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ABSTRACT

Disclosed are components and methods for RNA-directed
DNA cleavage and gene editing. The components include and
the methods utilize a Cas9 protein from Neisseria and one or
more RNA molecules in order to direct the Cas9 protein to
bind to and optionally cleave or nick a target sequence.
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Figure 5D
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Figure 13A
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Figure 13C
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Figure 13D
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Figure 14A
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Figure 148
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Figure 14C
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Figure 14D
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Figure 15A
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Figure 168
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Figure 16D
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RNA-DIRECTED DNA CLEAVAGE AND GENE
EDITING BY CAS9 ENZYME FROM
NEISSERIA MENINGITIDIS

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

[0001] Thepresent application claims the benefit of priority
under 35 U.S.C. 119(e) to U.S. Provisional Patent Applica-
tion No. 61/826.338, filed on May 22, 2013, the content of
which is incorporate herein by reference in its entirety.

BACKGROUND

[0002] The field of the invention relates to methods, kits,
and compositions for modifying DNA. In particular, the field
of'the invention relates to components and methods for RNA-
directed DNA cleavage and gene editing.

[0003] Genome editing has proven to be quite difficult in
cells, particularly in mammalian cells. One way to improve
genome-editing efficiency is to introduce a double-strand
break (DSB) in the desired DNA region. DSBs stimulate the
DNA repair machinery and, in the presence of a homologous
repair template, greatly enhance genome editing efficiency.
Currently, there are two widely used systems to introduce
targeted DSBs in genomes of mammalian cells—Zinc Finger
Nucleases (ZFNs) and Transcription activator-like effector
nucleases (TALENS), both of which are engineered by fusing
site-specific DNA recognition domains to Fokl endonu-
cleases. One major obstacle to the wide application of these
two systems is the difficulty of engineering peptides that
recognize specific target DNA sites. Also, for each unique
target sequence, a different pair of ZFNs or TALENS has to be
engineered. For ZFNs, the optimal designing algorithm is
proprietary and only available through commercial sources.
For TALENS, the design rules are quite straightforward, but it
still takes weeks to make one pair of targeting constructs, and
each must be adequately expressed and validated.

[0004] Clustered, regularly interspaced short palindromic
repeats (CRISPRs) are known in the art (see Marraffini and
Sontheimer, Nature Reviews Vol. 11, Mach 2010, 181-190,
U.S. Published Patent Application No. 2010/0076057, and
U.S. Pat. No. 8,697,359, which are incorporated herein by
reference in their entireties), and have been utilized for
genome editing (see Cain, SciBX, Vol. 6, No. 4, January
2010, 1-7). Recently, CRISPR RNAs (crRNAs) have been
developed that direct DNA cleavage by a bacterial protein
called Cas9. (See Cong et al., Science, Vol. 339, Feb. 15,
2013, 819-822; and Mali et al., Science. Vol. 339, Feb. 15,
2013, 823-826). This system requires only three components:
a Cas9 endonuclease, a trans-activating CRISPR RNA (tracr-
RNA), and the target-specifying crRNA which hybridizes to
a target DNA sequence and targets the DNA sequence for
cleavage by the Cas9 endonuclease. Accordingly, nearly any
genomic locus can be targeted by the same Cas9 protein, as
long as a crRNA complementary to the targeted sequence is
provided. Two Cas9 proteins (SpCas9 from Streptococcus
pyogenes and StCas9 from Streptococcus thermophilus) have
been reported as effective in genome editing, and each has its
own targeting sequence requirements. However, there is a
need for the identification of new systems in order to maxi-
mize the potential of CRISPR as a gene editing tool.

[0005] Here, we report a new form of Cas9 (NmCas9 from
Neisseria meningitidis) that has distinct targeting require-
ments which are less likely to result in off-target effects.
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Furthermore, unlike SpCas9 and StCas9. NmCas9 can func-
tion with crRNAs that are embedded within longer unproc-
essed precursors, indicating that NmCas9 can accommodate
a greater range of targeting crRNA structures and function-
alities. In addition, mutant forms of NmCas9 can be used that
bind DNA in an RNA-directed fashion, but that do not cleave
the DNA.

SUMMARY

[0006] Disclosed are methods and components for RNA-
directed DNA cleavage and gene editing. The methods utilize
components including a Cas9 protein from Neisseria and one
or more RNA molecules in order to direct the Cas9 protein to
bind to and optionally cleave or nick a target sequence.
[0007] Insome embodiments, the methods modify a target
DNA sequence in a cell and may include: (a) expressing a
Cas9 protein from a Neisseria species or a variant protein
thereof in the cell (e.g., by transfecting the cell with a DNA
molecule or an RNA molecule that expresses the Cas9 protein
(i.e.,Cas9 mRNA)): and (b) transfecting the cell withan RNA
molecule or expressing an RNA molecule in the cell from a
DNA molecule, wherein the RNA molecule binds to the Cas9
protein or variant, and the RNA molecule hybridizes to the
target DNA sequence. Optionally, the Cas9 protein or variant
protein has nuclease activity (e.g., DNase activity and/or
RNase activity) and cleaves one (i.e., nicks) or both strands of
the target DNA sequence. Optionally, the methods further
comprise contacting the target DNA sequence with ahomolo-
gous DNA fragment, wherein homologous recombination is
induced between the homologous DNA fragment and the
target DNA sequence (e.g., homologous recombination to
effect gene repair or to effect gene disruption). In further
embodiments, the Cas9 protein or variant protein has no
nuclease activity (e.g., no DNAse activity) and binds to the
target DNA sequence but does not cleave the DNA sequence.
[0008] In some embodiments, the Cas9 protein or variant
protein is encoded and expressed by a nucleic acid having a
codon sequence that is optimized for expression in the cell.
For example, the nucleic acid may have a codon sequence that
is optimized for expression in an animal cell (e.g., a human or
non-human mammalian cell). The Cas9 protein may be
expressed from an expression vector comprising a prokary-
otic or eukaryotic promoter for expressing the Cas9 protein
which is transfected into the cell.

[0009] Suitable Cas9 proteins may include, but are not lim-
ited to, Cas9 proteins from Neisseria species (e.g., Neisseria
meningitidis). Variants of Cas9 proteins may include proteins
having an amino acid sequence that has at least about 80%,
85%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity
to an amino acid sequence of a Cas9 protein. Optionally, the
variant has one or more biological activities associated with
the Cas9 protein (e.g., nuclease activity and RNA binding
activity).

[0010] The methods may be utilized to target a DNA
sequence in a cell. Suitable cells may include prokaryotic
cells and eukaryotic cells. In some embodiments, the methods
are performed to targeta DNA sequence inastem cell (e.g., an
embryonic stem cell or an induced pluripotent stem cell).
[0011] The methods typically utilize an RNA molecule that
comprises a sequence that hybridizes with a target DNA
sequence in a cell. The RNA molecule also binds with the
Cas9 protein or a variant thereof. In some embodiments, the
RNA molecule comprises two molecules of duplexed RNA
(e.g., ctRNA duplexed with tracRNA). In other embodi-
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ments, the RNA molecule is a single RNA molecule forming
a hairpin structure (e.g., where crRNA is linked to tracRNA
via a linker such as GAAA and the crRNA and tracRNA form
the stem of the hairpin). In further embodiments, the RNA
may include an RNA mimic of green fluorescent protein
(GFP). As such, the RNA may be utilized to map a target DNA
sequence via adding 4-hydroxybenzylidene (HPD), 3,5-
dimethoxy-4-hydroxybenzylidene (DMHPD), or a 3,5-dif-
luoro-4-hydroxybenzylidene to the cell (DFHPD), wherein
the RNA binds to HPD, DMHPD, or DFHPD to form a
fluorescent complex. In further embodiments, the RNA may
comprise Xist RNA or fragments thereof which may be uti-
lized to modulate the expression of the target DNA sequence.
The RNA may be transfected directly into a cell and/or may
be expressed from an expression vector comprising a
prokaryotic or eukaryotic promoter for expressing the RNA
when the expression vector is transfected into the cell.
[0012] Also disclosed are proteins, polynucleotides, vec-
tors, and kits for performing the disclosed methods. For
example, a contemplated protein may include the Neisseria
meningitidis Cas9 protein or a variant thereof. A contem-
plated polynucleotide may comprise a eukaryotic promoter
operably linked to a polynucleotide sequence encoding a
Cas9 protein from a Neisseria species or a variant thereof
(e.g., a Cas9 protein fused to one or more of a nuclear local-
ization signal (NLS), a ligand for purifying the variant pro-
tein, and a tag for identifying the variant protein). The poly-
nucleotide may be present in a vector for propagating the
polynucleotide or expressing the polynucleotide (e.g. a
prokaryotic and/or eukaryotic vector).

[0013] The contemplated kits may comprise any of the
presently disclosed proteins, polynucleotides, and vectors. A
kit may comprise: (a) a polynucleotide for expressing a Cas9
protein from a Neisseria species or a variant protein thereofin
a cell (e.g., as part of an expression vector comprising a
eukaryotic promoter for expressing the Cas9 protein or alter-
natively as Cas9 mRNA); and (b) RNA that binds to the Cas9
protein or variant and RNA that hybridizes to the target DNA
sequence in the cell (e.g., as a single RNA or as multiple
RNAs, or as a DNA vector or vectors that expresses the single
or multiple RNAs).

[0014] Also contemplated herein are cells that are trans-
formed or transfected with the polynucleotides or vectors
contemplated herein. Suitable cells may include prokaryotic
and eukaryotic cells.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1. A newly identified mode of crRNA biogen-
esis in Neisseria lactamica. (A) Differential RNA-seq
(dRNA-seq)-based analysis of the minimal CRISPR/Cas sys-
tem in N. lactamica 020-06 reveals expression of tracrRNA
and crRNAs. Approximately three million ¢cDNAs from
untreated and TEX-treated RNA were sequenced and mapped
to the genome. Read counts are plotted here for the CRISPR/
cas locus. Both strands of all libraries were adjusted to the
same scale (maximum of 50,000 for leading strand; minimum
ot -50,000 for lagging strand) that reflects a relative expres-
sion score. The number of reads obtained for tracrRNA and
crRNAs are in the range of 40,000 to 50,000 each, which is
comparable to the range we observe for other high-abundance
classes of RNAs. (B) Top: dRNA-seq data were mapped onto
the genomic region corresponding to the tracrRNA gene.
Expression scores at each position were adjusted to the same
relative scale. Bottom: sequence of the full-length 107-nt
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form and processed 91-nt form of tracrRNA. The arrow indi-
cates the primary tracrRNA transcription start site (TSS)
based on enrichment in the TEX +libraries. Boxes denote the
extended -10 promoter element and the anti-CRISPR-repeat
region of the tracrRNA. (C) Northern analysis of N. /acra-
mica 020-06 tracrRNA. ODg,, (left panel) and TEX treat-
ment (right panel) is denoted at the top of each lane. Processed
and unprocessed tracrRNAs are schematized on the right,
with the RNase I processing site indicated with an arrowhead
and the anti-repeat region indicated as the left-hand box. (D)
Top: dRNA-seq data were mapped onto the genomic region
corresponding to the CRISPR array. Expression scores at
each position were adjusted to the same relative scale.
Middle: the primary TSS of each CRISPR spacer-repeat unit
(based on enrichment in the TEX +libraries) is indicated by an
arrow. Primary CRISPR transcripts of different lengths with
likely 5' triphosphates also are indicated by arrows. Bottom:
The sequence of spacer 4 and its flanking CRLSPR repeats,
with the putative extended —10 box (consensus sequence
5'-tgnTACAAT-3") in each single repeat. (E) Northern analy-
sis of N. lacramica 020-06 crRNA, using a probe comple-
mentary to the CRISPR repeat. OD,, (left panel) and TEX
treatment (right panel) is denoted at the top of each lane.
Candidate monomeric, dimeric and trimeric crRNAs are
schematized on the right, each of a predicted size consistent
with bands observed on the blots.

[0016] FIG. 2. CRISPR repeats contain active promoters
that form the 5' ends of mature crRNAs, whereas RNase 111
processing forms crRNA 3' ends. (A) Top left panel: Pro-
moter-element-containing sequences used for gfp fusions.
Plasmids included a wild-type (wt) and mutated (mut) N.
lactamica 020-06 CRISPR repeat (pNH13 and pNHI14,
respectively), a C. jejunii NCTC11168 CRISPR repeat
(pNH18), and a positive control promoter from T7 phage Al.
The promoterless control gfp construct (pAS00046) and a
construct with three wildtype N. lactamica 020-06 CRISPR
repeats (pNH17) are not shown. Promoter elements are indi-
cated by boxes. P, has a TA—CC mutation in the promoter
elementas compared to P, . Top right panel: Flow-cytometric
fluorescence intensity measurements of cells containing the
transcriptional gfp fusions described in the left panel. Fluo-
rescence values are expressed in arbitrary units (AU). Error
bars indicate standard deviation for three independent bio-
logical replicates. Bottom panel: Fluorescence images of
transcriptional gfp fusion strains grown on agar plates. The
right image was captured in the visible light mode; the left
image shows the same plate in fluorescence mode (460 nm
excitation, 510 nm emission). (B) Classification of Type 11
CRISPR/cas loci. The genomic organization of representa-
tive Type II-A or Type II-B loci, as defined previously, is given
ontop. Below are two CRISPR/cas loci (including from neis-
seriae) from the newly defined Subtype II-C. (C) Gel electro-
phoresis of radiolabeled RNAs from in vitro transcription
reactions using linear DNA templates from a subset of the
CRISPR repeat-containing sequences given in (A). Full-
length nm-off transcripts (168 nt) are denoted by the arrow.
The area to the right of the dotted line was imaged at lower
contrast to avoid overexposure. See also FIG. 8. (D) Top:
Base pairing between a primary crRNA and tracrRNA.
RNase III cleavage sites inferred from dRNA-seq are indi-
cated by arrows. Bottom: Northern analysis of total RNA
from N. meningitidis WUE2594 and its Arnc derivative dur-
ing mid-log and early stationary phase, probed for tracrRNA
(left) and crRNAs (right).
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[0017] FIG. 3. CRISPR organization in Neisseria. (A)
Schematic representation of CRISPR loci from seven differ-
ent Neisseria strains. Strain names are indicated (Nm, M.
meningitidis; N1, N. lactamica) with the total number of spac-
ers in each strain shown in parentheses. The arrow indicates
the direction of crRNA transcription. Repeats and spacers are
shown as rectangles and diamonds, respectively. Unique
spacers, repeats that match the consensus, and variant repeats
are illustrated (see Tables 2 and 3). (B) Potential natural
targets for N. meningitidis 8013 spacers. 9 out of 25 spacers
match varying numbers of Neisseria genomes. For each
spacer, its number in the 8013 array, the quantity of known
protospacer matches, and a representative target genome
(Nm, N. meningitidis; Ng, N. gonorrhoea) are listed.
Protospacers and 10 flanking nts (on both sides) from the
representative target genomes are aligned. Sequence similari-
ties are indicated at the top, revealing the 5'-GATT-3' PAM
consensus 5-8 nts 3' of the protospacer. The WebLogo is
derived from the alignment of all Neisseria-matched
protospacers, not just those shown here that match spacers
from the N. meningitidis 8013 CRISPR. The PAM regions
and non-consensus nucleotides are illustrated. Potential self-
targeting spacers and spacers with possible prophage-like
targets are illustrated. (See also FIG. 9).

[0018] FIG. 4. Natural transformation is limited by the
native Neissiera CRISPR/Cas system. (A) Schematic repre-
sentation of integrational vector pGCC2, and recombination
between pGCC2 and the meningococcal chromosome (To-
biason and Seifert, 2010). Individual elements are not drawn
to scale. (B) pGCC2 derivatives with potential targets for
different N. meningitidis 8013 spacers (1, 8,9, 16,17, 18, 23,
and 25) were tested by natural transformation assays using
wild-type 8013 as the recipient strain. The data show log-
scale plots of colony-forming units (cfu) per ml [mean+s.e.m.
(standard error of the mean) for three independent biological
replicates] for total cells (left bars) and Erm” transformants
(right bars) from three independent experiments. See also
FIG. 10. (C) Top panel, sequences of a series of mutations in
the pGCC2 derivative carrying the 350 nt target for spacer 9.
The arrow indicates reversed orientation of the target
sequence in the plasmid. Bottom panel, pGCC2 constructs
containing the spacer 9 target mutations are tested by natural
transformation into wild-type N. meningitidis 8013. Data are
presented as in (B). Error bars represent s.e.m. for three
independent biological replicates.

[0019] FIG. 5. Type II-C CRISPR interference requires
Cas9 and tracrRNA but is independent of RNase II-mediated
processing. (A) Schematic representations of N. meningitidis
8013 mutant strains: including casl, cas2, cas9 and me genes;
tracrRNA gene; kanamycin resistance gene; and CRISPR
repeats and spacers (squares and diamonds, respectively).
Arrows indicate transposon insertions in the rnc::Tn, cas9::
Tn, casl::Tn, and cas2:: Tn mtants. (B, C) pYZEJS040 (-)
and its protospacer 25-containing derivative (+) were tested
by natural transformation assays using N. meningitidis 8013
and its mutant derivatives as recipients. Relevant genotypes
as well as the presence or absence of pGCC2-mediated cas9
complementation are given at the bottom. The data show
cfu/ml (log scale, meanzs.e.m. for three independent biologi-
cal replicates) for total cells (left bars) and chloramphenicol-
resistant transformants (right bars). (See also FIG. 11). (D)
Total RNA from the indicated strains were subjected to north-
ern analysis using a probe complementary to spacer 25 (top).
In the lower panel, the same blot was probed for 5S RNA as
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aloading control. (See also FIG. 12). (E) Asin (D), except that
a probe specific for tracrRNA was used.

[0020] FIG. 6. Neisseria type 1I-C CRISPR/Cas limits
natural transformation of meningococcal chromosomal
DNA. (A) Schematic representation of the siaA/ctrA and
IctP/aspC chromosomal loci in the cas9::Tn strain (top; with
the transposon insertion indicated). Below are derivatives of
the same cas9::Tn strain following transformation with the
ermC-marked vector pGCC2 with or without a protospacer
that matches CRISPR spacer 25, or with the cat-marked vec-
tor pYZEJS040 with or without a protospacer that matches
CRISPR spacer 25. (B) For the left panel, gDNA from the
ermC-marked strains shown in (A), as well as the unmarked
control strain, was used in transformation assays with wild-
type N. meningitidis 8013. Natural transformations were per-
formed and presented as in FIG. 4B. The right panel shows an
analogous experiment using gDNA from the cat-marked
strains shown in (A), as well as the unmarked control strain.
Error bars represent s.e.m. for three independent biological
replicates.

[0021] FIG. 7. CrRNA biogenesis and CRISPR interfer-
ence in Neisseria. Type 1I-C CRISPR/cas loci in Neisseria
spp. initiate transcription within each spacer, driven by pro-
moter elements embedded within each repeat. The resulting
crRNAs and pre-crRNAs carry 5'-terminal triphosphates.
Following tracrRNA annealing, RNase II can cleave both
strands of the tracrRNA/pre-crRNA duplex (right pathway).
Unexpectedly, pre-crRNA processing is not required: when
RNase III is unavailable or fails to act, Cas9 can still form
functional complexes with tracrRNA and crRNA (left path-
way). The naturally-encoded crRNAs target sequences
present in other Neisseria spp. chromosomes, consistent with
the high frequency of genetic exchange by natural transfor-
mation. Because Type II-C have only three protein-coding
genes, lack leader sequences upstream of the CRISPR array,
and do not require the host factor RNase I, they are the most
streamlined natural CRISPR/Cas systems known.

[0022] FIG. 8. In vitro transcription assay with E. coli 6”°
polymerase (RNAP) holoenzyme with linear DNA templates
containing either a wild-type or a mutant repeat. The com-
plete gel of the experiment from FIG. 2C is shown. The area
to the right of the dotted line was imaged at lower contrast to
avoid overexposure.

[0023] FIG. 9. Alignment of potential natural targets for all
Neisseria spacers revealed a putative 3' PAM. A total of 35
unique Neisseria spacer sequences have potential matches to
varying numbers of Neisseria genomes or plasmids. For each
of them, spacer number, the number of known protospacer
matches, and one representative target genome are listed.
Protospacers and 10 nts of 5' and 3' flanking sequences are
aligned and the resulting sequence logos are shown on the top.
A putative 3' PAM (5'-NNNNGATT-3") is deduced. PAM
equivalent regions in the targets are illustrated as well as
nucleotides differing from consensus PAM. The five spacers
with “self-targeting” potential, their spacer name and repre-
sentative target genome also are indicated. Spacers with at
least one phage-related potential natural target, their spacer
number and representative target genome also are indicated.
[0024] FIG. 10. Protospacer-containing potential targets
cloned into pGCC2. For each protospacer, the number of the
matching spacer in the N. meningitidis 8013 CRISPR array is
listed. Representative protospacers and 10 flanking nts on
both sides are aligned. Potential targets for spacers 16, 23, and
25, cloned from synthetic oligonucleotides, include 10 nts on
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both sides of the protospacers. Potential targets for spacers 8,
9, 17, and 18, cloned from PCR products, include varying
numbers (81-217 nt) of 5' and 3' flanking nts, as indicated in
parentheses. As a control. Protospacer 1 is cloned without any
flanking sequences. The PAM regions in potential targets are
illustrated as well as non-consensus nucleotides. Potential
self-targeting spacers also are indicated.

[0025] FIG. 11. Neisseria Type 1I-C CRISPR/Cas limits
natural transformation of pYZEJS040 plasmids. (A) Sche-
matic representation of integrational vector pYZEJS040, and
recombination between siaA-MCS-CAT-ctrA region of
pYZEIJIS040 and the capsule locus of meningococcal chro-
mosomes, including: genes of the capsule biosynthesis
operon (siaA-D) and the capsule transport operon (ctrA-D);
CAT gene; cloning site (MCS); and regions required for
maintenance in . coli. Individual elements are not drawn to
scale. (B) pYZEJS040 derivatives with potential natural tar-
gets for spacers 9 and 25 are tested by natural transformation
using wild-type N. meningitidis 8013 as recipient strain.
Natural transformations are performed and presented as in
FIG. 4B, except that chloramphenicol-resistant (Cm®) trans-
formants are scored. Error bars represent s.e.m. for three
independent biological replicates. Potential targets for spac-
ers 9 and 25 are identical to those used in FIG. 4B.

[0026] FIG. 12. Northern analysis of the complete crRNA
poolinN. meningitidis. Total RNAs from the indicated strains
were subjected to northern blot analysis using a probe
complementary to 1-22 nt of repeat (top). Bottom, the same
blot probed for 5S RNA as a loading control. Size markers
were indicated.

[0027] FIG. 13. Functional NmCas9 can be expressed in
mammalian cells. (A) Western blot analysis demonstrates
that FLAG-tagged NmCas9 is expressed in 293 cells. Lane 1:
Untransfected 293FT cells. Lane 2: 293FT cells transfected
with FLAG-tagged NmCas9 expressing plasmid. Upper
panel: anti-FLLAG tag western. Lower panel: anti-GAPDH
western as loading control. (B) Design of the crRNA that
targets the tdTomato coding sequence; PAM sequence;
crRNA spacer; and crRNA repeat. (C) The plasmid contain-
ing the tdTomato coding sequence (see section B) was linear-
ized with Ndel and mixed with different combinations of
tractrRNA, crRNA and cell lysate prepared from NmCas9-
expressing 293F T cells. After incubation at 37° C., DNA was
purified and analyzed by agarose gel electrophoresis. The
diagram on the right shows the expected cleavage products
and their predicted sizes. ‘N’ indicates inclusion of a nonspe-
cific crRNA that does not target tdTomato. (D) Cleavage
product (see Section C) was extracted from the gel and ana-
lyzed by Sanger sequencing using the primers indicated in the
right panel. The cleavage site, indicated by the arrow, was
inferred from the sequencing.

[0028] FIG. 14. NmCas9 functions in gene disruption in
human ES cells. (A-C) The localization of NmCas9 with an
NLS at the N-terminus (A), C-terminus (B), or both termini
(C)was analyzed by either EGFP fluorescence (A) oranti-HA
immunofluorescence (B and C) in 293 cells. Scale bar: 20 pm.
(D) The localization of NmCas9 with the double NLS (see
Section C) was analyzed by anti-HA immunofluorescence in
human ES cells. Scale bar: 20 um. (E) Design of a single
plasmid used for gene editing in hES cells. (F) FACS analysis
of tdTomato reporter human ES cell lines after electropora-
tion of the indicated crRNA/tracrRNA/NmCas9 constructs.
The number in the plot indicates the percentage of tdTomato-
fluorescence-negative cells five days after electroporation.
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(G) Indels introduced by the targeting CRISPR in the tdTo-
mato negative population (see Section F) were analyzed by
targeted PCR amplification and sequencing. The protospacer
sequence is underlined. The numbers in parentheses indicate
the number of sequenced clones containing that specific
indel.

[0029] FIG. 15. Specificity screen of NmCas9 system. (A)
The top panel shows the crRNA sequence targeting tdTo-
mato, with locations of single point mutations in the spacer
region of the tdTomato targeting crRNA. The bottom panel
shows the efficiency of each mutant at disrupting tdTomato
expression. All mutants were tested as described in FIG. 2,
Section F. The efficiency is defined as percent tdTomato-
negative cells (mutant spacer) divided by percent tdTomato-
negative cells (wildtype spacer). Error bars: S.E.M. (B) Top
panel depicts the locations of different mutant PAMs in the
tdTomato sequence including: wildtype PAM; mutant PAM;
and spacer sequence (underlined). For the bottom-most
protospacer, the opposite strand was targeted, and the reverse
complement sequence is therefore shown. The bottom panel
shows the efficiency of targeting at each site associated with
the indicated PAM, as revealed by the loss of tdTomato
expression. All targeting experiments were performed as
described in FIG. 2. Section F. The efficiency is defined as
percent tdTomato-negative cells (mutant PAM) divided by
percent tdTomato-negative cells (wildtype PAM). Error bars:
S.EM.

[0030] FIG. 16. Gene targeting in hESCs using NmCas9.
(A) Donor DNA and crRNA design. The mismatch in the first
nt of crRNA is to satisfy the requirement of the U6 promoter
for a G residue at the transcription start site. (B) Phase-
contrast (top) and fluorescent (bottom) images of targeted
clones from H1, H9 and iPS005 line. Scale bar: 50 uM. (C)
Southern blot analysis of targeted clones of H1, 19 and
iPS005 line. Genomic DNA was digested with BamHI. The
Southern probe is located outside of donor DNA (see Section
A). The wildtype clone should give one band of 4.2 kb and
targeted heterozygous clone should give one additional band
of 5.6 kb. (D) Targeted clones (see Section B) were treated
with 10 uM SB431542 and 10 ng/ml BMP4 to initiate differ-
entiation. The EGFP signal was analyzed by FACS 3 days
after differentiation to identify undifferentiated parental cells
before targeting targeted cells before differentiation; and tar-
geted cells after differentiation.

