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CRISPR (clustered regularly interspaced short palindromic repeats) elements and cas (CRISPR-associated) genes are widespread
in Bacteria and Archaea. The CRISPR/Cas system operates as a defense mechanism against mobile genetic elements (i.e., viruses
or plasmids). Here, we investigate seven CRISPR loci in the genome of the crenarchaeon Thermoproteus tenax that include spac-
ers with significant similarity not only to archaeal viruses but also to T. tenax genes. The analysis of CRISPR RNA (crRNA) tran-
scription reveals transcripts of a length between 50 and 130 nucleotides, demonstrating the processing of larger crRNA precur-
sors. The organization of identified cas genes resembles CRISPR/Cas subtype I-A, and the core cas genes are shown to be
arranged on two polycistronic transcripts: cascis (cas4, cas1/2, and csa1) and cascade (csa5, cas7, cas5a, cas3, cas3=, and cas8a2).
Changes in the environmental parameters such as UV-light exposure or high ionic strength modulate cas gene transcription.
Two reconstitution protocols were established for the production of two discrete multipartite Cas protein complexes that corre-
spond to their operonic gene arrangement. These data provide insights into the specialized mechanisms of an archaeal CRISPR/
Cas system and allow selective functional analyses of Cas protein complexes in the future.

Clustered regularly interspaced short palindromic repeats
(CRISPR) are a recently discovered type of direct repeats

found in prokaryotes. The repeats, ranging in size from 24 to 48
nucleotides (nt), are separated by spacer sequences of similar sizes
(18, 38, 57). CRISPR loci are flanked by an AT-rich leader se-
quence of up to 550 nt in length. In most cases, the repeats are
highly conserved within a CRISPR array, whereas spacers are
unique within a given locus, even among strains of the same spe-
cies (59). These remarkable sequence patterns are widely distrib-
uted in Bacteria and Archaea, since loci are found in ca. 46% of the
bacterial genomes and in 84% of all Archaea, but not in viruses or
eukaryotic genome sequences (23, 24). Similarity searches of
CRISPR spacers showed that some sequences match viruses and
other extrachromosomal elements, such as plasmids, but rarely
also chromosomal DNA (7, 15, 56, 76). CRISPR loci are tran-
scribed and processed into a series of smaller CRISPR RNAs
(crRNAs), corresponding to spacer units with termini processed
within the repeat region (29, 45, 72, 73). Initially, four genes, al-
ways located near a CRISPR locus and only found in species con-
taining CRISPR sequences, were identified in numerous prokary-
otic genomes and therefore designated as CRISPR-associated (cas)
genes (38). Further cas genes were identified and assembled into
41 cas gene families (27, 47, 49) that define a set of 10 CRISPR
system subtypes (50).

Recently, it has been demonstrated that in response to phage
infection, Streptococcus thermophilus integrates new spacers into
its CRISPR arrays, which results in CRISPR-mediated phage re-
sistance. The newly integrated spacers were derived from the ge-
nome of the challenging phage, evidenced by 100% identity of
spacers and phage sequences (5, 17, 35, 36). In Escherichia coli, the
Cascade complex (CRISPR-associated complex for antiviral de-
fense), composed of the Cas proteins Cse1, Cse2, Cas7, Cas5, and
Cas6e, cleaves long CRISPR transcripts specifically within the re-
peat sequence into crRNAs with a length of 61 nt. Subsequently,
the Cascade bound crRNA serves as a guiding molecule to target
and attack the foreign nucleic acid (10, 40). In addition, the

CRISPR/Cas system prevents conjugation and plasmid transfor-
mation in Staphylococcus epidermidis and E. coli by targeting plas-
mid DNA (52, 54, 78). Thus, the CRISPR/Cas system seems not
only limited to phage defense but also to play a more general role
in the prevention of horizontal gene transfer and the maintenance
of genetic integrity in Bacteria and Archaea (41, 53).

Furthermore, CRISPR and cas genes seem to be involved in
multiple processes in prokaryotes. E. coli cells with a growth
adaptation to 41.5°C for 2,000 generations yield duplicated and
recombined CRISPR loci, leading to an increased fitness of the
strain (60). Microarray data of Pyrococcus furiosus cells exposed
to ionizing radiation revealed a 10-fold increased transcript
level of a cas operon (81). Finally, the protein Cas1 has a dual
function in E. coli, since it also interacts with key components
of DNA repair systems (4).

In Archaea, it remains challenging to pinpoint the different
roles of the CRISPR/Cas systems since the molecular mechanisms
of only a few CRISPR and Cas functions have been characterized.
Details on crRNA maturation and type III interference were ob-
tained for P. furiosus (30, 31). The study of Sulfolobus solfataricus
provided insights into the structural basis of an archaeal Cascade-
like complex for a type I CRISPR/Cas system (46).

Here, we present genome and transcription analyses of
CRISPR loci and cas genes in the crenarchaeon Thermoproteus
tenax. T. tenax is the first described hyperthermophilic archaeon,
which has an optimal growth temperature of 86°C and was iso-
lated from a solfatare in Iceland (20, 85). Nine T. tenax Cas pro-
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teins could be reconstituted as two Cas complexes: a six-protein
extended Cascade-like complex and a novel Cas complex that is
proposed to mediate the integration of spacers (CRISPR-associ-
ated complex for the integration of spacers [Cascis]).

