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CRISPR-Cas is a rapidly evolving RNA-mediated adaptive immune system that protects bacteria and archaea against
mobile genetic elements. The system relies on the activity of short mature CRISPR RNAs (crRNAs) that guide Cas protein(s)
to silence invading nucleic acids. A set of CRISPR-Cas, type ll, requires trans-activating small RNA, tracrRNA, for maturation
of precursor crRNA (pre-crRNA) and interference with invading sequences. Following co-processing of tracrRNA and pre-
crRNA by RNase Ill, dual-tracrRNA:crRNA guides the CRISPR-associated endonuclease Cas9 (Csn1) to cleave site-specifically
cognate target DNA. Here, we screened available genomes for type Il CRISPR-Cas loci by searching for Cas9 orthologs. We
analyzed 75 representative loci, and for 56 of them we predicted novel tracrRNA orthologs. Our analysis demonstrates a
high diversity in cas operon architecture and position of the tracrRNA gene within CRISPR-Cas loci. We observed a correlation
between locus heterogeneity and Cas9 sequence diversity, resulting in the identification of various type Il CRISPR-Cas
subgroups. We validated the expression and co-processing of predicted tracrRNAs and pre-crRNAs by RNA sequencing
in five bacterial species. This study reveals tracrRNA family as an atypical, small RNA family with no obvious conservation
of structure, sequence or localization within type Il CRISPR-Cas loci. The tracrRNA family is however characterized by
the conserved feature to base-pair to cognate pre-crRNA repeats, an essential function for crRNA maturation and DNA
silencing by dual-RNA:Cas9. The large panel of tracrRNA and Cas9 ortholog sequences should constitute a useful database

to improve the design of RNA-programmable Cas9 as genome editing tool.

Introduction

CRISPR-Cas (clustered regularly interspaced short palindromic
repeats, CRISPR-associated) is a widespread RNA-mediated heri-
table and adaptive immune system against mobile genetic elements
(phages, plasmids) in bacteria and archaea.! A CRISPR-Cas
locus is typically composed of an operon encoding the Cas proteins
and a repeat-spacer array consisting of interspersed identical repeat
sequences and unique invader-targeting spacer sequences. CRISPR-
Cas immunity operates in three steps with the principle that an
intruder once memorized by the system will be remembered and
silenced upon a repeated infection.! During the adaptation phase,
a part of an invading nucleic acid sequence is incorporated as a
new spacer within the repeat-spacer array and the infection is thus
memorized.”'** During the expression phase, the repeat-spacer
array is transcribed as a precursor CRISPR RNA (pre-crRNA) mol-
ecule that undergoes processing to generate short mature crRNAs,
each complementary to a unique invader sequence.’**> During the
interference phase, the individual crRNAs guide Cas protein(s)
to cleave the cognate-invading nucleic acids in a sequence-specific
manner for their ultimate destruction.?$3¢->

The CRISPR-Cas systems have recently been classified into
three distinct types (I-III), with further division into several

subtypes according to specific combinations of cas genes.®

The classification reflects an evolution of the defense system
into subtype-specific molecular mechanisms for expression and
555 Types
I and III share some common features, with crRNAs and Cas

maturation of crRNAs and interference with invaders.

proteins being the only known components required for the
steps of expression and interference. Processing of pre-crRNAs
involves a first cleavage within the repeats by an endoribonuclease
of the Cas6 family and, in type III, the intermediate crRNAs
are further maturated to produce shorter repeat-spacer crRNAs.
In both types I and III, the mature crRNAs guide a complex of
several Cas proteins to the cognate-invading nucleic acids and a
Cas endonuclease of the ribonucleoprotein complex cleaves the
target nucleic acids.?7413

Type II CRISPR-Cas has evolved distinct pre-ctRNA pro-
cessing and interference mechanisms. Our recent analysis of the
type II-A system in the human pathogen Streptococcus pyogenes
demonstrated that processing of pre-ctRNA requires base-pair-
ing of every pre-ctRNA repeat with a small, non-coding, RNA,
tractRNA (trans-activating ctRNA), encoded in the vicinity of
the cas genes and repeat-spacer array.”® The tracrRNA:pre-crRNA
repeat duplexes once formed are cleaved by the double-stranded
RNA-specific endoribonuclease RNase III in the presence of
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Cas9 (formerly Csnl), hallmark protein of type II systems.?® The
resulting intermediate crRNAs composed of repeat-spacer-repeat
sequences are further trimmed into short mature crRNAs con-
sisting of unique spacer-repeat sequences in a second maturation
event that is yet to be described.?* Each mature crRNA remains
duplexed to the processed tracrRNA, forming a dual-RNA struc-
ture that is associated with Cas9 in a ternary silencing complex.?®
Cas9 is an unusual endonuclease!®!¢7:38-40:545658 that can be pro-
grammed by the dual-tractRNA:crRNA structure to cleave site-
specifically cognate target DNA using two distinct endonuclease
domains (HNH and RuvC/RNase H-like domains).*®

