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RNA-DIRECTED DNA CLEAVAGE BY THE Cas9-crRNA COMPLEX

This applications claims priority to co-pending U .S. application Serial Nos. 6 1/61 3,373 filed

March 20, 201 2 , and 6 1/625,420 filed April 17 , 201 2 , each of which is expressly incorporated by

reference herein in its entirety.

Abstract

CRISPR/Cas systems provide adaptive immunity against viruses and plasmids in bacteria and

archaea. The silencing of invading nucleic acids is executed by ribonucleoprotein (RNP) complexes

pre-loaded with small interfering crRNAs that act as guides for foreign nucleic acid targeting and

degradation. Here we describe an isolation of the Cas9-crRNA complex and demonstrate that it

generates in vitro a double strand break at specific sites in target DNA molecules that are

complementary to crRNA sequences and bear a short proto-spacer adjacent motif (PAM), in the direct

vicinity of the matching sequence. We show that DNA cleavage is executed by two distinct active

sites (RuvC and HNH) within Cas9, to generate site-specific nicks on opposite DNA strands.

Sequence specificity of the Cas9-crRNA complex is dictated by the 42 nt crRNA which includes a 20

nt fragment complementary to the proto-spacer sequence in the target DNA. The complex can be

assembled in vitro or in vivo. Altogether, our data demonstrate that the Cas9-crRNA complex

functions as an RNA-guided endonuclease with sequence-specific target site recognition and

cleavage through two distinct strand nicks.

Background

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) together with cas

(CRISPR-associated) genes comprise an adaptive immune system that provides acquired resistance

against invading foreign nucleic acids in bacteria and archaea (Barrangou et al., 2007. Science

3 15:1 709-1 2). CRISPR consists of arrays of short conserved repeat sequences interspaced by

unique variable DNA sequences of similar size called spacers, which often originate from phage or

plasmid DNA (Barrangou et al., 2007. Science 3 15:1 709-1 2 ; Bolotin et al., 2005. Microbiology

15 1 :2551 -61 ; Mojica et al., 2005. J Mol Evol 60:1 74-82). The CRISPR-Cas system functions by

acquiring short pieces of foreign DNA (spacers) which are inserted into the CRISPR region and

provide immunity against subsequent exposures to phages and plasmids that carry matching

sequences (Barrangou et al., 2007. Science 3 15:1 709-1 2 ; Brouns et al., 2008. Science 321 : 960^)

The CRISPR-Cas immunity is generally carried out through three stages, referred to as i)

adaptation/immunization/spacer acquisition, ii) CRISPR expression/crRNA biogenesis, iii)

interference/immunity. (Horvath & Barrangou, 201 0 . Science 327:1 67-70; Deveau et al., 201 0 . Annu

Rev Microbiol. 64:475-93;Marraffini & Sontheimer, 201 0 . Nat Rev Genet 11, 18 1-90; Bhaya et al.,

Annu Rev Genet 45:273-97; Wiedenheft et al., 201 2 . Nature 482:331 -338). Here, we specifically

focus on the interference/immunity step which enables crRNA-mediated silencing of foreign nucleic

acids.

The highly diverse CRISPR-Cas systems are categorized into three major types, which are

further subdivided into ten subtypes, based on core element content and sequences (Makarova et al.,



201 1. Nat Rev Microbiol 9:467-77). The structural organization and function of nucleoprotein

complexes involved in crRNA-mediated silencing of foreign nucleic acids differ between distinct

CRISPR/Cas types (Wiedenheft et al., 201 2 . Nature 482:331-338). In the Type l-E system, as

exemplified by Escherichia coli, crRNAs are incorporated into a multisubunit effector complex called

Cascade (CRISPR-associated complex for antiviral defence) (Brouns et al., 2008. Science 321 : 960-