Our results assess the T. tenax CRISPR/Cas-system as a mem-
ber of the archaeal subtype I-A system, found, e.g., also in Aeropy-
rum pernix, Pyrobaculum aerophilum, or S. solfataricus. Subtype
I-A CRISPR/Cas systems are mainly characterized by the presence
of csa1 in the vicinity of cas4, cas1, and cas2 genes. Furthermore,
cas3 is split into two discrete genes (cas3 and cas3=) and found next
to csa5, cas8a, cas5, cas7, and cas6 genes (50). Finally, we provide
further indications that the CRISPR/Cas systems of prokaryotes
have a multifunctional response, not only toward phage infection
and horizontal gene transfer, including transfection and transfor-
mation, but also toward abiotic stress situations (e.g., ionic stress
or irradiation).

MATERIALS AND METHODS
Strains and growth conditions. Mass cultures of T. tenax Kra1 (DSM
2078) (20, 85) were grown heterotrophically in Brock’s medium contain-
ing 0.2% yeast extract (wt/vol) at 86°C as described previously (66). To
induce salt stress, the NaCl concentration of the growth medium was
increased up to 50 to 150 mM by adding respective volumes of a sterile 5
M NaCl stock solution to cultures at late exponential phase following
further incubation for 3 to 6 h. Temperature variation was achieved by
incubating the culture for 3 h in a water bath at 91°C; a reference vessel
filled with water served as a control. For UV treatment, cultures concen-
trated to 50 ml (cell count: 8 � 108 cells/ml) were transferred to petri
dishes (12 cm by 12 cm by 3 mm) under anaerobic atmosphere, irradiated
with UV light for 30 s to 2 min (5 to 20 J/m2) at 254 nm (6 W), while
shaking the culture carefully, and further incubated for 3 h at 86°C in the
dark.

E. coli strains DH5� (Invitrogen) and Rosetta (DE3) (Stratagene) for
cloning and expression studies were cultured in LB medium under stan-
dard conditions according to the manufacturer’s instructions.

CRISPR and cas gene analyses. The complete genome sequence of T.
tenax is available (68). Archaeal and bacterial genome sequences were
obtained from the National Center for Biotechnology Information. The
CRISPR database CRISPRdb (24), the CRISPRFinder software tool (25),
and the CRISPI database (61) were used to retrieve and identify CRISPR
repeats and spacer sequences. CRISPR orientations were determined by
analyzing the AT-content of the 300 bp located up- and downstream
region and by identifying conserved BRE site and TATA box motifs. For
spacer sequence similarity analyses, comparisons to public sequences
were carried out using BLASTn (2).

To evaluate the significance of BLAST matches, only matches with
E-values below 0.005 and above significant cutoffs, estimated as previ-
ously described (45), were retained and manually those matches identi-
fied, which had identities greater than 50%. cas genes were identified by
analyzing protein sequences by BLASTp and comparison to respective
Pfam (19), TIGRFam (28), and COG numbers. Multiple sequence align-
ments and phylogenetic analyses were carried out by using CLUSTAL W2
(43). Secondary structure predictions were obtained by using CDD (51),
Jpred 3 (14), and 2Zip (9).

Northern blot analyses of small RNAs. For preparations of small
RNA species (�200 nt) the mirVana miRNA isolation kit (Ambion) was
used according to the manufacturer’s instructions. Electrophoretic sepa-
ration of 1 �g of small RNA was achieved by fractionation in 12% poly-
acrylamide gels (8 M urea, 90 mM Tris, 90 mM boric acid, 2 mM EDTA
[pH 8]), together with a 10- to 300-bp Ultra Low Range DNA Ladder
(Fermentas). The RNA was blotted by capillary transfer onto nylon mem-
branes (Roti-Nylon Plus; Roth) and immobilized by UV cross-linking.
Hybridization was performed at room temperature for 18 h in DIG Easy
Hyb buffer (Roche) with 0.5 pmol/ml oligonucleotides (43-mer probes;

see Table S1 in the supplemental material) complementary to spacer se-
quences and end labeled with DIG-11-ddUTP (Roche). The sample was
washed three times (2� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate] and 0.1% sodium dodecyl sulfate [SDS]) at room temperature for
10 min and subsequently at 42°C in the same buffer. The blot was directly
used for immunological detection. The 5S rRNA served as a loading con-
trol. The secondary structure of ssRNA was predicted using the RNAfold
web server (26).

RT-PCR and Southern blot analyses. For the detection of cas tran-
scripts a semiquantitative reverse transcription-PCR (RT-PCR)-based as-
say was combined with Southern hybridization methodology. Total RNA
was prepared from T. tenax cells by using TRIzol reagent and the RNeasy
minikit according to the instructions of the manufacturers (Invitrogen
and Qiagen, respectively). On-column DNase I treatment was performed
as described previously (83). Equal amounts of total RNA (1.5 to 3 �g)
was reverse transcribed with 5 �M random hexamer primer and Moloney
murine leukemia virus (M-MuLV) reverse transcriptase at 45°C for 60
min using a First-Strand cDNA synthesis kit (Fermentas). In a negative
control, total RNA was mixed without M-MuLV reverse transcriptase in
the cDNA generating process. PCR amplification was performed with 2 �l
of synthesized cDNA as a template and 1 �M cas gene-specific primers in
a 50-�l reaction volume (primer sequences [see Table S2 in the supple-
mental material]). PCR products were cleaned with a PCR purification kit
(Qiagen). Then, 20-�l portions of secondary cDNAs were fractionated in
1% agarose gels and transferred to nylon membranes by capillary blotting.
Subsequently, Southern hybridization was performed at 52°C for 18 h in
DIG Easy Hyb buffer with DIG-11-UTP-labeled antisense mRNA probes
of cas genes (Roche). After hybridization, the blots were stringently
washed up to 68°C in 0.1� SSC and 0.1% SDS and directly used for
immunological detection. Different mRNA levels of stressed and control
cells were determined with the help of the ImageJ software. Values were
normalized to a 16S rRNA internal standard.