Our previous analysis of tracrRNA occurrence across genomes
led to the identification of tracrRNA orthologs associated to type
IT CRISPR-Cas systems in several bacterial species.?® Expression
of primary and mature forms of tractRNA was validated experi-
mentally by northern blot analysis in Streptococcus thermophilus,
Streptococcus mutans, Listeria innocua and Neisseria meningitidis.*®
Although diverse in length and sequence, tracrRNA orthologs
share the common feature to contain an anti-pre-ctRNA repeat
sequence (anti-repeat).”® In this study, we first searched for all
putative type II CRISPR-Cas loci existing in publicly available
genomes by screening for sequences homologous to Cas9, the
hallmark protein of the type II system. We constructed a phylo-
genetic tree from a multiple sequence alignment of the identified
Cas9 orthologs. The CRISPR repeat length and gene organiza-
tion of cas operons of the associated type II systems were analyzed
in the different Cas9 subclusters. A subclassification of type 11
loci was proposed and further divided into subgroups based on
the selection of 75 representative Cas9 orthologs. We then pre-
dicted tracrRNA sequences mainly by retrieving CRISPR repeat
sequences and screening for anti-repeats within or in the vicin-
ity of the cas genes and CRISPR arrays of selected type II loci.
Comparative analysis of sequences and predicted structures of
chosen tractRNA orthologs was performed. Finally, we deter-
mined the expression and processing profiles of tracrRNAs and
ctRNAs from five bacterial species.

Results

Type II CRISPR-Cas systems are widespread in bacteria. In
addition to the tracrRNA-encoding DNA and the repeat-spacer
array, type Il CRISPR-Cas loci are typically composed of three to
four cas genes organized in an operon (Fig. 1). Cas9 is the signa-
ture protein characteristic for type Il and is involved in the steps of
expression and interference as mentioned above.!#1¢:17:26.:38-40.54-56.58
Casl and Cas2 are core proteins that are shared by all CRISPR-
Cas systems and are implicated in spacer acquisition.'$?"%
Csn2 and Cas4 are present in only a subset of type II systems
and were suggested to play a role in adaptation.® To retrieve a
maximum number of type II CRISPR-Cas loci, possibly contain-
ing tracrRNA, we first screened publicly available genomes for
sequences homologous to already described Cas9 proteins.”®
Two hundred and thirty-five putative Cas9 orthologs were
identified in 203 bacterial species (Table S1). We discarded the

incomplete, possibly truncated sequences, and selected a set of 75
diverse sequences representative of all retrieved Cas9 orthologs
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for further analysis (Table S1 and Materials and Methods).
Consistent with previous observations,”> Cas9 orthologs were
not found in archaeal genomes.

Next, we performed a multiple sequence alignment of the
selected Cas9 orthologs (Fig. S1). The comparative analysis
revealed high diversities in amino acid composition and protein
size. The Cas9 orthologs share only a few identical amino acids
and all retrieved sequences have the same domain architecture
with a central HNH endonuclease domain and splitted RuvC/
RNase H domain. 1173840545658 The lengths of Cas9 proteins
range from 984 (Campylobacter jejuni) to 1,629 (Francisella novi-
cida) amino acids, with typical sizes of ~1,100 or ~1,400 amino
acids. Due to the high diversity of Cas9 sequences, especially in
the length of the inter-domain regions, we selected only well-
aligned, informative positions of the prepared alignment to
reconstruct a phylogenetic tree of the analyzed sequences (Fig. 1;
Fig. S1 and Materials and Methods). Cas9 orthologs grouped into
three major, monophyletic clusters with some outlier sequences.
The observed topology of the Cas9 tree is well in agreement with

the current classification of type II loci,”

with previously defined
type II-A and type 1I-B forming separate, monophyletic clusters.
To further characterize the clusters, we examined in detail the cas
operon compositions and CRISPR repeat sequences of all listed
strains.

Cas9 subclustering reflects the diversity in type II CRISPR-
Cas loci architecture. A deeper analysis of selected type II loci
revealed that the clustering of Cas9 ortholog sequences corre-
lates with the diversity in CRISPR repeat length. For most of the
type II CRISPR-Cas systems, the repeat length is 36 nucleotides
(nt) with some variations for two of the Cas9 tree subclusters.
In the type II-B cluster (Fig. 1, green branches) that comprises
loci encoding the long Cas9 ortholog, previously named Csx12,
the CRISPR repeats are 37 nt long. The small subcluster com-
posed of sequences from bacteria belonging to the Bacteroidetes
phylum (Fig. 1, dark blue branches) is characterized by unusu-
ally long CRISPR repeats, up to 48 nt in size. Furthermore, we
noticed that the subclustering of Cas9 sequences correlates with
distinct cas operon architectures, as depicted in Figure 1. The
third major cluster (Fig. 1, blue branches) and the outlier loci
(Fig. 1, gray branches) consist mainly of the minimum operon
composed of the cas9, casl and cas2 genes, with an exception of
some incomplete loci that are discussed later. All other loci of the
two first major clusters are associated with a fourth gene, mainly
esn2-like, specific to type II-A and cas4, specific to type II-B
(Fig. 1, clusters in yellow-orange-red and green, respectively). We
identified genes encoding shorter variants of the Csn2 protein,
Csn2a, within loci similar to type II-A S. pyogenes CRISPRO1
(strain SF370, M1GAS) and S. thermophilus CRISPR3 (Fig. 1,
yellow).!#26:5559-61 The longer variant of Csn2, Csn2b, was found
associated with loci similar to type II-A S. thermophilus CRISPR1
(Fig. 1, orange branches).” % Interestingly, we identified addi-
tional putative cas genes encoding proteins with no obvious
sequence similarity to previously described Csn2 variants. One
of those uncharacterized proteins is exclusively associated with
type II-A loci of Mycoplasma species (Figs. 1 and 2, last gene of
the cas operon in red). Two others were found encoded in type
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I1-A loci of Staphylococcus species (Fig. 2, last gene of the
cas operon in yellow and orange). Thus, in all cases, the cas
operon architecture diversity is consistent with the subclus-
tering of Cas9 sequences.