[0031] FIG. 17. Single-guide RNA (sgRNA) is able to
direct NmCas9-catalyzed genome editing. A. Design of an
sgRNA that targets tdTomato including a spacer, crRNA
repeat, linker and tracrRNA. B. FACS analysis of tdTomato
reporter human ES cell lines after electroporation of the
sgRNA construct and the nmCas9 expressing plasmid. The
number in the plot indicates the percentage of tdTomato-
fluorescence-negative cells five days after electroporation.

[0032] FIG. 18. NmCas9 D16A functions as a nickase in
human pluripotent stem cells. Sequences targeted by the sgR-
NAs are as indicated and cellular TdTomato fluorescence was
analyzed by flow cytometer 5 days after transfection.

[0033] FIG. 19. NmCas9 mediates homology-directed
repair using either sense or antisense ssODN. The Human ES
cell line used here, which expresses both EGFP and a single
mutated (deficient, 9 nt deleted) copy of Tomato fluorescent
protein gene, was transfected with plasmids expressing
NmCas9 and gRNA targeting the mutated region of tomato
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gene with or without 100 pmole of 160 nt ssODN as repair
template. Cellular fluorescence was analyzed by flow cytom-
etry 5 days after transfection.

[0034] FIG. 20. NmCas9 can be delivered in the form of
mRNA instead of plasmid DNA. Human ES cells expressing
both TdTomato and EGFP were transfected with NmCas9
mRNA or an NmCas9 expressing plasmid, together with a
plasmid expressing sgRNA that targets tomato gene. Cellular
fluorescence was analyzed by flow cytometry 5 days after
transfection.

DESCRIPTION

[0035] The present invention is described herein using sev-
eral definitions, as set forth below and throughout the appli-

cation.

[0036] Unless otherwise specified or indicated by context,
the terms “a”, “an”, and “the” mean “one or more.” For
example, “a protein” or “an RNA” should be interpreted to
mean “one or more proteins” or “one or more RNAs,” respec-
tively.

[0037] Asusedherein, “about,” “approximately,” “substan-
tially,” and “significantly” will be understood by persons of
ordinary skill in the art and will vary to some extent on the
context in which they are used. If there are uses of these terms
which are not clear to persons of ordinary skill in the art given
the context in which they are used. “about” and “approxi-
mately” will mean plus or minus <10% of the particular term
and “substantially” and “significantly” will mean plus or
minus >10% of the particular term.

[0038] As used herein, the terms “include” and “including”
have the same meaning as the terms “comprise” and “com-
prising” in that these latter terms are “open” transitional terms
that do not limit claims only to the recited elements succeed-
ing these transitional terms. The term “consisting of” while
encompassed by the term “comprising,” should be interpreted
as a “closed” transitional term that limits claims only to the
recited elements succeeding this transitional term. The term
“consisting essentially of;” while encompassed by the term
“comprising,” should be interpreted as a “partially closed”
transitional term which permits additional elements succeed-
ing this transitional term, but only if those additional elements
do not materially affect the basic and novel characteristics of
the claim.

[0039] Disclosed are methods that utilize and kits and com-
positions that comprise components for RNA-directed DNA
cleavage and gene editing. The methods typically utilize and
the kits and composition typically comprise a Cas9 protein, or
a variant protein thereof, and RNA that hybridizes to a target
DNA sequence. The Cas9 protein and RNA typically bind
and form a complex with the target DNA sequence. The Cas9
protein may have nuclease activity (e.g., DNAse activity and/
or RNase activity) and may cleave one (i.e., nick) or both
strands of the target DNA sequence. The term “nick” will be
understood as an interruption in the covalent continuity of one
strand of a double-stranded nucleic acid molecule. The term
‘nick’ can also describe an enzymatic activity that results in
the production of a nick in a nucleic acid molecule. The
disclosed methods may be utilized for RNA-directed DNA
cleavage in vitro, RNA-directed genome editing in vivo, and
RNA-directed genome binding by Cas9 proteins.

[0040] CRISPR/Cas is a recently discovered, adaptive,
sequence-based immune system identified in bacteria and
archaea. A “Type II” CRISPR/Cas system from Streptococ-
cus pyogenes SF370 has been developed into a simple
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eukaryotic genome editing tool. This system requires only
three components: Ca9 endonuclease, a trans-activating
CRISPR RNA (tracrRNA), and the target-specifying crRNA.
By fusing the crRNA and tracrRNA into a single transcript
referred to as an sgRNA, the machinery can be further stream-
lined into a two-component system. The target DNA
sequence that base-pairs with the crRNA is referred to as the
“protospacer.” The two nuclease domains (RuvC and HNH)
of' Cas9 each cleave one DNA target strand and thus induce a
DSB. Cleavage by Cas9 also depends on the presence of a
short motif called a protospacer adjacent motif (PAM) that
flanks the target region recognized by crRNA base pairing.

[0041] The present inventors have demonstrated that the
Neisseria meningitidis (Nm) Cas9/crRNA/tractrRNA system
can work efficiently for genome editing in human embryonic
stem cells (hESCs), leaving behind small insertions and dele-
tions. They have also shown that the NmCas9-induced DSB
can serve as a site of transgene insertion. They have mapped
the NmCas9 cleavage site to the third and fourth base pairs of
the protospacer, at the end closest to the PAM. Importantly,
the Cas9/crRNA/tracrRNA system uses the same Cas9 pro-
tein and tractrRNA for every targeting event. Only one com-
ponent—the crRNA—needs to be customized for each indi-
vidual target, which makes the system very user-friendly.

[0042] In addition to these in vivo advances, the inventors
have shown that recombinant NmCas9 can be expressed in .
coli cells and that it can catalyze crRNA-directed DNA cleav-
age in vitro. This could enable enhanced recombinant DNA
capabilities.

[0043] The inventors have also demonstrated that the
NmCas9 system, in its native bacterial context, has a novel
feature: It can function with long, unprocessed crRNA pre-
cursors. In bacterial cells, Type II CRISPR/Cas systems gen-
erate pre-ctrRNAs that are cleaved by a protein called RNase
1I1. In N. meningitidis, deletion of the rnc gene that encodes
RNase IIT has no deleterious effect on the CRISPR pathway,
unlike all other Type II systems examined to date. In vitro
experiments have confirmed that unprocessed crRNAs can
direct DNA cleavage by NmCas9. Together these indicate
that NmCas9 can tolerate extensions on its cognate crRNAs
without loss of function, which SpCas9 and StCas9 cannot,
perhaps enabling expanded functionality by fusing the crR-
NAs to other useful RNAs such as RNA mimics (see Paige et
al., Science, 29 Jul. 2011) and Xist RNA or fragments thereof
(seePlathetal., Annu Rev Genet. 2002: 36:233-78 Epub 2002
Jun. 11).

[0044] The inventors have also demonstrated that the
NmCas9 system has distinct PAM requirements versus Type
I CRISPR/Cas systems from different bacteria. For example,
for SpCas9 the PAM is 5'-NGG3', while for NmCas9, the
PAM is 5'-NNNNGATT3' (in both cases the dash represents
the terminal nucleotide of the crRNA-paired sequence). Thus,
the presently disclosed methods will open up potential target
sites that are not cleavable with existing systems. Also, the
specificity for genome editing may increase with a longer
PAM.

[0045] The present inventors have identified a novel Cas9
protein. As used herein, the terms “protein” or “polypeptide”
or “peptide” may be used interchangeably to refer to a poly-
mer of amino acids. Typically, a “polypeptide” or “protein” is
defined as a longer polymer of amino acids, of a length
typically of greater than 50, 60, 70, 80, 90, or 100 amino
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acids. A “peptide” is defined as a short polymer of amino
acids, of a length typically of 50, 40, 30, 20 or less amino
acids.

[0046] A “protein” as contemplated herein typically com-
prises a polymer of naturally occurring amino acids (e.g.,
alanine, arginine, asparagine, aspartic acid, cysteine,
glutamine, glutamic acid, glycine, histidine, isoleucine, leu-
cine, lysine, methionine, phenylalanine, proline, serine,
threonine, tryptophan, tyrosine, and valine). The proteins
contemplated herein may be further modified in vitro or in
vivo to include non-amino acid moieties. These modifications
may include but are not limited to acylation (e.g., O-acylation
(esters), N-acylation (amides), S-acylation (thioesters)),
acetylation (e.g., the addition of an acetyl group, either at the
N-terminus of the protein or at lysine residues), formylation
lipoylation (e.g., attachment of a lipoate, a C8 functional
group), myristoylation (e.g., attachment of myristate, a C14
saturated acid), palmitoylation (e.g., attachment of palmitate,
a C16 saturated acid), alkylation (e.g., the addition of an alkyl
group, such as an methyl at a lysine or arginine residue),
isoprenylation or prenylation (e.g., the addition of an iso-
prenoid group such as farnesol or geranylgeraniol), amidation
at C-terminus, glycosylation (e.g., the addition of a glycosyl
group to either asparagine, hydroxylysine, serine, or threo-
nine, resulting in a glycoprotein). Distinct from glycation,
which is regarded as a nonenzymatic attachment of sugars,
polysialylation (e.g., the addition of polysialic acid), glypia-
tion (e.g., glycosylphosphatidylinositol (GPI) anchor forma-
tion, hydroxylation, iodination (e.g., of thyroid hormones),
and phosphorylation (e.g., the addition of a phosphate group,
usually to serine, tyrosine, threonine or histidine).

[0047] The Cas9 proteins disclosed herein may include
“wild type” Cas9 protein and variants, mutants, and deriva-
tives thereof. As used herein the term “wild type” is a term of
the art understood by skilled persons and means the typical
form of an organism, strain, gene or characteristic as it occurs
in nature as distinguished from mutant or variant forms. As
used herein, a “variant, “mutant.” or “derivative” refers to a
protein molecule having an amino acid sequence that differs
from a reference protein or polypeptide molecule. A variant
or mutant may have one or more insertions, deletions, or
substitutions of an amino acid residue relative to a reference
molecule. A variant or mutant may include a fragment of a
reference molecule. For example, a Cas9 mutant or variant
molecule may one or more insertions, deletions, or substitu-
tion of at least one amino acid residue relative to the Cas9
full-length polypeptide. The sequence of the full-length Cas9
protein from Neisseria meningitidis is presented as SEQ 1D
NO: and may be used as a reference in this regard.

[0048] Regarding proteins, a “deletion” refers to a change
in the amino acid sequence that results in the absence of one
or more amino acid residues. A deletion may remove at least
1, 2, 3, 4, 5, 10, 20, 50, 100, 200, or more amino acids
residues. A deletion may include an internal deletion and/or a
terminal deletion (e.g., an N-terminal truncation, a C-termi-
nal truncation or both of a reference polypeptide).

[0049] Regarding proteins, “fragment” is a portion of an
amino acid sequence which is identical in sequence to but
shorter in length than a reference sequence. A fragment may
comprise up to the entire length of the reference sequence,
minus at least one amino acid residue. For example, a frag-
ment may comprise from 5 to 1000 contiguous amino acid
residues of a reference polypeptide, respectively. In some
embodiments, a fragment may comprise at least 5, 10, 15, 20,
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25,30, 40, 50, 60, 70, 80, 90, 100, 150, 250, or 500 contiguous
amino acid residues of a reference polypeptide. Fragments
may be preferentially selected from certain regions of a mol-
ecule. The term “at least a fragment” encompasses the full
length polypeptide. A fragment of a Cas9 protein may com-
prise or consist essentially of a contiguous portion of an
amino acid sequence of the full-length Cas9 protein (SEQ ID
NO:1). A fragment may include an N-terminal truncation, a
C-terminal truncation, or both truncations relative to the full-
length Cas9 protein.

[0050] Regarding proteins, the words “insertion” and
“addition” refer to changes in an amino acid sequence result-
ing in the addition of one or more amino acid residues. An
insertion or addition may referto 1, 2, 3, 4, 5, 10, 20, 30, 40,
50, 60, 70, 80, 90, 100, 150, 200, or more amino acid residues.
A variant of a Cas9 protein may have N-terminal insertions,
C-terminal insertions, internal insertions, or any combination
of N-terminal insertions, C-terminal insertions, and internal
insertions.

[0051] Regarding proteins, the phrases “percent identity”
and “% identity,” refer to the percentage of residue matches
between at least two amino acid sequences aligned using a
standardized algorithm. Methods of amino acid sequence
alignment are well-known. Some alignment methods take
into account conservative amino acid substitutions. Such con-
servative substitutions, explained in more detail below, gen-
erally preserve the charge and hydrophobicity at the site of
substitution, thus preserving the structure (and therefore
function) of the polypeptide. Percent identity for amino acid
sequences may be determined as understood in the art. (See.
e.g., U.S. Pat. No. 7,396,664, which is incorporated herein by
reference in its entirety). A suite of commonly used and freely
available sequence comparison algorithms is provided by the
National Center for Biotechnology Information (NCBI)
Basic Local Alignment Search Tool (BLAST), which is avail-
able from several sources, including the NCBI, Bethesda,
Md., at its website. The BLAST software suite includes vari-
ous sequence analysis programs including “blastp,” that is
used to align a known amino acid sequence with other amino
acids sequences from a variety of databases. As described
herein, variants, mutants, or fragments (e.g., a Cas9 protein
variant, mutant, or fragment thereof) may have 99%, 98%,
97%, 96%, 95%, 94%, 93%, 92%, 91%, 90%, 80%, 70%,
60%, or 50% amino acid sequence identity relative to a ref-
erence molecule (e.g., relative to the Cas9 full-length
polypeptide (SEQ ID:1)).

[0052] Regarding proteins, percent identity may be mea-
sured over the length of an entire defined polypeptide
sequence, for example, as defined by a particular SEQ 1D
number, or may be measured over a shorter length, for
example, over the length of a fragment taken from a larger,
defined polypeptide sequence, for instance, a fragment of at
least 15, at least 20, at least 30, at least 40, at least 50, at least
70 or at least 150 contiguous residues. Such lengths are exem-
plary only, and it is understood that any fragment length
supported by the sequences shown herein, in the tables, fig-
ures or Sequence Listing, may be used to describe a length
over which percentage identity may be measured.

[0053] Regarding proteins, the amino acid sequences of
variants, mutants, or derivatives as contemplated herein may
include conservative amino acid substitutions relative to a
reference amino acid sequence. For example, a variant,
mutant, or derivative protein may include conservative amino
acid substitutions relative to a reference molecule. “Conser-
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vative amino acid substitutions” are those substitutions that
are a substitution of an amino acid for a different amino acid
where the substitution is predicted to interfere least with the
properties of the reference polypeptide. In other words, con-
servative amino acid substitutions substantially conserve the
structure and the function of the reference polypeptide. The
following table provides a list of exemplary conservative
amino acid substitutions which are contemplated herein:

Original Conservative
Residue Substitution
Ala Gly, Ser

Arg His, Lys

Asn Asp, Gln, His
Asp Asn, Glu

Cys Ala, Ser

Gln Asn, Glu, His
Glu Asp, Gln, His
Gly Ala

His Asn, Arg, Gln, Glu
Ile Leu, Val

Leu Ile, Val

Lys Arg, Gln, Glu
Met Leu, Ile

Phe His, Met, Leu, Trp, Tyr
Ser Cys, Thr

Thr Ser, Val

Trp Phe, Tyr

Tyr His, Phe, Trp
Val Ile, Leu, Thr

Conservative amino acid substitutions generally maintain (a)
the structure of the polypeptide backbone in the area of the
substitution, for example, as a beta sheet or alpha helical
conformation, (b) the charge or hydrophobicity of the mol-
ecule at the site of the substitution, and/or (c) the bulk of the
side chain.

[0054] The disclosed proteins, mutants, variants, or
described herein may have one or more functional or biologi-
cal activities exhibited by a reference polypeptide (e.g., one or
more functional or biological activities exhibited by wild-
type Cas9 protein). For example, the disclosed Cas9 proteins,
mutants, variants, or derivatives thereof may have one or
more biological activities that include: binding to a single-
stranded RNA, binding to a double-stranded RNA, binding to
a target polynucleotide sequence, nicking a single strand of
the target DNA sequence, and/or cleaving both strands of the
target DNA sequence.

[0055] The disclosed Cas9 proteins may be substantially
isolated or purified. The term “substantially isolated or puri-
fied” refers to amino acid sequences that are removed from
their natural environment, and are at least 60% free, prefer-
ably at least 75% free, and more preferably at least 90% free,
even more preferably at least 95% free from other compo-
nents with which they are naturally associated.

[0056] Also disclosed herein are polynucleotides, for
example polynucleotide sequences that encode Cas9 proteins
(e.g., DNA that encodes a polypeptide having the amino acid
sequence of SEQ ID NO:1 or a polypeptide variant having an
amino acid sequence with at least about 50%, 60%, 70%,
80%, 90%, 95%, 96%, 97%, 98%, or 99% sequence identity
to SEQ ID NO: 1: DNA comprising the polynucleotide
sequence of SEQ ID NO:2; DNA comprising the polynucle-
otide sequence of SEQ ID NO:3; or Cas9 mRNA). Other
polynucleotides contemplate herein are RNAs that direct
Cas9-mediated binding, nicking, and/or cleaving of a target
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DNA sequence (e.g., tractrRNA, crRNA, sgRNA) and DNA
that encodes such RNAs. The terms “polynucleotide,” “poly-
nucleotide sequence,” “nucleic acid” and “nucleic acid
sequence” refer to a nucleotide, oligonucleotide, polynucle-
otide (which terms may be used interchangeably), or any
fragment thereof. These phrases also refer to DNA or RNA of
genomic, natural, or synthetic origin (which may be single-
stranded or double-stranded and may represent the sense or
the antisense strand).

[0057] Regarding polynucleotide sequences, the terms
“percent identity” and “% identity” refer to the percentage of
residue matches between at least two polynucleotide
sequences aligned using a standardized algorithm. Such an
algorithm may insert, in a standardized and reproducible way,
gaps in the sequences being compared in order to optimize
alignment between two sequences, and therefore achieve a
more meaningful comparison of the two sequences. Percent
identity for a nucleic acid sequence may be determined as
understood in the art. (See, e.g., U.S. Pat. No. 7,396,664,
which is incorporated herein by reference in its entirety). A
suite of commonly used and freely available sequence com-
parison algorithms is provided by the National Center for
Biotechnology Information (NCBI) Basic Local Alignment
Search Tool (BLAST), which is available from several
sources, including the NCBI, Bethesda, Md., at its website.
The BLAST software suite includes various sequence analy-
sis programs including “blastn,” that is used to align a known
polynucleotide sequence with other polynucleotide
sequences from a variety of databases. Also available is a tool
called “BLAST 2 Sequences” that is used for direct pairwise
comparison of two nucleotide sequences. “BLAST 2
Sequences” can be accessed and used interactively at the
NCBI website. The “BLAST 2 Sequences” tool can be used
for both blastn and blastp (discussed above).

[0058] Regarding polynucleotide sequences, percent iden-
tity may be measured over the length of an entire defined
polynucleotide sequence, for example, as defined by a par-
ticular SEQ ID number, or may be measured over a shorter
length, for example, over the length of a fragment taken from
a larger, defined sequence, for instance, a fragment of at least
20, at least 30, at least 40, at least 50, at least 70, at least 100,
or at least 200 contiguous nucleotides. Such lengths are
exemplary only, and it is understood that any fragment length
supported by the sequences shown herein, in the tables, fig-
ures, or Sequence Listing, may be used to describe a length
over which percentage identity may be measured.

[0059] Regarding polynucleotide sequences, “variant,”
“mutant,” or “derivative” may be defined as a nucleic acid
sequence having at least 50% sequence identity to the par-
ticular nucleic acid sequence over a certain length of one of
the nucleic acid sequences using blastn with the “BLAST 2
Sequences” tool available at the National Center for Biotech-
nology Information’s website. (See Tatiana A. Tatusova, Tho-
mas L. Madden (1999), “Blast 2 sequences—a new tool for
comparing protein and nucleotide sequences”, FEMS Micro-
biol Lett. 174:247-250). Such a pair of nucleic acids may
show, for example, at least 60%, at least 70%, at least 80%, at
least 85%, at least 90%, at least 91%, at least 92%, at least
93%, at least 94%, at least 95%, at least 96%, at least 97%, at
least 98%, or at least 99% or greater sequence identity over a
certain defined length.

[0060] Nucleic acid sequences that do not show a high
degree of identity may nevertheless encode similar amino
acid sequences due to the degeneracy of the genetic code
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where multiple codons may encode for a single amino acid. It
is understood that changes in a nucleic acid sequence can be
made using this degeneracy to produce multiple nucleic acid
sequences that all encode substantially the same protein. For
example, polynucleotide sequences as contemplated herein
may encode a Cas9 protein and may be codon-optimized for
expression in a particular host. In the art, codon usage fre-
quency tables have been prepared for a number of host organ-
isms including humans, mouse, rat, pig. . coli, plants, and
other host cells.

[0061] A “recombinant nucleic acid” is a sequence that is
not naturally occurring or has a sequence that is made by an
artificial combination of two or more otherwise separated
segments of sequence. This artificial combination is often
accomplished by chemical synthesis or, more commonly, by
the artificial manipulation of isolated segments of nucleic
acids, e.g., by genetic engineering techniques known in the
art. The term recombinant includes nucleic acids that have
been altered solely by addition, substitution, or deletion of a
portion of the nucleic acid. Frequently, a recombinant nucleic
acid may include a nucleic acid sequence operably linked to
a promoter sequence. Such a recombinant nucleic acid may
be part of a vector that is used, for example, to transform a
cell.

[0062] “Substantially isolated or purified” nucleic acid or
amino acid sequences are contemplated herein. The term
“substantially isolated or purified” refers to nucleic acid or
amino acid sequences that are removed from their natural
environment, and are at least 60% free, preferably at least
75% free, and more preferably at least 90% free, even more
preferably at least 95% free from other components with
which they are naturally associated.

[0063] “Transformation” or “transfected” describes a pro-
cess by which exogenous nucleic acid (e.g., DNA or RNA) is
introduced into a recipient cell. Transformation or transfec-
tion may occur under natural or artificial conditions accord-
ing to various methods well known in the art, and may rely on
any known method for the insertion of foreign nucleic acid
sequences into a prokaryotic or eukaryotic host cell. The
method for transformation or transfection is selected based on
the type of host cell being transformed and may include, but
is not limited to, bacteriophage or viral infection, electropo-
ration, heat shock, lipofection, and particle bombardment.
[0064] Methods of non-viral delivery of nucleic acids
include lipofection, nucleofection, microinjection, electropo-
ration, biolistics, virosomes, liposomes, immunoliposomes,
polycation or lipid:nucleic acid conjugates, naked DNA, arti-
ficial virions, and agent-enhanced uptake of DNA. Lipofec-
tion is described in e.g., U.S. Pat. Nos. 5,049,386, 4,946,787,
and 4,897,355) and lipofection reagents are sold commer-
cially (e.g., Transfectam™ and Lipofectin™). Cationic and
neutral lipids that are suitable for efficient receptor-recogni-
tion lipofection of polynucleotides include those of Felgner,
WO 91/17424; WO 91/16024. Delivery can be to cells (e.g. in
vitro or ex vivo administration) or target tissues (e.g. in vivo
administration). The term “transformed cells” or “transfected
cells” includes stably transformed or transfected cells in
which the inserted DNA is capable of replication either as an
autonomously replicating plasmid or as part of the host chro-
mosome, as well as transiently transformed or transfected
cells which express the inserted DNA or RNA for limited
periods of time.

[0065] The polynucleotide sequences contemplated herein
may be present in expression vectors. For example, the vec-
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tors may comprise: (a) a polynucleotide encoding an ORF of
a Cas9 protein; (b) a polynucleotide that expresses an RNA
that directs Cas9-mediated binding, nicking, and/or cleaving
of a target DNA sequence; and both (a) and (b). The poly-
nucleotide present in the vector may be operably linked to a
prokaryotic or eukaryotic promoter. “Operably linked” refers
to the situation in which a first nucleic acid sequence is placed
in a functional relationship with a second nucleic acid
sequence. For instance, a promoter is operably linked to a
coding sequence if the promoter affects the transcription or
expression of the coding sequence. Operably linked DNA
sequences may be in close proximity or contiguous and,
where necessary to join two protein coding regions, in the
same reading frame. Vectors contemplated herein may com-
prise a heterologous promoter (e.g., a eukaryotic or prokary-
otic promoter) operably linked to a polynucleotide that
encodes a Cas9 protein. A “heterologous promoter” refers to
a promoter that is not the native or endogenous promoter for
the protein or RNA that is being expressed. For example, a
heterologous promoter for a Cas9 protein of Neisseria menig-
itidis may include a eukaryotic promoter or a prokaryotic
promoter that is not the native, endogenous promoter for the
Cas9 protein of Neisseria menigitidis.

[0066] Asusedherein, “expression” refers to the process by
which a polynucleotide is transcribed from a DNA template
(such as into and mRNA or other RNA transcript) and/or the
process by which a transcribed mRNA is subsequently trans-
lated into peptides, polypeptides, or proteins. Transcripts and
encoded polypeptides may be collectively referred to as
“gene product” If the polynucleotide is derived from
genomic DNA, expression may include splicing of the
mRNA in a eukaryotic cell.

[0067] The term “vector” refers to some means by which
nucleic acid (e.g., DNA) can be introduced into a host organ-
ism or host tissue. There are various types of vectors includ-
ing plasmid vector, bacteriophage vectors, cosmid vectors,
bacterial vectors, and viral vectors. As used herein, a “vector”
may refers to a recombinant nucleic acid that has been engi-
neered to express a heterologous polypeptide (e.g., a Cas9
protein). The recombinant nucleic acid typically includes
cis-acting elements for expression of the heterologous
polypeptide.

[0068] Any ofthe conventional vectors used for expression
in eukaryotic cells may be used for directly introducing DNA
into a subject. Expression vectors containing regulatory ele-
ments from eukaryotic viruses may be used in eukaryotic
expression vectors (e.g., vectors containing SV40, CMV, or
retroviral promoters or enhancers). Exemplary vectors
include those that express proteins under the direction of such
promoters as the SV40 early promoter, SV40 later promoter,
metallothionein promoter, human cytomegalovirus promoter,
murine mammary tumor virus promoter, and Rous sarcoma
virus promoter. Expression vectors as contemplated herein
may include prokaryotic control sequences that modulate
expression of a heterologous protein (e.g. Cas9 protein.
Prokaryotic expression control sequences may include con-
stitutive or inducible promoters (e.g., T3, T7, Lac, trp, or
phoA), ribosome binding sites, or transcription terminators.