Cloning and heterologous expression of cas genes in E. coli. The
single core cas genes organized in operons cascis (cas4, cas1/2, and csa1)
and cascade (csa5, cas7, cas5a, cas3, cas3=, and cas8a2) were amplified by
PCR using Pfu polymerase (Fermentas), genomic T. tenax DNA as a tem-
plate, and specific primer sets (PCR primers [see Table S3 in the supple-
mental material]). Afterward, the cleaned PCR products were cloned via
restriction digestion and ligation (Fermentas) into vector pET-15b or
pET-24a(�), respectively (Novagen). The sequences of the cloned genes
were confirmed by automated sequencing of both strands (LGC Genom-
ics). Expression of the recombinant enzymes in E. coli Rosetta(DE3) was
performed by the addition of 1 mM IPTG (isopropyl-�-D-thiogalactopy-
ranoside) in accordance with the manufacturer’s instructions (Strat-
agene).

Reconstitution of recombinant Cas complexes. Due to very low
amounts of proteins in the soluble fractions, 5 g of recombinant E. coli
Rosetta(DE3) Cas4, Cas1/2, Csa1, Cas5a, Cas3, Cas3=, and Cas8a2 cells
was used for the purification of inclusion bodies and protein solubiliza-
tion in 4 M guanidine hydrochloride (GuHCl) as described previously
(44, 62). The concentration of solubilized proteins was determined by
Bradford protein quantification method. Reconstitution of the protein
complex Cascis was carried out by rapid dilution in GuHCl-free buffer.
Equal amounts (170 �g) of each solubilized protein Cas4, Cas1/2, and
Csa1 were pooled and refolded by adding the solution stepwise to 20 ml of
refolding buffer 1 (40 mM Tris-HCl [pH 7], 10 mM �-mercaptoethanol,
10% glycerol, 300 mM NaCl, 500 mM L-arginine) at room temperature.
After refolding, the solution was centrifuged (14,000 � g, 15 min, 4°C) to
remove precipitated protein and analyzed by SDS-PAGE. The protein
complex Cascade was reconstituted by removal of the denaturing agent in
a stepwise dialysis against GuHCl-free buffer. Equal amounts (100 �g) of
each solubilized protein—Cas5a, Cas3, Cas3=, and Cas8a2—were pooled
with 100 �g of the soluble and purified proteins Csa5 and Cas7. For
purification, 1 g of recombinant E. coli Rosetta(DE3) Csa5 or the respec-
tive Cas7 cells were resuspended in buffer 2 (100 mM HEPES/KOH [pH
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7], 10% glycerol, 10 mM �-mercaptoethanol, 10 mM CaCl2, 300 mM
NaCl), passed three times through a French pressure cell at 1,100 lb/in2,
centrifuged (45,000 � g, 45 min, 4°C), heat precipitated for 30 min at
80°C, and again centrifuged (13,000 � g, 30 min, 4°C). The supernatant
was dialyzed overnight at 4°C against buffer 2 without NaCl, and Csa5 was
applied on a Q-Sepharose Fast Flow column (Amersham) or Cas7 was
applied on a heparin Sepharose 6 Fast Flow column (Amersham), respec-
tively (flow rate, 0.5 ml/min), followed by elution with a linear salt gradi-
ent of 0 to 1 M NaCl in a total volume of 100 ml. Fractions containing Csa5
or Cas7, respectively, were pooled, dialyzed, and stored in the presence of
25% glycerol at �20°C. The pooled six proteins of Cascade were mixed
with 5 ml of buffer 3 (3 M GuHCl, 2 M urea, 100 mM HEPES/KOH [pH
7], 10% glycerol, 300 mM NaCl, 10 mM CaCl2, 10 mM �-mercaptoetha-
nol) and 30 �g of total T. tenax RNA for supporting the reconstitution
process. The Cascade solution was stepwise dialyzed at room temperature
to remove denaturing agents against native buffer 2 and after dialysis
handled in accordance with the Cascis preparation.

Molecular mass determination. The native molecular mass was de-
termined by gel filtration on a Superose 6 10/300 preparatory-grade col-
umn (Pharmacia, volume 24 ml) as described previously (67).