4), which binds to the target DNA and triggers degradation by the signature Cas3 protein (Sinkunas et

al.,201 1. EMBO J 30:1 335^2; Beloglazova et al., 201 1. EMBO J 30:61 6-27). In Type III

CRISPR/Cas systems of Sulfolobus solfataricus and Pyrococcus furiosus, Cas RAMP module (Cmr)

and crRNA complex recognize and cleave synthetic RNA in vitro (Hale et al., 201 2 . Mol Cell 45:292-

302; Zhang et al., 201 2 . Mol Cell, 45:303-1 3) while the CRISPR/Cas system of Staphylococcus

epidermidis targets DNA in vivo (Marraffini & Sontheimer, Science. 322:1 843-5).

RNP complexes involved in DNA silencing by Type I I CRISPR/Cas systems, more specifically

in the CRISPR3/Cas system of Streptococcus thermophilus DGCC771 0 (Horvath & Barrangou, 201 0 .

Science 327:1 67-70), consists of four cas genes cas9, casl, cas2, and csn2, that are located

upstream of 12 repeat-spacer units (Figure 1A). Cas9 (formerly named cas5 or csnl) is the signature

gene for Type I I systems (Makarova et al., 201 1. Nat Rev Microbiol 9:467-77). In the closely related

S. thermophilus CRISPR1 /Cas system, disruption of cas9 abolishes crRNA-mediated DNA

interference (Barrangou et al., 2007. Science 3 15:1 709-1 2). We have shown recently that the S.

thermophilus CRISPR3/Cas system can be transferred into Escherichia coli, and that this

heterologous system provides protection against plasmid transformation and phage infection, de novo

(Sapranauskas et al., 201 1. Nucleic Acids Res 39:9275-82). The interference against phage and

plasmid DNA provided by S. thermophilus CRISPR3 requires the presence, within the target DNA, of

a proto-spacer sequence complementary to the spacer-derived crRNA, and a conserved PAM (Proto-

spacer Adjacent Motif) sequence, NGGNG, located immediately downstream the proto-spacer

(Deveau et al., 2008. J Bacteriol 190:1 390^00; Horvath et al., 2008. J Bacteriol 190:1401 - 12 ; Mojica

et al., 2009. Microbiology 155:733-40). Single point mutations in the PAM or defined proto-spacer

positions allow the phages or plasmids to circumvent CRISPR-mediated immunity (Deveau et al.,

2008. J Bacteriol 190:1 390^00; Garneau et al., 201 0 . Nature 468:67-71 ; Sapranauskas et al., 201 1.

Nucleic Acids Res 39:9275-82). We have established that in the heterologous system, cas9 is the

sole cas gene necessary for CRISPR-encoded interference (Sapranauskas et al., 201 1. Nucleic Acids

Res 39:9275-82), suggesting that this protein is involved in crRNA processing and/or crRNA-

mediated silencing of invasive DNA. Cas9 of S. thermophilus CRISPR3/Cas system is a large multi-

domain protein comprised of 1,409 aa residues (Sapranauskas et al., 201 1. Nucleic Acids Res

39:9275-82). It contains two nuclease domains, a RuvC-like nuclease domain near the amino

terminus, and a HNH-like nuclease domain in the middle of the protein. Mutational analysis has

established that interference provided in vivo by Cas9 requires both the RuvC- and HNH-motifs

(Sapranauskas et al., 201 1. Nucleic Acids Res 39:9275-82).

