system is assumed to 
recognize and target foreign RNA in the interference phase.25,27,40 
Only very recently direct in vivo evidence was obtained for RNA 
targeting and, thus, these subtype III-B CRISPR systems might 
be capable to also defend against viruses that have an RNA-based 

Figure 6II. crRNA processing for cRIspR-cas subtype III-B by an RNA sequencing approach. (A) sequencing reads for the cRIspR array are mapped to 
the M. mazei genome. comparison of analyzed RNAseq reads derived from a culture under optimal growth condition and high salt condition. (B) The 
general processing of crRNA is shown exemplary for spacer 7. (C) Within the repeat structure, the distinct conserved 5'-cleavage of crRNAs is shown, 
whereas the 3'-ends of crRNAs are variable trimmed at marked region.
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for the M. maripaludis repeat differs significantly, with a hair-
pin located nearly in the center of the repeat just upstream of 
the Cas6b unstructured cleavage site at the 3' end.38 Processing 
however results in the exact same 8 nt-long crRNA 5'-tag. For 
CRISPR-specific endoribonuclease Cas6e (type I-E) and Cas6f 
(type I-F), it has been shown that the endoribonucleases remain 
tightly associated with the crRNAs after pre-crRNA cleavage and 
serve as nucleation point for assembling the remainder of the ribo-
nucleoprotein complex.41,53 The extreme high substrate-specificity 
of those endoribonucleases for stem-loop structures of pre-crRNA 
repeat sequences ensures a correct processing of pre-crRNAs but 
limits their function as single-turnover enzymes to CRISPR-Cas 
activities. In contrast, Cas6 from type I-A CRISPR shows only 
a loose association with the archaeal CASCADE complexes.54 
Similar observations were obtained for Cas6 of P. furiosus that 
is absent from Cmr effector protein complexes.30 It gives rise to 
the speculation that in those case, Cas6 activity can be exchanged 
between different CRISPR systems as well and might function in 
cleavage of non-cognate pre-crRNA RNAs.

Strikingly, the leader sequence upstream of the CRISPR array 
in both different M. mazei subtypes is nearly identical; moreover, 

(MA1928) and Methanosarcina barkeri strain fusaro (Mbar 
A1352)51,52 (see Fig. 3). All of these Cas6b homologs show around 
38% identity to the M. mazei homologs and the overall structure 
and the respective catalytic histidines most likely involved in the 
cleavage reaction are highly conserved. Besides the Cas6b homo-
logs, the direct repeats of the two different CRISPR subtypes in 
M. mazei are highly conserved and share the same RNA hairpin 
structure. The Cas6-like protein cleavage site from the different 
CRISPR-subtypes was identical, resulting in the generation of a 
8 nt 5' tag of the mature crRNAs (Figs. 4 and 6). Unexpectedly, 
the identified cleavage site is located within the predicted hairpin 
structure of the repeat after the second base pair of the 5 bp stem 
(see Fig. 7). Thus, the hairpin structure, which has been verified 
in vitro but appears to be rather unstable upon the thermody-
namically unstable base pairs (A/U and G/U), might be required 
for recognition and opened upon binding and processing by the 
Cas6b proteins. Alternatively, it is also possible that under in vivo 
conditions, the repeats in the context of the spacer in the crRNA 
precursor do not form a hairpin structure resulting in unstruc-
tured repeats. The repeat sequence in M. maripaludis shows some 
homology to the M. mazei repeat, however the structure proposed 

Figure 7. (A) RNA secondary structure of the cRIspR repeat sequences in M. mazei. For both loci, the different variants of the repeats and their relative 
positions in the array are depicted. Yellow indicates the conserved base pairs of the hairpin structure and pink indicates positions where mutations 
have occurred. The sequence in the RNA structure is depicted according to the majority of repeats in subtype I-B. The scissors show the processing 
site in the generation of mature crRNAs that results in the 8 nt 5' tag. (B) structure probing of 5'-end-labeled cRIspR repeat RNA (subtype I-B). cleavage 
pattern of RNase A and T1 treatment with identified G and c nucleotides, Oh ladder and lead cleavage is pictured. Base pairing regions are indicated 
through yellow arrows.
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examples of CRISPR-based RNA processing mediated by Cas6f 
endoribonuclease that enabeles predictable programming of gene 
expression has been recently shown.55

