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CRISPR-Cas systems are RNA-guided immune systems that protect prokaryotes against viruses and other invaders. The
CRISPR locus encodes crRNAs that recognize invading nucleic acid sequences and trigger silencing by the associated Cas
proteins. There are multiple CRISPR-Cas systems with distinct compositions and mechanistic processes. Thermococcus
kodakarensis (Tko) is a hyperthermophilic euryarchaeon that has both a Type I-A Csa and a Type I-B Cst CRISPR-Cas
system. We have analyzed the expression and composition of crRNAs from the three CRISPRs in Tko by RNA deep
sequencing and northern analysis. Our results indicate that crRNAs associated with these two CRISPR-Cas systems
include an 8-nucleotide conserved sequence tag at the 5' end. We challenged Tko with plasmid invaders containing
sequences targeted by endogenous crRNAs and observed active CRISPR-Cas-mediated silencing. Plasmid silencing was
dependent on complementarity with a crRNA as well as on a sequence element found immediately adjacent to the
crRNA recognition site in the target termed the PAM (protospacer adjacent motif). Silencing occurred independently
of the orientation of the target sequence in the plasmid, and appears to occur at the DNA level, presumably via DNA
degradation. In addition, we have directed silencing of an invader plasmid by genetically engineering the chromosomal
CRISPR locus to express customized crRNAs directed against the plasmid. Our results support CRISPR engineering as a

feasible approach to develop prokaryotic strains that are resistant to infection for use in industry.

Introduction

CRISPR-Cas immune systems are recently discovered, RNA-
guided adaptive immune systems that provide sequence-specific
protection to prokaryotic hosts from invasive genetic elements
such as phages and plasmids.®* CRISPRs (clustered regularly
interspaced short palindromic repeats) are genetic loci found
in prokaryotic genomes containing arrays of short direct repeat
sequences (-30—40 base-pairs) interspaced by similarly-sized
“spacer” sequences that are acquired from invader DNA (where
the same sequence is known as a “proto-spacer”).”" Transcription
of CRISPR loci and subsequent processing of primary CRISPR
transcripts produce mature CRISPR (cr)RNAs that each contain
an invader-derived (guide) sequence flanked by various amounts
of the CRISPR repeat sequence at the 5" and/or 3' end.'**
Individual crRNAs interact with CRISPR-associated (Cas)
proteins to form ribonucleoprotein effector complexes that can
identify (via base-pairing) and silence the DNA or RNA of the

invader'16,22,24—3()

Multiple CRISPR-Cas systems have been identified and each
appears to counteract viral and plasmid invaders using distinct
sets of Cas proteins, ctRNA species and molecular mecha-
nisms.>#”83132 At least 10 unique sets of Cas protein genes are
found among prokaryotic genomes, forming distincc CRISPR-
Cas systems.>?' The members of each group of co-segregating
Cas protein genes are named for a prototypical organism where
the set of genes is found, such as the Cas subtype E. coli or Cse
protein genes.” Casl and Cas2 are the only proteins common to
all CRISPR-Cas systems. Recently, CRISPR-Cas systems have
been categorized into three general types (I, II and IIT) and some
of the Cas proteins have been organized into superfamilies.”? The
three broad types are further classified into 10 subtypes (I-A
to I-F, II-A and II-B and III-A and III-B) that generally corre-
spond with the previously defined subtypes (e.g., the Type I-E/
Cse system). Most of the CRISPR-Cas systems that have been
characterized silence through the destruction of the DNA of the
invader.!*¢733-7 The Type III-B Cmr system cleaves invading
target RNAs. 22238
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ctRNAs guide the silencing of invaders by CRISPR-Cas sys-
tems.!0:22:23:25:29.33,36.3739 CRISPRs are transcribed from a leader
sequence of ~100-500 base-pairs found directly upstream
of the CRISPR.* Putative promoters have been identified
within the leader sequence in several species.?”#** Primary
CRISPR transcripts are cleaved within each repeat sequence
to generate unit crRNAs containing an invader-derived guide
sequence and a portion of the repeat sequence at both the 5'
and 3' end. In most Type I and III systems, this processing
is performed by Cas6 or Cas6-like endoribonucleases, which
cleave within the repeat leaving 8 nts of the repeat upstream of
the guide sequence and the remainder of the repeat on the 3’
end.'®7192146 This species is used directly by Type I-E Cse, I-F
Csy and some I-A Csa systems,'®*%* but is further processed
at the 3' end in other systems.?*:22:2438:4143:4447 Tn Type [-C Csd
systems, Cas5d cleaves CRISPR transcripts 11 nts upstream of
the guide sequence.”* In Type II Csn systems, the primary
transcript is processed by RNase 111, in concert with a non-cod-
ing RNA with partial complementarity to the repeat sequence
(tra-ctRNA).??¢ Further processing of the crRNA products at
the 5" end removes the repeat and some of the guide sequence.
The mature Type II Csn system crRNAs retain a 3' repeat
sequence tag.”***? Production of these crRNAs also requires
Csnl (Cas9 superfamily).?® The introduction of new crRNA
guide sequences (e.g., by reconstitution of complexes, expres-
sion from plasmids, or exposure to invaders) can direct vari-
ous CRISPR-Cas systems to silence new targets.!!316:22:3749.50
Programmable CRISPR-Cas-mediated resistance to invaders
has the potential to protect valuable industrial strains from
common invaders.