[0069] The vectors contemplated herein may be introduced
and propagated in a prokaryote, which may be used to
amplify copies of a vector to be introduced into a eukaryotic
cell or as an intermediate vector in the production of a vector
to be introduced into a eukaryotic cell (e.g. amplifying a
plasmid as part of a viral vector packaging system). A



US 2014/0349405 Al

prokaryote may be used to amplify copies of a vector and
express one or more nucleic acids, such as to provide a source
of one or more proteins for delivery to a host cell or host
organism. Expression of proteins in prokaryotes may be per-
formed using Escherichia coli with vectors containing con-
stitutive or inducible promoters directing the expression of
either a Cas9 protein or a fusion protein comprising a Cas9
protein or a fragment thereof. Fusion vectors add a number of
amino acids to a protein encoded therein, such as to the amino
terminus of the recombinant protein. Such fusion vectors may
serve one or more purposes, such as: (i) to increase expression
of recombinant protein; (ii) to increase the solubility of the
recombinant protein; (iii) to aid in the purification of the
recombinant protein by acting as a ligand in affinity purifica-
tion (e.g., a His tag); (iv) to tag the recombinant protein for
identification (e.g., such as Green fluorescence protein (GFP)
or an antigen (e.g., an HA tag such as SEQ ID NOs:6 and 7)
that can be recognized by a labelled antibody); (v) to promote
localization of the recombinant protein to a specific area of
the cell (e.g., where the Cas9 protein is fused (e.g., at its
N-terminus or C-terminus) to a nuclear localization signal
(NLS) which may include the NLS of SV40 (e.g., SEQ ID
NOs:4 and 5, which is a monopartite NLS), nucleoplasmin
(which comprises a bipartite signal of two clusters of basic
amino acids separated by a spacer of about 10 amino acids),
C-myc, M9 domain of hnRNP A1, or a synthetic NLS (e.g.,
SEQ ID NOs:8 and 9)). The importance of neutral and acidic
amino acids in NLS have been studied. (See Makkerh et al.
(1996) Curr Biol 6(8):1025-1027). Often, in fusion expres-
sion vectors, a proteolytic cleavage site is introduced at the
junction of the fusion moiety and the recombinant protein to
enable separation of the recombinant protein from the fusion
moiety subsequent to purification of the fusion protein. Such
enzymes, and their cognate recognition sequences, include
Factor Xa, thrombin and enterokinase.

[0070] The presently disclosed methods may include deliv-
ering one or more polynucleotides, such as or one or more
vectors as described herein, one or more transcripts thereof
and/or one or proteins transcribed therefrom, to a host cell.
Further contemplated are host cells produced by such meth-
ods, and organisms (such as animals, plants, or fungi) com-
prising or produced from such cells. In some embodiments, a
CRISPR enzyme (e.g., Cas9 protein) in combination with
(and optionally complexed with) a guide sequence is deliv-
ered to a cell. Conventional viral and non-viral based gene
transfer methods can be used to introduce nucleic acids in
mammalian cells or target tissues. Such methods can be used
to administer nucleic acids encoding components of a
CRISPR system to cells in culture, or in a host organism.
Non-viral vector delivery systems include DNA plasmids,
RNA (e.g. a transcript of a vector described herein), naked
nucleic acid, and nucleic acid complexed with a delivery
vehicle, such as a liposome. Viral vector delivery systems
include DNA and RNA viruses, which have either episomal
or integrated genomes after delivery to the cell.

[0071] Inthe methods contemplated herein, a host cell may
be transiently or non-transiently transfected (i.e., stably trans-
fected) with one or more vectors described herein. In some
embodiments, a cell is transfected as it naturally occurs in a
subject (i.e., in situ). In some embodiments, a cell that is
transfected is taken from a subject (i.e. explanted). In some
embodiments, the cell is derived from cells taken from a
subject, such as a cell line. Suitable cells may include stem
cells (e.g., embryonic stem cells and pluripotent stem cells).
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A cell transfected with one or more vectors described herein
may be used to establish a new cell line comprising one or
more vector-derived sequences. In the methods contemplated
herein, a cell may be transiently transfected with the compo-
nents of a CRISPR system as described herein (such as by
transient transfection of one or more vectors, or transfection
with RNA), and modified through the activity of a CRISPR
complex, in order to establish a new cell line comprising cells
containing the modification but lacking any other exogenous
sequence.

[0072] The methods, vectors, and systems described herein
may be used to produce a non-human transgenic animal or a
transgenic plant or algae. Transgenic animals may include a
mammal, such as a mouse, rat, or rabbit. Methods for produc-
ing transgenic plants and animals are known in the art, and
generally begin with a method of cell transfection with one or
more vectors as contemplated herein.

EXAMPLES

[0073] The following Examples are illustrative and are not
intended to limit the scope of the claimed subject matter.

Example 1

[0074] Reference is made to Zhang et al., “Processing-
Independent CRISPR RNAs Limit Natural Transformation in
Neisseria meningitidis” Molecular Cell 50, 488-503, May
23, 2013, the contents of which are incorporated herein by
reference.

[0075] Abstract

[0076] CRISPR interference confers adaptive, sequence-
based immunity against viruses and plasmids and is specified
by CRISPR RNAs (crRNAs) that are transcribed and pro-
cessed from spacer-repeat units. Pre-crRNA processing is
essential for CRISPR interference in all systems studied thus
far. Here, our studies of crRNA biogenesis and CRISPR inter-
ference in naturally competent Neisseria spp. reveal a unique
crRNA maturation pathway in which crRNAs are transcribed
from promoters that are embedded within each repeat, yield-
ing crRNA 5' ends formed by transcription and not by pro-
cessing. Although crRNA 3' end formation involves RNase
IIT and trans-encoded tracrRNA, as in other Type Il CRISPR
systems, this processing is dispensable for interference. The
meningococcal pathway is the most streamlined CRISPR/cas
system characterized to date. Endogenous CRISPR spacers
limit natural transformation, which is the primary source of
genetic variation that contributes to immune evasion, antibi-
otic resistance, and virulence in the human pathogen N. men-
ingitidis. Highlights of these new CRISPRS include the fol-
lowing: unlike previously described CRISPRs, each
Neisseria repeat carries its own promoter; pre-ctRNA pro-
cessing is dispensable for CRISPR interference in Neisseria
spp; CRISPR interference blocks natural transformation in
the pathogen N. meningitides; and Neisseria CRISPR/Cas
systems are the most streamlined observed to date

[0077] Introduction

[0078] Clustered, regularly interspaced, short palindromic
repeat (CRISPR) loci confer sequence-based, adaptive
immunity against virus infection and plasmid conjugation in
bacteria and archaea (Haft et al., 2005: Makarova et al., 2006;
Barrangou et al., 2007; Terns and Terns, 2011; Wiedenheft et
al., 2012). CRISPRs consist of short repeats separated by
similarly sized, non-repetitive sequences called spacers,
which are derived from previously encountered invasive
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sequences such as viral genomes or plasmids (Bolotin et al.,
2005: Mojica et al., 2005: Pourcel et al., 2005). CRISPR loci
are transcribed as long CRISPR RNA (crRNA) precursors
that are processed into small crRNAs (Brouns et al., 2008;
Hale et al., 2008). Pre-crRNA transcription is generally
driven by promoters within “leader” sequences outside of the
CRISPR array. The crRNAs assemble with CRISPR-associ-
ated (Cas) proteins into complexes that cleave complemen-
tary “protospacer” sequences within invasive nucleic acids, a
phenomenon known as CRISPR interference (Karginov and
Hannon, 2010; Marraffini and Sontheimer, 2010; Terns and
Terns, 2011; Wiedenheft et al., 2012). The sequence informa-
tion in crRNAs is used to guide Cas complexes to their targets
on viruses and plasmids, leading to their destruction (Bar-
rangou et al., 2007; Brouns et al., 2008; Marraffini and
Sontheimer, 2008: Hale et al., 2009: Garneau et al., 2010:
Westra et al., 2012). Most CRISPR/Cas systems cleave
incoming DNAs (Marraffini and Sontheimer, 2008; Garneau
et al., 2010; Westra et al., 2012), though RNA-cleaving sys-
tems have also been identified (Hale et al., 2009, 2012; Zhang
etal, 2012).

[0079] CRISPR/Cas systems have been classified into
types I, IT and III based primarily on their cas gene comple-
ment (Makarova et al., 2011a). Common to all of these three
types is that the CRISPR array is transcribed as a multimeric
pre-crRNA that is processed into crRNAs that each contain an
individual spacer flanked on one or both sides by partial
repeat sequences (Bhaya et al., 2011). However, the molecu-
lar events underlying processing dramatically differ. Whereas
in Type I and III systems the processing enzymes are encoded
within the CRISPRicas locus, Type II systems use the host
enzyme RNase I1I (encoded by the rnc gene) and a noncoding
RNA called tractrRNA (Deltcheva et al., 2011). In Streptococ-
cus pyogenes SF370, an rmc mutant abolishes the function of
a Type II CRISPR/cas locus, indicating that pre-crRNA pro-
cessing is essential (Deltcheva et al., 2011).

[0080] The importance of the Type II CRISPR/Cas path-
way has been dramatically enhanced by its development into
a system for RNA-guided DNA cleavage in vitro (Jinek et al.,
2012) and genome editing in vivo (Jinek et at, 2013; Cho et
al., 2013: Congetal.,2013: DiCarloetal.,2013: Hwangetal.,
2013: Jiang et al., 2013; Mali et al., 2013). Our ability to
exploit this new technology further will depend on a deeper
understanding of the underlying molecular mechanisms, and
will be increased by the characterization of systems that are as
simplified and streamlined as possible. Type II CRISPR/Cas
loci, which are found in bacteria but not archaea, usually
contain four cas genes: casl, cas2, cas9, and either csn2
(subtype II-A) or cas4 (subtype II-B) (Makarova et al.,
2011b). Cas9 is the effector protein for the interference func-
tion of existing spacer sequences in the CRISPR array
(Sapranauskas et al., 2011: Gasiunas et al., 2012; Jinek et al.,
2012), whereas the other proteins are thought to be involved
in the acquisition of new CRISPR spacers. The tracrRNA is
essential for crRNA-directed DNA recognition and Cas9-
catalyzed DNA cleavage in vitro, even with crRNAs that
bypass processing (Jinek et al., 2012). DNA targeting in both
Type I and Type II systems requires not only crRNA/target
complementarity but also a protospacer adjacent motif
(PAM), which is a short (2-5 nt), conserved sequence just
outside of the protospacer (Deveau et al., 2008: Horvathetal.,
2008; Mojica et al., 2009; Semenova et al., 2011; Sashital et
al., 2012).
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[0081] Although CRISPR interference was originally
defined as a phage defense pathway, CRISPR/Cas systems
are now understood to play a broader role in limiting hori-
zontal gene transfer (HGT) (Marraffini and Sontheimer,
2008). The three primary routes of HGT are transformation,
conjugation, and phage transduction, and the latter two are
well established as being subject to interference by naturally
occurring spacers. Artificial means of transformation (e.g.
electroporation) can also be blocked by CRISPR interference
(Marraffini and Sontheimer, 2008, Deltcheva et al., 2011;
Sapranauskas et al., 2011; Semenova et al., 2011), though
natural transformation uses a very different DNA uptake pro-
cess (Chen et al., 2005). An engineered spacer can prevent
natural transformation specified by an S. pyogenes CRISPR/
cas locus transplanted into Streptococcus pneumonia (Bikard
etal., 2012). However, although this artificial system suggests
that natural CRISPR/Cas contexts may do likewise, the fun-
damental question of whether native CRISPR/Cas systems
play a role in natural transformation remains to be addressed.
[0082] Strains from the genus Neisseria serve as paradigms
for natural transformation, as they are competent during all
phases of their life cycle and use this process for frequent
genetic exchange (Hamilton and Dillard, 2006). Although
functional CRISPR/cas systems have not been identified in
Neisseria gonorrhoeae, some strains of Neisseria lactamica
and Neisseria meningitidis carry apparent Type II CRISP-
Ricas loci (Grissa et al., 2007). Meningococci are obligate
human commensals that can invade the bloodstream and cere-
brospinal fluid (Bratcher et al., 2012), and meningococcal
disease is responsible for tens of thousands of deaths per year
(Stephens et al., 2007).

[0083] Here we characterize the CRISPR pathway in neis-
seriae and find that it exhibits several unique features, most
notably a streamlined functional architecture that includes a
previously unknown, processing-independent mode of
crRNA biogenesis. Furthermore, naturally occurring spacers
match sequences from other Neisseria genomes, including a
prophage-like meningococcal disease-associated (MDA)
island that correlates with invasiveness and pathogenicity
(Bille et al., 2005, 2008). We find that a native meningococcal
CRISPR/cas locus prevents natural transformation of spacer-
matched sequences, suggesting that it can limit the horizontal
spread of virulence genes.

[0084] Results

[0085] dRNA-seq Reveals that Each Repeat in the Neis-
seria CRISPR Carries its Own Promoter.

[0086] We analysed all 19 sequenced Neisseria genomes
available in the NCBI database (fifteen from N. meningitidis,
three from N. gonorrhoeae, and one from N. lactamica) using
CRISPRFinder (Grissa etal., 2007) or CRISPRi (Rousseau et
al., 2009). We identified seven putative Type II CRISPR/cas
loci: six in N. meningitidis strains, and one in N. lactamica
020-06. All were highly similar, and unlike other Type 11 loci
characterized previously (Barrangou et al., 2007; Deltcheva
etal.,2011; Magadan et al., 2012), included a set of only three
predicted protein-coding genes (cas9, cas1 and cas2) but nei-
ther csn2 nor cas4. To examine the expression status of a
representative locus, we performed our recently developed
dRNA-seq approach (Sharma et al., 2010) on N. lactamica
020-06. We prepared two cDNA libraries from total RNA
using a strategy that allows us to distinguish between tran-
scripts with either primary or processed 5' ends: one library is
generated from untreated RNA, whereas the other is treated
with terminator exonuclease (TEX), which specifically
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degrades RNAs with 5'-monophosphate ends (including the
abundant rRNAs and tRNAs) that are formed by processing.
Primary transcripts with 5'-triphosphate ends survive TEX
treatment, resulting in their relative enrichment in the TEX+
library.

[0087] Our global mapping of cDNA reads identified a
tracrRNA and small crRNAs as highly abundant classes of
transcripts (FIG. 1A), which suggests a highly active
CRISPR/Cas system. Reads obtained from the tracrRNA
locus reveal the existence of two tracrRNA forms [ 107 nucle-
otides (nt) and 91 nt](FIG. 1B). The treatment with TEX
eliminated the shorter tracrRNA reads, which indicates that
they are products of processing as observed in a Type II-A
CRISPR system (Deltcheva et al., 2011). These sequencing
results were confirmed by Northern analyses (FIG. 1C). In
striking contrast, crRNAs were enriched rather than depleted
in the TEX-treated libraries (FIG. 1D), suggesting that for-
mation of many if not most ctrRNA 5' ends is processing-
independent. TEX treatment did affect the relative amounts of
individual crRNAs; for example, crRNAs from spacers 4, 6
and 9 exhibited very similar read counts in the untreated
sample but varied over a 5-fold range in the TEX-treated
sample. These results suggest that the crRNA pool contains
some 5'-monophosphorylated crRNAs, the fraction of which
varies from spacer to spacer. Northern blots confirmed the
resistance of a population of mature, ~48-nt crRNAs, as well
as a subset of longer crRNA precursors, to TEX digestion
(FIG. 1E). This crRNA profile indicates a different mode of
crRNA biogenesis from that reported for other Type II sys-
tems (Deltcheva et al., 2011). Intriguingly, we noted that the
terminal nine nucleotides of each CRISPR repeat exhibit
sequence hallmarks of an extended—10 box promoter ele-
ment (Hook-Bamard and Hinton, 2007) and that the TEX-
resistant crRNA 5' ends map 9-10 nt downstream from the
center of each such element (FIG. 1D).

[0088] crRNA Biogenesis in Neisseria Lactamica Depends
on Single Promoter Elements in Each CRLSPR Repeat.

[0089] The dRNA-seq results and —10 box similarity sug-
gest thatin N. lactamica 020-06, each CRISPR repeat carries
its own minimal promoter, and that pre-crRNA transcription
initiates independently within each spacer. As an initial test of
this hypothesis, we designed a series of transcriptional green
fluorescent protein (gfp) fusion constructs containing either
single or multiple CRISPR repeats, introduced these con-
structs into E. coli, and analysed cellular GFP fluorescence.
As shown in FIG. 2A, the gfp fusion construct with a wild-
type CRISPR repeat led to robust cellular fluorescence,
whereas a two-nt substitution in the extended —10 promoter
TG motif (Hook-Barnard and Hinton, 2007) reduced gfp
expression to background levels. Constructs with gfp fused to
three CRISPR repeat-spacer units increased the fluorescence
signal almost two-fold, consistent with the possibility of
increased transcription from the multiple repeats. We
obtained similar results using repeat sequences from a Type Il
CRLSPR/cas locus in Campylobacter jejunii NCTC11168
(FIG. 2A); this locus, like that of N. lactamica 020-06, also
contains only cas9, casl and cas2 and has CRISPR repeats
that include an extended -10 box consensus. Thus, our gfp
reporter assays prove that the putative promoter elements in
each N. lactamica repeat are indeed active in bacterial cells,
and are likely also present in some other Type Il CRISPR/cas
loci with similar, minimized cas gene content (FIG. 2B and
Table 1). The Neisseria and Campylobacter systems are also
unusual in that the crRNAs and cas genes are transcribed in
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the opposite direction, and the CRISPR arrays lack recogniz-
able “leader” sequences with external promoters. Based on
these considerations as well as independent phylogenetic
analyses (Koonin and Makarova, 2013; Chylinski et al.,
2013), we now consider these variant Type II CRISPR/Cas
locias members of a distinct and newly defined subtype, Type
1I-C (FIG. 2B).

[0090] To obtain additional proof that each N. lactamica
CRLSPR repeat carries its own promoter element, we used
purified E. coli o”° RNA polymerase (RNAP) holoenzyme in
in vitro transcription assays with linear DNA templates con-
taining either a wild-type or a mutant repeat. A transcript of
the expected length (168 nt) was obtained with the wild-type
CRISPR repeat template (and with a control —10/-35 pro-
moter construct), but not with the mutated repeat (FIGS. 2C
and 8). This result demonstrated that the extended —10 motif
in the N. lactamica CRISPR repeat was recognized even by
the heterologous E. coli o”° RNAP holoenzyme. These data
show that crRNAs in N. lactamica exhibit a unique mode of
biogenesis involving transcription from extended —10 class
promoters located within CRISPR repeats.

[0091] RNase III is Involved in 3' End Formation of Neis-
seria crRNAs.
[0092] The observation that crRNA 5' ends correspond to

sites of transcription initiation in N. lactamica suggests a
reduced dependence on processing relative to other CRLSPR
systems. To determine whether this reduced dependence
extends to crRNA 3' end formation as well or if 3' processing
still occurs, and to extend our studies to other Neisseria
strains, we deleted the rnc gene (which encodes RNase I11) in
N. meningitidis WUE2594, and then compared the tracrRNA
and crRNA populations from this Arnc mutant with wild-type
bacteria by northern analysis. As shown in FIG. 2D, the Arnc
strain exhibited a complete loss of the shorter (91 nt), TEX-
sensitive tractrRNA, indicating that the 5' end of this RNA is
generated by RNase III-dependent processing as observed
previously in a Type II-A system (Deltcheva et al., 2011). We
also observed dramatic differences in the crRNA population
in the Arnc mutant: the 48-nt population is virtually abol-
ished, and longer pre-crRNAs accumulate. This result
strongly suggests that Neisseria spp. ctRNA 3' end formation
depends upon RNase III rather than direct transcription ter-
mination.

[0093] Repeat/Spacer Organization and Potential Targets
of Neisseria Type 11-C CRISPR Loci.

[0094] Having defined unique features of CRISPR/Cas sys-
tems in neisseriae, we turned our attention towards functional
analyses, beginning with an examination of CRISPR organi-
zation and spacer content. Of the 103 spacers found in the
seven CRISPR-positive genomes (FIG. 3A and Table 2), one
is 29 nt long while all others are 30 nt. All seven CRISPRs
have the same 36-nt repeat consensus, with only a few repeats
that deviate from this consensus (FIG. 3A and Table 3).
Intriguingly, the polarity of spacer conservation is opposite to
that generally observed in other CRISPR loci. Conserved
spacers that are shared among multiple strains in Neisseria
spp. (color-coded in FIG. 3A) are enriched at the upstream
end of the array (relative to the direction of transcription) but
are far less common at the downstream end. In contrast, other
CRISPRs described thus far have the most recently derived
and therefore least conserved spacers at the upstream end, i.e.,
proximal to the promoter (Makarova et al., 2011b). This
observation suggests that new spacer acquisition in neis-
seriae, and perhaps in other Type II-C loci, occurs at the
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downstream end. In addition, deviations from the repeat con-
sensus are most common at the upstream end in neisseriae
(Table 3), whereas other CRISPRs most frequently exhibit
the opposite tendency. Although technical limitations have
thus far precluded direct tests of spacer acquisition in neis-
seriae, several considerations make it likely that these
CRISPRs are competent for the adaptive component of the
pathway. First, Type II-C loci are relatively common, with
many more apparent examples among sequenced bacterial
genomes than Type I1I-B loci (Chylinski et al., 2013). It is
unlikely that type II-C systems would be so widespread if
they were unable to provide adaptive protection to their hosts.
Second, despite the conservation of the Type II-C loci in
closely related Neisseria strains, there are many differences
in spacer content (FIG. 3A). This implies that these CRISPR
loci are fluid, i.e. can adapt by adding and deleting spacers.
Third, reports from other systems indicate that casl and cas2
can suffice for spacer acquisition (Yosef et al., 2012). It is
therefore plausible that cas) and cas2 likewise suffice for
adaptation in Type II-C systems.

[0095] BLASTN searches with the 83 unique spacer
sequences for similar sequences in the NCBI database
allowed us to identify at least one potential target for 35
(~42%) of them. For simplicity we required either a perfect
match, or at most a single mismatch in the 10 protospacer
nucleotides furthest from the PAM (i.e., well outside of the
presumptive “seed” sequence that requires perfect comple-
mentarity for interference) (Sapranauskas et al., 2011:
Semenova et al., 2011; Wiedenheft et al., 2011; Jinek et al.,
2012). FIG. 3B shows representative protospacer sequences
that match CRISPR spacers from N. meningitidis strain 8013;
representative protospacers that match spacers from all
strains are shown in FI1G. 9. Protospacer alignments reveal an
apparent PAM of 5'-NNNNGATT-3' (FIGS. 3B and 9). Of the
325 distinct candidate protospacers that match these 35
CRISPR spacers, all are in Neisseria sequences: 248 (76%) in
N. meningitidis genomes, 69 (21%) in N. gonorrhoeae
genomes, 6 (2%) in N. lactamica plasmids, and 1 each in N.
meningitidis and N. flavescens plasmids. In some cases
(shown in FIGS. 3B and 9), potential protospacers are present
in the same genome as the targeting CRISPR spacer, suggest-
ing the potential for autoimmunity (Stern et al., 2010). How-
ever, these protospacers all include significant deviations
from the PAM consensus, perhaps explaining the apparent
lack of self-targeting that is implied by the persistence of the
matching protospacer. Intriguingly, 22 out of 35 CRISPR
spacers (shown in FIGS. 3B and 9) with identifiable targets
match at least one potential prophage sequence (Table 4),
including the meningococcal disease-associated (MDA)
island that is associated with invasiveness and pathogenicity
in young adult patients (Bille et al., 2005, 2008).

[0096] CRISPR Interference Blocks Natural Transforma-
tion in N. meningitides.

[0097] The preponderance of protospacers in Neisseria
spp. genomes suggests that the CRISPR/cas loci could inter-
fere with natural transformation. For our functional analyses
addressing this possibility, we focused on N. meningitidis
8013, primarily because it exhibits the most robust transfor-
mation competence in our hands. For transformation assays
we used the vector pGCC2, which contains an erythromycin
resistance gene (ermC) and polylinker inserted into
sequences from the gonococcal IctP/aspC locus (FIG. 4A).
Upon transformation into N. meningitidis, homologous
recombination into the meningococcal 1ctP/aspC locus leads
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to ermC insertion and erythromycin-resistant (Erm®) trans-
formants. We selected potential natural target sequences,
including ten or more nucleotides on both sides of the
protospacer, for seven of the spacers of N. meningitidis 8013,
namely spacers 8,9, 16, 17,18, 23, and 25 (FIGS. 3B and 10).
Upon cloning them into pGCC2, the resulting vectors were
used in liquid-medium natural transformation assays into
wild-type 8013 cells, and transformation frequencies (antibi-
otic-resistant cfu ml~'/total cfu ml~") were determined. For
comparison we also cloned a spacer 1 target without any
flanking sequences. The results are shown in FIG. 4B. Empty
pGCC2 exhibited a transformation frequency of 3.9x10°
(Table 5), consistent with previous reports (Rusniok et al.,
2009). Plasmids carrying targets for spacers 1, 16, 18 and 23
all exhibited transformation frequencies of 2-4x107° (Table
5), i.e. comparable to that of the empty vector. The cloned
protospacers in these plasmids either lack flanking Neisseria
sequences or have flanking sequences that deviate signifi-
cantly from the PAM consensus (FIGS. 3B and 10). In con-
trast, protospacers 8, 9, 17 and 25, all four of which have
flanking sequences that conform to the PAM consensus, con-
sistently failed to yield transformants, indicating that they
likely elicited CRISPR interference. Protospacers matching
CRISPR spacers 9 and 25 (FIG. 10) cloned into a different
transformation vector, pYZEJS040 (which confers chloram-
phenicol resistance), for targeted integration into the distinct
capsule locus also yielded no transformants (FIG. 11), dem-
onstrating that the observed effect was independent of the
vector, the integration locus, and the selectable marker.

[0098] To examine targeting requirements further, we gen-
erated a series of mutations in the protospacer or flanking
sequences of the pGCC2-derived plasmid targeted by spacer
9 (FIG. 4C). Substitutions of two consecutive nucleotides
within the PAM or the seed sequence of the protospacer
yielded plasmids with transformation frequencies compa-
rable to that of the empty vector (mutants 3 and 5; FIG. 4C and
Table 5), indicating that interference was abolished. In con-
trast, two-nucleotide substitutions in a non-PAM flanking
region, substitutions in non-seed protospacer positions, small
deletions at the PAM-distal end of the spacer, or a wild-type
protospacer cloned in the opposite orientation all had no
effect on interference (mutants 1, 2, 4, 6, 7 and 8). All of these
observations are consistent with previously defined charac-
teristics of functional Type II CRISPR/Cas systems (Deveau
etal., 2008: Sapranauskas et al., 2011; Gasiunas et al., 2012;
Jinek et al., 2012), indicating that CRISPR interference is
indeed responsible for the observed effects on transformation
frequencies. The effects of single-nucleotide mutations in this
apparent 4-nt PAM remain to be defined.