Evolving CRISPR systems in M. mazei? The crRNA matu-
ration of the subtypes I-B and III-B observed in M. mazei, both 
resulting in a distinct 8 nt long 5' tag and less well-defined 3' tag 
of the crRNA derived from the repeat is in accord with crRNA 
maturation reported for other subtypes and prokaryotes sum-
marized in Westra et al.7 In contrast to most other (methano)
archaeal CRISPR systems studied until today, e.g., in M. mari-
paludis38 or P. furiosus,23 however, both M. mazei loci appear not 
to be active under optimal growth conditions with methanol as 
sole energy and carbon source (see Fig. 6). In the presence of 
high salt concentrations, a significant induction of expression and 
maturation of the crRNAs was obtained for both loci, although 
still low in comparison to the single CRISPR system in M. mar-
ipaludis. Whereas the cas genes are all constitutively expressed 
as observed by the expression levels of cas genes in the cDNA 
sequencing data sets, the abundance of the leader transcript and 
matured crRNAs is significantly higher in the presence of high 
salt conditions (see Fig. S4, +PKN libraries). Thus, it is most 
likely that transcription of the crRNA precursor, including the 
leader, is induced in response to the NaCl stress. This might be 
due to the perception of potential disintegration of DNA upon 
NaCl stress, which to some extent might mimic phage infec-
tion. Analyzing both promoter regions upstream of the highly 
conserved leader allowed the identification of a BRE- and TATA 
box, binding sites for the general transcription factors TFB and 
TBP in archaea (see Fig. S4), however no clear putative regulator 
(repressor) binding site was identified. It is tempting to speculate 
that the DNA binding protein encoded upstream of the cas genes 
in subtype I-B (MM565) (see Fig. 1) functions as repressor for 

the predicted respective structure of the leader is highly con-
served in several Methanosarcinales (see Fig. 2), which might 
indicate that a potentially conserved leader-binding protein 
is binding to the leader. These findings, together with the fact 
that both Cas6b homologs could cleave either repeat in vitro 
(repeat I-B and repeat III-B) with the identical cleavage specific-
ity, might argue for a complementary mode of action of both M. 
mazei Cas6b proteins during precursor processing and crRNA 
maturation of both subtypes (representing a genetic backup). A 
cross-cleavage activity of the Cas6b homologs of both different 
CRISPR subtypes might occur in vivo as well, although all other 
cas genes of the two CRISPR loci are significantly different and 
are classified to be members of two different subtypes. In order 
to address this query, a genetic approach generating both single 
Cas6b deletion mutants could be performed with a subsequent 
analysis of the remaining processing and maturation of crRNAs 
of both loci. Alternatively, it is attractive to speculate that both 
Cas6b proteins might form active heterodimers, which process 
the precursor crRNA of both loci. In order to experimentally 
verify this hypothesis, the formation and activity of heterodimers 
need to be studied. Moreover, it has to be elucidated whether the 
Cmr complex of type III-B system in M. mazei can use crRNAs 
from the type I-B system and vice versa. For P. furiosus, it has 
been reported that indeed, different crRNA can be bound by dif-
ferent effector complexes.49

Overall, it is tempting to study Cas proteins in molecular 
detail as e.g., Cas6 endonucleseases due to valuable characteristics 
provide new tools for application in biotechnology. Many of the 
Cas proteins have specific kinds of new enzymatic activities and 
are highly substrate-specific and overexpression of those proteins 
is not detrimental to the cell. Furthermore, sequence motives that 
serve as recognition motivs have been determined already. First 