The CRISPR loci themselves contain target sequences for the
crRNAs, necessitating a mechanism to protect the genome from
CRISPR-Cas systems that target DNA. Base-pairing between
the repeat-derived sequence at the 5-end of the crRNAs and the
repeat sequence in the CRISPR array protects the host genome
from the Type III-A Csm system of Staphylococcus epidermidis.>
Invaders, which lack the repeat sequence adjacent to the target
sequence recognized by the ctRNA, are silenced. Alternatively,
a short (2-5 nt) sequence called a protospacer adjacent motif
or PAM that is found immediately downstream or upstream
of the target sequence marks invader DNA for destruction by
some Type I and Type II systems, respectively.!"12343¢:5052 Singole
base changes within the PAM prevent silencing of a potential
target DNA with an otherwise perfect match to the crRNA guide
sequencc.11'34'36'5"

In this study, we characterize the previously unexplored
CRISPR-Cas systems of Thermococcus kodakarensis (Tko), a
hyperthermophilic euryarchaeon (optimal growth temperature
~85°C) that was initially isolated from a shallow marine solfatara
off the coast of Kodakara Island, Japan.’* We have delineated the
features of Tko crRNAs by both RNA-Seq and northern analysis.
In addition, we show effective silencing of plasmid invaders con-
taining sequences complementary to 7ko ctRNAs, presumably
via DNA degradation. Finally, we demonstrate that it is possible
to engineer a CRISPR locus to induce resistance to a previously
untargeted invader.

www.landesbioscience.com

RESEARCH PAPER

Results

Encoded CRISPR and Cas components. The genome of
T. kodakarensis contains three CRISPR loci encoding 74 poten-
tial crRNAs (Fig. 1A). CRISPRs 1, 2 and 3 share a common nt
repeat sequence interspaced by 15, 23 and 36 unique spacers,
respectively. The majority of spacer sequences are 37 or 38 nt in
length but spacers range in size from 34—47 nt. None of the spacer
sequences map to currently known Thermococcales viruses or
plasmids.”*>> The sequence of the Tko CRISPR repeat (Fig. 1A)
is nearly identical to that of Pyrococcus furiosus. Both repeat
sequences are members of the CRISPR repeat type 6 family.”®
The P. furiosus repeat RNA is unstructured in solution and spe-
cifically recognized and cleaved by the Cas6 endonuclease!”'®>4
(The equivalent Cas6 recognition and cleavage sites are indicated
in Fig. 1A). Adjacent to each CRISPR array is a -390 nt leader
region, which has > 89% sequence identity among the three
CRISPR loci.

The Tko genome also contains a single cas gene cluster encod-
ing 20 proteins (Fig. 1A and B). These include core Cas pro-
teins implicated in new spacer acquisition (Casl, Cas2 and two
Cas4 proteins) as well as crRNA biogenesis (two Cas6 proteins).
Moreover, this gene cluster encodes proteins of two predicted
effector immune complexes: Type I-A Csa (Cas subtype Apern;
found in archaea) and Type I-B Cst (Cas subtype Tneap; found
in a subset of both archaea and bacteria).>*' Between the Type
I-A and Type I-B cas genes, are three non-cas genes that appear to
encode a toxin-antitoxin system (ORFs TK0456 and TK0457)
and an ATPase (ORF TKO0459).

CRISPR RNA expression. To characterize the profiles of
crRNA expression from the three CRISPRs in Tko, we deep-
sequenced small RNAs isolated from the wild-type strain (KODI)
using the Illumina sequencing platform. Of the 2,415,599
uniquely mapped reads, 1,131,578 (46%) mapped to the three
CRISPR loci (Fig. 2A). All three CRISPR loci are constitutively
expressed and are produced in the sense orientation relative to
the leader of each CRISPR. We identified canonical BRE/TATA
core promoter elements in each leader (Fig. 2B).”® The 5' ends
of leader region transcripts from all three loci are located 23 nt
downstream of the putative promoter, suggesting that the pro-
moters identified in the leader regions are guiding transcription
of the CRISPR arrays by RNA polymerase.

Based on the number of sequence reads that mapped to each
guide sequence, ctRNA sequences encoded near the leader of
locus 1 and 2 are more abundant than those encoded in down-
stream regions (Fig. 2A). A comparable gradient of declining
crRNA expression levels from the leader to the trailer end of
CRISPR loci has been observed in other organisms. 243445
Interestingly, a significant 5' to 3' gradient of expression is not
observed for locus 3 (Fig. 2A).