Isolation of the Cas9-crRNA complex of the S. thermophilus CRISPR3/Cas system as well as

complex assembly in vitro from separate components and demonstration that it cleaves both synthetic



oligodeoxynucleotide and plasmid DNA bearing a nucleotide sequence complementary to the crRNA,

in a PAM-dependent manner, is provided. Furthermore, we provide experimental evidence that the

PAM is recognized in the context of double-stranded DNA and is critical for in vitro DNA binding and

cleavage. Finally, we show that the Cas9 RuvC- and HNH- active sites are responsible for the

cleavage of opposite DNA strands. Taken together, our data demonstrate that the Cas9-crRNA

complex functions as an RNA-guided endonuclease which uses RNA for the target site recognition

and Cas9 for DNA cleavage. The simple modular organization of the Cas9-crRNA complex, where

specificity for DNA targets is encoded by a small crRNA and the cleavage machinery consists of a

single, multidomain Cas protein, provides a versatile platform for the engineering of universal RNA-

guided DNA endonucleases. Indeed, we provide evidence that by altering the RNA sequence within

the Cas9-crRNA complex, programmable endonucleases can be designed both for in vitro and in vivo

applications, and we provide a proof of concept for this novel application. These findings pave the

way for the development of novel molecular tools for RNA-directed DNA surgery.

Summary of the invention

A method for the site-specific modification of a target DNA molecule through contacting under suitable

conditions, a target polydeoxynucleotide molecule; and an RNA-guided DNA endonuclease

comprising at least one RNA sequences and at least one of an RuvC active site motif and an HNH

active site motif; to result in the target polydeoxynucleotide molecule modified in a region that is

determined by the complimentary binding of the RNA sequence to the target DNA molecule is

provided. The method includes incubating under suitable conditions a composition that includes a

target double stranded polydeoxynucleotide or single stranded polydeoxynucleotide; wherein a double

stranded polydeoxynucleotide contains a short proto-spacer adjacent motif (PAM), which is non-

obligatory for a single stranded polydeoxynucleotide; and where PAM comprises a 5'NGGNG-3'

sequence; a polyribonucleotide (crRNA) comprising a 3' and 5' regions wherein the 3' region

comprises at least 22 nt of the repeat present in a microbe containing CRISPR locus and 5'-region

comprises of at least 20 nt of the spacer sequence immediately downstream of the repeat in the

CRISPR locus, which is substantially complementary, optionally complementary, to a portion of the

target polynucleotide, a polypeptide wherein the amino acid sequence of polypeptide and amino acid

sequence of SEQ ID NO: 1 have at least 80% identity, isolated from S. thermophilus, or genetically

modified microorganism, including a genetically modified E. coli, or wherein the polypeptide is

produced by a method selected from recombinant DNA technology or chemical synthesis; a

polyribonucleotide tracrRNA of nucleotide sequence SEQ ID NO: 5 (or have at least 80% identity)

comprising a 5' and 3' regions wherein the 5' region is comprised of at least 22 nucleotides is

complementary to the 22 nucleotides 3' region of crRNA, and 3' region. Wherein polyribonucleotides

are produced by in vitro transcription or chemical synthesis. Wherein, suitable conditions means

conditions in vitro or in vivo where reaction might occur.

A method for the conversion of Cas9 polypeptide into a nickase, cleaving only one strand of double-

stranded DNA, by inactivating one of the active sites (RuvC or HNH) in the polypeptide by at least on



point mutation, exemplified by D31 A (SEQ ID NO: 2), N891 A (SEQ ID NO: 3) and H868A (SEQ ID

NO: 4) point mutations is provided . RuvC motif mutant cleaves only bottom DNA strand in respect to

5'NGGNG-3' motif, while HNH motif mutant cleaves top strand.

Polypeptide-polyribonucleotides complex might be isolated from a genetically modified microbe (for

example Escherichia coli or Streptoccocus thermophilus), or assembled in vitro from separate

components. In the genetically modified microbe components of the complex might be encoded on

the one, two or three separate plasmids containing host promoters of the genetically modified microbe

or promoters from a native host genome.