[0099] Genetic Analysis of the N. meningitidis CRISPR/
Cas Locus.
[0100] In other Type II CRISPR/Cas systems, Cas9 is the

only Cas protein that is necessary for interference specified
by existing spacers (Barrangou et al., 2007; Deltcheva et al.,
2011; Sapranauskas et al., 2011; Jinek et al., 2012). To inves-
tigate if Type I[I-C CRISPR/Cas systems exhibit the same Cas
protein requirements, we introduced transposon insertion
mutations in the three cas genes——casl, cas2, and cas9—in V.
meningitidis 8013 (FIG. 5A). We also generated an
unmarked, in-frame cas9 deletion strain to avoid potential
polar effects and to generate a guaranteed null allele (FIG.
5A). We transformed wild-type and mutant strains with a
pYZEJS040 construct carrying protospacer 25 (as in FIG.
11B), and compared their transformation frequencies with
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those of empty pYZEJS040. As expected, the empty vector
readily transformed all strains, with transformation frequen-
cies in the range of ~0.5-7x107> (FIG. 5B and Table 5). No
transformants were observed when the protospacer 25 con-
struct was used with wild-type cells, indicating effective
CRISPR interference. Similarly, transposon insertion
mutants in casl, cas2, or a control irrelevant gene (cas1::Tn,
cas2::Tn and 1851::Tn, respectively) exhibited complete
interference, consistent with previous results in Type II-A
systems (Sapranauskas et al., 2011). In contrast, CRISPR
function is abolished in both the transposon-induced (cas9::
Tn) and deletion (Acas9) mutations in cas9. The CRISPR
interference defect of both alleles could be complemented
with wild-type cas9 under the control of its native promoter
(integrated chromosomally via pGCC2), whereas empty
pGCC2 had no effect (FIG. 5B).

[0101] Previous studies of cas9 orthologs from S. thermo-
philus and S. pyogenes identified two distinct active sites in
RuvC-like and HNH nuclease motifs that are important for
Cas9 function in vivo and in vitro (Sapranauskas et al., 2011,;
Gasiunas et al., 2012; Jinek et al., 2012). We engineered
alanine mutants in corresponding catalytic residues (D16 in
the RuvC domain and H588 in the HNH domain) and tested
the abilities of both single mutants to complement the inter-
ference defect of the cas9:: Tn mutant. Both alanine mutants
failed to restore interference (FIG. 5B). Altogether these
analyses demonstrate that the Neisseria Type 1-C CRISPR/
Cas system requires cas9 but not cas1 or cas2 for interference
of natural transformation, and that the presence of intact
RuvC-like and HNH motifs are essential for cas9 function.
[0102] RNase I-Catalysed Pre-rRNA Processing is Dis-
pensable for Type II-C CRISPR Interference.

[0103] Two additional loci—tracrRNA and rnc (the gene
encoding RNase III)—have been shown to be essential for
crRNA processing and interference in the Type I1-A system of
S. pyogenes SF370 (Deltcheva et al., 2011). The unique Neis-
seria biogenesis pathway described above, in which repeat-
driven promoters yield crRNAs with unprocessed 5' ends,
raises questions about the roles of tracrRNA and RNase I in
this Type II-C system. To examine this issue, we generated V.
meningitidis 8013 derivatives carrying a transposon-induced
allele of rnc, or a complete deletion of either rnc or tracrRNA
(FIG. 5A). These strains were tested in liquid transformation
assays as described above, using pYZEJS040 and its
protospacer 25-bearing derivative. The results are shown in
FIG. 5C. The AtracrRNA strain was completely defective in
CRISPR interference, but the defect was restored upon inte-
gration of a tracrRNA gene with its native promoter in a
distinct chromosomal locus. These results are consistent with
the strict requirement for S. pyogenes tracrRNA for pre-cr-
RNA processing and interference in vivo (Deltcheva et al.,
2011), as well as crRNA-directed, Cas9-catalyzed DNA
cleavage in vitro (Jinek et al., 2012) and in eukaryotes (Cong
etal, 2013).

[0104] Intriguingly, despite the previously demonstrated
importance ofthe tracrRNA as a guide for RNase II-mediated
processing, we detected no interference defect in either the
rnc::Tn or Arnc mutants (FIG. 5C). This result is in stark
contrast to that observed in the Type II-A system in S. pyo-
genes SF370 (Deltcheva et al., 2011). The lack of an interfer-
ence defect was observed with a vector that is targeted by an
internal spacer (spacer 9; Table 5) as well as a terminal spacer
(spacer 25; FIG. 5C and Table 5). Northern analyses revealed
clear processing defects in both crRNA (FIG. 5D) and tracr-

Nov. 27,2014

RNA (FIG. 5E) for the N. meningitidis 8013 rnc:: Tn mutant,
consistent with the results described above with a Arnc
mutant in the WUE2594 strain background (FIG. 2D).
Mature, 48 nt crRNAs are virtually absent in the rnc::Tn
mutant, and longer precursors accumulate (FIGS. 5D and 12).
CrRNAs are also strongly depleted in cas9 mutants, but
unlike in the rnc::Tn mutant, pre-crRNAs do not accumulate.
The latter observation suggests that Cas9 is important for
crRNA stability but not processing, or that Cas9 functions in
processing and also stabilizes unprocessed precursors. We
conclude that the N. meningitidis Type 1I-C CRISPR/Cas
system, unlike all other CRISPR/Cas systems characterized
to date, does not require pre-crRNA processing for interfer-
ence activity. RNase Ill-catalyzed pre-crRNA processing
occurs within the bacterial cell but is dispensable for interfer-
ence. The tracrRNA requirement likely reflects its involve-
ment in target DNA binding and cleavage by crRNA-pro-
grammed Cas9, as observed in vitro (Jinek et al., 2012).
[0105] CRISPR Interference Limits Transformation by
Neisseria Genomic DNA.

[0106] Plasmids are rare in N. meningitidis (van Passel et
al., 2006), and Neisseria genomic DNA (gDNA) is thought to
be the most frequent substrate for natural transformation
(Hamilton and Dillard, 2006). To test whether our results with
E. coli-isolated plasmids extend to Neisseria gDNA, we gen-
erated strains carrying a selectable marker tightly linked to a
validated target (protospacer 25). We used the cas9:: Tn strain
to enable transformation and integration of both empty
pGCC2 (FIG. 4A) and protospacer 25-containing pGCC2
into the meningococcal chromosome (FIG. 6A). We then
isolated gDNA from these strains and used them as donors in
liquid-medium transformation assays with wildtype N. men-
ingitidis 8013 cells. Transformants (transformation fre-
quency of 1.6x107°: Table 5) were readily obtained using
DNA that lacked protospacer 25 adjacent to the ermC marker,
whereas no transformants were observed when the
protospacer was present (FIG. 6B, left panel). Similar results
were obtained with gDNA strains carrying the CAT marker at
the capsule locus with and without tightly-linked protospacer
25 (FIGS. 6 and 11A, and Table 5), indicating that the inter-
ference effect was not marker- or locus-specific. We conclude
that CRISPR interference is effective against the most com-
mon natural substrate for transformation in N. meningitidis.

[0107] The Potential Target Spectrum of Neisseria CRL-
SPR Loci.
[0108] In silico target analysis for N. meningitidis 8013

CRISPR spacers is summarized in FIG. 3B and in much
greater detail as part of FIGS. 9 and 12. Nine out of the 25
spacers have potential targets that match genomic sequences
of N. meningitidis and N. gonorrhoeae strains. Some of these
spacers have potential targets either located within known Nf
(Neisserial filamentous) prophages or in genes annotated to
encode putative phage-associated proteins. For example,
spacer 8 matches to genes (NMB1628 and others) encoding
putative surface antigen tspB proteins that are phage adsorp-
tion protein homologues; spacer 9 has twelve protospacer
matches that are all in the intergenic regions between genes
encoding phage assembly proteins (NGO1138 and others)
and the transposases PivNM/irg (NGO1137 and others) in N.
gonorrhoeae genomes; spacer 17 targets multiple genes
(NMB1749 and others) encoding zonula occludens toxin
family proteins known to be Nf prophage assembly/structural
proteins (FIG. 3B and Table 4) (Kawai et al., 2005; Skaar et
al., 2005). In addition, spacers 21 and 23 both have a single
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match to genes encoding phage-associated proteins (FIG. 3B
and Table 4). Importantly, there are spacers that match to
Neisseria genomic sequences(s) not related to known phage
or mobile elements at all (to the best of our knowledge), such
as spacer 14 (two matched loci, one a hypothetical protein and
the other an intergenic region), spacer 25 (a predicted DNA
binding protein), spacer 16 (a predicted deacetylase), and
spacer 18 (hemagglutinin/hemolysin family proteins).
[0109] Wealsoperformed insilico target analyses inamore
prophage-directed way we examined the available literature
for reported Neisseria prophage and mobile element
sequences (Masignani et al., 2001: Braid et al., 2004; Bille et
al., 2005: Kawai et al., 2005: Skaar et al., 2005; Joseph et al.,
2011) and then searched them for matches to any of the 325
Neisseria protospacers. Overall, among all the 35 unique
Neisseria spacers with potential targets, 63% (22/35) match a
phage-related protospacer by this criterion (Table 4). We
noted that apparent prophage targeting by the N. meningitidis
WUE2594 CRISPR is particularly extensive, accounting for
69% (36/52) of all the phage-related potential matches shown
in Table 4. We speculate that the presence of a functional Type
II-C CRISPR/Cas system with a dozen prophage-matched
spacers has contributed to the lack of Nf prophages in the N.
meningitidis WUE2594 genome (Joseph et al., 2011 and our
observations). The genes most frequently matched (67 out of
the 325 protospacers) by Neisseria spacers are those encod-
ing homologues of PivNG/PivNM/irg putative transposases
and recombinases (Kawai et al., 2005; Skaar et al., 2005) The
fact that these genes are usually adjacent to and probably
functionally associated with putative Nf prophage and inser-
tion sequences (Skaar et al., 2005: Kawai et al., 2006) sug-
gests that Neisseria Type 1I-C CRISPR/Cas system interferes
with the acquisition of Nf prophages by targeting their
PivNG/PivNM/irg transposase-encoding loci.

[0110] We also observed that the candidate phage-related
CRISPR targets almost exclusively belong to filamentous
prophages (Table 4), including the 8 kb MDA (Meningococ-
cal Disease Associated) island associated with invasiveness
and pathogenicity (Bille et al., 2005). In contrast, several
Mu-like prophages (Masignani et al., 2001; Braid etal., 2004;
Joseph et al., 2011) from Neisseria genomes had no CRISPR
spacer matches (Table 4). The reasons for the difference in
apparent CRISPR targeting of filamentous and Mu-like
prophages are not known.

[0111] Discussion

[0112] CRISPR Interference and the Third Major Pillar of
Horizontal Gene Transfer.

[0113] CRISPR/Cas pathways have been revealed as RNA-
directed immune systems that protect bacteria and archaea
from phage infection and HGT (Karginov and Hannon, 2010;
Marraffini and Sontheimer, 2010: Terns and Terns, 2011;
Wiedenheft et al., 2012). Several dozen bacterial species are
known to be competent for HGT via natural transformation.
Of this subset of bacteria, Neisseria spp. are unusual in that
their transformation competence is constitutive (Hamilton
and Dillard, 2006). Only a few phages are known to infect N.
meningitidis, and although conjugative plasmids are present
in some meningococcal isolates (van Passel et al., 2006),
transformation is the major mechanism for mobilization of
meningococcal chromosomal loci (Moxon and Jansen,
2005). Neisseria genomic sequences are preferred substrates
for natural transformation, given that DNA uptake is strongly
promoted by a short DNA uptake sequence (DUS) that is
highly overrepresented in Neisseria spp. chromosomes
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(Budroni et al., 2011). DNA exchange is so frequent that the
population structures of most neisseriae are effectively pan-
mictic, with little propensity for the emergence of clonal
subpopulations (Smith et al., 1993). Frequent HGT in M.
meningitidis is thought to promote capsule switching and
other forms of antigenic variation, homology-based DNA
repair, and other functions (Hamilton and Dillard, 2006).
Native CRISPR/Cas systems have previously been shown to
prevent phage infection (and, by inference, phage transduc-
tion) and conjugation, which constitute two of the primary
routes of HGT. Our results reveal a role for a native CRISPR/
Cas system in preventing the third main route of HGT, natural
transformation. This is consistent with recent reports that
CRISPR/Cas systems can target loci that are already estab-
lished in bacterial or archaeal chromosomes (Edgar and Qim-
ron, 2010; Gudbergsdottir et al., 2011; Jiang et al., 2013),
indicating that interference does not depend on the invasive
DNA’s route of entry. Similarly, an engineered, heterologous
CRISPR/Cas system introduced into Streptococcus pneumo-
niae can block natural transformation during active infection
in mice (Bikard et al., 2012). We find that a native CRISPR/
Cas system in N. meningitidis can block the transformation
events that can be so important for immune evasion and other
critical aspects of invasiveness and pathogenicity. Intrigu-
ingly, the ability of native CRISPR systems to block natural
transformation would be expected to enable the selection of
spacers that discriminate against specific chromosomal loci
that negatively affect the fitness of certain strains or under
certain conditions.

[0114] Although relatively few phages are known to infect
N. meningitidis, they are not unknown (Kawai et al., 2005).
Several genomic islands have been identified that resemble
phages and could therefore represent prophage sequences
(Bille et al., 2005, 2008; Joseph et al., 2011). One such
sequence, the MDA island, correlates with invasiveness and
pathogenicity in young adults (Bille et al., 2005, 2008). The
existence of numerous CRISPR spacers with the potential to
target these sequences suggests that CRISPR interference
plays a role in shaping prophage content and serves phage
defense functions in N. meningitidis, as elsewhere. CRISPR
interference could limit the spread of prophages via either
transformation or infection. Accordingly, CRISPR interfer-
ence could negatively correlate with meningococcal patho-
genicity, as suggested in enterococci (Palmer and Gilmore,
2010) and streptococci (Bikard et al., 2012). Alternatively,
meningococcal Cas9 could participate in other regulatory
events that contribute to pathogenicity, as suggested very
recently (Sampson et al., 2013).

[0115] It is noteworthy that many N. meningitidis and N.
lactamica strains encode CRISPR systems, while strains of
the closely related N. gonorrhoeae with clearly functional
CRISPR systems have not been identified. It is believed that
these organisms split in relatively recent times (<100,000
years ago), evolutionarily speaking, but exact estimates have
been stymied by the large recombination frequencies in these
species (Bennett et al., 2010). It is equally possible that the
nasopharyngeal-localized species gained the system after the
split, orthat N. gonorrhoeae lostthe CRISPR system after the
split. Both pathogens have been suggested not to establish
long-lasting clones and tend towards linkage equilibrium
(Buckee et al., 2008). It may not be coincidental that N.
meningitidis carries a CRISPR system and can develop semi-
clonal lineages (Bart et al., 2001), given that the CRISPR
system could provide a short-term barrier to HGT. It is also
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possible that the co-existence of commensal Neisseria spe-
cies such as N. lactamica and N. meningitidis in the nasal
pharynx (Feil and Spratt, 2001) selects for a system that limits
genetic exchange, and intriguingly, some N. lactamica and N.
meningitidis isolates show large amounts of exchange while
others show lower signatures of exchange (Hanage et al.,
2005; Corander et al., 2012). In contrast. N. gonorrhoeae
inhabits a niche that is devoid of other closely related bacteria
that encode the DUS to allow efficient transformation of their
sequences (Vazques et al., 1993: Cehovin et al., 2013).
[0116] Towards a Minimal CRISPR/Cas System.

[0117] In CRISPR/Cas systems investigated to date, crR-
NAs are transcribed from an external promoter, generating a
multimeric precursor. The pre-ctrRNA is processed by endo-
nucleolytic cleavage to generate mature crRNAs (Carte et al.,
2008; Haurwitz et al., 2010; Gesner et al., 2011), and pro-
cessing is essential for interference in ivo (Brouns et al., 2008;
Deltcheva et al., 2011; Hale et al., 2012; Westra et al., 2012).
The potential presence of minimal and apparently fortuitous
promoter elements has been noted within certain CRISPRs of
Sulfolobus solfataricus P2, though they are not thought to
account for the functional expression of crRNA and in fact
appear to be suppressed by the repeat-binding protein Cbpl
(Deng et al., 2012). The results presented here reveal that
streamlined CRISPR/Cas systems exist in which pre-crRNA
processing is not essential (FIG. 7). In CRISPR-containing
strains of N. meningitidis and N. lactamica, as well as other
species such as C. jejuni, the CRISPR repeats each contain an
extended —10 box that drives transcription initiation within
the downstream spacer. Thus, many crRNAs contain 5'-triph-
osphate ends that are not subject to further 5'-processing.
[0118] Like other Type II CRISPR/Cas systems, neisseriae
produce a tracrRNA that apparently anneals to pre-crRNA
and enables binding and cleavage by a RNase Ill. This reac-
tion generates crRNA 3' ends, and rnc mutants accumulate
multimeric crRNA precursors. However, these rnc mutants
exhibit no interference defect, indicating that processing is
not essential. In addition, while the tracrRNA is essential for
interference, its role in directing processing is not, since pro-
cessing is itself dispensable. This provides the first clear
indication that the tracrRNA is required for post-processing
events such as target DNA binding and cleavage in bacterial
cells, as it is in vitro (Jinek et al., 2012).

[0119] Among the three main types of CRISPR/Cas path-
ways, the Type Il systems are the simplest ones characterized
thus far, as judged by the number of components and essential
steps. Both Type II-A and Type 1I-B systems include the
CRISPR array itself a tracrRNA, four protein-coding genes
encoded within the cas locus, and the host factor RNase 11
(Deltcheva et al., 2011; Makarova et al., 2011b; Magadin et
al., 2012; Chylinski et al., 2013). The Neisseria systems that
we have characterized are even more streamlined they do not
require a separate leader sequence to drive crRNA transcrip-
tion, they lack one of the four cas/csn genes present in Type
II-A or 1I-B systems, and they do not require RNase m or
crRNA processing. The Neisseria systems are among the
founding members of a new CRISPR/Cas subtype (Type
II-C) that is characterized by a smaller number of cas/csn
proteins (Koonin and Makarova, 2013: Chylinski et al.,
2013), and in at least some cases by repeat-embedded pro-
moters and processing independence.

[0120] Importantly, recent reports have shown that Type 11
CRISPR/Cas systems can be ported into eukaryotic cells and
employed for RNA-directed genome editing and genome
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binding, including multiplexed applications specified by
multiple spacers (Jinek et al., 2012, 2013; Cho et al., 2013;
Cong et al., 2013; DiCarlo et al., 2013; Hwang et al., 2013;
Mali et al., 2013; Qi et al., 2013). The Cas9 effector proteins
from neisseriae share the conserved features observed in the
S. pyogenes and S. thermophilus Cas9 enzymes used in these
studies (Chylinski et al., 2013). The fewer the functional
requirements for the operation of such systems, the greater
their versatility and applicability will be. Separately encoded
crRNAs and tracrRNAs are more efficient in vivo than single-
guide RNAs that combine essential crRNA and tracrRNA
domains in the same transcript (Cong et al., 2013). Although
endogenous eukaryotic activities can substitute for bacterial
RNase I to process tracrRNA/pre-crRNA hybrids in human
and mouse cells (Cong et al., 2013), it is not known whether
RNase 11 will be dispensable in other eukaryotic contexts, or
indeed in all mammalian cell types. Accordingly, the identi-
fication of processing-independent CRISPR/Cas systems
could increase the range of applications in eukaryotic genome
editing, especially in light of the potential toxicity of bacterial
RNase I expression (Pines et al., 1988). Such applications
will benefit from further analysis of meningococcal Cas9
activity, including the definition of the presumptive cleavage
sites relative to the PAM.

[0121] Experimental Procedures

[0122] Bacterial Strains, Plasmids, and Oligonucleotides.
[0123] N. lactamica 020-06, N. meningitidis WUE2594
and 8013, and mutant derivatives thereof that were used in
this study are listed in Supplemental Experimental Proce-
dures, as are complete lists of all plasmids and DNA oligo-
nucleotides.

[0124] Mutant Strain Construction.

[0125] All mutants were confirmed by PCR and DNA
sequencing. Most mutant strains were generated by transfor-
mation with appropriately constructed plasmids. For genera-
tion of the cas9, mc, and control NMV__1851 transposon-
induced alleles in the 8013 strain background, we used gDNA
from the corresponding mutant in the NeMeSys collection
(Rusniok et al., 2009) to transform 8013. For generation of
the Arnc derivative of 8013, we used gDNA from the
WUE2594 Arnc derivative that was initially made by a plas-
mid-based approach. For complementation of cas9:: Tn,
Acas9, and AtracrRNA mutants, we cloned wildtype copies of
the relevant gene into plasmid pGCC2 and transformed the
resulting plasmids into the parental mutant strain.

[0126] RNA Extraction and Depletion of Processed RNAs.
[0127] For 020-06, WUE2594 and its mutant derivatives,
total RNA was extracted from frozen cell pellet lysates using
the hot-phenol method described previously (Blomberg etal.,
1990). For depletion of processed transcripts, equal amounts
oftotal RNA were incubated with Terminator™ exonuclease
(TEX) (Epicentre) or in buffer alone as described (Sharma et
al., 2010). For 8013 and its mutant derivatives, total RNAs
were extracted from frozen cell pellets using miRNeasy Mini
Kit (Qiagen) with two additional steps: a ten minute initial
cell lysis with lysozyme and Proteinase K, and a later on-
column DNase digestion step (the RNase-Free DNase Set,
Qiagen).

[0128] dRNA-Seq.

[0129] Libraries for Solexa sequencing (HiSeq) of cDNA
were constructed by vertis Biotechnology AG. Germany
(http://www.vertis-biotech.com/), as described previously
for eukaryotic microRNA (Berezikov et al., 2006) but omit-
ting the RNA size-fractionation step prior to cDNA synthesis.
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c¢DNA libraries were sequenced using a HiSeq 2000 machine
(Illumina) in single read mode at the Max Planck Genome
Centre Cologne (Cologne, Germany). Data analysis was done
as described (Chao et al., 2012), with the only exception
being that the minimal read length after trimming and clip-
ping was 12 nt instead of 20 nt.

[0130] Transcriptional gfp Fusions.

[0131] The inserts used for the construction of the tran-
scriptional gfp fusion plasmids were generated with synthetic
DNA oligonucleotides. E. coli cells were transformed with
these plasmids and grown on agar plates for fluorescence
imaging. To measure GFP fluorescence, single colonies were
grown in LB broth, fixed, and analyzed by flow cytometry.
[0132] In Vitro Transcription.

[0133] Templates for in vitro transcription assays were
PCR-generated, gel-purified 210 bp DNA fragments ampli-
fied from pNH13, pNH14, or pNH15. Transcription reactions
with sigma-saturated E. co/i RNA Polymerase holoenzyme
(Epicentre) included a.-[>*P]-ATP.

[0134] Natural Transformation.

[0135] Natural transformation assays were performed as
described (Duflin and Seifert, 2012). Transformation fre-
quencies were reported as antibiotic-resistant cfi/ml divided
by total cfu/ml from at least three independent experiments
(meanss.e.m.).

[0136] Accession Numbers.

[0137] The Gene Expression Ominbus (GEO) accession
number for the dRNA-Seq data reported in this paper is
GSE44582.

[0138] Bacterial Strains and Growth Conditions.

[0139] N. lactamica 020-06, N. meningitidis WUE2594
and 8013, and mutant derivatives thereof that were used in
this study are listed below.
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chloramphenicol, 020-06. WUE2594, and derivatives thereof
were grown on GC agar (Difco) with PolyViteX
(bioMerieux), and with 7 pg/ml chloramphenicol when
appropriate. All solid cultures were incubated at 37° C. in a
5% CO, humidified atmosphere.

[0141] Liquid cultures of 020-06, WUE2594 and its deriva-
tives were grown in a 37° C. shaker-incubator at 220 rpm
without added CO,. Bacteria grown on Columbia agar plates
with 5% sheep blood (bioMerieux) were harvested and a
starter culture was inoculated to a final ODg,, 0f0.4 in a flask
containing 10 ml of Proteose Peptone Media (PPM*) medium
supplemented with PolyViteX (bioMerieux). After one hour
the starter culture was used to inoculate a flask containing 25
ml PPM*/PolyViteX to a final ODy, of 0.05. When the cul-
tures reached mid-log (OD, 0.5) or early stationary (ODg,
1.0) phase, 10 ml of culture were harvested. The cell samples
were immediately centrifuged for 10 min at 4,000 rpm. The
cell pellet was frozen in liquid N, and stored at —80° C. until
RNA extraction.

[0142] Mutant Strain Construction.

[0143] All mutants were confirmed by PCR and DNA
sequencing. PCRs for verifying strains or transformants were
performed with Taq or OneTaq DNA Polymerases (NEB)
using either 10 ng of genomic DNA (25 cycles) or 0.5 nl CLS
extracts (35 cycles) as templates. Chromosomal DNAs were
isolated using QIAamp DNA Mini Kit (Qiagen).

[0144] The casl and cas2 transposon-induced alleles were
made by transforming 8013 with the plasmids pCR2.1/cas]1-
Kan and pCR2.1 cas2-Kan, respectively, followed by Kan®
selection. For generation of the cas9, rmc, and control NMV_
1851 transposon-induced alleles in the 8013 strain back-
ground, we used chromosomal DNA from the corresponding
mutant in the NeMeSys collection (Rusniok et al., 2009) to

Strain names Relevant genotypes Source

N. lactamica 020-06 Wild type
N. meningitidis WUE2594 Wild type

collection

Arnc This study
N. meningitidis 8013 Wild type

1851::Tn
cas9::Tn
me::Tn
Arnc This study
casl:Tn This study
cas2::Tn This study
cas9:: Tn/pGCC2 This study
cas9:: Tn/pGCC2-cas9 wt This study
cas9:: Tn/pGCC2-cas9 DI16A This study
cas9:: Tn/pGCC2-cas? H588A This study
Acas9 This study
Acas9/pGCC2 This study
Acas9/pGCC2-cas9 wt This study
Atracr This study
Atract/pGCC2 This study
Atract/pGCC2-tracr This study
cas9:: Tn/pGCC2-protospacer25 This study
cas9:: Tn/pYZEIS040 This study

cas9:: Tn/pYZEIS040-protospacer25 This study

Dr. Julia Bennett
Dr. Christoph Schoen lab

Dr. Hank Seifert lab collection

Dr. Vladimir Pelicic, genomic DNA
Dr. Vladimir Pelicic, genomic DNA
Dr. Vladimir Pelicic, genomic DNA

[0140] Strain 8013 and its derivatives were grown on GC
Medium Base (GCB) (Difco) plates with appropriate antibi-
otics and Kellogg’s supplements I and II (22.2 mM glucose,
0.68 mM glutamine, 0.45 mM co-carboxylase, 1.23 mM
Fe(NO;),; all from Sigma). Antibiotic concentrations used
for 8013 were 2.5 pg/ml for erythromycin; 50 pg/ml for
kanamycin: 50 pg/ml for streptomycin: and 2.5 g/ml for

transform 8013, and then selected Kan® transformants. The
cas9::Tn mutant strain with a transposon insertion after the
604” nucleotide of the ORF was constructed with NeMeSys
mutant 23/6. The rnc::Tn mutant strain with a transposon
insertion after 574" nucleotide of the ORF was constructed
with NeMeSys mutant 6/47. A control strain with a transpo-
son insertion after the 22”¢ ORF nucleotide of gene NMV__
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1851 (which encodes a hypothetical protein) was constructed
using NeMeSys mutant 73/5. The kan-marked AtracrRNA
strain was made by transforming 8013 with plasmid
PSMARTHCamp/Atracr+Kan, followed by Kan® selection.
[0145] The WUE2594 Arnc derivative was constructed by
replacing the rnc gene with a kanamycin resistance cassette.
WUE2594 was then transformed with the plasmid pBJ1 and
Kan® colonies were selected. The Arnc derivative of 8013 was
made by transforming 8013 with genomic DNA from the
WUE2594 Arnc derivative, followed by Kan® selection.
[0146] To create the unmarked, in-frame Acas9 allele (re-
moving all ORF nts except for the five N-terminal and five
C-terminal codons), we first selected a spontaneous strepto-
mycin-resistant (Sm®) mutant of 8013 by plating 3x10° wt
cells on GCB plates with 50 pg/ml streptomycin, and select-
ing an Sm® colony. We confirmed that it carried an A128G
substitution in rpsL, resulting in a K34R missense mutation.
We then transformed this Sm”® derivative with plasmid pST-
blue-1/Acas9/CAT-rpsL, in which a dual-marker cassette
[CAT (chloramphenicol acetyltransferase) and wild-type
rpsL] replaced most of the cas9 ORF. The resulting Cm®
transformants are also streptomycin-sensitive (Sm®), since
the Sm*® phenotype conferred by the wildtype rpsL is domi-
nant over the Sm® phenotype conferred by the rpsL#'2%¢
allele at the native locus. Sm® Cm” transformants were then
transformed with plasmid pSTblue-1/Acas9. Sm* Cm® colo-
nies from this transformation were screened by PCR to con-
firm replacement of the dual marker cassette with the
unmarked cas9 deletion.