RESULTS AND DISCUSSION
Characterization of CRISPRs and cas genes in T. tenax. In the
genome of T. tenax, seven CRISPR loci with a repeat length of
24 to 25 bp were identified; these were termed TTX_1 to TTX_7
(68). An alignment (Fig. 1A) of the seven repeat elements
clearly shows an identical repeat sequence for TTX_4 to TTX_7
(24 bp), slight differences for TTX_1 (24 bp), and a diverging
sequence for TTX_2 and TTX_3 (25 bp). BLAST analyses re-
vealed that all seven T. tenax repeats have the highest homology
to members of the family Thermoproteaceae (e.g., T. neutrophi-
lus and P. aerophilum), indicating a similar repeat variation
among different cluster within these genomes. A comparison of
the seven T. tenax repeat elements to the well-studied repeat
element of P. furiosus (12, 13, 29, 77) and to the consensus
sequence of all crenarchaeal repeat elements (retrieved from
reference 61), revealed a highly conserved 7-bp tag and a con-

served upstream G residue (5=-GxxTTGAAAG-3=). In TTX_2 and
TTX_3, the 7-bp tag is slightly varied (5=-TxxTAGAAAS-3=). A
total of 142 unique spacer sequences with lengths ranging from 37
to 57 bp were identified within the seven CRISPR loci, and 73% of
all spacers averaged between 41 and 46 bp. The leader sequences
that encode the CRISPR promoter and potentially direct the inte-
gration of new spacers were allocated for each CRISPR locus by
analyzing the AT-rich intergenic CRISPR-flanking regions and
within these archaeal BRE sites and TATA box motifs were de-
fined. The differences detected among the seven repeat elements
are also reflected in the homology of the leader sequences, since
identical sequence blocks were only found between TTX_1 and
TTX_4 to TTX_7 (up to 63.5% sequence identity) and between
TTX_2 and 3 (up to 77% sequence identity). Homology of all
leader sequences (overall only up to 26% sequence identity) could
only be detected for the BRE sites and TATA boxes (Fig. 1B).

A total of 23 conserved cas genes was identified adjacent to five
of the seven CRISPR loci. cas genes were not found in the vicinity
of TTX_2 and TTX_3. The core cas genes (cas1 to cas7) and the
subtype-specific cas genes (cas8a2, csa1, csa3, and csa5, subtype
I-A, Apern) were located between TTX_5 and TTX_6 (Fig. 2). cas6
is not located directly adjacent to this set of genes, but found 17
open reading frames downstream and close to TTX_7. In addi-
tion, a csm gene cluster (cas10 and csm3 to csm5, subtype III-A,
Mtube) was detected upstream of TTX_4. A subset of core cas
genes (cas3, cas3=, and cas5 to cas7) was also identified upstream of
TTX_1. It is noteworthy that a unique feature of the T. tenax
CRISPR/Cas system is the fusion of the sole cas1 and cas2 genes,
which is strong evidence for an interrelated function of the respec-
tive proteins. Fusions of these cas genes was also observed in other
genomes, e.g., cas1 is fused to cas4 in Geobacter sulfurreducens, and
cas2 and cas3 are fused in subtype I-F (75).

Abundance of crRNAs. Different CRISPR loci are usually
transcribed into long RNA transcripts, potentially covering the
entire cluster and subsequently stepwise processed into small

FIG 1 Conservation of repeat elements and leader alignment of CRISPR loci. (A) The repeat elements of the seven CRISPR loci were compared to the
crenarchaeal consensus repeat and the well-studied repeat element of P. furiosus (PF). The crenarchaeal consensus repeat was defined by performing a multiple
sequence alignment of all repeat elements of CRISPR-containing crenarchaeal organism retrieved from the CRISPI database. Identical nucleotides in all repeats
were highlighted by gray boxes and identical nucleotides in all repeats except of TTX_2 and TTX_3 were highlighted by black borders. (B) The leader
sequences were allocated for each CRISPR locus by analyzing the AT-rich intergenic CRISPR-flanking regions and within these archaeal BRE sites and TATA box
motifs were defined. Potential BRE sites and TATA box motifs were highlighted by gray shading.
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crRNAs (29, 72, 73). In P. furiosus mature crRNAs were charac-
terized by having common 5=-sequence tags (8 nt) and distinct 3=
ends ranging from 0 to 22 nt (31).

To find out whether all seven CRISPR loci of T. tenax are tran-
scribed, we performed Northern blot analyses of small RNA spe-
cies (�200 nt) probed with antisense CRISPR spacers (each 43 nt)
of the seven loci. Different crRNA transcripts were identified for
five CRISPR loci (TTX_1, TTX_4, and TTX_5 to TTX_7) (Fig.
3A). The detected RNAs corresponded to the theoretical sizes of
precursor-crRNAs (pre-crRNA) and mature crRNAs, with
lengths of �130 nt (pre-crRNA [2� spacer/repeat]: 2� 43 nt �
2� 24 nt), 110 nt (pre-crRNA [2� spacer/repeat/trimmed re-
peat]: 2� 43 nt � 24 nt � 8 nt), 70 nt (pre-crRNA [spacer/repeat]:
43 nt � 24 nt), and 50 nt (crRNA [spacer/trimmed repeat]: 43
nt � 8 nt). These results suggest that the large pre-crRNAs are
stepwise processed within the 24-nt repeats, leading to a crRNA
with a full spacer flanked by the hallmark 8-nt-long 5= handle and

a variable 3= handle. The alignment of crenarchaeal repeats (Fig.
1A) shows the importance of the conserved 3=-terminal repeat
bases for the generation of this 8-nt-long 5= handle of the mature
crRNA. This handle was shown to be utilized by the endoribonu-
clease Cas6 in P. furiosus (12, 13). To analyze whether CRISPR
transcription is an ongoing process under different growth condi-
tions (Fig. 3B), we utilized Northern blot methodology to com-
pare small RNAs of T. tenax cultures grown under standard con-
ditions (heterotrophic, 86°C) and of cultures grown under
differentiating conditions (irradiated at 5 or 20 J/m2 by UV light
or incubated at 91°C). No quantitative differences were detected
between the control and stressed cells of T. tenax. For the two
CRISPR loci TTX_2 and TTX_3, which display a divergent struc-
ture of their repeats, no transcripts could be observed either due to
missing transcription or due to a lower stability of the crRNAs.
The calculation of the minimum free energy folding of the repeat
elements revealed a similar stem-loop structure for all transcribed