A method for assembly of active polypeptide-polyribonucleotides complex in vitro, comprising

incubating the components of the complex under conditions suitable for complex assembly is

provided. The complex might be assembled using three or four components. Method for three

components assembly comprises incubating the Cas9 polypeptide, 78 nt tracrRNA polyribonucleotide

(SEQ ID NO: 5), and 42 nt crRNA polyribonucleotide (5'-NNNNNNNNNNNNNNNNNNNN

GUUUUAGAGCUGUGUUGUUUCG-3') (SEQ ID NO: 15) under conditions suitable for complex

assembly. Method for four components assembly comprises incubating the Cas9 polypeptide; 102 nt

tracrRNA polyribonucleotide (SEQ ID NO: 6); polyribonucleotide containing sequence 5'-

NNNNNNNNNNNNNNNNNNNN GUUUUAGAGCUGUGUUGUUUCG-3' (SEQ ID NO: 15) and

flanking regions and RNase III polypeptide, cleaving double stranded RNA polynucleotide. The

examples for polyribonucleotide containing sequence 5'-NNNNNNNNNNNNNNNNNNNN

GUUUUAGAGCUGUGUUGUUUCG-3' (SEQ ID NO: 15) are SEQ ID NO: 8 , SEQ ID NO: 9 , SEQ ID

NO: 10 , SEQ ID NO: 11 and SEQ ID NO: 12). Examples of source for suitable RNaselll include

Escherichia coli or Streptococcus thermophilus.

A method for re-programming of a Cas9-crRNA complex specificity by mixing separate components or

using a cassette containing a single repeat-spacer-repeat unit is provided. Any sequence might be

inserted between two repeats in the cassette using suitable restriction endonucleases. Cassette

might be used to target sequences in vivo, or to produce RNA ribonucleotide suitable for complex

assembly in vitro.

Brief description of the figures

Figure 1 shows Cas9 protein co-purifies with crRNA. (A) Schematic representation of CRISPR3/Cas

system of S. thermophilus. Four cas genes (cas9, casl , cas2, csn2) are located upstream of the

CRISPR repeat-spacer array, consisting of 13 repeat (R) sequences and 12 unique spacers (S1 -S1 2).

The tracrRNA, required for crRNA maturation in Type I I CRISPR systems (Deltcheva et al., 201 1.

Nature 471 :602-7), is located upstream the cas9 gene and encoded on the opposite DNA strand

(showed by an arrow) in respect to the other elements of CRISPR3/Cas system. (B) Schematic

representation of heterologous loci in two plasmids used for the co-expression of the Cas9-crRNA

complex. E.coli RR1 strain contained pCas9(-)1 SP (encoding Cas1 , Cas2, Csn2, SP1 and tracrRNA)

and pASKIBA-Cas9 (encoding Strep-tagged version of Cas9) plasmids. (C) Northern analysis of

Cas9-crRNA complexes using anti-crDNA oligonucleotide as a probe. M 1 - 84 nt oligodeoxynucleotide



corresponding to the spacer S 1-repeat unit; M2 - 42 nt synthetic oligoribonucleotide corresponding to

the predicted S.thermophilus CRISPR3 crRNA (See Figure 4); crRNA (wt) - crRNA isolated from the

wt Cas9 complex; K 1 - crRNA (wt) treated with Dnase I for 15 min; K2 - crRNA (wt) treated with

RNasel for 15 min, D31 A - crRNA purified from the Cas9 D31 A mutant complex; N891 A - crRNA

purified from the Cas9 N891 A mutant complex.

Figure 2 shows DNA cleavage by Cas9-crRNA complexes obtained by Cas9 co-expression with full

length CRISPR locus. (A) Schematic representation of CRISPR/Cas locus of recombinant pCas9(-)

plasmid carrying indigenous 12 spacer-repeat array of SthCRISPR3/Cas system and pASKIBA-Cas9

plasmid carrying cas9 gene with a Strep-tag at the C-terminus. (B) Oligoduplex cleavage assay. Both

pCas9(-) and pASKIBA-Cas9 plasmids were co-expressed in E.coli, Cas9-crRNA complexes were

purified and subjected to cleavage analysis using SP1 (first proto-spacer) and SP2 (second proto-

spacer) oligoduplexes labeled with 33P at the 5'-end of the (+) strand. Reaction products were

analysed on PAA gel.