Table 1. strains and plasmids

Strain or plasmid Genotype or description Source or reference

Strain

Methanosarcina mazei strain Gö1 wild-type DsM Z No. 3647

Methanosarcina mazei Methanosarcina mazei (Barker 1936),1 isolated from cow dung, UssR DsMZ No. 2244

Methanosarcina mazei Methanosarcina mazei (Barker 1936),1 isolated from alkaline mud at an oil exploration 
drilling site; Israel, hula swamp area

DsMZ No. 4556

Methanosarcina mazei Methanosarcina mazei (Barker 1936),1 isolated from biomethanation granules, UsA DsMZ No. 6300

E. coli Rosetta™ F-ompT hsdSB(rB
- mB

-) gal dcm(De3) pRARe (camR) Novagen, cat. 
No.70954

E. coli DH5α general cloning strain 2

Plasmid

pRS714 MM560 in peT28a This study

pRS833 MM3359 in peT28a This study

pRS834 spacer 1–31 of cRIspR/cas subtype I-B in DsM No. 4556 in TopopcRII-vector This study

pRS835 spacer of cRIspR/cas subtype I-B DsMZ No. 6300 in TopopcRII-vector This study

pRS836 spacer of cRIspR/cas subtype I-B of DsMZ No.2244 in TopopcRII-vector This study
1Mah RA, Kuhn DA. Transfer of the Type species of the Genus Methanococcus to the Genus Methanosarcina, Naming it Methanosarcina mazei (Barker 
1936) comb. nov. et emend. and conservation of the Genus Methanococcus (Approved Lists 1980) with Methanococcus vannielii (Approved Lists 1980) 
as the Type species. International Journal of systematic Bacteriology 1984; 34:263-5. 2hanahan D. studies on transformation of Escherichia coli with 
plasmids. J Mol Biol 1983; 166:557-80.
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locus were amplified using chromosomal DNA from M. mazei 4556 
and the primers C1 for 5'-TGCGTAGATTGCTGTTACCGG-3' 
and C1 rev 5'-GCTCGCGAATCCCAATTTCTC-3'. The 
2400 bp PCR-product was cloned into TopoPCRII-vector and 
the resulting plasmids were sequenced using the primers listed in 
Table S1. Plasmid DNA was in general transformed into E. coli 
according to the method of Inoue et al.58

Growth of M. mazei. M. mazei strain Gö 1 was in general 
grown under anaerobic conditions at 37°C with an atmosphere 
of 80% N

2
 plus 20% CO

2
 in 70-mL closed bottles in minimal 

medium that contained 150 mM methanol as sole energy and 
C-source according to Ehlers et al.,59 and was supplemented 
with 100 μg/mL ampicillin to prevent bacterial contamination. 
Growth under nitrogen starvation was performed in the absence 
of ammonium in the medium with molecular nitrogen of the 
gas phase as the sole nitrogen source as described by Ehlers et 
al.59 Oxygen stress was performed by sterile injection of 20 ml air 
into a 70 ml exponential growing culture (corresponding to 2.9% 
oxygen concentration in the total gas volume of cultivation flask) 
at turbidity at 600 nm (T

600
) of 0.5, followed by further incuba-

tion at 37°C for 30 min. For setting temperature stresses after 
inoculation, the cultures were incubated at 30°C or 40°C. For 
high salt stress, an additional 500 mM NaCl was added to the 
minimal medium right after inoculation. Cultures were grown 
until cells reached T

600
 of 0.3 (high salt) or 0.5 and were har-

vested by 4°C via centrifugation. Cultures were grown until cells 
reached T

600
 of 0.3 (high salt, nitrogen limitation) or 0.5 and 

were harvested by 4°C via centrifugation. UV-light exposure was 
performed as described before in Weidenbach et al.47

RNA extraction. Total RNA was isolated by phenol extrac-
tion as described before60 but using the Isol-RNA Lysis Reagent 
(5'PRIME GmbH, Cat. No. 2302700) and was followed by 
DNase I treatment.