These characteristics together with the general topology
of the Cas9 tree divided into three major, distinct, monophy-
letic clusters, led us to propose a new, further division of the
type II CRISPR-Cas system into three subtypes. Type II-A
is associated with Csn2-like protein, type II-B is associated
with Csx12-like Cas9 and Cas4 and type II-C only contains
the minimal set of the cas9, casl and cas2 genes, as depicted
in Figure 1.

In silico predictions of novel tracrRNA orthologs. Type
IT loci selected earlier based on the 75 representative Cas9
orthologs were screened for the presence of putative tractRNA
orthologs. Our previous analysis performed on a restricted
¢ revealed that neither the
sequences of tractRNAs nor their localization within the

number of tractRNA sequences?

CRISPR-Cas loci seemed to be conserved. However, as men-
tioned above, tractrRNAs are characterized by an anti-repeat
sequence capable of base-pairing with each of the pre-ctRNA
repeats to form tracrRNA:pre-crRNA repeat duplexes that
are cleaved by RNase III in the presence of Cas9.?® To pre-
dict novel tractRNAs, we took advantage of this characteristic
and used the following workflow: (1) screen for potential anti-
repeats (sequence base-pairing with CRISPR repeats) within
the CRISPR-Cas loci, (2) select anti-repeats located in the
intergenic regions, (3) validate CRISPR anti-repeat:repeat
base-pairing and (4) predict promoters and Rho-independent
transcriptional terminators associated with the identified
tractRNAs.

To screen for putative anti-repeats, we retrieved repeat

sequences from the CRISPRdb database,* or, when the infor-
mation was not available, we predicted the repeat sequences
using the CRISPRfinder software.®® The CRISPR prediction
tools are based on the assumption that the repeat spacer array
and the cas operon are transcribed from the same strand.
However, in our previous study, we showed experimentally

that the transcription direction of the repeat-spacer array
26

compared with that of the cas operon varied among loci.
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Figure 1. Phylogenetic tree of representative Cas9 sequences. See also
Fig. S1 and Table S1. Bootstrap values calculated for each node are indi-
cated. Same color branches represent selected subclusters of similar Cas9
orthologs. CRISPR repeat length in nucleotides, average Cas9 protein size in
amino acids (aa) and consensus locus architecture are shown for every sub-
cluster. *- gi|116628213, **- gi|116627542, *- gi|34557790, *- gi|34557932. Type
II-Ais characterized by cas9-csx12, casl, cas2, cas4. Type II-B is characterized
by cas9, casl, cas2 followed by a csn2 variant. Type II-C is characterized by a
conserved cas9, casl, cas2 operon.

Here, RNA sequencing analysis confirmed this observation.

In some of the analyzed loci, namely in F. novicida, N. menin-
gitidis and C. jejuni, the repeat-spacer array is transcribed in the
opposite direction of the cas operon (see paragraph “Deep RNA
sequencing validates expression of novel tracrRNA orthologs”
and Figs. 2 and 3) while in S. pyogenes, S. mutans, S. thermophilus
and L. innocua, the array and the cas operon are transcribed in
the same direction. These are the only type II repeat-spacer array
expression data available to date. Because tractRNA and ctRNA
base pair at the level of anti-repeat:repeat, the directionality of
pre-ctRNA repeats allows to determine the orientation of cognate
tractRNAs. To predict the transcription direction of other repeat-
spacer arrays, we considered the previous observation according
to which the last repeats of the arrays are usually mutated.*® This
remark is in agreement with the current spacer acquisition model,
in which typically the first repeat of the array is duplicated upon
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insertion of a spacer sequence during the adaptation phase.'®¢

We observed, however, that the predicted orientation of tran-
scription for the N. meningitidis and C. jejuni repeat-spacer array
would be opposite to the orientation determined experimentally
(RNA sequencing and northern blot analysis). Moreover, in most
of the cases we could detect potential promoters on both ends of
the arrays. Based on these facts, we considered transcription of
the repeat-spacer arrays to occur in the same direction as tran-
scription of the cas operon, if not validated otherwise.

We then screened the selected CRISPR-Cas loci includ-
ing sequences located 1 kb upstream and downstream on both
strands for possible repeat sequences that did not belong to the
repeat-spacer array, allowing up to 15 mismatches. On average,
we found one to three degenerated repeat sequences per locus
that would correspond to anti-repeats of tracrRNA orthologs and
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Figure 2. For figure legend, see page 730.
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gi|116628213, **- gi|116627542, - gi|34557790, *- gi|34557932.