The sequencing data also reveal that a series of size forms exist
for each encoded crRNA. To investigate ctRNA composition,
we analyzed the 5' and 3' ends of the sequenced RNAs (Fig. 3).
More than 65% of sequenced crRNAs contain 8 nts of CRISPR
repeat-derived sequence at the 5' end (5-"AUUGAAAB-3"). An

identical 5' tag sequence is found on the 5" end of mature crRNAs
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Figure 1. The CRISPR-Cas system of Thermococcus kodakarensis. (A) Relative locations of the CRISPRs (Cr1, Cr2, Cr3) and cas gene cluster (Cas) are
indicated on the Tko genome. The consensus crRNA repeat sequence found in the three CRISPR loci is shown, and the proposed Cas6 binding and
cleavage sites as well as the 8-nt 5' tag sequence (5'-AUUGAAAB-3'; where B = C, G, T) found on the mature crRNAs are highlighted. The relative size
and spacer counts for each of the CRISPR loci are indicated and CRISPRs are arranged with leader regions (L) preceding repeat (black) and guide/spacer
(colored) elements. (B) The genome organization and annotations of the predicted cas genes were adapted from the NCBI database (http:/www.
ncbi.nlm.nih.gov/). Type I-A Csa, Type |-B Cst and core cas genes are indicated by green, yellow and gray, respectively with recent cas gene superfam-
ily designations? indicated below relevant csa and cst genes.*' Three non-cas genes are found within the Cas protein locus. TK0459 is annotated as an
archaeal ATPase with a MarB-like DNA-binding domain. TK0456 and TK0457 appear to be a potential toxin/anti-toxin pair, annotated as a VapC-like

(toxin) protein and a MazE-like (anti-toxin) protein.

in P. furiosus as a result of site-specific endonucleolytic Cas6
cleavage of CRISPR transcripts at this site;”'®>*4 it is likely that
the 5" ends of Tko crRNAs are also defined by Cas6 cleavage. The
3' ends of the Tko crRNAs are heterogenous; however, a pattern
emerges from the analysis across the three loci. A ladder of species
of diminishing abundance with ~36, ~43, ~50 (and perhaps ~55
and ~-60) nts downstream of the 8-nt 5' repeat tag is observed for
ctRNAs from all three loci (Fig. 3). The two most prominent
crRNA species are diagrammed in Figure 3. The most abundant
crRNA species typically includes nearly all of the guide sequence
(35-37 nts of a typical 38-nt guide) and no 3' repeat sequence
(Fig. 3). The second most abundant species includes -5 nts of
repeat sequence at the 3" end. The potential cluster of 3" ends
~60 nts downstream of the 5' tag corresponds with the expected
initial product of Cas6 cleavage (i.e., the 1X crRNA" with 22 nts
of repeat downstream of a typical 38-nt guide sequence). The
lengths of the crRNA species appear to be generally independent
of the length of the encoded guide sequence. When analyzed
independently, crRNAs with longer than average encoded guide
regions (40 nts or greater) are also found primarily as species with
~36 and ~42 nts downstream of the 5' repeat tag (analysis not
shown).

Tko ctRNAs were also analyzed by northern analysis. Total
Tko RNA was analyzed with DNA probes complementary to
guide regions of representative ctRNAs from each of the three
CRISPR loci (Fig. 4A—C; ctRNA 1.06 refers to the sixth ccRNA
encoded in CRISPR locus 1, etc.) as well as the repeat sequence,
common to all three CRISPRs (Fig. 4D). Consistent with the
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sequencing results (Figs. 2 and 3), multiple discrete size forms
are detected for each of the individual ctRNA species by north-
ern analysis (Fig. 4). No significant evidence of antisense RNAs
was detected in either the sequencing data (Fig. 2) or northern
analysis (Fig. 4A—C, see sense probe panels, lanes 2 and 6). A
northern probe against the CRISPR repeat detected two promi-
nent species of RNAs of ~70 and ~140 nts (Fig. 4D) that likely
correspond to intermediate products in the processing of primary
CRISPR transcripts by Cas6: the 1X and 2X RNAs respectively,
comprised of one and two ctRNA units (see refs. 17 and 18).

Taken together, our data show that Tko crRNAs from all
three CRISPR loci are present in a series of size forms with a
common 8-nt 5" CRISPR repeat tag.

The CRISPR-Cas systems of 7. kodakarensis target DNA
in vivo. To test the function of the CRISPR-Cas system in Tko,
we challenged cells with plasmids containing target sequences
complementary to endogenous ctRNAs from both CRISPR loci
1 and 2 (Fig. 5). Plasmids with inserted target sequences (1.01,
1.02, 1.06, 2.01 and 2.05) and the parental plasmid (no target)
were transformed into 7ko KUW1 (ApyrF AtrpE) and transfor-
mants were selected by tryptophan prototrophy conferred by the
trpE cassette on the plasmid (Fig. 5A).*¢ Transformation with
the parental plasmid resulted in the formation of 6.6 x 10* colo-
nies per g of DNA on average (Fig. 5B). In contrast, transfor-
mation with plasmids bearing the crRNA targets produced few
or no colonies. The results indicate that crRNAs from CRISPR
1 and 2 can defend Tko against plasmids with complementary
sequences.
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the bioinformatically predicted PAM sequence
(on the DNA strand that base pairs with the
ctRNA or the target strand) is 5-NGG-3'79¢>?
This PAM sequence is associated with both of
the CRISPR-Cas systems (Types I-A and I-B)

and with the CRISPR repeat sequence family
found in Tko.3¢52

To assess the requirement for a PAM in
invaders targeted by the CRISPR-Cas systems
in Tko, we altered the region immediately
downstream of the 1.02 and 2.01 crRNA target
sequences, from the predicted PAM (5-CGG-
3'), to a non-PAM sequence (5-CCA-3') or a
sequence predicted to interact with the 5' tag of

the ctRNAs (5-GTTTCAAT-3") (Fig. 6). The
target-containing plasmids and parental control
(no target) were transformed into the 7ko strain
KUWI1. Plasmids containing a predicted PAM
and either 1.02 or 2.01 crRNA targets were
subject to efficient CRISPR-mediated defense
(Fig. 6E). In contrast, modification of the
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putative PAM to either the non-PAM or 5'-tag
complement sequence (for both 1.02 and 2.01