FIG 2 CRISPR loci, spacer similarities and adjacent cas genes in T. tenax. Seven CRISPR loci (TTX_1 to TTX_7) were analyzed from the genome and spacers
consecutively numbered (for example, spacer 1.1 is spacer 1 from TTX_1) starting from the localization of the leader sequence (L). All 142 spacer sequences were
searched for sequence similarities and spacers with significant homology to archaeal viruses, Archaea, or T. tenax genes are indicated by colors. For every CRISPR
loci the adjacent cas genes were identified by analyzing protein sequences by BLASTp and comparison to respective Pfam (19), TIGRFam (28), and COG
numbers. CRISPR locus TTX_1 is surrounded by a subset of core cas genes (ORFs, TTX_0232 to TTX_0235). At locus TTX_4 the csm gene cluster (csx1, cas10,
and csm3 to csm5, subtype III-A; ORFs, TTX_1228 to TTX_1233) is located and, in addition, at locus TTX_5 (ORFs, TTX_1240 and TTX_1243) two genes with
homology to csx1 were identified. The specific genes for subtype I-A can be found at TTX_6 with two clusters (cas4, cas1/2, and csa1 and csa5, cas7, cas5, cas3, cas3=,
and cas8a2, subtype I-A; ORFs, TTX_1245 to TTX_1255) and a potential regulator csa3 (ORF, TTX_1249) in between. A second cas6 (ORF, TTX_1272) gene is
located near to TTX_7. Identical genes were marked by the same colors.
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CRISPR loci (calculated stabilization energy for TTX_1 of 6.38
kcal/mol and for TTX_4 to TTX_7 of 3.25 kcal/mol) (Fig. 3C and
D). For the CRISPR loci without detectable crRNAs, however, the
formation of a secondary structure seems to be improbable (cal-
culated stabilization energy for TTX_2 and TTX_3 of 0.52 kcal/
mol). Since TTX_2 and TTX_3 are not flanked by cas genes, one
explanation for different crRNA abundance could be that this re-
peat sequence or structure is not or only weakly processed by a
Cas6 protein that is associated with the other five clusters. The
general stability of the RNAs might also be affected. The leader
sequences of both active and seemingly inactive CRISPR clusters
appear to contain all of the elements necessary for the transcrip-
tion of the precursor crRNA (Fig. 1B).

Similarity of CRISPR spacers with T. tenax genes and vi-
ruses. CRISPR/Cas systems are described as a prokaryotic im-
mune system against extrachromosomal elements, such as plas-
mids or viruses. This function requires a significant sequence
similarity of the CRISPR spacers with these genetic elements (7,
15, 56, 76). Hence, all T. tenax CRISPR spacers were checked for
similarity against the genome sequences of 42 viruses known to
infect archaeal organisms (Fig. 2). Surprisingly, CRISPR spacers
showed no significant similarity to Thermoproteus tenax virus 1
(TTV1) or Thermoproteus tenax spherical virus 1 (TTSV1) and
only one spacer matched Pyrobaculum spherical virus (PSV),

which specifically infects T. tenax (34). One spacer matches to
Hyperthermophilic archaeal virus 2 (HAV2), whose currently un-
known host is among hyperthermophilic neutrophiles (21), six
spacers match to viruses known to infect archaeal acidothermo-
philes, including Acidianus two-tailed virus (ATV), Acidianus fila-
mentous virus 6 (AFV6), or Sulfolobus islandicus filamentous virus
(SIFV) and one spacer matches to the mesophilic haloviruses 1
and 2 (HF1/2; see Table S4 in the supplemental material). Nearly
all target sites were located within viral reading frames, but partial
mismatches suggest that ancient viruses or close relatives of se-
quenced viruses left their traces in T. tenax CRISPR loci upon
previous infections. Interestingly, studies of the interaction be-
tween P. aeruginosa and the bacteriophage DMS3 showed that
multiple point mutations are tolerated between the spacer and
target sequence, which demonstrates that imperfect matches
should be taken into account in spacer analysis (11, 84).

In addition, 12 T. tenax spacers were identified to have signif-
icant similarity with other prokaryotic genomes, mostly of closely
related crenarchaeal organisms (Thermofilum pendens, P. aerophi-
lum, and T. neutrophilus). One remarkable feature of the T. tenax
CRISPRs are the matches between spacers and T. tenax reading
frames. Complete identity (37 nt) could be detected between
spacer 4.6 (spacer number six of CRISPR locus TTX_4) and
TTX_0660, a gene which includes a transmembrane-helices pat-
tern and probably encodes an adhesin-like protein. Partial identi-
ties were detected for spacer 5.6 targeting a gene encoding an
ATPase of the Cdc46/MCM family (TTX_0274), spacer 5.9 with
homology to a gene coding for a Fe2�-dependent formamide hy-
drolase and spacer 6.23 targeting the TATA box motif of a phos-
phatase of the histone macroH2A1 family (TTX_1457). Spacers
5.21 and 5.26, as well as spacers 5.25 and 7.6 are homologous to
each other, indicating their shared origin (see Table S4 in the
supplemental material).