Figure 2 (See previous page). Architecture of type Il CRISPR-Cas from selected bacterial species. The vertical color bars group the loci that code for
Cas9 orthologs belonging to the same tree subcluster (compare with Fig. 1). Thick black bar, leader sequence; black rectangles and green diamonds,
repeat-spacer array. Note, that for simplicity the depicted repeat-spacer arrays do not represent the actual amount of spacers. Predicted anti-repeats
are represented by arrows indicating the direction of putative tracrRNA ortholog transcription; red and yellow, high and low complementarity to
the pre-crRNA repeat, respectively. Note that for the loci that were not verified experimentally, the CRISPR repeat-spacer array is considered here

to be transcribed from the same strand as the cas operon. The transcription direction of the putative tracrRNA ortholog is indicated accordingly. *-

selected the sequences located within the intergenic regions. The
putative anti-repeats were found in four typical localizations:
upstream of the cas9 gene, in the region between cas9 and casl
and upstream or downstream of the repeat-spacer array (Fig. 2).
For every retrieved sequence, we validated the extent of base-
pairing formed between the repeat and anti-repeat (Table S2)
by predicting the possible RNA:RNA interaction and focusing
especially on candidates with longer and perfect complemen-
tarity region forming an optimal double-stranded structure for
RNase III processing. To predict promoters and transcriptional
terminators flanking the anti-repeat, we set the putative transcrip-
tion start and termination sites to be included within a region
located maximally 200 nt upstream and 100 nt downstream
of the anti-repeat sequence, respectively, based on our previous
observations.?® Due to the limitations of the in silico prediction
algorithms, we could not determine the putative promoters and
terminators for some of the analyzed anti-repeats, even though
the tractRNA ortholog expression could be validated experimen-
tally, as exemplified by the C. jejuni locus (see paragraph “Deep
RNA sequencing validates expression of novel tracrRNA ortho-
logs”). We suggest considering promoter and transcriptional ter-
minator predictions only as a supportive, but not essential, step of
the guideline described above.

A plethora of tracrRNA orthologs. We predicted putative
tractRNA orthologs for 56 of the 75 loci selected earlier. The
results of predictions are depicted in Figure 2. As already men-
tioned, the direction of tractRNA transcription shown in this
figure is hypothetical and based on the indicated direction of
repeat-spacer array transcription. As previously stated, sequences
encoding putative tractRNA orthologs were identified either
upstream, within or downstream of the cas operon, or down-
stream of the repeat spacer arrays including the putative leader
sequences, the latter position found commonly in type II-B loci
(Fig. 2). However, we observed that anti-repeats of similar local-
ization within CRISPR-Cas loci can be transcribed in different
directions (as observed when comparing e.g., Lactobacillus rham-
nosus and Eubacterium rectale or Mycoplasma mobile and S. pyo-
genes or N. meningitidis) (Fig. 2). Notably, loci grouped within
a same subcluster of the Cas9 guide tree share a common archi-
tecture with respect to the position of the tractrRNA-encoding
gene. We identified anti-repeats around the repeat-spacer array
in type II-B loci, and mostly upstream of the cas9 gene in types
II-A and II-C with several notable exceptions for the putative
tractRNA located between cas9 and casI in three distinct sub-
clusters of type II-A.

Some type II CRISPR-Cas loci have defective repeat-
spacer arrays and/or tracrRNA orthologs. For six type II
nucleatum, paucivorans,
Helicobacter mustelae, Azospirillum sp., Prevotella ruminicola and

loci  (Fusobacterium Aminomonas
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Abkkermansia muciniphila), we identified potential anti-repeats with
weak base-pairing to the repeat sequence or located within the cas
open reading frames (Fig. 2). Notably, in these loci, a weak anti-
repeat within the open reading frame of the gene encoding a puta-
tive ATPase in A. paucivorans, a strong anti-repeat within the first
100 nt of the cas9 gene in Azospirillum sp. B510 and a strong anti-
repeat overlapping with both cas9 and cas! in A. muciniphila were
identified (Fig. 2). For 12 additional loci (Peptoniphilus duerdenii,
Coprococcus catus, Acidaminococcus intestini, Catenibacterium mit-
suokai, Staphylococcus  pseudintermedius, Ilyobacter  polytropus,
Elusimicrobium minutum, Bacteroides fragilis, Acidothermus cellu-
lolyticus, Corynebacterium diphteriae, Bifidobacterium longum and
Bifidobacterium dentium), we could not detect any putative anti-
repeat. There is no available information on pre-crRNA expression
and processing in these CRISPR-Cas loci. Thus, the functionality
of type II systems in the absence of a clearly defined tractRNA
ortholog remains to be addressed. For seven analyzed loci we could
not identify any repeat spacer array (Parasutterella excrementibomi-
nis, Bacillus cereus, Ruminococcus albus, Rhodopseudomonas palus-
tris, Nitrobacter hamburgensis, Bradyrhizobium sp. BTAil and
Prevotella micans) (Fig. 2) and in three of those (Bradyrhizobium
sp. BTAil, N. hamburgensis and B. cereus) we detected cas9 as a
single gene with no other cas genes in the vicinity. For these three
loci, we failed to predict any small RNA sequence upstream or
downstream of the cas9 gene. In the case of R. albus and P. excre-
mentihominis, the genomic contig containing cas9 is too short to
allow prediction of the repeat spacer array.

Deep RNA sequencing validates expression of novel tracrRNA
orthologs. To verify the in silico tracrRNA predictions and deter-
mine tractRNA:pre-ctRNA co-processing patterns, RNAs from
selected Gram-positive (S. mutans and L. innocua) and Gram-
negative (N. meningitidis, C. jejuni and F. novicida) bacteria were
analyzed by deep sequencing. Sequences of tracrRNA orthologs and
processed ctRNAs were retrieved (Fig. S2, Table S3). Consistent
with previously published differential tracrRNA sequencing data
in S. pyogenes,*® tractRNA orthologs were highly represented in
the libraries, ranging from 0.08-6.2% of total mapped reads.
Processed tracrRNAs were also more abundant than primary tran-
scripts, ranging from 66% to more than 95% of the total amount
of tractRNA reads (Fig. S2, Table S3).