Northern blot analyses. Northern blot analyses of total RNA 
with (γ-32P)-ATP end-labeled oligodeoxynucleotide 5'-CTT 
GTT TTA ATG GAT CTT GCT CGC-3' directed against the 
repeat were performed as described before.61

Reverse transcriptase PCR. Reverse transcriptase PCR was 
performed using the One Step RT-PCR Kit (Qiagen, Cat. No. 
210210) according to manufactures instructions. Two μg total 
RNA from M. mazei 3647 (wild-type) and the listed primers in 
Table S2 were used.

PCR for localization of the cas genes. For analyzing the 
genomic organization and localization of the cas genes in various 
M. mazei isolates. PCR amplification was performed using chro-
mosomal DNA from M. mazei strain Gö1, DSMZ 3647 (wild-
type); DSMZ 2244; DSMZ 4556 and DSMZ 6300 as well as 
primers listed in Table S2.

Isolation of chromosomal DNA. Chromosomal DNAs 
from the M. mazei isolates DSMZ 2244, DSMZ 4556, DSMZ 
6300 and wild-type (DSMZ 3647) were isolated with Wizard® 
Genomic DNA Purification Kit (Promega, Cat. No. A1620).

Purification of heterologously expressed Cas6 proteins 
in E. coli. The Cas6b proteins were expressed, fused to an 
N-terminal His-tag from plasmid pRS714 and pRS833 in E. coli 
Rosetta™ (Novagen, Cat. No.70954) growing in LB-medium 

the promoter of the CRISPR arrays, until a yet-unknown signal 
is perceived potentially leading to reduced DNA-binding abili-
ties of the repressor and, thus, dissociation from the promoter. A 
comparable regulatory mechanism has been shown for example 
for the CRISPR-Cas system present in E. coli K12, where the 
global transcriptional repressor H-NS is involved in repressing 
the CRISPR-Cas promoter, and is antagonized by the tran-
scriptional activator LeuO.24,56 If the transcriptional regulator is 
indeed repressing the transcription of the both CRISPR arrays, 
this might be a feature to maintain the CRISPR system in the 
M. mazei genome and induce the system in case of exposure to 
foreign nucleic acids or generally under stress conditions.

The finding of an overall very low activity of the CRISPR sys-
tem under optimal growth conditions might argue for low expo-
sures of M. mazei to foreign nucleic acids. This is in accordance 
with the fact that M. mazei is not natural competent,57 and until 
today, no M. mazei specific phage has been identified. Further, no 
phage complementarity to M. mazei spacers has been identified 
by standard Blast searches of the common databases; and analyz-
ing spacer contents and patterns in the subtype I-B array of four 
different isolates of M. mazei demonstrated that no new spacers 
have been aquired. Moreover, the spacer content showed a pattern 
of spacers in a mainly conserved order, however with several miss-
ing spacers and some spacer duplications (see Fig. S6). This pat-
tern suggests that the CRISPR subtype I-B system in M. mazei is 
evolutionarily old and no new spacers have been acquired from 
different environments located at different continents (USA, 
USSR and Israel), from which the different strains were originally 
isolated (see Table 1). The duplications and deletions of several 
spacers, however, are most likely based on rearrangements within 
the CRISPR array by homologous recombination. Overall, these 
findings indicate that the two CRISPR arrays in M. mazei evolve 
very slowly and over a long time, which would be supported by 
the finding that under normal growth conditions the expression 
of the CRISPR array is repressed. Examples for long evolution 
times for CRISPR-loci have been recently reported and demon-
strated for several strains of E. coli and Salmonella by Touchon 
and Rocha1 analyzing 51 complete genomes.