[0147] Forcomplementation ofcas9::Tn, Acas9, and Aracr-
RNA mutants, we cloned wildtype copies of the relevant gene
into plasmid pGCC2, transformed the resulting plasmids into
the parental mutant strain, and selected erythromycin-resis-
tant (Erm®) transformants.

[0148] To generate strains carrying a selectable marker
tightly linked to a target protospacer (as a source of chromo-
somal DNA for genomic transformation experiments), plas-
mids pGCC2 or pGCC2-MC8013spacer25 were transformed
into the cas9:Tn strain, and Erm”® transformants were
selected.  Similarly, pYZEJS040 or pYZEJS040-
MC8013spacer25 were transformed into the cas9::Tn strain,
and Cm” transformants were selected.

[0149] Plasmids.

[0150] A complete list of all plasmids, as well as informa-
tion on their construction, is provided at the end of this sec-
tion. £. coli Top10 cells (Invitrogen) were used for all cloning
procedures. All plasmid constructions were sequence-veri-
fied. PCR reactions for cloning were performed with Plati-
num Pfx DNA Polymerase (Invitrogen).

[0151] The inserts used for the construction of transcrip-
tional gfp fusion plasmids pNH13, pNH14, pNH15 and
pNH18 were generated by duplex formation of complemen-
tary DNA oligonucleotides. Oligonucleotide pairs were
IVO09535/IV09536 and JVO9537/IVO9538 for Neisseria
spp. wildtype (pNH13) and mutant (pNH14) CRISPR repeat
constructs, respectively, JIV09599/JV09601 for the wildtype
CRISPR repeat from Campylobacter jejunii NCTC11168
(pNH18); and JV09539/JV09540 for the -10/-35 positive
control promoter from T7A1 phage (pNH15). For each DNA
duplex insert, 100 nM sense oligonucleotides were annealed
with equimolar amounts of antisense oligonucleotides at 95°
C. for 3 min, followed by slow cooling to room temperature.
DNA duplexes were digested with Aatll/Nhel and cloned into
Aatll/Nhel-digested pAS093. For construction of 3x

Nov. 27,2014

CRISPR-repeat-spacer unit-gfp transcriptional fusion plas-
mid pNH17, the plasmid pAS093 was digested with AartIl/
Nhel and ligated to Aatll/Nhel-digested PCR products ampli-
fied from N. lactamica 020-06 chromosomal DNA with
primer pairs JVO9585/IV09548.

[0152] To generate the pBJ1 plasmid used for creating the
Arnc mutation in WUE2594, ~600 bp upstream and down-
stream of the rnc gene were amplified with the primer pairs
mcl/mec2 and mc3/mced, respectively, using WUE2594
genomic DNA as template. The oligonucleotides were modi-
fied so as to introduce BamHI/EcoRI site at the 5' and 3' ends
(respectively) of the upstream fragment, and EcoRI/HindIII
sites at the 5' and 3' ends (respectively) of the downstream
fragment. These fragments were cloned into the pBluescript
I SK(+) vector (Invitrogen) along with an EcoRI-digested
fragment of pUC4K (GE Healthcare) containing the kanamy-
cin cassette, yielding the knock-out plasmid (pBJ1) that con-
tains the kanamycin cassette flanked on either side by the
upstream and downstream regions of rnc.

[0153] Short putative targets for strain 8013 CRISPR spac-
ers 1 (30 nts), 16 (50 nts), 23 (50 nts), and 25 (50 nts) were
created by annealing synthetic oligonucleotide pairs
0YZ001/0YZ002, OYZ007/0YZ008, OYZ011/0YZ012,
and OYZ0150Y7016, respectively. Longer (208, 350, 305,
and 203 nt) putative targets for spacers 8, 9, 17, 18 of 8013
were PCR-amplified from the chromosomal DNAs of M.
meningitidis strain MC58, N. gonorrhoea strain FA1090, and
N. meningitidis strains MC58 and 72491 respectively, and
digested with Aatll and Pacl. Primer pairs for these PCRs
were OYZ003/0YZ004, OYZ005/0YZ006. OYZ009/
0YZ010, and OYZ013/0OYZ014, respectively. All eight of
these putative targets were ligated into pGCC2 via Aatll and
Pacl sites, to create pGCC2 derivatives for interference tests.
[0154] pYZEIS040 (pSTblue-1/siaA+CAT+ctrA) was
constructed by PCR-amplifying three individual fragments: a
562 nt siaA fragment from 8013 chromosomal DNA using
primers OYZ036/0YZ037; a 561 ntctrA fragment from 8013
chromosomal DNA using primers OYZ040/0YZ041; and a
1239 nt CAT cassette from the pGCCS vector using primers
0OYZ038/0YZ039. 100 ng of each of the three fragments
were added to a 50 ul PCR reaction without any primers. After
15 cycles of PCR, outside primers OYZ036/0YZ041 were
added and 20 more cycles were performed. The ends of the
2.3 kb fusion product siaA-CAT-ctrA were blunted, and the
fragment was ligated into the EcoRV site of pSTblue-1 to
yield pYZEJS040. The pYZEJS040 derivatives used in inter-
ference tests were generated by ligating potential targets for
8013 CRISPR spacers 9 and 25 into pYZEJS040 via the Aatll
and Pacl sites.

[0155] To construct plasmid pCR2.1/cas1-Kan, a 2.4 kb
insert was PCR-amplified from the chromosomal DNA of
NeMeSys strain 10/4 (Rusniok et al., 2009) using primers
OYZ060/0YZ061. This insert, which contains a 1.6 kb Kan®
transposon inserted into the casl gene, was cloned using
Original TA Cloning Kit pCR2.1 (Invitrogen) according to
the manufacturer’s instructions. Similarly, plasmid pCR2.1/
cas2-Kan was created by amplifying a 2.45 kb insert from the
chromosomal DNA of NeMeSys strain 71/27 using primers
0OYZ052/0YZ055, and cloning that fragment into pCR2.1.
[0156] To create plasmids to be used in generating the
unmarked Acas9 mutant, genomic sequences upstream and
downstream of cas9 gene were PCR amplified, fused together
via overlapping PCR and cloned into pSTblue-1. A 662 nt
region containing the first 15 nt of the cas9 ORF and 632 nt
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upstream of cas9 was PCR-amplified from 8013 genomic
DNA using primers OYZ066/0YZ068. Similarly, a 517 nt
region containing the last 15 nt of the cas9 ORF and 487 nt
downstream of cas9 was amplified using primers OYZ069/
0OYZ071. 100 ng of both PCR fragments were added to a 50
ul PCR reaction without any primers. After 15 cycles of PCR,
outside primers OYZ066/0YZ071 were added and 20 more
PCR cycles were performed. The resulting 1.2 kb fusion
product included internal Sal and Spel sites (originally incor-
porated in the primers). The ends of the fragment were
blunted, and the product was ligated into the EcoRV site of
pSTblue-1 to create plasmid pSTblue-1/Acas9+Sa/I-Spel.
The Sall and Spel sites of this plasmid were used to introduce
a 1.6 kb CAT-rpsL dual marker cassette, and resulted in pST-
blue-1/Acas9/CAT-rpsL.. The plasmid pSTblue-1/Acas9 was
generated similarly: 647 nt and 502 nt genomic fragments
upstream and downstream of the cas9 gene, including the 15
nts at each terminus of the ORF, were amplified using primers
OYZ066/0YZ067 and OYZ070/0YZ071, respectively, and
then fused together by overlapping PCR. The 1.2 kb fusion
product was blunted and ligated into the EcoRV site of pST-
blue-1.

[0157] To create pSMARTHCAmp/Atracr+Pmel, genomic
sequences upstream and downstream of the tracrRNA region
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were PCR amplified and fused together via overlapping PCR
The 638 nt upstream region and the 598 nt downstream region
were amplified from 8013 chromosomal DNA using primer
pairs OYZ081/0YZ082 and OYZ083/0Y 7084, respectively,
100 ng of both fragments were added to a 50 pl PCR reaction
without any primers, and after 15 cycles, outside primers
0OYZ081/0YZ084 were added and 20 more cycles were per-
formed. The 1.2 kb fusion product included an internal Pmel
site (designed in the primers). The fragment was blunted and
ligated into vector pSMARTHCAMP according to the
instructions for the CloneSmart Cloning Kit (Lucigen). The
Pmel site was used to insert a 1.2 kb Kan® cassette that had
been amplified from NeMeSys mutant 23/6 chromosomal
DNA using primer pair OYZ085/0YZ086. This yielded plas-
mid pPSMARTHCAmp/Atracr+Kan.

[0158] Complementation plasmid pGGC2/promoter+cas9
wt was created by amplifying the cas9 ORF and its native
promoter from 8013 genomic DNA using primer pair
0OYZ072/0YZ073, digesting the PCR product with Aatll and
Pacl, and then ligating it into pGCC2 via the Aatll/Pacl sites,
pGGC2/promoter+tracr was created by amplifying the tracr-
RNA locus with its native promoter from 8013 genomic DNA
using primer pair OYZ091/0Y 7092, digesting the PCR prod-
uct with Aatll and Pacl, then ligating it into pGCC2 via the
Aall/Pacl sites.

Plasmids

Relevant characteristics Source

Plasmids for in vivo interference assays

pYZEJS001
pYZEJS010
pYZEJSO11
pYZEJS012
pYZEJS014
pYZEJS015
pYZEJS016
pYZEJS017
pYZEJS018
pYZEJS019
pYZEJS020
pYZEJS021
pYZEJS022
pYZEJS023
pYZEJS024
pYZEJS025
pYZEJS026
pYZEJS028
pYZEJS032
pYZEIS040
pYZEJS042
pYZEIS043

pGCC2 empty vector Dr. Hank Seifert lab collection

pGCC2-MC8013 spacer] target This study
pGCC2-MC8013 spacer target This study
pGCC2-MC8013 spacer9 target This study
pGCC2-MCR013 spacerl6 target This study
pGCC2-MCR013 spacerl7 target This study
pGCC2-MCR013 spacerl8 target This study
pGCC2-MCR013 spacer23 target This study
pGCC2-MCR013 spacer25 target This study

pGCC2-MCR013 spacer9 target mutl  This study
pGCC2-MCR013 spacer9 target mut2 This study
pGCC2-MCR013 spacer9 target mut3  This study
pGCC2-MCR013 spacer9 target mut4  This study
pGCC2-MCR013 spacer9 target mut5 This study
pGCC2-MCR013 spacer9 target mut6  This study
pGCC2-MCR013 spacer9 target mut7 This study
pGCC2-MCR013 spacer9 target mut® This study
pGCC5 empty vector Dr. Hank Seifert lab collection

pSTblue-1 empty vector Novagen

pSTblue-1/siaA + CAT + ctrA This study
pYZEIS040-protospacerd This study
pYZEIS040protospacer25 This study

Plasmids for creating the Acas9 strain

pYZEJS033
pYZEJIS034
pYZEJS035

pSTblue-1/Acas9/Sall + Spel This study
pSTblue-1/Acas9 This study
pSTblue-1/Acas9/CAT + rpsL This study

Plasmids for creating casl::Tn and cas2::Tn strains

pYZEJS037
pYZEJS038

pCR2.1/cas1-Kan This study
pCR2.1/cas2-Kan This study
Plasmid for creating the cas9 complementation strain

pYZEJIS044

pGCC2-promoter + cas9 wt This study
Plasmids for creating Atracr strain

pYZEJS061
pYZEJS062

PSMARTHCAmp/Atracr + Pmel
PSMARTHCAmp/Atracr + Kan

This study
This study
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Plasmids Relevant characteristics Source

Plasmids for creating tracr complementation strain

pYZEIS064 pGCC2-promoter + tracr This study
Plasmids for creating the Arnc strain in N. meningitidis WUE2594

pBI1 Arnc This study
Plasmids for promoter cloning

PAS093 (P,,,z—gfp) invR transcriptional gfp fusion plasmid (Sittka et al., 2008)
expressing constitutive gfp

pAS0046 'gfp (P,,;) background control plasmid for (Sittka et al., 2007)
transcriptional gfp fusion plasmid

PNH13 (P,,) Neisseria: CRISPR-repeat This study
transcriptional gfp fusion plasmid

pNH14 (P, Neisseria: mutant CRISPR-repeat This study
transcriptional gfp fusion plasmid

PNH15 (P, T7 phage promoter Al transcriptional This study
gfp fusion plasmid

pNH17 (Ps,) Neisseria: 3x CRISPR-repeat-spacer  This study

unit transcriptional gfp fusion plasmid
PNHIB (P jejuns) Campylobacter jejuni: CRISPR-repeat This study
transcriptional gfp fusion plasmid

[0159] RNA Extraction, Depletion of Processed RNAs, and
Northern Blots.

[0160] For 020-06, WUE2594 and its mutant derivatives,
frozen cell pellets from liquid cultures were resuspended in
lysis solution containing 800 pl of 0.5 mg/mllysozyme in TE
buffer (pH 8.0) and 80 ul 10% SDS. Bacterial cells were lysed
by placing the samples for 1-2 minutes at 65° C. in a water
bath. Afterwards, total RNA was extracted from the lysates
using the hot-phenol method described previously (Blomberg
et al,, 1990). For depletion of processed transcripts, total
RNA was freed of residual genomic DNA by DNase I treat-
ment, and equal amounts of Neisseria RNA were incubated
with Terminator 5'-phosphate-dependent exonuclease (TEX)
(Epicentre) or in buffer alone as previously described
(Sharma et al., 2010). For northern blot analysis, 5 ug total
RNA freed of residual genomic DNA or 3 ng of TEX treated
RNA was loaded per sample. After separation by electro-
phoresis in 8% polyacrylamide/8.3 M urea/1 xXTBE gels, RNA
was transferred onto Hybond-XI. membranes, and mem-
branes were hybridized with y->?P-ATP end-labeled oligode-
oxyribonucleotide probes.

[0161] For 8013 and its mutant derivatives, cells grown
overnight on GCB plates were collected, immediately treated
with RNAprotect Bacteria Reagent (Qiagen), and frozen at
-80° C. for storage. Total RNAs were extracted using miR-
Neasy Mini Kit (Qiagen) with two additional steps: a 10 min
initial cell lysis in 30 mM Tris-HCI (pH 8.0)/1 mM EDTA
containing 1.5 mg/ml lysozyme (Invitrogen) and 2 mg/ml
Proteinase K (Fermentas), and a later on-column DNase
digestion step (The RNase-Free DNase Set, Qiagen). For
northern analysis, 8-10 ug of total RNA for each sample was
separated by electrophoresis in a 10% polyacrylamide/8 M
urea/1XTBE gel. RNAs were electroblotted overnight at 14V
to a Genescreen Plus membrane (PerkinElmer) in 1xTBE,
cross-linked to the membrane by UV irradiation and then
soaking in 0.16M N-(3-dimethylaminopropyl)-N'-ethylcar-
bodiimide hydrochloride/0.13 M 1-methylimidazole (both
from Sigma) (pH 8.0) at 60° C. for 2 h. Blots were prehybrid-
ized with 8 ml ULTR Ahyb buffer (Ambion) at 60° C. for 30
min, then probed at 37° C. overnight with 5x10° cpm/ml of
the appropriate DNA oligonucleotide probe. Northern probes

were 5' end-labeled with y->?P-ATP (PerkinElmer) and T4
polynucleotide kinase (NEB). The membranes were washed
at room temperature twice with 2xSSC/0.1% SDS for 5 min
and then twice with 1xSSC/0.1% SDS for 15 min. RNAs
were then visualized by Phosphorlmager detection. Similarly
end-labeled Mspl-digested pBR322 DNAs (NEB) were used
as size markers.

[0162] Construction of cDNA Libraries for dRNA-Seq.

[0163] Total RNA was freed of residual genomic DNA by
DNase I treatment. For depletion of processed transcripts,
equal amounts of Neisseria RNA were incubated with Ter-
minator™ 5'-phosphate dependent exonuclease (TEX) (Epi-
centre) as previously described (Sharma et al., 2010). Librar-
ies for Solexa sequencing (HiSeq) of cDNA were constructed
by vertis Biotechnology AG, Germany (http://www.vertis-
biotech.com/), as described previously for eukaryotic
microRNA (Berezikov et al., 2006) but omitting the RNA
size-fractionation step prior to cDNA synthesis. In briefequal
amounts of RNA samples were poly(A)-tailed using poly(A)
polymerase. Then, the S5'-triphosphate structures were
removed using tobacco acid pyrophosphatase (TAP). After-
wards, an RNA adapter was ligated to the 5'-phosphate of the
RNA. First-strand cDNA was synthesized by an oligo(dT)-
adapter primer and MMLYV reverse transcriptase. A PCR-
based amplification step with a high-fidelity DNA poly-
merase was then used to increase the cDNA concentration to
20-30 ng/ul. A library-specific barcode for sequence multi-
plexing was included in the 3'-sequencing adapter. cDNA
libraries were sequenced using a HiSeq 2000 machine (Illu-
mina) in single read mode at the Max Planck Genome Centre
Cologne (Cologne, Germany).

[0164] Read Mapping and Coverage Plot Construction.

[0165] Sample preparation, sequencing (Illumina GAIIx)
and data analysis was done as described (Chao et al., 2012),
with the only exception being that the minimal read length
after trimming and clipping was 12 nt instead of 20 nt.

[0166] Transcriptional gfp Fusions.

[0167] E. coli cells were transformed with transcriptional
gtp fusion plasmids and grown on agar plates for fluorescence
imaging. To measure GFP fluorescence, single colonies were
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inoculated in LB broth and grown for 12 h. Cells were then
fixed in 4% paraformaldehyde/1xPBS and analysed by flow
cytometry.

[0168] In Vitro Transcription.

[0169] Templates for in vitro transcription assays were
PCR-generated, gel-purified 210 bp DNA fragments ampli-
fied from pNH13, pNH14, or pNH15. Primer pairs were the
forward primers used for construction of each DNA duplex
insert (see above), together with reverse primer JVO155.
Templates (100 ng) were incubated at 37° C. in transcription
buffer (40 mM Tris-HC1 (pH 7.5)/100 mM KCl/10 mM
MgC,/0.01% Triton/1 mM DTT) together with 1.5 Units
sigma-saturated E. coli RNA Polymerase Holoenzyme (Epi-
centre), a-[>?P]-ATP (30 uCi; Hartmann-Analytic Braunsch-
weig), and NTP mix (10 uM ATP and 200 uM each CTP, GTP,
UTP). A negative control reaction used water in place of DNA
template. 25 pl reactions were incubated for 1, 5, 10 and 30
min. Aliquots were phenol-extracted, precipitated, denatured
by heating in formamide loading dye, separated by electro-
phoresis in 12% sequencing gels, and analyzed with a Phos-
phorlmager.

[0170] CRISPR Prediction and in Silico Analysis of Natu-
ral Targets.
[0171] CRISPRs in sequenced Neisseria genomes were

predicted using CRISPRfinder (http:/crispr.u-psud.fr/
Server/) (Grissa et al., 2007) and CRISPRI (http://crispi.ge-
nouest.org/) (Rousseau et al., 2009). Our initial predictions of
Neisseria CRISPRs were consistent with those of CRISPRdb
(http://crispru-psud.fr/crispr/). Spacers were subjected to
blasta (Basic Local Alignment Search Tool) search against
the nr/nt database (http://www.ncbi.nlm.nih.gov/). Multiple
Sequence Alignments were performed using WeblLogo
(http://weblogo.berkeley.edu/logo.cgi).

[0172] Natural Transformation.

[0173] Natural transformation assays were performed in V.
meningitidis 8013 and its mutant derivatives as described for
N. gonorrhoeae (Duffin and Seifert, 2012). 150 ng plasmids
or 100 ng chromosomal DNA was used per transformation
reaction. 10 pl of serial 10-fold dilutions were spotted on
GCB plate in triplicates in the presence and absence of appro-
priate antibiotics. 200 pl from the undiluted final transforma-
tion mixture were also plated on GCB plates with appropriate
antibiotics to enhance detection. Eight representative trans-
formants per reaction were verified by re-streaking on selec-
tive plates twice and then by PCR from CLS extract (i.e., from
cells lysed in 1% Triton/20 mM Tris-HCl (pH 8.3)/2 mM
EDTA at 94° C. for 15 min and then 20° C. for 5 min).
Transformation frequencies were reported as antibiotic-resis-
tant cfir/ml divided by total cfu/ml from at least three inde-
pendent experiments (mean+s.e.m.).
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Example 2

[0263] Reference is made to Hou et al., “Efficient genome
engineering in human pluripotent stem cells using Cas9 from
Neisseria meningitidis, PNAS, vol. 110, no. 39, pp 15644-
15649, Sep. 24, 2013, the contents of which are incorporated
herein by reference in its entirety.

[0264] Abstract

[0265] Genome engineering in human pluripotent stem
cells holds great promise for biomedical research and regen-
erative medicine. Recently, an RNA-guided, DNA-cleaving
interference pathway from bacteria [the Type II clustered,
regularly interspaced, short palindromic repeats (CRISPR)-
CRISPR-associated (Cas) pathway| has been adapted for use
in eukaryotic cells, greatly facilitating genome editing. Only
two CRISPR-Cas systems (from Streptococcus pyogenes and
Streptococcus thermophilus), each with their own distinct
targeting requirements and limitations, have been developed
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for genome editing thus far. Furthermore, limited information
exists about homology-directed repair (HDR)-mediated gene
targeting using long donor DNA templates in human pluri-
potent stem cells (hWPSCs) with these systems. Here, using a
distinct CRISPR-Cas system from Neisseria meningitidis, we
demonstrate efficient targeting of an endogenous gene in
three hPSC lines using HDR. The Cas9 RNA-guided endo-
nuclease from N. meningitidis (NmCas9) recognizes a
5'-NNNNGATT-3' protospacer adjacent motit (PAM) differ-
ent from those recognized by Cas9 proteins from S. pyogenes
and S. thermophilus (SpCas9 and StCas9, respectively).
Similarto SpCas9, NmCas9 is able to use a single-guide RNA
(sgRNA) to direct its activity. Due to its distinct PAM, the N.
meningitidis CRISPR-Cas machinery increases the sequence
contexts amenable to RNA-directed genome editing.

[0266] Introduction

[0267] Human pluripotent stem cells (WPSCs) can prolifer-
ate indefinitely while maintaining the potential to give rise to
virtually all human cell types (1). They are therefore invalu-
able for regenerative medicine, drug screening, and biomedi-
cal research. However, to realize the full potential of hPSCs,
it will be necessary to manipulate their genomes in a precise,
efficient manner. Historically, gene targeting in hPSCs has
been extremely difficult (2). The development of zinc-finger
nucleases (ZFNs) and transcription activator-like endonu-
cleases (TALENS) (reviewed in refs. (3) and (4)) has facili-
tated gene targeting in hPSCs (5-7). Nonetheless, they require
the design, expression, and validation of a new pair of pro-
teins for every targeted locus, rendering both of these plat-
forms time-consuming and labor-intensive (8-10).

[0268] Clustered, regularly interspaced, short palindromic
repeat (CRISPR) loci, along with CRL.SPR-associated (cas)
genes, underlie an adaptive immune system of bacteria and
archaea that defends against bacteriophages (11) and limits
horizontal gene transfer (12-14). “Protospacer” sequences
from invading nucleic acids are incorporated as “spacers”
within CRISPRs, conferring immunity and providing a
genomic memory of past invasions. CRISPR-Cas systems
have been classified into three types (Types 1, Il and I1I) and
numerous subtypes (15). All use short CRISPR RNAs (crR-
NAs) (16, 17) to specify genetic interference via the destruc-
tion of invading nucleic acids (18). The target nucleic acids
are recognized by crRNA Watson-Crick pairing. Importantly,
most CRISPR-Cas subtypes target DNA directly (13, 19, 20),
suggesting the possibility of engineered, RNA-directed gene
targeting/editing systems. The use of RNA guides for gene
targeting would confer many advantages over ZFNs and
TALEN:S, especially by obviating the need for repeated pro-
tein design/optimization. Recently, this vision has become a
reality (21-31).

[0269] Type Il CRISPR-Cas systems are noteworthy in that
the essential targeting activities—crRNA binding, target
DNA binding, R-loop formation, and double-stranded DNA
cleavage—are all executed by a single polypeptide, Cas9
(32-35). In addition to crRNA and Cas9, an additional RNA,
trans-acting CRISPR RNA (tracrRNA), is essential for inter-
ference in bacteria (14, 32, 36) and in vitro (34, 36). The
tracrRNA is partially complementary to pre-crRNA repeats,
leading to the formation of duplexes that are cleaved by the
host factor ribonuclease 111 (RNase 111) (32). The Type 11
crRNA maturation pathway was originally characterized in
strains of Streptococcus pyogenes (32) and Streptococcus
thermophilus (35, 36), and RNase III-catalyzed pre-crRNA
processing is essential for interference in both native systems.
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Recent studies of a Type Il CRISPR-Cas locus from Neisseria
meningitidis revealed an intrinsically RNase I11- and process-
ing-independent system, which nonetheless requires tracr-
RNA (14). Importantly, crRNA-directed DNA cleavage was
reconstituted in vitro with recombinant S. pyogenes Cas9
(SpCas9) (34) or S. thermophilus Cas9 (StCas9) (33, 36). The
SpCas9 in vitro system enabled the development of fused
crRNA-tracrRNA chimeras called single-guide RNAs (sgR-
NAs) that bypass processing (34). Subsequent development
of eukaryotic genome editing applications has focused on
sgRNAs (21-30), though separately encoded pre-crRNAs and
tracrRNAs are also effective (21).