To assess the 5'-ends of tractRNA primary transcripts, we ana-
lyzed the abundance of all 5-end reads of tractRNA and retrieved
the most prominent reads upstream or in the vicinity of the 5'-end of
the predicted anti-repeat sequence. The 5'-ends of tracrRNA ortho-
logs were further confirmed using promoter prediction algorithm.
The identified 5-ends of tractRNAs from S. mutans, L. innocua
and N. meningitidis correlated with both in silico predictions and
northern blot analysis of tracrRNA expression.”® The most prom-
inent 5-end of C. jejuni tracrRNA was identified in the middle
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of the anti-repeat sequence. Five nucleotides upstream, an addi-
tional putative 5-end correlating with the in silico prediction and
providing longer sequence of interaction with the CRISPR repeat
sequence was detected. We retrieved relatively low amount of reads
from the F. novicida library that corresponded almost exclusively to
processed transcripts. Analysis of the very small amount of reads of
primary transcripts provided a 5-end that corresponded to one of
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Figure 3. tracrRNA and pre-crRNA co-processing in selected type

Il CRISPR-Cas systems. CRISPR loci architectures with verified posi-

tions and directions of tracrRNA and pre-crRNA transcription are
shown. Black sequences, pre-crRNA repeats; red sequences, tracrRNA
sequences base-pairing with crRNA repeats. Putative RNA processing
sites as revealed by RNA sequencing are indicated with arrowheads. For
each locus, arrowhead sizes represent relative amounts of the retrieved
5'and 3'-ends (see Table S3). Blue arrowhead pairs represent putative
RNase Ill co-processing sites with dark blue indicating the putative
primary processing sites.

the strongest in silico promoter predictions. Northern blot probing
of F. novicida tractRNA further confirmed the validity of the pre-
dictions showing the low abundance of transcripts of around 90 nt
in length (data not shown). The results are listed in Table 1. For all
examined species, except V. meningitidis, primary tractRNA tran-
scripts were identified as single small RNA species of 75-100 nt
in length. In the case of N. meningitidis, we found a predominant
primary tracrRNA form of ~110 nt and a putative longer transcript
of ~170 nt represented by a very low amount of reads and detected
previously as a weak band by northern blot analysis.?

tracrRNA and pre-crRNA co-processing sites lie in the anti-
repeat:repeat region. We examined the processed tracrRNA
transcripts by analyzing abundant tractRNA 5'-ends within the
predicted anti-repeat sequence and abundant mature crRNA
3-ends (Fig. 3; Table S3). In all species, we identified the promi-
nent 5-ends of tractRNA orthologs that could result from co-pro-
cessing of the tractRNA:pre-ctRNA repeat duplexes by RNase I11.
We also identified the processed 5'-ends of crRNAs that most prob-
ably result from a second maturation event by putative trimming,
consistently with previous observations.”® Noteworthy, in the
closely related RNA pairs of S. pyogenes, S. mutans and L. innocua,
we observed the same processing site around the G:C basepair
in the middle of the anti-repeat sequence. In both S. mutans and
L. innocua, we detected additional prominent tracrRNA 5'-ends
and ctRNA 3'-ends that could suggest further trimming of the
tractRNA:crRNA duplex, with 3'-end of ctRNA being shortened
additionally to the already mentioned 5'-end trimming, follow-
ing the RNase Ill-catalyzed first processing event. Similarly, in
C. jejuni, we found only a small amount of crRNA 3"-ends that
would fit to the RNase III processing patterns and retrieved the
corresponding 5'-ends of processed tractRNA. Thus, the putative
trimming of tracrRNA:crRNA duplexes after initial cleavage by
RNase III would result in a shorter repeat-derived part in mature
crRNAs, producing shorter tracrRNA:crRNA duplexes stabilized
by a triple G:C base-pairing for interaction with the endonucle-
ase Cas9 and subsequent cleavage of target DNAs. The V. men-
ingitidis RNA duplex seems to be processed at two primary sites
further to the 3'-end of the CRISPR repeat, resulting in a long
repeat-derived part in mature ctRNA and stable RNA:RNA inter-
action despite the central bulge within the duplex. Interestingly,
the tractRNA:pre-ctRNA duplex of F. novicida seems to be cleaved
within the region of low complementarity and some of the retrieved
abundant 5-ends of tracrRNA suggest its further trimming with-
out concomitant trimming of crRNA. Differences in primary
transcript sizes and in the location of processing sites result in
various lengths of processed tracrRNAs ranging from ~65-85 nt.

RNA Biology 731

Do not distribute.

I0Science.