CCGCCCTETTG ctRNA targets) resulted in colony formation

Cr2 TACCCTTTGCGGAAAAGCTTATAAGATTGGAGCGTTCTTAGTAGTTTGTAGGGCGAAAGGAGGAAAAAACCGCCCTGTTG
Cr3 CACCCTTTGCGGAAAAGCTTATAAGATTCGAGGGTTCTTAGTAGTTTGTAAGGCAAAAGGAAGAAAAAACCGCCCTGTTG

similar to that of the non-target bearing plas-

CRISPR Leader

mid (Fig. 6E). These results suggest that DNA

silencing in Tko is PAM-dependent.

Engineering CRISPR-Cas systems. Finally,

Figure 2. CRISPR RNAs are produced by all three CRISPRs in T. kodakarensis. (A) Small RNA
sequencing reads mapped to the three CRISPR loci. CRISPRs are oriented with the leader on
the left and the Y-axis represents thousands of reads. An X-axis scale of 1 kb is indicated and
CRISPR repeats (black boxes) are indicated beneath the reads for each CRISPR locus. The
RNAs transcribed from the leader region (red) are plotted above the X-axis while much rarer
RNAs generated from the opposite strand (blue) are plotted below the X-axis. Images were
generated using the UCSC archaeal genome browser.?* (B) Predicted promoter elements
found in the 3' end of the leader sequences. The sequences are aligned relative to the first
leader-proximal repeat in each of the CRISPRs. Putative BRE and TATA box elements are in-
dicated. Transcribed leader sequences (red) are indicated upstream of the first repeat (blue).
Consensus BRE/TATA elements and predicted transcription start sites are shown above the

we sought to engineer a 7k0 CRISPR locus to
produce ctRNAs that would effectively silence
new targets. Using Tko KC2 as the host strain,
we replaced the first five spacers of CRISPR
locus 1 with five spacers (termed A-E) designed
to target the chiAA) gene, which encodes the
C-terminal endochitinase domain of Tko chi-
tinase® (Fig. 7A and B). Strain KC2 is derived

sequence alignment.

from Tho KUW1 (ApyrF AtrpE), and lacks the

entire Tko chitinase gene, chiA. Northern anal-

Plasmid silencing by 7%0 CRISPR-Cas systems appears to
occur at the DNA (rather than RNA) level. First, the region of the
plasmid where the crRNA targets were inserted is not expected to
be transcribed or to encode an essential RNA transcript. Second,
and importantly, the target sequence was effectively silenced in
either orientation (Fig. 4B, lanes 2.01 and 2.01R). Taken together,
our results show that Tko contains a CRISPR-Cas system that is
capable of crRNA homology-dependent DNA silencing in vivo.

CRISPR-Cas silencing depends on sequences adjacent to the
protospacer. The plasmids used in the invader challenge experi-
ments (Fig. 5) contain a potential PAM sequence adjacent to the
crRNA target sequence. In other Type I (and Type II) CRISPR-
Cas systems, silencing depends on the presence of a protospacer
adjacent motif or PAM near the target sequence in the invader,
and mutation of the PAM interferes with silencing,'1:34-36:50.52.62-64
This mechanism protects the CRISPR locus in the host genome,
which lacks the PAM, from crRNA-guided destruction. In Tko,

www.landesbioscience.com

ysis indicates that anti-chiA ¢tRNAs A and E
and downstream crRNA 1.06 are expressed in the new aChiA
strain (ApyrF AmrpE AchiA CRISPR1::engineered CRISPRI),
and that crRNA 1.01 is not (Fig. 7C).

To test for silencing directed by the newly engineered crRNAs,
we used the plasmid challenge assay described above. Tko strains
KUW1 (wild-type CRISPR) and aChiA (engineered CRISPR)
were challenged with plasmids containing the ¢hiAA4 gene (with
targets for novel crRNAs A-E), the crRNA A or E target sequence
alone, or the ctRNA 1.01, 1.02 or 1.06 target sequence (i.e., plas-
mids used in Fig. 5). In the strain with the wild-type CRISPR
(KUW1), plasmids containing targets for the endogenous
crRNAs 1.01, 1.02 and 1.06 were silenced and failed to produce
colonies (Fig. 7D). Plasmids with targets for the novel crRNAs
produced numbers of colonies (per g DNA) similar to the par-
ent plasmid in KUW1 (Fig. 7D). In the aChiA strain, plasmids
containing targets for ctRNAs 1.01 and 1.02 (replaced in this
strain) produced numbers of colonies (per g DNA) similar to
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Figure 3. End analysis of sequenced crRNAs. The Y-axis represents the percentage of all crRNAs sequenced. The 5' and 3' ends of all crRNAs are
mapped relative to the upstream repeat/guide junction for each of the three CRISPR loci as well as for all three. The 5' ends (black bars) and 3' ends
(orange bars) of all crRNAs sequenced are indicated. Beneath the plot, the corresponding positions of a CRISPR repeat (black) and guide sequence
(orange) are indicated. The model illustrates the most common Tko guide sequence length (38 nts). The two most common crRNA species (with 36 and
43 nts downstream of the 5' repeat tag) are diagrammed below.