[0270] Target cleavage by many CRISPR/Cas systems,
including those from Type II, require proximity to a 2-5
nucleotide (nt) sequence called a protospacer adjacent motif
(PAM) (37) (38-40). Genome editing applications reported
thus far have focused almost exclusively on SpCas9, which
has a 5'-NGG-3' PAM. StCas9 (from the CRISPR1 locus of
strain LMD-9) has also been used in eukaryotes (21), and that
system has a S'-NNAGAAW-3' PAM (W=A or T). Eukaryotic
editing capabilities will benefit from the increased frequency
of target sites stemming from the development of additional
Cas9s with distinct PAMs.

[0271] Targeting by sgRNAs usually relies on either of two
approaches. First, double-strand break (DSB) repair by non-
homologous end joining (NHEJ) can be used to generate
insertions or deletions (indels) that induce frame shifts. Sec-
ond, the addition of a homologous repair template can allow
Cas9-induced DSBs or nicks to be repaired by homology-
directed repair (HDR). The latter strategy is useful for making
precise changes such as repairing mutations or inserting
transgenes. Most studies thus far have relied on either NHEJ,
or on HDR using short DNA fragments or oligos (24-26, 29,
31). Currently there is very limited information available on
gene targeting using long DNA donor templates in hPSCs
(23).

[0272] Here, we report the development of N. meningitidis
Cas9 (NmCas9) (14) as a genome editing platform, and its
application to high-efficiency targeting of an endogenous
gene in hPSCs. This system uses a 24 nt proto-spacer for
targeting and requires a PAM that is different from those of
SpCas9 or StCas9. We have achieved ~60% targeting effi-
ciency with two human embryonic stem cell (hESC) lines and
one human induced pluripotent stem (iPS) cell line. Our work
demonstrates the feasibility of using the N. meningitidis
CRISPR/Cas system in genome editing in hPSCs using long
DNA donor templates. This work also provides an alternative
to the S. pyogenes and S. thermophilus CRISPR-Cas system
and expands the genomic contexts that are amenable to RNA-
directed genome editing in eukaryotes.

[0273] Results

[0274] Functional Expression of NmCas9 in Mammalian
Cells.

[0275] Our recent work has shown that N. meningitidis

strain 8013 has a functional type II-C CRISPR/Cas system
(14), and that Cas9 is the only Cas protein required for inter-
ference activity. We set out to test whether this system could
be used for efficient gene targeting in hPSCs. We cloned the
open reading frame (ORF) from the 3.25 kb cas9 gene, along
with a C-terminal FLAG tag, into a mammalian expression
plasmid under the control of an EFla promoter (FIG. 13A).
This NmCas9-containing vector was transfected into 293FT
cells and the expression of NmCas9 protein was analyzed by
anti-FLAG western blot. As shown in FIG. 13A, full-length
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NmCas9 was efficiently expressed in 293FT cells. We then
assayed the nuclease activity of NmCas9 expressed in mam-
malian cells by in itro plasmid cleavage. Cell extract was
prepared from 293FT cells two days after transfection with
the NmCas9-containing vector (the same one as in FIG. 13A).
We assembled cleavage reactions using cell extract, various in
vitro-synthesized small RNAs, and the plasmid ptdTomato
pre-linearized by Ndel (FIG. 13B). tdTomato is a fusion of
two copies of the dTomato gene, each of which has one
consensus PAM sequence (5'-NNNNGATT-3") (FIG. 13B).
As shown in FIG. 13C, we achieved efficient plasmid cleav-
age only in the presence of both tracrRNA and a cognate
crRNA (FIG. 13C, lane 3). The pattern of the cleavage prod-
ucts was consistent with two predicted cleavage sites in the
PAM-proximal regions (FIG. 13C, right panel). Importantly,
a non-cognate crRNA (N), which contains sequences from
EGFP, did not direct NmCas9-mediated cleavage (FIG. 13C,
lane 4), indicating that the specificity of the NmCas9 nuclease
is indeed guided by the spacer-derived sequence in crRNAs.
Additionally, plasmid cleavage is deficient when tracrRNA is
absent, even in the presence of a cognate crRNA (FIG. 13C,
lane 5), suggesting that tracrRNA is necessary for NmCas9
function in vitro. This is consistent with the tracrRNA
requirement for NmCas9-mediated interference in bacterial
cells (14).

[0276] Two Cas9 orthologs, SpoCas9 and StCas9, were
previously demonstrated to induce blunt double-strand
breaks (DSB) in their DNA targets, between the third and
fourth nucleotide counting from the PAM-proximal end of
protospacers (34) (19, 33). We hypothesized that NmCas9
cleaves the DNA target in a similar way, and we tested this by
mapping the NmCas9 cleavage site on ptdTomato by Sanger
sequencing. Two cleavage products in FIG. 13C (the 1.5 kb
and the 2.5 kb fragments) were gel-extracted and sequenced
to identify the NmCas9 cleavage sites on the sense strand and
the antisense strand, respectively. As expected, NmCas9
induced a blunt-end DSB between the third and fourth nucle-
otides counting from the PAM-proximal end of the proto-
spacer (FIG. 13D).

[0277] NmCas9 Functions in RNA-Directed Gene Disrup-
tion in hPSCs.
[0278] Knowing that NmCas9, without any codon optimi-

zation, can be efficiently expressed in mammalian cells and is
functional in vitro, we next tested its utility in genome editing
in hPSCs. We first monitored its localization. We transfected
293FT cells with several NmCas9 constructs with various
nuclear localization signal (NLS) arrangements, and ana-
lyzed NmCas9 protein localization by either GFP fluores-
cence or anti-HA immunostaining. NmCas9 with NLSs on
both N- and C-termini localized efficiently to the nucleus
(FIG. 14C), while NmCas9 constructs with just one NLS did
not (FIGS. 14A and 14B). In addition, the same NmCas9
construct with two NLSs also localized to the nucleus of
hESCs (FIG. 14D). We noticed that in hESCs, NmCas9,
without any crRNA/tractrRNA, displayed a punctate pattern
similar to the organization of the nucleolus in hESCs. It is not
yet clear if this phenomenon is related to the organization of
the double NLS on the protein.

[0279] To test the genome editing activity of NmCas9, we
used an hESC cell reporter line that has a single copy of the
tdTomato fluorescent protein gene knocked into the highly
expressed DNMT3b locus (H9 DNMT3b-tdTomato), leading
to tdTomato fluorescence. If NmCas9 is able to introduce a
DSB in the tdTomato sequence in the genome, repair by
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NHEJ would likely lead to indels that disrupt tdTomato
expression. Accordingly, the appearance of tdTomato-nega-
tive cells would be predicted to reflect genome-editing activ-
ity.

[0280] Human ESCs are known to have low transfection
efficiencies. To achieve maximum genome-editing efficiency
in hPSCs, we assembled expression cassettes of all the nec-
essary components (NmCas9, tracrRNA and crRNA) onto
one single plasmid that contains an OriP sequence (FIG.
14E). OriP was reported to increase the transfection effi-
ciency and plasmid stability in hPSCs if co-transfected with
an RNA expressing the EBNA protein (41, 42). The encoded
tracrRNA and crRNA both corresponded to the mature, pro-
cessed forms as they exist in N. meningitidis cells (14). The
resulting all-in-one plasmids were electroporated into H9
DNMT3b-tdTomato cells, and tdTomato fluorescence was
monitored by FACS 4-6 days after electroporation. As shown
in FIG. 14F, a sub-population (5.4%) of tdTomato negative
cells became detectable only when a tdTomato-targeting
crRNA was encoded on the plasmid. Importantly, for the
control plasmid expressing non-targeting crRNA, only back-
ground levels (~0.1%) of tdTomato negative cells appeared
(FIG. 14F), likely due to the low level of spontaneous differ-
entiation in the culture, leading to repression of the DNMT3b
promoter. The increased frequency of non-fluorescent cells in
the presence of the cognate crRNA suggests successful
genome editing by NmCas9.

[0281] To confirm that NmCas9 introduced a DSB at the
intended genomic site, we FACS-sorted the tdTomato nega-
tive population, PCR-amplified the genomic region flanking
the predicted cutting site in the 5' copy of dTomato, cloned the
resulting PCR fragments and sequenced 22 of the resulting
plasmids (selected at random). The sequencing results
showed both insertions and deletions in the tdTomato
sequence (FIG. 14G, only unique indels are shown) in 95% of
the sequenced clones. Most importantly, all of these indels
were centered around the NmCas9 cleavage site, indicating
that the DSB occurred at the intended position (FIG. 14G).

[0282] A Chimeric sgRNA is Effective for Gene Editing in
hPSCs.
[0283] To simplify the NmCas9 genome editing system, we

explored the possibility of substituting both crRNA and tracr-
RNA with a chimeric sgRNA. We fused the 5' end of the 91 nt
processed tracrRNA sequence with the 3' end of the 48 nt
mature crRNA using a 6 nt linker (Supp. FIG. 13A). This
sgRNA was cloned under the control of the U6 promoter and
electroporated into the H9 DNMT3b-tdTomato reporter cell
line together with a plasmid expressing NmCas9. FACS
analysis showed that this sgRNA indeed resulted in tdTo-
mato-negative cells (FIG. 17B) at a level comparable to that
achieved by the all-in-one plasmid expressing separate
crRNA and tracrRNA (see FI1G. 14E). These results indicated
that an sgRNA could substitute for separate crRNA and tracr-
RNA in directing NmCas9-mediated gene editing in hESCs.
[0284] Specificity of NmCas9 in hPSCs.

[0285] We next tested the specificity of NmCas9 in mam-
malian cells by mutational analysis. We introduced single-
nucleotide mutations at every odd-numbered position from
the 1% to the 17 nt in the PAM-proximal end [spanning the
cleavage site (see FIGS. 13D and 14G) and the functionally
critical “seed” sequence] of the spacer in the tdTomato-tar-
geting crRNA construct (FIG. 15A, upper panel). We then
measured the ability of those constructs to give rise to tdTo-
mato-negative cells in the H9 DNMT3b-tdTomato cell line.
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As shown in FIG. 15A, mutations at position I through 9 led
to background levels of tdTomato-negative cells, indicating
that mismatches at these positions in the crRNA/target duplex
are not tolerated by NmCas9. As for mutations at positions 11,
13, 15, some tdTomato negative cells appeared, but with an
efficiency of only 10-25% of that observed with wildtype
crRNA (FIG. 15A lower panel). The mismatch at position 17
was ~40% as efficient as wildtype. These results imply a
crRNA/target specificity comparable to that of the SpCas9
system in mammalian cells (21).

[0286] We also investigated PAM sequence requirements
for NmCas9 in human ES cells. We designed five crRNAs that
use different sequences as the PAM in the tdTomato coding
region (FIG. 15B) and then tested their ability to disrupt
tdTomato expressionin H9 DNMT3b-td Tomato cells. Four of
the sites were associated with a PAM that varied from the
5'-NNNNGATT-3' consensus by only a single nt. Only a
GCTT variant site was efficiently targeted, while the other
four variants were severely deficient (FIG. 15B, lower panel).
Our results indicate that an A-to-C mutation at the 2" of the
PAM could be tolerated, whereas a G-to-C mutation at the 1
position. T-to-C at the 3", and T-to-G at the 4” likely render
the PAM variants non-functional. Interestingly, C is the sec-
ond most frequent residue at the 2”4 nt of the PAM in candi-
date bacterial protospacers (14), suggesting that GCTT might
also be a natural PAM.

[0287] NmCas9 Increases Gene Targeting Efficiency in
hPSCs.
[0288] We next explored whether NmCas9 can increase

gene-targeting efficiency in hPSCs compared to the tradi-
tional method in which no DSB was intentionally introduced
at the target site. We used a donor DNA template previously
used to target the endogenous POUSF1 (OCT4) gene (6)
(FIG. 16A), creating a fusion of OCT4 with EGFP. We
designed the crRNA using the consensus PAM sequence
located ~84 bp downstream of the OCT4 stop codon (FIG.
16A). Two human ES cell lines, H1 and H9, and one human
iPS cell line, iPS005 (43), were used in the experiment. After
puromycin selection, we were able to obtain clones for all
three cell lines when plasmid expressing the OCT4-targeting
crRNA was used. Of these clones, ~60% were correctly tar-
geted with single insertion events (Table 7), comparable to the
efficiency obtained using TALENS in a previous report with
the same donor DNA (6). Fluorescent images of the targeted
clones revealed the expected nuclear localization of EGFP
signal due to the fusion with Oct4 protein (FIG. 16B). South-
ern blots using a probe outside the targeting vector’s homol-
ogy arm confirmed the correct integration of the donor
sequence in the OCT4 locus (FIG. 16C). Most importantly,
the EGFP signals respond to differentiation cues as the
endogenous Oct4 would (FIG. 16D). In a control experiment
with an all-in-one plasmid expressing a non-targeting crRNA,
no puromycin-resistant clones were obtained with the H1
ESC line. Only one puromycin-resistant clone each was
obtained from H9 ESCs and iPS005 iPSCs, and neither clone
was correctly targeted (Table 7). All of the above results
indicated that the CRISPR-Cas system from N. meningitidis
was able to generate accurately targeted clones in hPSCs with
much increased efficiency compared to the traditional
method.

[0289] Discussion
[0290] Genome Editing by N. meningitidis Cas9.
[0291] In this report, we have successfully used the Type

II-C CRLSPR-Cas system from N. meningitidis to achieve
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both NHEJ-mediated gene editing and long DNA donor-
directed gene targeting of an endogenous locus in hPSCs. The
targeting efficiency we obtain with NmCas9 is comparable to
that achieved with TALENS. Using the same donor construct,
we were able to get ~60% targeting efficiency in all three
different hPSC lines tested (Table 7), whereas the targeting
efficiency of a TALEN was 48% in the one hESC line tested
(6). A previous report using SpCas9 in human iPSCs achieved
atargeting efficiency 0f 43%, close to what we observed with
NmCas9 (6). However, that report only identified seven
clones and did not perform further analysis to confirm the
correct integration of the donor DNA sequence only at the
intended site. Therefore additional work will be needed to
compare the efficiency of mammalian gene targeting using
these two CRISPR-Cas systems.

[0292] CrRNA/Target Mismatch Tolerance by NmCas9 in
Mammalian Cells.

[0293] One potential advantage of NmCas9, relative to
SpCas9, is that it might offer better targeting specificity by
virtue of its longer crRNA spacer (24 vs. 20 nts) and its longer
PAM (14). We chose 24 nt as the crRNA spacer length for
NmCas9 because that is the length of the crRNA spacer in N.
meningitidis. CrRNA-target mismatches distant from the
PAM were tolerated to various extents for both NmCas9
(FIG. 15B) and SpCas9 (21) in mammalian cells. However,
NmCas9 was more sensitive than SpCas9 to mismatches at
the 13, 15”, and 17% nts (counting from the PAM-proximal
end of the proto-spacer). NmCas9 gene editing efficiencies
with mismatches at those positions were no higher than
10-40% of those observed with the perfectly matched crRNA
(FIG. 15B), whereas with SpCas9, mismatches at equivalent
positions retained 60-90% of the non-mismatched efficiency
@2D.

[0294] PAM Requirements in Mammalian Cells.

[0295] One hallmark of Type Il CRISPR-Cas systems is the
requirement of a nearby PAM on the target sequence. This
sequence varies between different Cas9 orthologs. Among
Cas9 proteins validated for mannmalian genome editing.
PAM functional requirements have been defined for three:
those from S. pyogenes SF370 (21-23, 32, 34), S. thermophi-
lus LMD-9 (the CRISPRI locus) (19, 21, 38), and N. menin-
gitidis 8013 (FIG. 15B) (14). On one hand, the PAM require-
ment adds a second layer of specificity for gene targeting,
beyond that afforded by spacer/protospacer complementarity.
For longer PAMs (such as the NmCas9 PAM,
5'-NNNNGATT-3"), the frequency of off-target cutting events
should potentially drop significantly compared to SpCas9,
which requires a 5'-NGG-3' PAM. On the other hand, longer
PAM requirements also constrain the frequency of targetable
sites. By developing genome-editing systems using a range of
Cas9 proteins with distinct PAM requirements, the genomic
regions that can be targeted by CRISPR-Cas editing would
expand significantly.

[0296] The results in FIG. 15B show that NmCas9 does
allow limited deviation from the 5'-NNNNGATT-3' PAM.
Having a variable PAM can potentially increase the flexibility
during the design of targeting construct. However, it also
increases the potential of off-target cleavage. Due to the lim-
ited options afforded by the sequence of tdTomato, we only
tested one nucleotide substitution in each position of the PAM
domain. It is possible that additional nucleotide substitutions
will also be tolerated. A detailed mutational analysis will be
needed to fully understand the PAM requirements of NmCas9
in mammalian cells.
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[0297] Editing the Genomes of hPSCs.

[0298] Compared to two other widely used systems for
enhancing gene targeting efficiency (ZFNs and TALENSs), the
CRISPR-Cas system offers a much simpler and more user-
friendly design. For each different genomic locus to be tar-
geted, one only needs to design a small RNA by applying
simple Watson-Crick base-pairing rules. This system’s ease
of use will make gene targeting in hPSCs, once considered a
difficult project, a routine lab technique. This simple and high
efficiency gene targeting system for hPSC will also have a
tremendous impact on personalized regenerative medicine.
One concern with using CRLSPR/Cas in human genome
editing is off-target cleavage. Our work (FIG. 15A) and that
of'others (21, 44) has shown that the CRISPR/Cas system can
tolerate mismatches within the crRNA, especially in the
PAM-distal region. This raises concerns that other regions in
the genome might be cleaved unintentionally. Indeed, recent
work has shown various off-target cleavage rates in the
human genome using SpCas9 with different sgRNAs (44). To
fully understand this issue, whole-genome sequencing of
cells targeted by different Cas9 proteins with different
crRNA/sgRNA constructs will be needed. A potential way to
get around this problem is to use a nickase, a Cas9 variant in
which one nuclease domain is inactivated by a mutation (21,
34), so that off-target cleavage will have a much lower chance
of generating unwanted mutations in the genome while HDR
will still be stimulated.

[0299] Materials and Methods
[0300] Cell Culture.
[0301] Human ESCs and iPS cells were cultured in E§™

medium (43) on Matrigel-coated tissue culture plates with
daily media change at 37° C. with 5% CO,. Cells were split
every 4-5 days with 0.5 mM EDTA in 1xPBS. 293FT cells
were cultured similarly in DMEM/F12 media supplemented
with 10% FBS.

[0302] NmCas9 DNA Transfection and In Vitro Plasmid
Digestion.
[0303] All transfections with 293FT cells were done using

Fugene HD (Promega) following the manufacturer’s instruc-
tions. Cell lysate was prepared two days after transfection.
Plasmid digestion using cell lysate was carried out at 37° C.
for 1-4 hours in digestion buffer (1xPBS with 10 mM MgCl,).
See supplemental method for a detailed procedure. To map
the cleavage site of NmCas9, the digested plasmid DNA was
excised from the agarose gel and purified using Gel Extrac-
tion Kit (Qiagen). The purified fragments were then
sequenced to map the cleavage site.

[0304] Gene Editing in hPSCs.

[0305] All plasmids used in this experiment were purified
using the MaxiPrep Kit from Qiagen. Human PSCs were
passaged two or three days before the experiments. Immedi-
ately before the experiment, hPSCs were individualized by
Accutase® treatment, washed once with E®™ medium, and
resuspended at densities of 2.5-6.2x10° cells/ml in ES™
medium with 10 mM HEPES buffer (pH 7.2-7.5) (Life Tech-
nologies). For electroporation, 400 pl of cell suspension, 15
ng of pSimple-Cas9-Tracr-CrRNA plasmid, 5 pg of EBNA
RNA, and (for those experiments involving gene targeting by
HDR) 5 pg of linearized DNA template plasmid (Addgene
31939) were mixed in a 4 mm cuvette (BioRad) and imme-
diately electroporated with a BioRad Gene Pulser. Electropo-
ration parameters were 250V, 500 pF, and infinite resistance.
Cells were then plated into appropriate Matrigel coated cul-
ture dishes in E8™ medium supplemented with 10 uM
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ROCK inhibitor Y-27632. Media was changed the next day to
E8™ medium. For those experiments involving gene editing
by HDR, puromycin selection was started 4 days after elec-
troporation. Surviving colonies were picked 4 to 6 days after
selection and expanded in E8™ medium.

[0306] Plasmid Construction.

[0307] The cas9 gene from Neisseria meningitidis strain
8013 was PCR-amplified and cloned into the pSimplell plas-
mid (an OriP containing plasmid) under the control of the
EFla promoter. Nuclear localization signals and HA tag
sequences were incorporated via the PCR primers. An N.
meningitidis BsmBI-crRNA cassette and the N. meningitidis
tracrRNA, both under the control of U6 RNA polymerase 11
promoters, were synthesized as gene blocks (Integrated DNA
Technologies) and cloned into pSimplell-Cas9 via blunt end
cloning, generating the pSimple-Cas9-Tracr-BsmBI plasmid
that includes all elements needed for targeting. To insert spe-
cific spacer sequences into the crRNA cassette, synthetic
oligonucleotides containing the desired spacer sequences
were annealed to generate a duplex with overhangs compat-
ible with those generated by BsmBI digestion of the pSimple-
Cas9-Tracr-BsmBI plasmid. The insert was then ligated into
the BsmBI-digested plasmid.

[0308] NmCas9 DNA Transfection and In Vitro Plasmid
Digestion.
[0309] All transfections with 293FT cells were done using

Fugene® HD (Promega) following the manufacture’s
instructions. Roughly 2 pg plasmids and 6 pl of Fugene HD
were used for one well of a 6-well plate. Two days after
transfection, 293FT cells expressing NmCas9 were harvested
by TrypLE (Life Technologies), washed once in PBS, and
then lysed in PBS by sonication. Cellular debris was cleared
by centrifugation and the supernatant was used in plasmid
digestion assays. For the digestions, 1 ug tdTomato plasmid
(Clontech) linearized by Ndel (New England Biolabs) was
mixed with in vitro-transcribed tracrRNA, crRNA and 293FT
cell lysate and incubated at 37° C. for 1-4 hours in digestion
buffer (1xPBS with 10 mM MgCl,). DNA from the reaction
mix was then purified with a PCR clean-up kit (Qiagen) and
resolved by agarose gel electrophoresis. To map the cleavage
site of NmCas9, the digested plasmid DNA was excised from
the agarose gel and purified using Gel Extraction Kit
(Qiagen). The purified fragments were then sequenced to map
the cleavage site.

[0310] In Vitro Transcription.

[0311] Synthetic oligonucleotides (Integrated DNA Tech-
nologies) containing the T7 promoter sequence and N. men-
ingitidis tractRNA or crRNA sequences were annealed to
generate dsDNA templates for run-off transcription. In vitro
transcription was done using the MegaScript T7 In Vitro
Transcription kit (Ambion) following the manufacture’s
specifications.

[0312] Southern Blots.

[0313] Genomic DNA of targeted clones is purified using
PureGene core kit (Qiagen). 5 pug of genomic DNA was
digested with BamHI and then resolved on a 0.8% agarose
gel. DIG-labeled DNA probe synthesis, DNA gel transfer,
and blot hybridization and visualization were done according
to Roche’s DIG application manual.

[0314] Genome FEditing Using Single-Guide RNA
(sgRNA).
[0315] A single-guide RNA that targets td Tomato was put

under the control of a U6 promoter and cloned into the EcoRV
site of pstBlue-1 (Novagen). For electroporation, 7.5 ng of
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pstBlue-U6-sgRNA, 7.5 pg of pSimplell-NLS-NmCas9-
HA-NLS(s) and 5 pug of EBNA RNA was mixed with ~1x10°
cells in a 4 mm cuvette (BioRad) and immediately electropo-
rated with a BioRad Gene Pulser. Cells were then plated into
appropriate Matrigel coated culture dishes in E§™ medium
supplemented with 10 uM ROCK inhibitor Y-27632.
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Example 3

[0360] Reference is made to FIGS. 18-22 and the Brief
Descriptions provided above. In FIG. 18, NmCas9 D16A is
shown to function as a nickase in human pluripotent stem
cells. Human ES cells expressing both TdTomato and EGFP
were transfected with plasmids encoding SpCas9 DI10A.
NmCas9 D16A or both, along with their respective single
guide RNAs (sgRNAs) that target TdTomato coding
sequence. Sequences targeted by the sgRNAs are as indicated
in FIG. 18. Cellular TdTomato fluorescence was analyzed by
flow cytometer 5 days after transfection. Significant amount
(0.94%) of TdTomato negative cells (indicated by arrow in
FIG. 18) becomes detectable only in the presence of both
SpCas9 D10A and NmCas9 DI16A. This suggests that
NmCas9 D16A is a functional nickase in human ES cells, and
when paired with another properly positioned SpCas9 D10A
nickase, could induce DSBs (result in 31 nt 5' overhangs) and
NHEJ.

[0361] FIG. 19 demonstrates NmCas9 mediated homol-
ogy-directed repair using either sense or antisense ssODN. A
Human ES cell line that expresses both EGFP and a single
mutated (deficient, 9 nt deleted) copy of Tomato fluorescent
protein gene was transfected with plasmids expressing
NmCas9 and gRNA targeting the mutated region of tomato
gene, with or without 100 pmole of 160 nt ssODN as repair
template. The ssODNs corresponded to wild type tomato
sequence, and were centered around the mutated region. Cel-
Iular fluorescence was analyzed by flow cytometry 5 days
after transfection. Tomato fluorescence positive cells become
detectable (0.3%-0.5%) only when sense or antisense ssODN
was co-transfected with NmCas9 and gRNA.

[0362] FIG. 20 illustrates that NmCas9 can be delivered in
the form of mRNA instead of plasmid DNA. Human ES cells
expressing both TdTomato and EGFP were transfected with
NmCas9 mRNA or an NmCas9 expressing plasmid, together
with a plasmid expressing sgRNA that targets tomato gene.
Cellular fluorescence was analyzed by flow cytometry 5 days
after transfection. The results in FIG. 20 shown that the
Tomato fluorescence negative cell population, which indi-
cates cleavage of the TdTomato gene, arises when NmCas9 is
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transfected in the forms of either plasmid (10.8%) or mRNA
(23.4%). The Nm Cas9 mRNA used in this study is 5' capped
and has a3' polyA tail. Roughly 30 ug of NmCas9 mRNA was
transfected.

[0363] Inthe foregoing description, it will be readily appar-
ent to one skilled in the art that varying substitutions and
modifications may be made to the invention disclosed herein
without departing from the scope and spirit of the invention.
The invention illustratively described herein suitably may be
practiced in the absence of any element or elements, limita-
tion or limitations which is not specifically disclosed herein.

Nov. 27,2014

optional features, modification and/or variation of the con-
cepts herein disclosed may be resorted to by those skilled in
the art, and that such modifications and variations are consid-
ered to be within the scope of this invention. Citations to a
number of patent and non-patent references are made herein.
The cited references are incorporated by reference herein in
their entireties. In the event that there is an inconsistency
between a definition of a term in the specification as com-
pared to a definition of the term in a cited reference, the term
should be interpreted based on the definition in the specifica-
tion.