©2012 Landes B



Table 1. Selected tracrRNA orthologs

Strains® Transcript 5'-end® 3'-end Length (nt)
RNA-seq Predicted
First read Most prominent

primary = 854 546 = 171

S. pyogenes SF370 primary = 854 464 = 854 376 89
processed - 854 450 - ~75

primary 1455 497 1455 502 1455 497 ~75

C. jejuni NCTC 11168 1455570

processed - 1455 509 - ~60

primary 2774774 2774774 2774773 ~90

L. innocua Clip11262 2774 863

processed - 2774788 - ~75
primary 1335040 1335040 1355039 ~100

S. mutans UA159 1335054 1335141 ~85

processed = =
1335062 ~80
primary 614 158 614 162 614 154 ~175
N. meningitidis Z2491 primary 614 223 614 225 614 223 614 333 ~110
processed - 614 240 - ~90
817 145
primary 817 144 = ~80
817 154
F. novicida U112 817 065
817 138 ~75
processed = =
817 128 ~65
primary = = 1384 330 1384 425 ~95
S. thermophilus LMD-9

primary - - 646 654 646 7662 ~110
P. multocida Pm70 primary = = 1327 287 1327 396 ~110
M. mobile 163K primary - - 49 470 49 361 ~110

atracrRNA orthologs of S. thermophilus, P. multocida and M. mobile were predicted in silico. PRNA-seq, revealed by RNA sequencing (Table S3); first read,
first 5'-end position retrieved by sequencing; most prominent, abundant 5'-end according to RNA-seq data; predicted, in silico prediction of transcrip-
tion start site; underlined, 5'-end chosen for the primary tracrRNA to be aligned. 5'-ends of processed tracrRNAs were validated by primer extension
analysis (data not shown). ‘Estimated 3'-end according to RNA-seq data and transcriptional terminator prediction.

The coordinates and sizes of the prominent processed tracrRNA
transcripts are shown in Table 1 and Table S3. The observed pro-
cessing patterns of tractRNA and crRNA are well in agreement
with the previously proposed model of two maturation events.
The putative further trimming of some of the tractRNA 5'-ends
and crRNA 3'-ends could stem from the second maturation event
or alternatively, be an artifact of the cDNA library preparation or
RNA sequencing. The nature of these processings remains to be
investigated further.

Sequences of tractRNA orthologs are highly diverse. Sequence
similarities of selected tractRNA orthologs were also determined.
We performed multiple sequence alignments of primary tractRNA
transcripts of S. pyogenes (89 nt form only), S. mutans, L. innocua
and N. meningitidis (110 nt form only), S. thermophilus, P. mul-
tocida and M. mobile (Table 1 and Fig. 4). We observed high
diversity in tractRNA sequences but significant conservation of
sequences from closely related CRISPR-Cas loci. tracrRNAs from
L. innocua, S. pyogenes, S. mutans and S. thermophilus share on
average 77% identity and tractRNAs from N. meningitidis and
P. multocida share 82% identity according to pairwise alignments
(data not shown). The average identity of the analyzed tractRNA
sequences is 56%, comparable to the identity of random RNA

sequences. This observation further confirms that the prediction
of tractRNA orthologs based on sequence similarity can be per-
formed only in the case of closely related loci. We also sought for
possible tracrRNA structure conservation but could not find any
significant similarity except one co-variation and conserved tran-
scriptional terminator structure (Fig. 4).

Discussion

This work describes tractRNA as a unique family of small non-
coding RNAs with conserved function but no obvious structure
or sequence conservation. tractRNAs are inherent to the type II
CRISPR-Cas systems and critical for the steps of expression and
interference. We demonstrated previously that tracrRNAs act in
trans and share the common characteristic to contain an anti-
repeat sequence allowing base-pairing with each repeat of related
pre-crRNAs. According to previous in silico predictions,® in con-
trast to types I and III, type II CRISPR repeats are only weakly
palindromic. Hence, they lack per se the distinct characteristic
of types I and III repeats to form stem-loop structures required
for Cas6-like cleavage of pre-ctRNA within the repeats. Base-
pairing of tractRNA with pre-crRNA repeats would compensate
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Figure 4. Sequence diversity of tracrRNA orthologs. tracrRNA sequence multiple alignment. S. thermophilus and S. thermophilus2, tracrRNA associ-
ated with gi[116628213 and gi|116627542 Cas9 orthologs, accordingly. Black, highly conserved; dark gray, conserved; light gray, weakly conserved.
Predicted consensus structure is depicted on the top of the alignment. Arrows indicate the nucleotide co-variations. S. pyogenes SF370, S. mutans
UA159, L. innocua Clip11262, C. jejuni NCTC 11168, F. novicida U112 and N. meningitidis Z2491 tracrRNAs were validated by RNA sequencing and northern
blot analysis.? S. thermophilus LMD-9 tracrRNA was validated by northern blot analysis. P. multocida Pm70 tracrRNA was predicted from high similarity
of the CRISPR-Cas locus with that of N. meningitidis Z2491. M. mobile 163K tracrRNA was predicted in silico from strong predictions of transcriptional

this deficiency by providing an intermolecular structure that
activates a first processing of pre-ctRNA by RNase I1I-mediated
cleavage, leading to concomitant processing of tracrRNA itself.*®
Following maturation, the dual-tractRNA:ctRNA structure
associated with Cas9 endonuclease constitutes a ternary silencing
complex that targets cognate invading DNA. These functional
characteristics make the tracrRNA family distinct from other
families of non-coding RNAs that ultimately affect the mainte-
nance or function of either mRNAs or proteins.®*”!