The presence of endogenous sequences within CRISPR spacers
raises the question of escaping targeting of the host genome, and
mechanisms for the discrimination of host DNA and viral targets
were described (54, 70). Targets contain a protospacer adjacent
motif (PAM) and the differential complementarity of the 5= tag of
a crRNA with a PAM is supposed to discriminate between the
CRISPR DNA and the foreign target DNA (40). The relevance of
the PAM was shown in S. thermophilus, since phages that had
overcome the host immunity were mutated within this short mo-
tif (17). In the S. epidermidis Csm-type CRISPR this discrimina-
tion is apparently utilized without a specific motif, but only by the
lack of complementarity between the 5= tag of a crRNA and target
(54). In T. tenax, these potentially self-destructing spacers are not
located within inactive CRISPR loci with mutated repeats, not
surrounded by degenerated cas operons and do not have a proviral
origin (70). Analysis of the PAM of the T. tenax spacers matching
viral and archaeal genomes revealed a low conservation of an NCC
motif upstream of the target, which corresponds to the PAM se-
quence in the genus Sulfolobus (45, 55). The analysis of the PAM
motif for the four identified matches within the T. tenax genome
did not reveal the NCC motif, probably preventing the function of
crRNAs on host DNA. Interestingly, self-targeting was shown for
an active spacer against essential tRNA synthetase in Pelobacter
carbinolicus (1).

It remains unknown why and how T. tenax integrated such
host spacers into its CRISPR. So what can be the function of po-
tentially self-targeting spacers in the CRISPR/Cas system? The in-

FIG 3 Northern blot analyses of CRISPR loci and secondary structure predic-
tion for repeat sequences. (A) Transcripts of the seven T. tenax CRISPR loci
was detected by Northern blot methodology of small RNAs (�200 nt). Anti-
sense spacers of the respective CRISPR loci served as probes (see sequences in
Table S1 in the supplemental material). For CRISPR loci TTX_2 and TTX_3,
no distinct signals were detectable. (B) Comparison of CRISPR transcripts
TTX_4 from control (lane C, at 86°C), 91°C temperature increase (91°C), and
5- and 20-J/m2 UV-light-stressed T. tenax cells. 5S rRNA served as a loading
control. (C and D) Secondary structure prediction of repeat sequences ana-
lyzed with RNAfold (17). TTX_4/5/7 clusters share the same repeat sequence
(C), and predictions for TTX_1 and TTX_6 revealed comparable secondary
structures, as depicted. The black arrow marks the potential cutting site for the
generation of the 8-nt long 5= handle. Repeats of TTX_2/3 clusters share a
potential unfolded repeat (D). Depicted are the minimum free energy struc-
tures and their free energy values.
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terfering reaction is utilized via the complementary binding of the
crRNA to its target DNA or RNA, which lead to its nucleolytic
degradation (39, 74, 75). It is possible that partially mismatching
crRNAs might bind a host target, which could result in the recruit-
ment of Cas proteins without subsequent DNA degradation for
the regulation of the encoded target.

cas genes are organized in operons, and the transcription is
regulated by abiotic stress conditions. Because of clustering,
gene orientations, TATA box motifs, and BRE sites in front and
overlapping start/stop codons of open reading frames (ORFs),
two core cas gene operons—cascis and cascade— could be identi-
fied. A separate putative transcriptional regulator csa3 with a typ-
ical HTH-motif (TTX_1249) is located between these operons (73
bp downstream of the cascis gene csa1 and 36 bp upstream of the
first cascade gene csa5). RT-PCR results confirmed that both
genomic units are organized as operons, since every overlapping
part of the polycistronic transcripts could be detected by a specific
PCR product (Fig. 4). The transcript of cascade is most likely lead-
erless, as the csa5 gene lacks a consensus Shine-Dalgarno (SD)
motif and the “internal” genes possess well-defined SD motifs in
front of the initiation codons (GGAG or GGGG, at nucleotide
positions �7 to �4 of the start codon). For the cascis operon,
consensus SD motifs were located at nt �12 to �15 upstream of
the start codon. To assess the transcription levels of the operons
cascis and cascade in response to applied abiotic stress, a semi-
quantitative RT-PCR-based assay with gene specific primers for
cas4 (representing cascis), cas3 (representing cascade), and csa3
was combined with Southern hybridization for identification of
the products. The results indicate that the transcription level of
cascade was affected by the varied parameter (Fig. 5). The cas3 gene
showed a 	3-fold-increased transcript level in cells treated with
UV light at 20 J/m2 in comparison to the control cells. Further-
more, the mRNA levels of the cas3 gene were 	10-fold increased
for cells grown with 100 mM NaCl and 5-fold increased in the
presence of at 150 mM NaCl. It is noteworthy that, in the presence
of 50 mM NaCl, the transcript level was decreased 7-fold, indicat-

ing a strong regulation of cas3 depending on the environmental
input. Also, the transcript level of the cas4 gene was slightly in-
creased 2-fold in UV light-treated cells (20 J/m2). The csa3 gene
and the 16S rRNA were not significantly affected. We conclude
that cascade is more sensitive toward our tested abiotic stress con-
ditions and therefore potentially also for environmental changes
than cascis or the regulator csa3.