the aChiA strain (Fig. 7E). The results demonstrate successful
engineering of a CRISPR locus in 7%o to obtain specific homol-
ogy-dependent silencing of an intended target plasmid in vivo.

the parent plasmid (Fig. 7E). Plasmids containing targets for the
novel ctRNAs (plasmids A, E and ¢hiAA4) and the downstream
crRNA 1.06 failed to produce colonies upon transformation in
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Figure 4. Northern analysis of crRNA expression. Blots were probed for two representative crRNAs from each of the three CRISPR loci (A-C) as well as
the CRISPR repeat sequence (D). For each panel, both sense (s) and antisense (as) probes were tested. Odd numbered lanes contain the Decade Marker
RNA, and even numbered lanes indicate lanes containing 10 g of Tko total RNA. The crRNA species are indicated (brackets, A-C). In (D), RNAs cor-
responding in size to the predicted Cas6 cleavage products (1x: ~70 nt and 2x: ~140 nt) are indicated.

Discussion

Two largely uncharacterized CRISPR-Cas systems co-exist in
T. kodakarensis: the Type I-A Csa system and Type I-B Cst
system. In this initial investigation, we have characterized the
ctRNAs present in Tko (Figs. 2—4) and determined that at

www.landesbioscience.com

least one of these CRISPR-Cas systems can silence invading
plasmids by a mechanism that functions at the DNA level
(Fig. 5). In addition, we demonstrated that Tko CRISPR
loci can be engineered to express functional crRNAs that
effectively  direct of a corresponding target

(Fig. 7).

silencing
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Figure 5. T. kodakarensis CRISPR-Cas systems silence plasmid DNA. (A) Graphic representation of the plasmid challenge assay. In the absence of
CRISPR-Cas defense, the pLC64 plasmid, bearing a trpE marker gene cassette, is able to restore tryptophan prototrophy when transformed into Tko
strain KUW1 (ApyrFAtrpE). However, when derivatives of pLC64 bearing a CRISPR-Cas target sequence and a PAM are transformed, CRISPR-Cas silenc-
ing results in reduced or no colony formation on tryptophan-deficient medium. When silencing occurs by targeting DNA, the relative orientation

of the target on the plasmid has no effect on silencing. (B) Plasmid challenge assay results. Colony formation per pg of plasmid DNA transformed is
plotted on the Y-axis with error bars showing the standard error in five assay replicates. The target sequence of each plasmid is displayed on the X-axis.
Nomenclature for the CRISPR targets is as follows: 2.01 indicates the protospacer target derived from the first leader proximal spacer of CRISPR locus 2,
etc. The 2.01R target sequence is identical to the 2.01 target sequence, but its relative orientation on the plasmid is reversed. The assay was performed

in two separate labs with a total of five replicates, using two different plasmid preparations.

Features of Tko ctRNAs. ctRNAs guide the CRISPR-Cas
immune response and vary in composition among CRISPR-
Cas pathways.”®%? The mature ctRNAs found in Tko exhibit 3'
end heterogeneity but include a common, 8-nt CRISPR repeat-
derived sequence (5' tag) at their 5' termini (Fig. 3). The observed
3' end heterogeneity may reflect the presence of distinct crRNA
species associated with each the Csa and Cst systems, which
may be resolved upon isolation of individual effector complexes
(as we showed previously in P. furiosus, another organism with
multiple CRISPR-Cas systems).*>**? Interestingly, most of the
analyzed crRNAs that co-purified with an affinity-tagged Csa2
(Cas7) protein overexpressed in Sulfolobus solfataricus were
unprocessed 1X RNAs (with an 8-nt 5' tag and the full remain-
ing repeat sequence at the 3' end). However, in Tko, the two
most prominent species are ccRNAs with no 3' repeat sequence
(missing 1-3 nts of the guide region) and crRNAs with 5 nts of
the conserved repeat downstream of the guide region (Fig. 3).
The 1X crRNA is a relatively minor species in Tko (see north-
ern analysis with guide region probes, Fig. 4). The presence of
an 8 nt 5' tag is a common feature of studied Type I and Type
III CRISPR-Cas systems.!®1%:24:33:38:43:47:48.59.66 The 5' tag provides
crRNA identity and has been demonstrated to be essential for
the function of the Type III-B Cmr system.?>% This 5' tag is a
direct product of cleavage of the CRISPR transcripts by Cas6

or Cas6-like endonucleases,!®!7!%:21:47:67

suggesting that Tko
crRNAs are generated by one of the two Cas6 proteins encoded
in the cas gene cluster (Fig. 1B). The enzymes that trim

ctRNA 3" ends subsequent to Cas6 cleavage have not been
identified.
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Silencing by Type I-A Csa and Type I-B Cst CRISPR-Cas
systems. Our findings indicate that the Type I-A Csa system or
Type I-B Cst system, or both, can silence invaders by a mecha-
nism that functions at the DNA level (Fig. 5). Very little is known
about either of these CRISPR-Cas systems. Both the Csa and Cst
systems include Cas3 superfamily proteins, the hallmark compo-
nent of Type I systems. Cas3 has been observed to cleave DNA
both in the absence of other components in vitro®”* and upon
recruitment to target DNA via crRNA-protein complex (crRNP)
interactions in vivo.** In addition to nuclease activity, Cas3 pro-
teins include a conserved helicase domain (which is sometimes
encoded as a separate polypeptide, e.g., Cas3' in the case of Csa;
see Fig. 1B). Cas3 is a strong candidate for the effector nuclease
that mediates invader silencing by the Csa and/or Cst system in
Tko.