Materials and Methods

Strains and plasmids. Strains and plasmids used in this study 
are listed in Table 1. The DNA sequence from the cas6b genes 
(MM560 and MM3359) were PCR-amplified from chromosomal 
DNA from M. mazei Gö1. Both PCR products containing addi-
tional primer-generated NdeI and SacI restriction sites were cloned 
into the pET28a vector. pRS835 and pRS836 were constructed 
as follows: The CRISPR-Cas subtype I-B array (MM_0552 to 
MM_0557) was amplified using chromosomal M. mazei DNA 
(M. mazei DSMZ6300 for pRS835 and M. mazei DSMZ2244 for 
pRS836 construction) as a template and the following primers: 
C1 for 5'-TGCGTAGATTGCTGTTACCGG-3' and C1 rev2 
5'-TCCCCTGTTTTCCAGATACCG-3'. The obtained 4130 
bp PCR product was cloned into TopoPCRII-vector (Invitrogen, 
Cat. No. 450641) as described by the manufactures instructions. 
For pRS834, the first 31 spacers of the CRISPR-Cas subtype I-B 
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1.8.4.64 (options-noLP-d2-p). Every repeat variation folded into 
the same minimum free energy structure as presented in Figure 
6. No stable sub-optimal structures were determined. The influ-
ence of surrounding spacer sequences on each repeat position in 
the CRISPR array was determined as follows: The entire repeat-
spacer array was folded using a local folding algorithm called 
RNAplfold,65 also from the same Vienna Package (options-noLP-
W 150-L 100). The stability of the hairpin structure from Figure 
6 (at each repeat instance in the array) was measured using the 
base pair accuracy (i.e., mean base pair probability). The base 
pair accuracy for measuring the stability of local structures and 
the parameters for RNAplfold were taken from previous work.66

Leader conservation. The conserved 108 nt region of the lead-
ers of both CRISPR loci was identified by a local pairwise smith 
waterman sequence alignment. Further leader sequences similar 
to the ones found in M. mazei were identified in a Blast search 
against all available nucleotide sequences. The sequence and 
structure alignment and consensus structure was generated using 
the LocARNA web server67 with default parameters.

Protein structure prediction. The protein structures from 
both Cas6b proteins were determined using the phyre2 server68 
with the Pyrococcus horikoshii Cas6 (PDB ID 3QJJ) as the top 
template for structure prediction. Cas6 sequences were aligned 
using ClustalW269 and homologous structureswere aligned with 
DaiLite70 Table 2.

in the presence of 30 μg/ml Kanamycin. The protein expres-
sion was induced at a T

600
 of 0.6 with 30 μM isopropyl-β-D-

thiogalactopyranoside for 16 h at 18°C. The cells were harvested 
at 4°C and resuspended in His-tag puffer (250 mM NaH

2
PO

4
, 

1.5 M NaCl, pH 8). After DNaseI and RNaseA was added, cell 
disruption was performed using a French pressure cell at 800 psi. 
The His-tagged recombinant fusion proteins were purified from 
the respective cell-free cell extract by affinity chromatography 
using Nickel-NTA agarose (Qiagen, Cat. No. 30210). After wash 
steps, the Cas6b proteins were eluted in the presence of 100 mM, 
250 mM and 500 mM imidazole; the wash and elution fractions 
were analyzed by sodium dodecyl sulfate-PAGE (SDS-PAGE) for 
quality control.

In vitro structure probing and endonuclease activity assay. 
Secondary structure probing and endonuclease activity assay was 
conducted on 5'-end-labeled CRISPR repeat RNA (type I-B repeat 
5'-AUUCGCGAGCA AGACCAUUA A A ACA AGGAUUG 
AAC-3', type III-B repeat 5'-AUUCGUGAGCAAGAUCCA 
CUAAAACAAGGAUUGAAC-3' and the type I-B deoxy vari-
ant repeat 5'-AUUCGCGAGCAAGAUCCAUUAAAACAA 
(dG)GAUUGAAC-3'). An OH ladder and structure probing 
with RNase T1 was performed in a total volume of 10 μl as 
described before.62 Additionally, lead cleavage was conducted. In 
this case, RNA was denatured 1 min at 95°C and chilled on ice 
for 5 min and was incubated for 2, 3 and 5 min at 37°C with 
2.5 mM lead (II) acetate. Endonucleases activity assays were per-
formed in total volume of 20 μl. Initially, RNA was denatured 1 
min at 95°C, chilled on ice for 5 min and incubated with different 
indicated concentrations of heterologously expressed and puri-
fied Cas6b-IB and Cas6b-IIIB protein in reaction puffer (20 mM 
Hepes pH 8, 1 mM DTT, 250 mM KCl, 1.875 mM MgCl