TABLE 1

Bacterial species with predicted Type II-C CRISPR/Cas systems harboring
repeats with extended -10 boxesg

STRAIN # DR
CRISPR_id START END SPACER DR consensus -10 box [tgnTAAAAT] length
Helicobacter mustelae 121987
NC_013949_1 24706 25400 10 GTTTTAGCCACTTCATAAATATGTTTATGCTAAAAT 36
Campylobacter jejuni subsp-jejuni NCTC 11168%°
NC_002163_2 1455125 1455424 04 GTTTTAGTCCCTTTTTAAATTTCTTTATGGTAAAAT 36
Neisgeria meningitidis Z2491%°
NC_003116_10 608413 609504 16 GTTGTAGCTCCCTTTCTCATTTCGCAGTGCTACAAT 36
Ilyobacter polytropus DSM 2926¢
NC_014633_2 744582 745934 20 GTTGTACTTCCCTAATTATTTTAGCTATGTTACAAT 36
Pasturella multocida subsp-multocida str-Pm707
NC_002663_3 1322127 1322492 05 GTTGTAGTTCCCTCTCTCATTTCGCAGTGCTACAAT 36
Clostridium cellulolyticum H10¢
NC_011898_3 3652357 3652923 08 GTTATAGCTCCAATTCAGGCTCCGATATGCTATAAT 36
Rhodopseudomonas palustris BisB18?
NC_007925_4 4995446 4996735 19 GCCGTGGCTTCCCTACCGATTTCCCCGTGGTAGGCT 36
Azospirillium sp-B510¢
NC_013854_7 3034463 3034649 02 GCTTCAATGAGGCCCAAGCATTTCTGCCTGGGAAGAC 36
NC_013854_8 3035919 3038413 33 GCTTCAATGAGGCCCAAGCATTTCTGCCTGGGAAGAC 36
Candidatus Puniceispirillum marinum IMCC13227
NC_014010_1 40 1792 26 GTTGCTCTAGGCTCTCAATCACCAGAGTGCTATACT 36
Parvibaculum lavamentivorans DS-1°
tmp_1 Crispr 1 101247 104452 48 GCTGCGGATTGCGGCCGTCTCTCGATTTGCTACTCT 36

#Type II-C CRISPR/cas prediction

“Species with CRISPRdb entry (http:://crispr.u-psud.fr/)
bSpecies without CRISPRdb entry but available genome sequences to predict CRISPR repeats
‘experimentally confirmed extended -10 box

The terms and expressions which have been employed are
used as terms of description and not of limitation, and there is
no intention that in the use of such terms and expressions of
excluding any equivalents of the features shown and
described or portions thereof, but it is recognized that various
modifications are possible within the scope of the invention.
Thus, it should be understood that although the present inven-
tion has been illustrated by specific embodiments and

TABLE 2

List of identical spacers shared among different Neisseria strains

Strain Spacer = Strain Spacer = Strain Spacer

8013 Spl MO01-240355 Spl
Sp3 MO01-240355 Sp2

Alpha 14 Spl
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TABLE 2-continued TABLE 2-continued
List of identical spacers shared among different Neisseria strains List of identical spacers shared among different Neisseria strains
Strain Spacer = Strain Spacer = Strain Spacer Strain Spacer = Strain Spacer = Strain Spacer
Sp4 MO1-240355 Sp3 Sp4 72491 Sp4
Sp3 MO1-240355 Spll Sp3 72491 Sp3
Sp10 8013 Spll Sp6 72491 Spll
Spll 8013 Sp10 Sp8 72491 Spl3
Sp12 8013 Spl13 Sp10 72491 Spls
Spl3 8013 Sp12 Spll 72491 Spl6
22491 Spl WUE2594 Spl MO1- Spl 8013 Spl Alphal4 Spl
Sp2 WUE25%94 Sp2 053442 Sp5 240355 Sp2 8013 Sp3
Sp3 WUE25%94 Sp3 Sp3 8013 Spa
Sp4 WUE25%94 Sp4
Sp3 053442 Sp3
Sp5  WUE2594 Sps p p
Sp8 72491 Spo Sp8 MO01-240355 Spl3
spo 72491 Sp8 Spll 8013 Sp3
Spll WUE2594 Sp6 Spl3 MO01-240355 Sp8
Sp13 WUE2594 Sps 053442 Sp3 MO01-240355 Sp3
Spls WUE2594 Sp10 Sp5 WUE25%4 Sp2 72491 Sp2
Sp16 WUE2594 Spil Alphal4 Spl MO01-240355 Spl 8013 Spl
WUE2594  Spl 72491 Spl Sp4 Alphal4 Sps
Sp2 72491 Sp2 053442 Sp3 Sp3 Alphal4 Sp4
Sp3 72491 Sp3
TABLE 3
List of Neigseria repeat variants
Congensus Repeat Sequence GTTGTAGCTCCCTTTCTCATTTCGCAGTGCTACAAT
Strain name Repeat number Variant Repeat Sequences*
N.m. 8013 R1 GTTGTAGCGCCCATTCTCATTTCGCAGTGCTACAAT
N.m. Z2491 R1 GTTGTAGCGCCCATTCTCATTTCGCAGTGCTACAAT
N.m. WUE2594 R1 GTTGTAGCGCCCATTCTCATTTCGCAGTGCTACAAT
N.m. M01-240335 R1 GTTGTAGCGCCCATTCTCATTTCGCAGTGCTACAAT
R15 GTTGTAGCTCCCTTTCTCATTTCGCAGTACTACAAT
N.m. Alphal4 R1 GTTGTAGCGCCCATTCTCATTTCGCAGTGCTACAAT
R4 GTTGTAGCTCCCTTTCTCATAAT
N.m. 053442 R1 GTTGTAGCGCCCATTCTCATTTTCGCAGTGCTACAAT
R2 GTTGTAGCTCCCATTCTCATTTTCGCAGTGCTACAAT
R8, 9, 10 GTTGTAGCTCCCTTTCTCCTTTCGCAGTGCTACAAT
N.1. 020-06 None
*Nucleotides differing from consensus repeat sequences are underlined and in bold.
N.m., Neisseria meningitidis; N.1., Neisseria lactamica.
TABLE 4
Prophage-related potential natural targets for Neisseria CRISPRs
Targeted by Neisseria
Target Annotations Strain name_Spacer
Phage-like sequences References  locus_tag (NCBI & NemeSys) number
Meningococcal disease-associated (Bille etal., NMA1792  putative phage replication initation WUE2594_sp21
(MDA ) island in N. meningitidis 72491  2005) factor
- ,an amentous utative zonular occludens toxin-like 8]
NMA1792-1800 d 8 kb fil NMA1799  putati 1 lud in-like WUE2594_sp12
prophage associated with protein
hyperinvasive isolates. NMAI1800  putative pilin gene-inverting WUE2594_spl8
protein/transposase
Nf (Neisseria filamentous) prophages (Kawai et NMB1543  putative phage replication initiation WUE2594_sp21
in N. meningitidis MC58 al., 2005; factor
- oseph et conserved hypothetical protein _sp
NMB1542-1552 Joseph NMBI1544 d hypothetical i WUE2594_sp19*
- al., putative pilin gene-inverting protein _sp
NMBI1625-1635 1.,2011 NMBI1552 ive pili i i i WUE2594_sp13

(PivML) WUE2594_sp18
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TABLE 4-continued
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Prophage-related potential natural targets for Neisseria CRISPRs

Targeted by Neisseria
Target Annotations Strain name_Spacer
Phage-like sequences References  locus_tag (NCBI & NemeSys) number
NMB1625 putative pilin gene-inverting protein ~ WUE2594_sp13
(PivML) WUE2549_sp18
NMB1628 Putative TspB protein 8013 _sp&*
NMB1633 conserved hypothetical protein WUE2594_sp19
Nf2 prophages in N. meningitidis (Kawai et NMB1749  putative zonular occludens toxin-like = WUE2594_sp7
MC58 al., 2005; protein 053442 _sp8
(NMB1742-1750) Joseph et 053442_sp9
al., 2011) 8013_spl7
NMB1750  putative pilin gene-inverting protein ~ 053442_sp7
(PivML) WUE2594_spl7
Intergenic Between NMB1749 and NMB1750 72491 _sp3 =
WUE2594_sp3
ISNgo2s and nearby degenerate Nf (Kawai et NGO1137 invertase related gene 2 (irg2), Z2491 _sp2* =
prophages in N. gonorrhoaea FA 1090:  al., 2005; putative phage associated protein WUE2594_sp2* =
(Nf4-G4: NGO1137-NGO1147 Skaar et al., 053442_sp5*
Nf4-G3: NGO1164-NGO1170 2005) MO01-240355_spl6
Nf4-G5: NGO1262-NGO1270 NGO1138 putative zonular occludens toxin-like, 053442_sp8*
Nf4-G6: NGO1641-NGO1645) phage associated protein
Intergenic Between NGO1137 and NGO1138 8013_sp9
NGO1164 invertase related gene 3 (irg3), Z2491 _sp2* =
putative phage associated protein WUE2594_sp2* =
053442_sp5*
MO01-240355_spl6
NGO1165 putative zonular occludens toxin-like, 053442_sp8*
phage associated protein
Intergenic Between NGO1164 and NGO1165 8013_sp9
NGO1262 invertase related gene 5 (irg5), Z2491 _sp2* =
putative phage associated protein WUE2594_sp2* =
053442_sp5*
MO01-240355_spl6
NGO1263 putative zonular occludens toxin-like, 053442_sp8*
phage associated protein
Intergenic Between NGO1262 and NGO1263 8013_sp9
NGO1641 invertase related gene 6 (irg6), Z2491 _sp2* =
putative phage associated protein WUE2594_sp2* =
053442_sp5*
MO01-240355_spl6
NGO1643 putative zonular occludens toxin-like, 053442_sp8*
phage associated protein
Intergenic Between NGO1641 and NGO1643 8013_sp9
ISNgo2s/ISNgo3s with partially (Kawal et) NGO0773 putative invertase related gene 1 (irgl) MO01-240355_spl6
deleted Nf prophages in al., 2005; NGO1200 putative invertase related gene 4 (irgd) MO01-240355_spl6
N. gonorrhoaea FA1090 Skaar et al., NGO1703 putative invertase related gene 8 (irg8) MO01-240355_spl6
(Nf4-G1: NGO0773) 2005)
(Nf4-G4: NGO1200)
(Nf4-G8&: NGO1703)
Nf1 prophages in N. meningitidis (Kawai et NMCO0022  putative transposase pilin gene- WUE2594_spl8
FAM18 al., 2005) inverting protein (PivML)
(Nf1-C1: NMC0022-0031) NMC0023 putative zonular occludens toxin-like WUE2594_sp12
(Nf1-C2: NMC0277-0288) protein
(Nf1-C3: NMC1709-1718) NMC0030 conserved hypothetical protein WUE2549_sp19
(Nf1-C4: NMC1861-1869) NMC0278 conserved hypothetical protein WUE2594_sp19
NMC0285 putative zonular occludens toxin-like WUE2594_sp12
protein
NMCO0286  putative invertase/transposase, WUE2594_spl8
putative pilin gene-inverting protein
(PivML)
NMC1710 conserved hypothetical protein WUE2594_sp19
NMC1714  conserved hypothetical protein WUE2594_sp20*
NMC1717  putative zonular occludens toxin-like ~WUE2594_sp12
protein
NMC1718  putative transposase, putative pilin WUE2594_spl8
gene-inverting protein (PivML)
NMC1862 conserved hypothetical protein WUE2594_sp19
NMC1864  hypothetical integral membrane 72491 _spl5 =
protein WUE2594_spl0
NMC1868  putative zonular occludens toxin-like ~WUE2594_sp12
protein
NMCI1869  putative invertase/transposase, pilin WUE2594_spl8

gene-inverting protein (PivML)
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Prophage-related potential natural targets for Neisseria CRISPRs

Targeted by Neisseria
Target Annotations Strain name_Spacer
Phage-like sequences References  locus_tag (NCBI & NemeSys) number
Meningococcal disease associated (Peng etal., NMCC_0148 putative invertase/transposase WUE2594_spl3
(MDA ) island-like in N. meningitidis 2008) WUE2594_spl8
053442 NMCC_0149 conserved hypothetical protein WUE2594_spl2
(NMCC_0148 to NMCC_0156) NMCC_0153 conserved hypothetical protien 72491 _spl5 =
WUE2594_sp10
NMCC_0156 conserved hypothetical protein WUE2594_sp21
Mu-like prophages in V. meningitidis (Braid et al., None N/A None
MC58 2004)
MuMenB/NeisMul: (Masignani
(NMB1078-1121, 35 kb) etal., 2001)
NeisMu2: (NMB0985-0991, 4 kb)
NMBI1: (NMB1002-1007, 2 kb)
Mu-like prophages in V. meningitidis (Masignani  None N/A None
72491 Pnm1 (NMA1821-NMA1884, etal., 2001;
39k) Braid et al.,
Pnm?2 (NMA1281-NMA1330, 29 kb) 2004)

Pnm3 (NMA1185-NMA1199, 7 kb)
Pnm4/5 (NMA1208-NMA1231, 12 kb)

Only perfect matches throughout the 30-nt spacers, or 1 mismatch within the 5'-terminal 10 nts. were considered “potential targets” and listed in this table.
Protospacers with a single mismatch are denoted with an asterisk (*).

TABLE §

Transformation frequencies reported in this study

Recipient Strain Antibiotic Transformation Frequencies

Donor DNA (N. meningitidis 8013) Selection® Mean® SEM®

Related to FIG. 4B
pGCC2 empty wt Erythromycin 39%x107® 1.1x1077
pGCC2-protospacer 1 wt Erythromycin 25%x107¢ 8.9 x 1078
pGCC2-protospacer 8 wt Erythromycin 0 0
pGCC2-protospacer 9 wt Erythromycin 0 0
pGCC2-protospacer 16 wt Erythromycin 22x107® 2.5%x 1077
pGCC2-protospacer 17 wt Erythromycin 0 0
pGCC2-protospacer 18 wt Erythromycin 25x100®@ 5.1x 1077
pGCC2-protospacer 23 wt Erythromycin 3.7x107¢ 1.6 x 1076
pGCC2-protospacer 25 wt Erythromycin 0 0
No DNA Erythromycin 0 0

Related to FIG. 4C
pGCC2 empty wt Erythromycin 3.8x107¢ 1.5x 1077
pGCC2-PsOwildtype wt Erythromycin 0 0
pGCC2-Ps9Mutantl wt Erythromycin 0 0
pGCC2-Ps9Mutant2 wt Erythromycin 0 0
pGCC2-PsOMutant3 wt Erythromyein 1.6x1076 5.3%x 1077
pGCC2-PsOMutant4 wt Erythromycin 0 0
pGCC2-PsOMutants wt Erythromycin 1.2x107@ 2.4x 1077
pGCC2-Ps9Mutant6 wt Erythromycin 0 0
pGCC2-Ps9Mutant7 wt Erythromycin 0 0
pGCC2-Ps9Mutant8 wt Erythromycin 0 0
No DNA wt Erythromycin 0 0

Related to FIG. 5B
PYZEJIS040 wt Chloramphenicol 6.0 x 10-® 1.6x100®@
PYZEJS040-protospacer25 wt Chloramphenicol 0 0
PYZEJS040 cas9::Tn Chloramphenicol 3.8 x 10°® 1L9x 107
PYZEJS040-protospacer25 cas9::Tn Chloramphenicol 2.9 x 10°® 44x1078
PYZEJS040 cas9::Tn + cas9 wt Chloramphenicol 1.1 x 10-® 49x1078
PYZEJS040-protospacer25 cas9::Tn + cas9 wt Chloramphenicol 0 0
PYZEJS040 cas9:Tn + cas9 DI6A  Chloramphenicol 5.2 x 107 14x 107
PYZEJS040-protospacer25  cas9::Tn + cas9 D16A  Chloramphenicol 2.5 x 107> 7.7x10°®@
PYZEJIS040 cas9::Tn + cas9 H588A Chloramphenicol 2.0 x 107> 2.9x107®@
PYZEJS040-protospacer25 cas9:Tn + cas9 H588A Chloramphenicol 4.0 x 107> 1.7x 1072
PYZEJS040 cas9::Tn + empty Chloramphenicol 6.8 x 107> 2.5%x107°
PYZETS040-protospacer25 cas9::Tn + empty Chloramphenicol 6.2 x 107> 1.2x107°
PYZEJS040 Acas9 Chloramphenicol 9.5 x 10-®@ 1.6x 1076
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TABLE 5-continued

Transformation frequencies reported in this study

Recipient Strain Antibiotic Transformation Frequencies

Donor DNA (N. meningitidis 8013)  Selection® Mean® SEM®
PYZEJS040-protospacer25 Acas9 Chloramphenicol 7.2 x 10°® 2.6 x107°
PYZEJS040 Acas9 + cas9 wt Chloramphenicol 1.9 x 107> 6.0x 107¢
PYZEJS040-protospacer25 Acas9 + cas9 wt Chloramphenicol 0 0
PYZEJS040 Acas9 + empty Chloramphenicol 9.0 x 10°® 5.7 %1077
PYZEJS040-protospacer25 Acas9 + empty Chloramphenicol 8.9 x 10°®@ 3.1x107°
PYZEJS040 casl:Tn Chloramphenicol 3.8 x 10® 1.3x10°®@
PYZEJS040-protospacer25 casl::Tn Chloramphenicol 0 0
PYZEJS040 cas2:Tn Chloramphenicol 5.0 x 107® 1.7x107¢
PYZEJS040-protospacer25 cas2::Tn Chloramphenicol 0 0
PYZEJS040 1851:Tn Chloramphenicol 1.3 x 107> 7.9% 1076
PYZEJS040-protospacer25 1851::Tn Chloramphenicol 0 0

Related to FIG. 5C
PYZEJIS040 wt Chloramphenicol 2.7 x 107> 1.0x 1072
PYZEJS040-protospacer25 wt Chloramphenicol 0 0
PYZEJS040 rne::Tn Chloramphenicol 1.9 x 107> 8.2x 1076
PYZEJIS040-protospacer25 rnc::Tn® Chloramphenicol 0 0
PYZEJS040 Arne Chloramphenicol 6.0 x 1076 23x10°®@
PYZEJS040-protospacer25 Arnc Chloramphenicol 0 0
PYZEJS040 Atracr Chloramphenicol 4.7 x 107 24x107
PYZEJIS040-protospacer25  Atracr Chloramphenicol 1.4 x 10-® 4.5x107@
PYZEJS040 Atracr + tracr Chloramphenicol 4.3 x 10-®@ 1.8x10°®@
PYZEJS040-protospacer25  Atracr + tracr Chloramphenicol 0 0
PYZEJS040 Atracr + empty Chloramphenicol 3.7 x 107¢ 2.4%x107°
PYZEJS040-protospacer25  Atracr + empty Chloramphenicol 6.7 x 1076 1.3x100®@

Related to FIG. 6B
gDNA of cas9::Tn wt Erythromycin 0 0
gDNA of cas9:Tn/pGCC2- wt Erythromycin 1.6x 1072 6.1x10°®@
empty
gDNA of cas9:Tn/pGCC2- wt Erythromycin 0 0
Ps25

Related to FIG. 6B
gDNA of cas9::Tn wt Chloramphenicol 0 0
gDNA of cas9:Tn/ wt Chloramphenicol 5.1 x 107¢ 2.6 x107°
PYZETIS040
gDNA of cas9:Tn/ wt Chloramphenicol 0 0
PYZEJS040-Ps25

Related to FIG. S4
PYZEIS040 wt Chloramphenicol 6.0 x 1076 1.6x107®@
pYZEIS040-protospacer 9 wt Chloramphenicol 0 0
pYZEIS040-protospacer 25wt Chloramphenicol 0 0

Related to interference assays testing internal protospacer 9 in rnc::Tn and Arnc strains.

pYZEIS040 wt Chloramphenicol 7.3 x 107¢ 1.5x107®@
pYZEIS040-protospacer 9 wt Chloramphenicol 0
PYZEIS040 rnc::Tn Chloramphenicol 2.2 x 107> 2.5x107®@
pYZEIS040-protospacer 9 rnc::Tn Chloramphenicol 0
PYZEIS040 Arnc Chloramphenicol 6.9 x 10-® 3.7x100®@
pYZEIS040-protospacer 9 Arnc Chloramphenicol 0

@Indicates antibiotic used to seloct transformants.

®The average and standard error of the mean (s.e.m.) of transformation frequencies (ratios comparing transformants cfu/ml vs. total
cfu/ml) from at least three independent experiments.
©The me::Tn mutant of N. meningitidis 8013 exhibited obvious slow-growth defects.

® indicates text missing or illegible when filed

TABLE 6

Characteristics of the seven CRISPR/Cas-containing Neisseria strains

Strain name Serogroup® Country/Year ST Clonal Complex® CRISPR _id®

N. meningitidis

72491 A Gambia/1983 4 ST-4 complex NC_003116_10
8013 C France /1989 177 ST-18 complex NC_07501_11
WUE2594 A Germany/1991 5 ST-5 complex NC_017512_9



US 2014/0349405 Al Nov. 27,2014
34

TABLE 6-continued

Characteristics of the seven CRISPR/Cas-containing Neisseria strains

Strain name Serogroup® Country/Year® ST Clonal Complex® CRISPR _id®

MO01-240355 B UK/2001 213 ST-213 complex NC_017517_9
053442 C China/2004 4821 ST-4821 complex NC_010120_5
alphal4 NG Germany/1999 53 ST-53 complex NC_013016_1 to NC_013016_2©

N. lactamica

020-06 N/A UK/1997 640 ST-640 complex NC_014752_11

(")according to Neisseria PubMLST database (Jolley and Maiden, 2010)
®according to CRISPRdb
(“>NC701 3016_1 and NC_013016_2 each constitute part of our predicted CRISPR in N. meningitidis alphal4.

TABLE 7

Summary of gene targeting efficiency using NmCas9 in hPSCs

Targeted Targeting
Clone with additional efficiency
Cell line crRNA analyzed Nontargeted insertions Targeted (%)
H1 (ES) Nontargeting 0 0 0 0 0
Targeting 20 5 3 12 60
H9 (ES) Nontargeting 1 1 0 0 0
Targeting 39 9 7 23 59
iPS005 (iPS) Nontargeting 1 1 0 0 0
Targeting 10 1 3 6 60
TABLE 8
Plasmids used in this study
Plasmid
no.  Plasmid name Description
1 pSimplell-NmCas9-FLAG Flag tagged NmCas9 without NLS
2 pSimplell-NLS-NmCas9-EGFP NmCas9 EGFP fusion with N-terminal NLS
3 pSimplell-NmCas9-HA-NLS NmCas9 with C-terminal HA tag and NLS
4 pSimplelI-NLS-NmCas9-HA-NLS(s) NmCas9 with dual NLS and HA tags
5 pSimplell-U6-tractRNA-U6-BsmBI-NLS- All-in-one plasmid containing NmCas9, tractRNA
NmCas9-HA-NLS(s) expression cassette and U6-BsmBI cassette
6 pSimplell-U6-tractRNA-crRNA(tdTomato)- ~ All-in-one plasmid containing NmCas9, tractRNA
NLS-NmCas9-HA-NLS(s) expression cassette and tdTomato-targeting crRNA

expression cassette
7 pSimplell-U6-tractRNA-U6-crRNA(EGFP)-  All-in-one plasmid containing NmCas9, tractRNA
NLS-NmCas9-HA-NLS(s) expression cassette and EGFP-targeting crRNA
expression cassette
8 pSimplell-U6-tractRNA-U6-crRNA(OCT4)-  All-in-one plasmid containing NmCas9, tractRNA

NLS-NmCas9-HA-NLS(s) expression cassette and OCT4-targeting ctRNA
expression cassette
9 pSTBlue-1-U6-sgRNA (tdTomato) U6-driven sgRNA targeting td Tomato
TABLE 9

crRNA-encoding DNA sequences used in this stud

CrRNA Encoding DNA sequence
EGFP targeting crRNA gttcagegtgtceceggegagggegaGTTGTAGCTCCCTTTCTCATTTCG
OCT4 targeting crRNA Gacctggagtttgtgecagggtt tGTTGTAGCTCCCTTTCTCATTTCG

tdTomato targeting crRNA (GATT PAM)gtacgtgaagcacccegcecgacatGTTGTAGCTCCCTTTCTCATTTCG

tdTomato targeting crRNA (GATG PAM)GccccgagggcttcaadtgggageGTTGTAGCTCCCTTTCTCATTTCG

tdTomato targeting crRNA (GACT PAM)ggacggcggtctggtgacegtgacGTTGTAGCTCCCTTTCTCATTTCG

idTomato targeting crRNA (GCTT PAM)gattacaagaagctgtccttccccGTTGTAGCTCCCTTTCTCATTTCG



US 2014/0349405 Al Nov. 27,2014
35

TABLE 9-continued

crRNA-encoding DNA sgsequences used in thisg stud

CrRNA Encoding DNA sequence

tdTomato targeting crRNA (CATT PAM)GggcctcccagcccatggtcttctGTTGTAGCTCCCTTTCTCATTTCG

tdTomato targeting crRNA (CCAA PAM)ggccgcccctacgagggcacccagGTTGTAGCTCCCTTTCTCATTTCG

All sequences are 5' to 3', left to right. Spacer regions are in lowercase and underlined, and CRISPR
repeat regions are in uppercase. In some cases, the first nucleotide of the spacer is changed to a
G to satisfy the regquirement of the Us promoter.

TABLE 10

Primers used in this stud

Name Forward Reverse
For cleavage site mapping ATGGTGAGCAAGGGCGAGGAG CCGGTGCTGCCGGTGCCATGCCCCAG
tdTomato

For tdTomato indel mapping AACACTGTCCCTCTCATGTCCCTGCTTC CCGGTGCTGCCGGTGCCATGCCCCAG

For making a Southern blot GTGATGCCACCAAGAACCTT ACAGCAGCGAGCAAATAGGT
probe for OCT4

All segquences are 5' to 3', left to right.

TABLE 11

Sequences of unprocegssed and processed tracrRNA and c¢rRNA in N. meningitidig

tracrRNA and crRNA Sequence

Unprocessed tracrRNA 5' AUAUUGUCGCACUGCGAAAUGAGAACCGUUGCUACAAUAAGGCCGUCUGAAAAGAUGUGCC
GCAACGCUCUGCCCCUUAAAGCUUCUGCUUUAAGGGGCAUCGUUUA 3!

Processed tracrRNA 5' AAAUGAGAACCGUUGCUACAAUAAGGCCGUCUGAAAAGAUGUGCCGCAACGCUCUGCCCCU
UAAAGCUUCUGCUUUAAGGGGCAUCGUUUA 3!

Full-length spacer + repeat 5'NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNGTTGTAGCTCCCTTTCTCATTTCGCAGTGCTA
unit in CRISPR locus CAAT 3!

Processed crRNA 5 ' NNNNNNNNNNNNNNNNNNNNNNNNGT TGTAGCTCCCTTTCTCATTTCG 3!