Our results complement previous studies on the influence of
abiotic stress on the transcription of cas genes. Further examples

FIG 4 Core cas genes are organized in two operon structures. Polycistronic mRNAs cascis (TTX_1245 to TTX_1248) and cascade (TTX_1250 to TTX_1255) were
identified by amplification of cDNA and the products were separated on agarose gels. PCR products (lanes a to f, marked by asterisks) of overlapping gene regions
correlated to the calculated length (primer sets see Table S2 in the supplemental material). M, DNA ladder. As a negative control, primer sets binding outside of
the polycistronic mRNA were used (data not shown).

FIG 5 Transcript levels of cascis, cascade, and csa3 in control and stressed T.
tenax cells. The mRNA levels of cascis, cascade, and csa3 in control cells and
stressed cells (UV light for 5 and 20 J/m2, as well as 50, 100, and 150 mM NaCl)
were analyzed by electrophoretic separation of amplified cDNA and subse-
quent Southern blot identification. Values were normalized to a 16S rRNA
internal standard and negative controls were performed without the RT step.
The data quantification of signals from three independent experiments was
conducted with ImageJ. Black bars show the standard deviation.
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for induction effects of cascade by abiotic stress factors are Metha-
nocaldococcus jannaschii cells that were heat shocked from 88 to
98°C, which showed a remarkable upregulation of heat shock
genes and cas7 (8). Microarray data of P. furiosus exposed to ion-
izing radiation (2,500 Gy) revealed up to 10-fold increased level
for the polycistronic transcript of a cas operon, resembling cascade
of T. tenax, whereas a second cas operon, similar to cascis showed
no significant changes (81). The addition of 0.5 mM H2O2 to a
growing P. furiosus culture increased the transcription of some
genes encoded in the above-mentioned cas operon up to 6-fold
(71). UV-light stress (200 J/m2) studied in S. solfataricus re-
vealed that cas genes were slightly affected and, e.g., 1.5 to 2 h of
UV-light exposition resulted in the 2-fold upregulation of
cas8a2 (22).

In summary, the Cascade complex appears to be the main tar-
get for differentiated transcriptional regulation under stress con-
ditions. Potentially, such stress conditions mimic an attack of mo-
bile genetic elements, in which it is the role of the Cascade complex
to target the invading nucleic acid for destruction.

Recombinant Cas proteins are strongly interacting. The core
cas genes proposed to be involved in the adaptation of spacers and

the interference against invading nucleic acids are arranged on
polycistronic transcripts (Fig. 4). It has been shown for few
CRISPR/Cas subtypes that at least some Cas proteins form com-
plexes, termed Cascade, to attack viral DNA (10, 40, 46, 65). In E.
coli, Cascade is a 405-kDa complex comprised of five essential
proteins (CasA1B2C6D1E1) and a 61-nt crRNA (40).

To understand functionality and molecular interaction of the
proteins, we sought to express the individual proteins heterolo-
gously in E. coli. Various proteins could not be detected in soluble
form in crude extracts, but only as inclusion bodies, suggesting
that the single proteins were unable to adopt their correct struc-
ture during expression and might require interactions with other
Cas proteins in vivo. To obtain Cas proteins for biochemical stud-
ies, a synergistic reconstitution by mixing equal amounts of the
three unfolded proteins of operon cascis (Cas4, Cas1/2, and Csa1)
in 4 M GuHCl, followed by rapid dilution in GuHCl-free refolding
buffer, was applied. The highest recovery of soluble protein was
obtained in the presence of 500 mM L-arginine and 10 mM Mg2�.
Surprisingly, the recovery of soluble protein was improved signif-
icantly in the presence of all three proteins (Fig. 6A) in compari-
son to parallel assays with only one or two components of the

FIG 6 Reconstitution assays for recombinant Cas complexes Cascis and Cascade. (A) Denatured proteins Cas4, Cas1/2, and Csa1 were combined and refolded
into the Cascis complex by rapid dilution. The ratio (%) between complete protein content of supernatant and pellet in different refolding buffers is shown: buffer
(40 mM Tris-HCl [pH 7], 10 mM �-mercaptoethanol, 10% glycerol, 300 mM NaCl), �NaCl (buffer without NaCl), �Mg (buffer plus 10 mM MgCl2), �Ca
(buffer plus 10 mM CaCl2), and �Arg (buffer plus 500 mM L-arginine). Cascis, complete complex; pCascis, partial complex (Cas4, Csa1). (B) SDS gel
electropherogram of the reconstitution assay (buffer plus 500 mM L-arginine). Lane S, supernatant fraction (refolded complex); lane P, pellet fraction (aggre-
gated protein). (C) Denatured proteins Cas5a, Cas3, Cas3=, and Cas8a2 and soluble purified proteins Csa5 and Cas7 were reconstituted to Cascade by stepwise
dialysis. The ratio (%) between the complete protein content of the supernatant and pellet in refolding buffer (100 mM HEPES/KOH [pH 7], 10% glycerol, 300
mM NaCl, 10 mM �-mercaptoethanol; for refolding of p1CasA2, p4CasA2, and CasA2) and the addition of 5 or 30 �g of total T. tenax RNA or 30 �g of total T.
tenax RNA and 10 mM CaCl2 is shown. Partial complexes: P1 (single Cas proteins) and P4 (four proteins [Cas5a, Cas3, Cas3=, and Cas8a2]). (D) SDS-gel
electropherogram for the identification of the constituents of Cascade in refolding buffer under the conditions described above. Depicted are the supernatant
fractions (M, protein marker; B, refolding of Cascade without addition of RNA).
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proposed complex. Overall, �1 mg of recombinant Cascis com-
plex was obtained from 1 g of cells by this methodology.