There are currently no reports on the structure or function of
other components of Type I-B Cst CRISPR-Cas systems, which
include Cstl (Cas8al superfamily), Cst2 (Cas7 superfamily) and
Cas5t (Cas5 superfamily) proteins (in addition to the universal
Cas proteins Casl and Cas2). The Cst system [being studied
in Tko (this study) and P. furious (our unpublished work)] is a
member of the Type I-B class, which also includes the Csh system
(being studied in H. volcanii, C. thermocellum and M. mari-
paludis).>* Evidence suggests that the Csh system of H. volcanii
can target invading plasmids at the DNA level,” however the
extent to which the Cst and Csh CRISPR-Cas systems are struc-
turally and mechanistically related is not yet known.

Protein components of the Type I-A Csa system have been

studied and found to interact in vitro (in Thermoproteus tenax*/)
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Figure 6. CRISPR-Cas plasmid interference is Protospacer Adjacent Motif (PAM)-dependent. (A)
Diagram of crRNA base-pairing with targeted DNA molecule. The guide sequence of the crRNA
(orange), derived from the spacer, is shown base pairing to its complement strand in the target
(orange). Repeat sequences of the crRNA (black) and the PAM region (blue) are indicated (B-D).
Diagrams for comparing three constructs with different protospacer flanking sequences used to
test the mode of self vs. non-self determination in Tko CRISPR-Cas defense. (B) Targeting via detec-
tion of a PAM (tested with a predicted PAM sequence 5'-CGG-3', blue). (C) Avoidance of CRISPR-
Cas targeting via mutation of the PAM to a non-PAM sequence (tested with predicted non-PAM
sequence 5'-CCA-3', red). (D) Avoidance of CRISPR-Cas targeting via base-pairing between the 8 nt
of the 5'-tag sequence and the sequence immediately downstream of the region complementary
to the guide (tested with the 5'-tag complement sequence 5-GTTTCAAT-3', black). (E) Plasmid chal-
lenge assay results. Colony formation per g of plasmid DNA transformed is plotted on the Y-axis
with error bars displaying the standard error in six assay replicates, using two different plasmid
preparations. The target sequence and the flanking region (PAM) of each plasmid are displayed on

and cause significant economic losses."”®

Other potential approaches to direct
CRISPR-Cas systems against specific
DNA targets include the introduction
into an organism of a plasmid contain-
ing a CRISPR with sequences that target
the DNA and inoculation of an organism
with the target DNA to induce CRISPR
adaptation,'!1316:37:49:50 these
approaches have significant limitations.
The use of plasmid-encoded CRISPRs

requires constant selective pressure to

however

maintain the plasmid, such as growth in

and in vivo [in Sulfolobus solfataricus® and Pyrococcus furiosus
(our unpublished results)]. Evidence indicates that Csa2 (Cas7
superfamily) and Cas5a (Cas5 superfamily) may be central com-
ponents that play a role in ctRNA binding and DNA binding.?
The X-ray structure of S. solfataricus Csa3 suggests that it is a
potential DNA binding protein and regulator of cas gene expres-
sion.” The roles of Csa5, Csx9/Csa4 (Cas8a2 superfamily), Csa3
and Csal (Cas4 superfamily; not found in 7%0) remain to be
determined.

Most DNA targeting CRISPR-Cas systems require the pres-
ence of a PAM near the target sequence in the invader DNA. Our
data corroborate the prediction that an NGG PAM sequence is
required for Type I-A and/or I-B CRISPR-Cas systems.”*>** We
found that a plasmid with a CGG PAM was silenced in Tko,
and that mutation to CCA prevented silencing (Fig. 6). The
molecular mechanism by which NGG PAMs mark DNA for

www.landesbioscience.com

the presence of antibiotics or in defined
media lacking a nutrient. Phage/plasmid
challenge to induce CRISPR-Cas adaptation and immunity has
only been successful in very few organisms. In this work, we
showed that intentional engineering of a CRISPR locus can pro-
vide CRISPR-Cas-mediated resistance against an invader in 7%o.

Materials and Methods

Strains and growth conditions. The strains and plasmids used
in this study are listed in Table S1. T. kodakarensis KOD1 and
derivative strains were grown under strict anaerobic conditions at
85°C either in complex growth medium (ASW-YT) or defined
medium (ASW-AA).”” ASW-YT growth medium was supple-
mented with 5 g/L sodium pyruvate (ASW-YT-Pyr) for RNA
isolation, with 2 g/L elemental sulfur (ASW-YT-S°) for compe-
tent cell preparation, or with 2 mL/L polysulfide solution (10 g
of Na,§ 9H,0 and 3 g of sulfur flowers in 15 ml of H,O) for
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plasmid silencing. ChiAA4 target plasmids contain the chiAA4 expression cassette.

recovery after transformation before plating. Preparation of solid
medium and cultivation on plates was performed as previously
described.”® Specific conditions applied to select transformants
are described below. Escherichia coli strains Topl0 and DH5a
were used for general plasmid DNA manipulation. Cultures were
grown at 37°C in Luria-Bertani (LB) broth supplemented with
ampicillin (100 pwg/mL).