Diversity and rapid evolution of type II CRISPR-Cas loci within
a same species or even a same strain®’>”® and in different bacte-

62 were already reported, however only on a limited number of

ria
selected type II systems. Here, we analyzed 75 representative type
IT CRISPR-Cas loci selected from 235 retrieved putative Cas9-
containing type II loci from 203 bacterial species. Based on our

analysis of the distinct monophyletic clusters of the Cas9 tree, we

www.landesbioscience.com

updated the subclassification of type II CRISPR-Cas loci from two
to three subtypes; II-A, II-B and II-C. The subtyping correlates
also with the different loci architectures, especially for the presence
or absence of the fourth gene within the cas operon. The newly pro-
posed type II-C is characterized by the minimal cas operon consist-
ing only of the cas9, casl and cas2 genes. Remarkably, within type
I1-A, we identified three novel putative Cas proteins. Two of them
are found exclusively in the staphylococcal type II systems (Figs. 1
and 2, yellow and orange), the third one is detected only in the
mycoplasmal CRISPR-Cas loci (Figs. 1 and 2, red). These Cas
proteins do not share any obvious similarities with Cas4 or Csn2,
the only two described proteins other than the core Cas9, Casl
and Cas2 of the type II systems. Further studies should reveal their
potential functions in type II CRISPR-Cas adaptive immunity.
We observed a general correlation between tracrRNA localiza-
tion and subclustering of Cas9 sequences. Sequence similarities
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of tractRNA orthologs belonging to loci with closely related
Cas9 proteins raise the question whether Cas9 proteins and
tractRNAs have functionally co-evolved. In a previous study,
we showed on a small amount of samples that tracrRNA:crRNA
pairs and Cas9 orthologs of closely related species (e.g., S. pyo-
genes, S. thermophilus and L. innocua) are partially exchangeable
in an in vitro target DNA cleavage assay, but are not functional
when coupled with the RNA or Cas9 ortholog of distant spe-
cies, i.e., N. meningitidis.>® Moreover, the predicted base-pairing
patterns, with respect to size and positions of bulges within the
tractRNA:crRNA duplexes are similar for closely related species
of S. pyogenes, S. thermophilus and L. innocua, but distinct from
N. meningitidis.>® This observation suggests functional evolu-
tion of tractRNA, ctRNA and Cas9, which future studies should
validate.

Despite the similarity of some of the tractRNA orthologs,
we generally observed high diversity in both their sequence and
exact localization within the CRISPR-Cas loci. This diversity
taken together with the conserved anti-repeat feature raises
questions about the origin of tractRNA and the mechanisms
that led to divergence in tracrRNA localization within type 11
loci. We hypothesize that tracrRNA could be derived from some
degenerated repeat sequence. Some of the analyzed loci show
significant architectural rearrangements compared with the
consensus architecture observed for their subclusters. Possible
scenarios leading to the observed diversity could be proposed.
In Lactobacillus gasseri, we detected two potential anti-repeats,
one upstream of cas9, characteristic for most of the type II-A
loci and one between cas9 and cas! as found in the small sub-
set of the systems clustering with L. gasseri (Fig. 2). Thus, we
hypothesize that L. gasseri CRISPR-Cas locus could be an inter-
mediate locus, where the tractRNA gene would have relocated
in two positions typical to the type II-A in a scenario involving
duplication or second acquisition of the anti-repeat (note that
the detected anti-repeats are not identical; see Table S2). In
the cluster comprising the loci of Mycoplasma spp., we observed
potential series of rearrangements including an orientation of
the cas9 gene that could have led to a change in tracrRNA posi-
tion (Fig. 2). Finally, the type II locus of Lactobacillus coryni-
formis contains a second repeat-spacer array located upstream of
cas9 and containing a last repeat, highly degenerated (11 mis-
matches to the repeat sequence). We suggest that this repeat
located at the distal position of the CRISPR array could be the
source of the anti-repeat of the associated tracrRNA. We could
not predict any promoter that would drive its transcription. The
representation of this rearranged locus is unfortunately too low
to draw any definite conclusions.

tractRNA is an essential component of the dual-RNA:Cas9
ternary silencer complex, which was proposed as an attractive
programmable tool for site-specific genome modification.?7477
The large panel of various tractRNA and Cas9 proteins should
represent a valuable source of sequences to improve the design
of dual-RNA:Cas9 and derived single-guide RNA:Cas9.
Where does tractRNA originate from, how did tractRNAs and
Cas9 proteins evolve and how has the type II system spread are
significant questions for future studies and discussions.
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Materials and Methods

Bacterial strains and culture conditions. The following media
were used to grow bacteria on plates: TSA [trypticase soy agar,
Trypticase™ Soy Agar (TSA II) BD BBL, Becton Dickinson] sup-
plemented with 3% sheep blood for S. mutans (UA159) and BHI
(brain heart infusion, BD Bacto™ Brain Heart Infusion, Becton
Dickinson) agar for L. innocua (Clip11262). When cultivated
in liquid cultures, THY medium [Todd Hewitt Broth (THB,
Bacto, Becton Dickinson)] supplemented with 0.2% yeast extract
(Servabacter®) was used for S. mutans, BHI broth for L. innocua,
BHI liquid medium containing 1% vitamin-mix VX (Difco,
Becton Dickinson) for N. meningitidis (22491), MH (Mueller
Hinton Broth, Oxoid) Broth including 1% vitamin-mix VX for
C. jejuni (NCTC 11168; ATCC 700819) and TSB (Tryptic Soy
Broth, BD BBL™ Trypticase™ Soy Broth) for F. novicida (U112).
S. mutans was incubated at 37°C, 5% CO, without shaking.
Strains of L. innocua, N. meningitidis and F. novicida were grown
aerobically at 37°C with shaking. C. jejuni was grown at 37°C in
microaerophilic conditions using campygen (Oxoid) atmosphere.
Bacterial cell growth was followed by measuring the optical den-
sity of cultures at 620 nm (OD_, ) at regular time intervals using
a microplate reader (BioTek PowerWave™).