For the complex Cascis, the Cas1 protein is a universal marker
of the CRISPR/Cas system, represented nearly in all genomes (48–
50). Cas1 of Pseudomonas aeruginosa showed DNA-endonuclease
activity, generating fragments of �80 bp (80). In contrast, Cas1 of
S. solfataricus bound DNA and RNA with high affinity in a non-
specific manner, but no nuclease activity was detected (33). Cas2
of S. solfataricus was characterized as an Mg-dependent endoribo-
nuclease with a ferredoxin-like fold, specific for single-stranded
RNA, but not for crRNAs with a preferential cleavage site within
U-rich regions (6, 63). Cas4 and Csa1 are not yet enzymatically
characterized, but both proteins belong to a restriction endonu-
clease-like superfamily, defined by a conserved PD-(D/E)XK-mo-
tif and are functional similar to RecB exonucleases (42). These
proteins are generally thought to be involved in the adaptation
and integration of new spacers (50); however, complex formation
of these Cas proteins has not yet been detected in vivo and the
described activities only partly correspond to this proposed role.
Our in vitro results indicate for the first time that these Cas pro-
teins might not act individually in the cell but would require
closely coordinated activities within the proposed Cascis interac-
tions.

A similar strategy for refolding was applied for proteins of the
Cascade complex, since four of the six individual proteins were
found to be insoluble (Cas5a, Cas3, Cas3=, and Cas8a2). The sol-
uble proteins Csa5 and Cas7 could be directly purified and en-
riched by ion-exchange chromatography. Equal amounts (100
�g) of the solubilized and purified proteins were refolded by mix-
ing them in a GuHCl-containing buffer and stepwise decreasing
the GuHCl concentration in the buffer. Refolding assays with one
(P1, refolding of Cas3 or Cas3=) or four proteins (P4, refolding of
Cas5a, Cas3, Cas3=, and Cas8a2) resulted in minimal amounts of
refolded protein in the supernatant (5 to 10%). The refolding
experiments with all proteins encoded in the cascade operon re-
vealed maximal recovery of a complex in the presence of up to 30
�g of T. tenax total RNA and of 10 mM CaCl2 exhibiting a 1:1 ratio
of the six proteins (Fig. 6D) and an approximate molecular mass
of 300 kDa, which differs from the uneven stoichiometry of Cas7
found in E. coli Cascade (40).

Some proteins of the analyzed Cascade complex were previ-
ously biochemically characterized. The E. coli Cascade complex
has a minimal protein core that is composed of a backbone of six
CasC (Cas7) subunits, in conjunction with CasD (Cas5e) and
CasE (Cas6) (40, 79). In S. solfataricus, a putative arCascade com-
plex was analyzed in which Cas7 and Cas5a play a central role in
binding crRNA and complementary ssDNA (46). The Cas3 pro-
tein is a member of the DEAD/DEAH-box helicases with typical
motifs for substrate binding (Mg2�, ATP and RNA) and helicase
activity (37, 58, 69). The recombinant Cas3= protein from S. sol-
fataricus showed unspecific degradation of double-stranded DNA
and double-stranded RNA (32) and belongs to a superfamily of
metal-dependent phosphohydrolases (82). In T. tenax, we see fur-
ther indications for a Cas protein complex that fulfills the inter-
ference function and comprises the proteins described for the
minimal core of Cascade and of arCascade. However, our in vitro
studies indicate that proper refolding of the Cascade complex re-
quires the presence of six proteins, which suggests that the ar-
chaeal Cascade complex might be larger than previously thought.
Interaction of other Cas proteins within the arCascade complex

has been indicated before (46) but has not yet been biochemically
verified.

The intermolecular stability of these heterologously produced
complexes (Cascis and Cascade) and their operon organization
support that this might represent their native structure in vivo.
The established reconstitution assay for Cascis and Cascade offers
the advantage of studying the function of the whole complexes
and enabling defined mutagenesis approaches gaining insight into
the roles played by individual proteins.

Conclusion. Our results provide further indications that
CRISPR/Cas systems have complex roles in prokaryotes. They
function as a defense system that is able to protect a host cell
against invading foreign nucleic acid. In T. tenax spacer sequences
similar to archaeal viruses underline this role. However, since
spacers are similar not only to foreign genetic sequences but also
to chromosomal sequences of the T. tenax host genome, it is pos-
sible that CRISPR/Cas systems similarly fulfill a regulatory or in-
terfering function. Our data also show that the transcription of cas
genes is modulated by environmental factors. Previously, it was
hypothesized that the CRISPR/Cas system is involved in multiple
cellular information processes, such as chromosomal segregation,
homologous recombination, or DNA repair (4, 16, 57, 60). In-
deed, a stabilizing function of the genome, of plasmids or other
cell components is plausible for the CRISPR/Cas system, since the
presence of CRISPR loci within the chromosome is proposed to
have a stabilizing effect on the DNA structure (18, 38, 64). This can
be an explanation for the observed correlation of the number of
CRISPR loci and cas genes with an increased optimal growth tem-
perature (3). Taken together, the diverse impact on the archaeal
cell, besides its defense against mobile genetic elements, is only
beginning to be fully realized. The established reconstitution of
two Cas protein complexes is an important step for future in vitro
studies to characterize their involvement in diverse CRISPR/Cas
functions within Archaea.
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