2
,) for 

5 min at 37°C. All reactions were stopped and precipitated with 
70% ethanol. Samples were denatured for 5 min at 95°C prior to 
separation on 8% polyacrylamide/7 M urea sequencing gels in 1 
× TBE buffer. Gels were analyzed using a PhosphorImager (FLA-
3000 Series, Fuji) and AIDA software (Raytest).

Construction of cDNA libraries for dRNA-seq and Illumina 
sequencing. Libraries for Solexa sequencing (HiSeq) of cDNA 
were constructed by vertis Biotechnology AG, Germany (www.
vertis-biotech.com/), as described previously for eukaryotic 
microRNA63 but omitting the RNA size-fractionation step prior 
to cDNA synthesis. In brief, after PNK treatment, equal amounts 
of RNA samples from treated and untreated RNA samples were 
poly(A)-tailed using poly(A) polymerase. Then, the 5'PPP struc-
tures were removed using tobacco acid pyrophosphatase (TAP). 
Afterwards, an RNA adaptor was ligated to the 5'-phosphate of 
the RNA. First-strand cDNA was synthesis by an oligo(dT)-
adaptor primer and the M-MLV reverse transcriptase. In a 
PCR-based amplification step using a high-fidelity DNA poly-
merase, the cDNA concentration was increased to 20–30 ng/μl. 
A library-specific barcode for sequencing multiplexing was part 
of a 3'-sequencing adaptor. The resulting cDNA libraries were 
sequenced using a HiSeq 2000 machine (Illumina) in single read 
mode at the Max Planck Genome Centre Cologne.

Repeat structure prediction analysis. Single repeat sequences 
for each locus were folded with RNAfold from the Vienna Package 

Table 2. primer pairs used for cas gene localization, RT-pcR and  
sequencing

Primer designations 5'→3'

csh1-csh2 for GGTGAcTTGGAAGTTcAGcc

csh1-csh2 rev GTGAAcTGTcGAAcGATAGcG

csh2-cas5h for TcTTcAAGcTcATcAAGTTTGTcAG

csh2-cas5h rev GTGAcGGcAcAAAcATATAcGc

cas5h-cas3 for TTcTGGAAGccAccAGTAAGc

cas5h-cas3 rev GTTcATAGTAGGAGAGAcTTcG

cas3-cas6 for cAGTAGTGccAAAGAAAGTAGATTc

cas3-cas6 rev cGccTTcTATAAGccATAGcTTA

cas6-cas1 for ccGcATcTcATcGAGTTTTcc

cas6-cas1 rev GGTTAAGGTTAcATTAGTcccTcT

cas1-cas2 for AccTGTTTAAAAGAcTGTTcATccA

cas1-cas2 rev cAAGGAcGGGGAcATcGAATA

cas2-cas4 for TTcAAGAGGAGcTGcTGTTcc

cas2-cas4 rev AcATAGTTAGGTGAGAAGTGTAAGT

cas4-crRNA-spacer1 for ccGAAAAGcGGTGTTAAGTcAG

cas4-crRNA-spacer1 rev GAccTTcAGAAcccTATATTcGG

Gö1–42for AAAGccAGTcGGAcccAc

Gö1–21for TTccTccGcGTTcTTTcGTTG

Gö1–9for AGGATcAGGAcGAcGGc

spacer8_4556f TcATcTTATcGccATTcGcG

spacer 22 wt r GTATGTGTAcAcATGGTG

spacer 30 wt f ccAccTcTTccTGATTAT

spacer 30 r cTGATAATcAGGAAGAGGTGG
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