Sequences that are cleaved off during processing are underlined.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 9

<210> SEQ ID NO 1

<211> LENGTH: 1082

<212> TYPE: PRT

<213> ORGANISM: Neisseria meningitidis
<400> SEQUENCE: 1

Met Ala Ala Phe Lys Pro Asn Pro Ile Asn Tyr Ile Leu Gly Leu Asp
1 5 10 15

Ile Gly Ile Ala Ser Val Gly Trp Ala Met Val Glu Ile Asp Glu Asp
20 25 30

Glu Asn Pro Ile Cys Leu Ile Asp Leu Gly Val Arg Val Phe Glu Arg
35 40 45

Ala Glu Val Pro Lys Thr Gly Asp Ser Leu Ala Met Ala Arg Arg Leu
50 55 60

Ala Arg Ser Val Arg Arg Leu Thr Arg Arg Arg Ala His Arg Leu Leu
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-continued

65 70 75 80

Arg Ala Arg Arg Leu Leu Lys Arg Glu Gly Val Leu Gln Ala Ala Asp
85 90 95

Phe Asp Glu Asn Gly Leu Ile Lys Ser Leu Pro Asn Thr Pro Trp Gln
100 105 110

Leu Arg Ala Ala Ala Leu Asp Arg Lys Leu Thr Pro Leu Glu Trp Ser
115 120 125

Ala Val Leu Leu His Leu Ile Lys His Arg Gly Tyr Leu Ser Gln Arg
130 135 140

Lys Asn Glu Gly Glu Thr Ala Asp Lys Glu Leu Gly Ala Leu Leu Lys
145 150 155 160

Gly Val Ala Asp Asn Ala His Ala Leu Gln Thr Gly Asp Phe Arg Thr
165 170 175

Pro Ala Glu Leu Ala Leu Asn Lys Phe Glu Lys Glu Ser Gly His Ile
180 185 190

Arg Asn Gln Arg Gly Asp Tyr Ser His Thr Phe Ser Arg Lys Asp Leu
195 200 205

Gln Ala Glu Leu Ile Leu Leu Phe Glu Lys Gln Lys Glu Phe Gly Asn
210 215 220

Pro His Val Ser Gly Gly Leu Lys Glu Gly Ile Glu Thr Leu Leu Met
225 230 235 240

Thr Gln Arg Pro Ala Leu Ser Ser Asp Ala Val Gln Lys Met Leu Gly
245 250 255

His Cys Thr Phe Glu Pro Ala Glu Pro Lys Ala Ala Lys Asn Thr Tyr
260 265 270

Thr Ala Glu Arg Phe Ile Trp Leu Thr Lys Leu Asn Asn Leu Arg Ile
275 280 285

Leu Glu Gln Gly Ser Glu Arg Pro Leu Thr Asp Thr Glu Arg Ala Thr
290 295 300

Leu Met Asp Glu Pro Tyr Arg Lys Ser Lys Leu Thr Tyr Ala Gln Ala
305 310 315 320

Arg Lys Leu Leu Gly Leu Glu Asp Thr Ala Phe Phe Lys Gly Leu Arg
325 330 335

Tyr Gly Lys Asp Asn Ala Glu Ala Ser Thr Leu Met Glu Met Lys Ala
340 345 350

Tyr His Ala Ile Ser Arg Ala Leu Glu Lys Glu Gly Leu Lys Asp Lys
355 360 365

Lys Ser Pro Leu Asn Leu Ser Pro Glu Leu Gln Asp Glu Ile Gly Thr
370 375 380

Ala Phe Ser Leu Phe Lys Thr Asp Glu Asp Ile Thr Gly Arg Leu Lys
385 390 395 400

Asp Arg Ile Gln Pro Glu Ile Leu Glu Ala Leu Leu Lys His Ile Ser
405 410 415

Phe Asp Lys Phe Val Gln Ile Ser Leu Lys Ala Leu Arg Arg Ile Val
420 425 430

Pro Leu Met Glu Gln Gly Lys Arg Tyr Asp Glu Ala Cys Ala Glu Ile
435 440 445

Tyr Gly Asp His Tyr Gly Lys Lys Asn Thr Glu Glu Lys Ile Tyr Leu
450 455 460

Pro Pro Ile Pro Ala Asp Glu Ile Arg Asn Pro Val Val Leu Arg Ala
465 470 475 480
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Leu Ser Gln Ala Arg Lys Val Ile Asn Gly Val Val Arg Arg Tyr Gly
485 490 495

Ser Pro Ala Arg Ile His Ile Glu Thr Ala Arg Glu Val Gly Lys Ser
500 505 510

Phe Lys Asp Arg Lys Glu Ile Glu Lys Arg Gln Glu Glu Asn Arg Lys
515 520 525

Asp Arg Glu Lys Ala Ala Ala Lys Phe Arg Glu Tyr Phe Pro Asn Phe
530 535 540

Val Gly Glu Pro Lys Ser Lys Asp Ile Leu Lys Leu Arg Leu Tyr Glu
545 550 555 560

Gln Gln His Gly Lys Cys Leu Tyr Ser Gly Lys Glu Ile Asn Leu Gly
565 570 575

Arg Leu Asn Glu Lys Gly Tyr Val Glu Ile Asp His Ala Leu Pro Phe
580 585 590

Ser Arg Thr Trp Asp Asp Ser Phe Asn Asn Lys Val Leu Val Leu Gly
595 600 605

Ser Glu Asn Gln Asn Lys Gly Asn Gln Thr Pro Tyr Glu Tyr Phe Asn
610 615 620

Gly Lys Asp Asn Ser Arg Glu Trp Gln Glu Phe Lys Ala Arg Val Glu
625 630 635 640

Thr Ser Arg Phe Pro Arg Ser Lys Lys Gln Arg Ile Leu Leu Gln Lys
645 650 655

Phe Asp Glu Asp Gly Phe Lys Glu Arg Asn Leu Asn Asp Thr Arg Tyr
660 665 670

Val Asn Arg Phe Leu Cys Gln Phe Val Ala Asp Arg Met Arg Leu Thr
675 680 685

Gly Lys Gly Lys Lys Arg Val Phe Ala Ser Asn Gly Gln Ile Thr Asn
690 695 700

Leu Leu Arg Gly Phe Trp Gly Leu Arg Lys Val Arg Ala Glu Asn Asp
705 710 715 720

Arg His His Ala Leu Asp Ala Val Val Val Ala Cys Ser Thr Val Ala
725 730 735

Met Gln Gln Lys Ile Thr Arg Phe Val Arg Tyr Lys Glu Met Asn Ala
740 745 750

Phe Asp Gly Lys Thr Ile Asp Lys Glu Thr Gly Glu Val Leu His Gln
755 760 765

Lys Thr His Phe Pro Gln Pro Trp Glu Phe Phe Ala Gln Glu Val Met
770 775 780

Ile Arg Val Phe Gly Lys Pro Asp Gly Lys Pro Glu Phe Glu Glu Ala
785 790 795 800

Asp Thr Pro Glu Lys Leu Arg Thr Leu Leu Ala Glu Lys Leu Ser Ser
805 810 815

Arg Pro Glu Ala Val His Glu Tyr Val Thr Pro Leu Phe Val Ser Arg
820 825 830

Ala Pro Asn Arg Lys Met Ser Gly Gln Gly His Met Glu Thr Val Lys
835 840 845

Ser Ala Lys Arg Leu Asp Glu Gly Val Ser Val Leu Arg Val Pro Leu
850 855 860

Thr Gln Leu Lys Leu Lys Asp Leu Glu Lys Met Val Asn Arg Glu Arg
865 870 875 880
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Glu Pro Lys Leu Tyr Glu Ala Leu Lys Ala Arg Leu Glu Ala His Lys
885 890 895

Asp Asp Pro Ala Lys Ala Phe Ala Glu Pro Phe Tyr Lys Tyr Asp Lys
900 905 910

Ala Gly Asn Arg Thr Gln Gln Val Lys Ala Val Arg Val Glu Gln Val
915 920 925

Gln Lys Thr Gly Val Trp Val Arg Asn His Asn Gly Ile Ala Asp Asn
930 935 940

Ala Thr Met Val Arg Val Asp Val Phe Glu Lys Gly Asp Lys Tyr Tyr
945 950 955 960

Leu Val Pro Ile Tyr Ser Trp Gln Val Ala Lys Gly Ile Leu Pro Asp
965 970 975

Arg Ala Val Val Gln Gly Lys Asp Glu Glu Asp Trp Gln Leu Ile Asp
980 985 990

Asp Ser Phe Asn Phe Lys Phe Ser Leu His Pro Asn Asp Leu Val Glu
995 1000 1005

Val Ile Thr Lys Lys Ala Arg Met Phe Gly Tyr Phe 2Ala Ser Cys
1010 1015 1020

His Arg Gly Thr Gly Asn Ile Asn Ile Arg Ile His Asp Leu Asp
1025 1030 1035

His Lys Ile Gly Lys Asn Gly Ile Leu Glu Gly Ile Gly Val Lys
1040 1045 1050

Thr Ala Leu Ser Phe Gln Lys Tyr Gln Ile Asp Glu Leu Gly Lys
1055 1060 1065

Glu Ile Arg Pro Cys Arg Leu Lys Lys Arg Pro Pro Val Arg
1070 1075 1080

<210> SEQ ID NO 2

<211> LENGTH: 3249

<212> TYPE: DNA

<213> ORGANISM: Neisseria meningitidis

<400> SEQUENCE: 2

atggctgect tcaaacctaa ttcaatcaac tacatccteg gectcgatat cggcatcegca 60
tcegtegget gggcgatggt agaaattgac gaagaagaaa accccatcecg cctgattgat 120
ttgggegtge gegtatttga gegtgecgaa gtaccgaaaa caggcgacte ccttgecatg 180
gcaaggcegtt tggcgcgcag tgttcgecege ctgacccegee gtegegecca ccgectgett 240
cggaccegee gectattgaa acgcgaagge gtattacaag cegecaattt tgacgaaaac 300
ggcttgatta aatccttacc gaatacacca tggcaactte gegcagecge attagaccge 360
aaactgacgce ctttagagtg gtecggeagte ttgttgeatt taatcaaaca tcgeggetat 420
ttatcgcaac ggaaaaacga gggcgaaact gccgataagg agettggege tttgcttaaa 480
ggcgtageeg gcaatgecca tgccttacag acaggcgatt tcegcacacce ggecgaattg 540
getttaaata aatttgagaa agaaagcggce catatccgca atcagegcag cgattatteg 600
catacgttca gccgcaaaga tttacaggeg gagctgattt tgetgtttga aaaacaaaaa 660
gaatttggca atccgcatgt ttcaggcegge cttaaagaag gtattgaaac cctactgatg 720
acgcaacgcece ctgcectgte cggegatgee gttcaaaaaa tgttggggea ttgcacctte 780
gaaccggcag agccgaaagce cgctaaaaac acctacacag ccgaacgttt catctggetg 840

accaagctga acaacctgeg tattttagag caaggcageg ageggecatt gaccgatacce 900
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gaacgcgeca cgcettatgga cgagecatac agaaaatcca aactgactta cgcacaagec 960
cgtaagcectge tgggtttaga agataccgcce tttttcaaag gecttgcgcta tggtaaagac 1020
aatgccgaag cctcaacatt gatggaaatg aaggcctacc atgccatcag ccgtgcactg 1080
gaaaaagaag gattgaaaga caaaaaatcc ccattaaacc tttctcccga attacaagac 1140
gaaatcggca cggcattcte cctgttcaaa accgatgaag acattacagg ccgtctgaaa 1200
gaccgtatac agcccgaaat cttagaagcg ctgttgaaac acatcagett cgataagttce 1260
gtccaaattt ccttgaaagc attgcgccga attgtgccte taatggaaca aggcaaacgt 1320
tacgatgaag cctgcgecga aatctacgga gaccattacyg gcaagaagaa tacggaagaa 1380
aagatttatc tgccgccgat tcecccgcecgac gaaatccgca acccegtegt cttgegegece 1440
ttatctcaag cacgtaaggt cattaacggc gtggtacgcc gttacggctce cccagctegt 1500
atccatattg aaactgcaag ggaagtaggt aaatcgttta aagaccgcaa agaaattgag 1560
aaacgccaag aagaaaaccg caaagaccgg gaaaaagccyg ccgcecaaatt ccgagagtat 1620
ttccccaatt ttgtcggaga acccaaatcce aaagatattc tgaaactgcg cctgtacgag 1680
caacaacacg gcaaatgcct gtattcggge aaagaaatca acttaggccg tcectgaacgaa 1740
aaaggctatg tcgaaatcga ccatgcecctg ccgttcectege gcacatggga cgacagttte 1800
aacaataaag tactggtatt gggcagcgaa aaccaaaaca aaggcaatca aaccccttac 1860
gaatacttca acggcaaaga caacagccgc gaatggcagg aatttaaagce gegtgtcgaa 1920
accagcegtt tcccgcgcag taaaaaacaa cggattctge tgcaaaaatt cgatgaagac 1980
ggctttaaag aacgcaatct gaacgacacg cgctacgtca accgtttcecct gtgtcaattt 2040
gttgccgace gtatgcggct gacaggtaaa ggcaagaaac gtgtctttgce atccaacgga 2100
caaattacca atctgttgcg cggcttttgg ggattgcgca aagtgcgtgce ggaaaacgac 2160
cgccatcacg ccttggacge cgtecgtegtt gcecctgctega cecgttgceccat gcagcagaaa 2220
attaccecgtt ttgtacgcta taaagagatg aacgcgtttg acggtaaaac catagacaaa 2280
gaaacaggag aagtgctgca tcaaaaaaca cacttcccac aaccttggga atttttcecgceca 2340
caagaagtca tgattcgegt cttcggcaaa ccggacggca aacccgaatt cgaagaagcce 2400
gataccctag aaaaactgcg cacgttgctt gccgaaaaat tatcatctcg ccccgaagec 2460
gtacacgaat acgttacgcc actgtttgtt tcacgcgcge ccaatcggaa gatgagceggyg 2520
caagggcata tggagaccgt caaatccgec aaacgactgg acgaaggcegt cagegtgttg 2580
cgcgtaccge tgacacagtt aaaactgaaa gacttggaaa aaatggtcaa tcgggagcgce 2640
gaacctaage tatacgaagc actgaaagca cggctggaag cacataaaga cgatcctgec 2700
aaagcctttg ccgagccgtt ttacaaatac gataaagcag gcaaccgcac ccaacaggta 2760
aaagccgtac gcgtagagca agtacagaaa accggcegtat gggtgcgcaa ccataacggt 2820
attgccgaca acgcaaccat ggtgcgcgta gatgtgtttg agaaaggcga caagtattat 2880
ctggtaccga tttacagttg gcaggtagcg aaagggattt tgccggatag ggctgttgta 2940
caaggaaaag atgaagaaga ttggcaactt attgatgata gtttcaactt taaattctca 3000
ttacacccta atgatttagt cgaggttata acaaaaaaag ctagaatgtt tggttacttt 3060
gccagctgece atcgaggcac aggtaatatc aatatacgca ttcatgatct tgatcataaa 3120

attggcaaaa atggaatact ggaaggtatc ggcgtcaaaa ccgcccttte attccaaaaa 3180
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taccaaattg acgaactggg caaagaaatc agaccatgec gtctgaaaaa acgcccgect

gtcegttaa

<210> SEQ ID NO 3
<211> LENGTH: 3333
<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: Recombinant DNA encoding Cas9 protein of
Neisseria meningitidis

fused to nuclear localiation signal of SV40,

human influenza

<400> SEQUENCE: 3

atggtgccta agaagaagag

cteggecteg atatcggeat

gaaaacccca tcegectgat

aaaacaggcyg actcccttge

cgecegtegeyg cccaccgect

caagccgeca attttgacga

cttegegecag ccgcattaga

catttaatca aacatcgegg

aaggagcttyg gegetttget

gatttcegeca caccggecga

cgcaatcage gcagcgatta

attttgctgt ttgaaaaaca

gaaggtattg aaaccctact

aaaatgttgyg ggcattgcac

acagccgaac gtttcatctg

agcgagegge cattgaccga

tccaaactga cttacgcaca

aaaggcttge gctatggtaa

taccatgcca tcagcegtge

aacctttete ccgaattaca

gaagacatta caggccgtcet

aaacacatca gcttcgataa

cctetaatgyg aacaaggcaa

tacggcaaga agaatacgga

cgcaaccceceyg tegtettgeg

cgecegttacyg getcecccage

tttaaagacc gcaaagaaat

geegecgeca aattccgaga

attctgaaac tgcgectgta

3240

3249

hemagglutinin tag of

virus, and synthetic nuclear localization signal

aaaggtggct

cgcateegte

tgatttggge

catggcaagg

getteggace

aaacggcttyg

ccgcaaactyg

ctatttatcg

taaaggcgta

attggcttta

ttcgcatacyg

aaaagaattt

gatgacgcaa

cttecgaacceyg

getgaccaag

taccgaacge

agcccgtaag

agacaatgcc

actggaaaaa

agacgaaatc

gaaagaccgt

gttegtccaa

acgttacgat

agaaaagatt

cgecttatet

tcgtatccat

tgagaaacgc

gtatttccce

cgagcaacaa

gecttcaaac

ggctgggcega

gtgegegtat

cgtttggege

cgcegectat

attaaatcct

acgcctttag

caacggaaaa

geceggeaatyg

aataaatttg

ttcagccgea

ggcaatcege

cgecectgece

gcagagccga

ctgaacaacc

gccacgcetta

ctgetgggtt

gaagcctcaa

gaaggattga

ggcacggcat

atacagcceg

atttccttga

gaagcctgeg

tatctgecege

caagcacgta

attgaaactg

caagaagaaa

aattttgtcg

cacggcaaat

ctaattcaat

tggtagaaat

ttgagecgtge

gcagtgtteg

tgaaacgcga

taccgaatac

agtggtcgge

acgagggcga

cccatgectt

agaaagaaag

aagatttaca

atgtttcagyg

tgtccggega

aagccgctaa

tgcgtatttt

tggacgagcce

tagaagatac

cattgatgga

aagacaaaaa

tctecctgtt

aaatcttaga

aagcattgeg

ccgaaatcta

cgatteccege

aggtcattaa

caagggaagt

accgcaaaga

gagaacccaa

gectgtatte

caactacatc

tgacgaagaa

cgaagtaccyg

cecgectgace

aggcgtatta

accatggcaa

agtcttgttyg

aactgccgat

acagacaggce

cggecatatce

ggcggagetg

cggecttaaa

tgccgttcaa

aaacacctac

agagcaaggce

atacagaaaa

cgecttttte

aatgaaggcc

atccccatta

caaaaccgat

agcgetgttyg

ccgaattgty

cggagaccat

cgacgaaatc

cggcgtggta

aggtaaatcg

ccgggaaaaa

atccaaagat

gggcaaagaa

60

120

180

240

300

360

420

480

540

600

660

720

780

840

900

960

1020

1080

1140

1200

1260

1320

1380

1440

1500

1560

1620

1680

1740
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atcaacttag gccgtctgaa cgaaaaaggc tatgtcgaaa tcgaccatge cctgcecgtte 1800
tcgcgcacat gggacgacag tttcaacaat aaagtactgg tattgggcag cgaaaaccaa 1860
aacaaaggca atcaaacccc ttacgaatac ttcaacggca aagacaacag ccgcgaatgg 1920
caggaattta aagcgcgtgt cgaaaccagc cgtttccecege gcagtaaaaa acaacggatt 1980
ctgctgcaaa aattcgatga agacggcttt aaagaacgca atctgaacga cacgcgctac 2040
gtcaaccgtt tcecctgtgtca atttgttgecce gaccgtatge ggctgacagg taaaggcaag 2100
aaacgtgtct ttgcatccaa cggacaaatt accaatctgt tgcgcggctt ttggggattg 2160
cgcaaagtgc gtgcggaaaa cgaccgccat cacgccttgg acgccgtcegt cgttgcctgce 2220
tcgaccgttg ccatgcagca gaaaattacc cgttttgtac gctataaaga gatgaacgcg 2280
tttgacggta aaaccataga caaagaaaca ggagaagtgc tgcatcaaaa aacacacttc 2340
ccacaacctt gggaattttt cgcacaagaa gtcatgattc gcgtcttcgg caaaccggac 2400
ggcaaacceyg aattcgaaga agccgatacce ctagaaaaac tgcgcacgtt gettgccgaa 2460
aaattatcat ctcgcccecga agccgtacac gaatacgtta cgccactgtt tgtttcacgce 2520
gegeccaate ggaagatgag cgggcaaggg catatggaga ccgtcaaatc cgccaaacga 2580
ctggacgaag gcgtcagegt gttgcgegta ccgctgacac agttaaaact gaaagacttg 2640
gaaaaaatgyg tcaatcggga gcgcgaacct aagctatacg aagcactgaa agcacggcetg 2700
gaagcacata aagacgatcc tgccaaagcc tttgccgage cgttttacaa atacgataaa 2760
gcaggcaacce gcacccaaca ggtaaaagcce gtacgegtag agcaagtaca gaaaaccggce 2820
gtatgggtgc gcaaccataa cggtattgcc gacaacgcaa ccatggtgcg cgtagatgtg 2880
tttgagaaag gcgacaagta ttatctggta ccgatttaca gttggcaggt agcgaaaggg 2940
attttgccgg atagggctgt tgtacaagga aaagatgaag aagattggca acttattgat 3000
gatagtttca actttaaatt ctcattacac cctaatgatt tagtcgaggt tataacaaaa 3060
aaagctagaa tgtttggtta ctttgccagce tgccatcgag gcacaggtaa tatcaatata 3120
cgcattcatg atcttgatca taaaattggc aaaaatggaa tactggaagg tatcggcgtce 3180
aaaaccgccce tttcattcca aaaataccaa attgacgaac tgggcaaaga aatcagacca 3240
tgccgtetga aaaaacgccce gectgtecgt tacccatacg atgttccaga ttacgctgcea 3300
gctccagcag cgaagaaaaa gaagctggat taa 3333
<210> SEQ ID NO 4

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: SV40

<400> SEQUENCE: 4

gtgcctaaga agaagagaaa ggtg 24
<210> SEQ ID NO 5

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: SV40

<400> SEQUENCE: 5

Val Pro Lys Lys Lys Arg Lys Val
1 5
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-continued

<210> SEQ ID NO 6

<211> LENGTH: 27

<212> TYPE: DNA

<213> ORGANISM: Human influenza virus

<400> SEQUENCE: 6

tacccatacg atgttccaga ttacget

<210> SEQ ID NO 7

<211> LENGTH: 9

<212> TYPE: PRT

<213> ORGANISM: Human influenza virus

<400> SEQUENCE: 7

Tyr Pro Tyr Asp Val Pro Asp Tyr Ala
1 5

<210> SEQ ID NO 8

<211> LENGTH: 33

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

27

<223> OTHER INFORMATION: Artificial nuclear localization signal

<400> SEQUENCE: 8

gecagctccag cagcgaagaa aaagaagctyg gat

<210> SEQ ID NO 9

<211> LENGTH: 11

<212> TYPE: PRT

<213> ORGANISM: Artificial
<220> FEATURE:

33

<223> OTHER INFORMATION: Artificial nuclear localization signal

<400> SEQUENCE: 9

Ala Ala Pro Ala Ala Lys Lys Lys Lys Leu Asp
1 5 10

We claim:

1. A method for modifying a target DNA sequence in a cell,
the method comprising:

(a) expressing a Cas9 protein from a Neisseria species or a

variant protein thereof in the cell; and

(b) expressing or transfecting an RNA in the cell wherein

the RNA binds to the Cas9 protein or variant, and the
RNA hybridizes to the target DNA sequence.

2. The method of claim 1, wherein the Cas9 protein or
variant protein has nuclease activity and cleaves both strands
of the target DNA sequence.

3. The method of claim 2, further comprising contacting
the target DNA sequence with a homologous DNA fragment.

4. The method of claim 1, wherein the Cas9 protein or
variant protein has nuclease activity and nicks a single strand
of the target DNA sequence.

5. The method of claim 4, further comprising contacting
the target DNA sequence with a homologous DNA fragment.

6. The method of claim 1, wherein the Cas9 protein or
variant protein has no nuclease activity and binds to the target
sequence.

7. The method of claim 1, wherein the Cas9 protein or
variant protein is expressed from a nucleic acid having a
codon sequence that is optimized for expression in the cell.

8. The method of claim 1, wherein the variant has an amino
acid sequence that is at least 80% identical to a Cas9 protein
from a Neisseria species.

9. The method of claim 1, wherein the Cas9 protein is from
Neisseria meningitidis.

10. The method of claim 1, wherein expressing a Cas9
protein from a Neisseria species or a variant protein thereof in
the cell comprises transfecting the cell with an expression
vector that expresses the Cas9 protein from a eukaryotic
promoter.

11. The method of claim 1, wherein expressing a Cas9
protein from a Neisseria species or a variant protein thereof in
the cell comprises transfecting the cell with an mRNA that
encodes the Cas9 protein.

12. The method of claim 1, wherein expressing an RNA in
the cell that binds to the Cas9 protein or variant and hybridizes
to the target DNA sequence comprises transfecting the cell
with an expression vector that expresses the RNA from a
eukaryotic promoter.

13. The method of claim 1, wherein the cell is a prokaryotic
cell.

14. The method of claim 1, wherein the cell is a eukaryotic
cell.

15. The method of claim 1, wherein the cell is a stem cell.
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16. The method of claim 1, wherein the cell is an embry-
onic stem cell.

17. The method of claim 1, wherein the cell is an induced
pluripotent stem cell.

18. The method of claim 1, wherein the RNA comprises
two molecules of duplexed RNA.

19. The method of claim 1, wherein the RNA comprises a
single RNA molecule forming a hairpin structure.

20. The method of claim 1, wherein the RNA comprises an
RNA mimic of green fluorescent protein (GFP).

21. The method of claim 1, further comprising contacting
the target DNA sequence with 4-hydroxybenzylidene, 3,5-
dimethoxy-4-hydroxybenzylidene, or a 3,5-difluoro-4-hy-
droxybenzylidene.

22. The method of claim 1, wherein the RNA comprises
Xist RNA.
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23. Arecombinant Cas9 protein from a Neisseria species or
a variant thereof comprising a nuclear localization signal.

24. A recombinant Cas9 protein from a Neisseria species or
avariant thereof comprising a ligand or a tag for purifying or
identifying the Cas9 protein.

25. A polynucleotide encoding the protein of claim 23.

26. A cell transfected with the polynucleotide of claim 25.

27. A kit for performing the method of claim 1 comprising:
(a) a vector for expressing a Cas9 protein from a Neisseria
species or a variant protein thereof'in the cell; and (b) a vector
for expressing an RNA in the cell, wherein the RNA binds to
the Cas9 protein or variant, and the RNA hybridizes to the
target DNA sequence.

28. A kit comprising the protein of claim 23.

29. A kit comprising the polynucleotide of claim 25.

30. A kit comprising the cell of claim 26.

#* #* #* #* #*