Small RNA library preparation. Total RNA samples were
isolated from ~50 mg 7%o KODI cells using Trizol (Invitrogen)
following manufacturer’s protocol. Total RNA (50 pg) was sepa-
rated by denaturing PAGE gel electrophorhesis and small RNAs
(~18-75 nt) were isolated by gel extraction. RNAs were dephos-
phorylated with thermosensitive alkaline phosphatase (Promega).
Dephosphorylated RNAs were ligated to a 3" adaptor (3'-Adaptor
Solexa, Table S2) with truncated T4 RNA Ligase (NEB). Ligated
RNAs were isolated by gel extraction. Gel extracted RNAs were 5'
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phosphorylated with T4 polynucleotide kinase (Ambion). RNAs
were then ligated with a 5" adaptor (5'-Adaptor Solexa, Table S2)
by T4 ssRNA Ligase 1 (NEB). 5- and 3'-ligated RNAs were
subjected to reverse transcription using the Solexa RT primer
(Table S2) with Superscript I11 reverse transcriptase (Invitrogen).
cDNAs were cleared of RNAs by RNase H (NEB) treatment.
PCR amplification of cDNA libraries was performed using prim-
ers Solexa RT and Solexa PCR (Table S2) with Crimson Taq
(NEB) using High Fidelity Buffer with MgCl, (Roche). Details
of procedure have been described previously.?

Illumina xequencing and analysis. cDNA libraries were visu-
alized by electrophoresis, quantitated by Agilent Bioanalyzer and
NanoDrop, diluted to 2 pM and subject to 76 cycles of sequenc-
ing on an Illumina Genome Analyzer IIx. Sequence reads were
trimmed of the 3' linker, and reads 18-76 nt in length were
aligned to the 7Tko genome using Bowtie.”” The 5' and 3' ends
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of reads mapping to the CRISPR loci were calculated using a
custom PERL script available upon request.

Northern analysis. Total RNA samples were isolated from
~50 mg of Tko cells (KOD1, KUW1 or aChiA) using Trizol
(Invitrogen). Ten pg of total RNA samples were separated on
15% TBE-Urea polyacrylamide gels (Criterion, Bio-Rad) beside
a (*P)-5' end-labeled Decade Marker RNA (Ambion). RNAs
were transferred to nylon Zeta-Probe membranes (Bio-Rad)
using a Trans-Blot SD Semi-Dry Cell (Bio-Rad). Membranes
were baked at 80°C for 1 h before prehybridization in a ProBlot
hydridization oven (LabNet) for 1 h at 42°C. Prehybridization
and hybridization was performed in hybridization buffer con-
taining 5x SSC, 7% SDS, 20 mM NaPO, (pH 7.0) and Ix
Denhardt’s solution. Deoxyribonucleotide probes (MWG/
Operon) (10 pmol) were 5" end-labeled with T4 Polynucleotide
Kinase (Ambion) and y-(**P)-ATP (specific activity > 7,000 Ci/
mmol, MP Biomedicals) using standard protocols. Labeled
probes (1 million cpm/mL) were added to prehybridization buf-
fer, followed by hybridization at 42°C overnight. Probed mem-
branes were washed twice in 2x SCC, 0.5% SDS for 30 min at
42°C. Blots were exposed to a Phospholmager screen for 4-24 h
and scanned. Probe sequences used are listed in Table S2.

General DNA manipulation and construction of shuttle vec-
tor plasmids. Plasmid DNAs for sequencing and routine analysis
were isolated from Topl0 and DH5a using the QIAprep Spin
Miniprep Kit (Qiagen) or Quantum Prep Plasmid Miniprep kit
(BIO-RAD). Large-scale plasmid DNA isolation from E. coli
strains was performed for the construction of target-bearing plas-
mids or for use in Tko plasmid transformation assays. These iso-
lations were done using the QIAfilter Plasmid Midi Kit (Qiagen)
or Quantum Prep Plasmid Miniprep kit (BIO-RAD). Routine
PCR screening was performed with Crimson Taq (NEB) or
KOD plus (Toyobo).