Sequencing of bacterial small RNA libraries. C. jejuni
NCTC 11168 (ATCC 700819), F. novicida U112, L. innocua
Clipl1262, N. meningitidis 72491 and S. mutans UA159 were
cultivated until mid-logarithmic growth phase and total RNA
was extracted with TRIzol (Sigma-Aldrich). Ten pg of total
RNA from each strain were treated with TURBO™ DNase
(Ambion) to remove any residual genomic DNA. rRNAs were
removed by using the Ribo-Zero™ rRNA Removal Kits® for
Gram-positive or Gram-negative bacteria (Epicentre) according
to the manufacturer’s instructions. Following purification with
the RNA Clean and Concentrator™-5 kit (Zymo Research),
the libraries were prepared using ScriptMiner™ Small RNA-
Seq Library Preparation Kit (Multiplex, Illumina® compatible)
following the manufacturer’s instructions. RNAs were treated
with the Tobacco Acid Pyrophosphatase (TAP) (Epicentre).
Columns from RNA Clean Concentrator™-5 (Zymo Research)
were used for subsequent RNA purification and the Phusion®
High-Fidelity DNA Polymerase (New England Biolabs) was
used for PCR amplification. Specific user-defined barcodes were
added to each library [RNA-Seq Barcode Primers (Illumina®-
compatible) Epicentre] and the samples were sequenced at the
Next Generation Sequencing (CSF NGS Unit; http://csf.ac.at)
facility of the Vienna Biocenter (Illumina single end sequencing).

Analysis of tractRNA and crRNA sequencing data. The RNA
sequencing reads were split up using the illumina2bam tool and
trimmed by (1) removal of Illumina adaptor sequences (cutadapt
1.0)7 and (2) removal of 15 nt at the 3'-end to improve the qual-
ity of reads. After removal of reads shorter than 15 nt, the cDNA
reads were aligned to their respective genome using Bowtie by
allowing two mismatches: C. jejuni (GenBank: NC_002163),
F. novicida (GenBank: NC_008601), N. meningitidis (GenBank:
NC_003116), L. innocua (GenBank: NC_003212) and S. mutans
(GenBank: NC_004350). Coverage of the reads was calculated at
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each nucleotide position separately for both DNA strands using
BEDTools-Version-2.15.0.” A normalized wiggle file contain-
ing coverage in read per million (rpm) was created and visual-
ized using the Integrative Genomics Viewer (IGV) tool (www.
broadinstitute.org/igv/) (Fig. S2). Using SAMTools flagstat,® the
proportion of mapped reads was calculated on a total of 9914184
reads for C. jejuni, 48205 reads for F. novicida, 13110087 reads for
N. meningitidis, 161865 reads for L. innocua and 1542239 reads
for S. mutans. A file containing the number of reads starting (5')
and ending (3') at each single nucleotide position was created and
visualized in IGV. For each tracrRNA ortholog and crRNA, the
total number of reads retrieved was calculated using SAMtools.*

Cas9 sequence analysis, multiple sequence alignment and
guide tree construction. Position-specific iterated (PSI)-BLAST
program® was used to retrieve homologs of the Cas9 family in
the NCBI non redundant database. Sequences shorter than 800
amino acids were discarded. The BLASTClust program® set up
with a length coverage cutoff of 0.8 and a score coverage threshold
(bit score divided by alignment length) of 0.8 was used to cluster
the remaining sequences (Table S1). This procedure produced 78
clusters (48 of those were represented by one sequence only). One
(or rarely a few representatives) were selected from each cluster
and multiple alignment for these sequences was constructed using
the MUSCLE program® with default parameters, followed by a
manual correction on the basis of local alignments obtained using
PSI-BLAST®*" and HHpred programs.* A few more sequences
were unalignable and thus excluded from the final alignments. The
confidently aligned blocks (Fig. S1) with 272 informative positions
were used for maximum likelihood tree reconstruction using the
FastTree program® with the default parameters: JTT evolutionary
model, discrete gamma model with 20 rate categories. The same
program was used to calculate the bootstrap values.

Analysis of CRISPR-Cas loci. The CRISPR repeat sequences
were retrieved from the CRISPRdb database or predicted using
the CRISPRfinder tool.*® The cas genes were identified using
the BLASTp algorithm and/or verified with the KEGG database
(www.kegg.ip).

In silico prediction and analysis of tracrRNA orthologs. The
putative anti-repeats were identified using the Vector NTI® soft-
ware (Invitrogen) by screening for additional, degenerated repeat
sequences that did not belong to the repeat-spacer array on both
strands of the respective genomes allowing up to 15 mismatches.
The transcriptional promoters and Rho-independent termina-
tors were predicted using the BDGP Neural Network Promoter
Prediction  program  (www.fruitfly.org/seq_tools/promoter.
html) and the TransTermHP software,*® respectively. The mul-
tiple sequence alignments were performed using the MUSCLE
program® with default parameters. The alignments were ana-
lyzed for the presence of conserved structure motifs using the

RNAalifold algorithm of the Vienna RNA package 2.0.57%%
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