Plasmids containing CRISPR target inserts (Table S1)
were constructed by ligating annealed 5'-phosphorylated oli-
gos (Table S2) into the BamHI site of the shuttle vector plas-
mid pLC64.%" The plasmid pLC64 was linearized with either
BamHI-HF (NEB) or BamHI (Toyobo) and dephosphorylated
with thermosensitive alkaline phosphatase (Promega) or calf
intestine alkaline phosphatase (Toyobo). 5'-Phosphorylated
CRISPR target DNA oligo pairs (Table S2) purchased (MWG/
Operon) or prepared using T4 polynucleotide kinase (Toyobo),
were annealed in 10 mM Tris (pH 8.0), 1 mM EDTA with
or without 500 mM NaCl. Annealed oligo pairs were ligated
with BamHI-linearized pLC64 using T4 DNA ligase (NEB)
or Ligation high (Toyobo). E. coli transformants bearing plas-
mids with the CRISPR target insert were identified by diges-
tion of isolated plasmids with BamHI or by PCR. Plasmids
containing inserts were sequenced to confirm insert sequence
and orientation. Oligo pairs used for the construction of target-
bearing plasmids are indicated in Table S2, with the “+” oligo
being annealed with the cognate “-” oligo to generate a dou-
ble-stranded target for ligation. pLC64, a plasmid that autono-
mously replicates in Tko, was a kind gift from Tom Santangelo
and John Reeve of Ohio State University.®’ An expression cas-
sette of chiAA4, which encodes the C-terminal endochitinase
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domain of the chitinase from 7ko (ChiAA4), was amplified
using pSecChiA as a template.® Inverse PCR using the primer
set ChiAF1/ChiAR1 was performed to remove the secretion sig-
nal, and the amplified fragment was self-ligated. A second PCR
was performed using this DNA as a template with the primers
ChiAF2/ChiAR2. The amplified fragment was digested with
Notl and EcoRV, and inserted into the Notl/EcoRV sites of
pLC64, resulting in pLC64-ChiAA4.

Plasmid transformation assay in T. kodakarensis. T.
kodakarensis strains KUW1 (ApyrFAtrpE) and aChiA
(ApyrFAtrpEAchiA CRISPR1::engineered CRISPR1) were used
for plasmid transformation assays. All steps were done under strict
anaerobic conditions. Transformations were performed as follows.
Cells were harvested after anaerobic growth to mid- to late-log
phase by centrifugation, resuspended into 200 pL of 0.8 x ASW
and incubated on ice for 30 min. After addition of 2 g of plas-
mid, cells were incubated on ice for an additional hour. Following
recovery in 3 mL of ASW-YT media for 2 h at 85°C, cells were
harvested by brief centrifugation, and resuspended in 200 L 0.8
x ASW prior to plating on ASW-AAW" media supplemented with
10 wg/mL uracil. Plates were incubated anaerobically at 85°C for
3 d. After incubation, colonies per plate were enumerated.

CRISPR-Cas escape mutant analysis. In order to examine
the sequences of the CRISPR loci of the escape mutants, DNA
fragments including the entire CRISPR loci 2 were amplified by
PCR using the primer set TkL2F1/TkL2R1 and genomic DNA
from each of the mutant strains as template DNA. Primers used
for sequencing were TkL2F1-F3 and TkL2R1-R3.

Construction of engineered CRISPR strain. The plas-
mid pUD3, a derivative of pUC118 containing a pyrF marker
gene cassette cloned into its Apal site, was used for the con-
struction of two genome modification plasmids.®! The plasmid
pJE2 was designed to replace the first five spacers of CRISPR1
locus in Tko with five spacers targeting the DNA sequence of
an established reporter gene, the C-terminal domain of TK1765
(chiAA4).® Spacers were designed to target regions of chiAA4
with flanking sequences lacking complementarity with the puta-
tive 5' tag sequence (5-AUUGAAAC-3') of the engineered Tko
crRNAs. To facilitate proper homologous recombination into
the genome, we designed a synthetic construct containing the
engineered CRISPRI locus (with spacers 1-5 replaced), an addi-
tional 1 kilobase of 5' and 3' flanking sequence identical to the
flanking sequence of CRISPR1 in the 7%o genome, and a short
polylinker region with multiple restriction sites just beyond the
5"and 3' flanking sequences. The polylinker regions included a
Kpnl site on the leader-proximal end and a BamHI site on the
leader-distal end of the construct. GeneArt was contracted to
synthesize and clone the engineered CRISPR construct into the
BamHI/Kpnl sites of the pUD3 plasmid, creating the plasmid
pJE2. A Tko strain carrying a disruption of the chiA gene (KC2)
was used as the host strain. KC2 was constructed as described
previously using 7ko KUW1 as the parent strain.®? 7Tko KC2
cells grown in ASW-YT-S° until the late log-phase were har-
vested, washed and resuspended in 200 pL of 0.8 x ASW and
kept on ice for 30 min. After treatment with 3.0 pg of pJE2
and further incubation on ice for 1 h, cells were cultivated in

RNA Biology 837

©2012 Landes Bioscience. Do not distribute.



ASW-AA medium (without uracil) with elemental sulfur for
2-5 d at 85°C. Cells were consecutively cultivated under the
same conditions to enrich the desired transformants that display
uracil prototrophy. Cells were then spread onto ASW-YT solid
medium supplemented with 2 mL/L polysulfide solution, 10 g/L
5-fluoroorotic acid (5-FOA) and 60 mM NaOH. Only cells that
have undergone a second recombination that removes the pyrF
gene can grow in the presence of 5-FOA. Cells were grown for
2 d at 85°C for colony formation, and transformants were iso-
lated and cultivated in ASW-YT-S°. The genotypes of the trans-
formants were analyzed by PCR using the primer set TkL1F1/
TKLIR1. A transformant whose first five spacers of CRISPR1
locus were properly exchanged was chosen and designated as

Tko aChiA.
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