Figure 3 shows immunity against plasmid transformation in E. coli cells provided by the

SthCRISPR3/Cas system. (A) Schematic representation of CRISPR/Cas locus of recombinant

plasmid pCRISPR3 carrying indigenous 12 spacer-repeat array of SthCRISPR3/Cas system and

engineered pCRISPR3-SP1 plasmid carrying 1 spacer-repeat unit. (B) Interference of plasmid

transformation by SthCRISPR3/Cas system in E. coli cells. Escherichia coli RR1 recipient strains

carrying plasmids pACYC1 84, pCRISPR3 or pCRISPR3-SP1 , were transformed with plasmid pSP1

carrying proto-spacers and PAM or pUC1 8 ( 1) . Transformation efficiency is expressed as cfu per

nanogram of plasmid DNA (mean ± SD).

Figure 4 shows comparison of Type IIA CRISPR/Cas systems from S. thermophilus DGCC771 0 ,

LMD-9 and S. pyogenes SF370 strains. (A) Schematic organization of the CRISPR/Cas systems.

Nucleotide sequences corresponding to the tracrRNA required for the crRNA maturation in of S.

pyogenes (2) are present in LMD-9 and DGCC771 0 . Percentage of identical and similar (in

parenthesis) residues between corresponding protein sequences that are connected by dashed lines.

(B). Alignment of the conserved repeat sequences and tracrRNA. Corresponding sequences from

DGCC771 0 and LMD-9 are identical. Nucleotide positions which are identical in all three strains are

labeled with an asterisk below aligned sequences. Figure 4(B) discloses SEQ ID NOS 50, 50-52, and

52-53, respectively, in order of appearance. (C) Comparison of crRNA sequences. The sequence

and length of S. pyogenes crRNA was determined by deep sequencing analysis (2). The approximate

length of crRNA from S. thermophilus LMD-9 (2) and DGCC771 0 (this work) strains were determined

by the northern blot analysis. Figure 4(C) discloses SEQ ID NOS 54-56, respectively, in order of

appearance.

Figure 5 shows Cas9-crRNA complex cleaves in vitro double-stranded DNA within a proto-spacer. (A)

Oligoduplex substrate used in the cleavage assay. 55 nt oligoduplex SP1 contains the proto-spaceM

(red letters), PAM (blue letters) and 10 nt flanking sequences on both sides identical to those in pSP1

plasmid. In the SP1 oligoduplex DNA strand complimentary to the 5'-terminal fragment of crRNA (red



letters) is named (+)strand, an opposite DNA strand is named (-)strand. Figure 5(A) discloses SEQ ID

NOS 3 1 , 7 , and 34, respectively, in order of appearance. (B) Oligoduplex SP1 cleavage. 2.5 nM of

Cas9-crRNA complex and 1 nM SP1 oligoduplex labeled with 33P at the 5'-end of either (+) or (-

)strand were incubated in the reaction buffer ( 10 mM Tris-HCI pH=7.5, 10 mM NaCI, 10 mM MgCI2,

0.1 mg/ml BSA) at 37°C for varied time intervals (30 s to 10 min) and reaction products analysed in

the 20 % PAA gel. Lanes M 1 and M2 contain chemically synthesized 5'-end 33P-labeled 37 nt and 18

nt oligodeoxynucleotides corresponding to the cleavage products of (-) and (+) DNA strands,

respectively. Cleavage positions are designated by arrows. Figure 5(B) discloses SEQ ID NO: 3 1 . (C)

Schematic representation of pSP1 plasmid (Sapranauskas et al., 201 1. Nucleic Acids Res 39:9275-

82) used in the plasmid cleavage assay. Figure 5(C) discloses SEQ ID NO: 57. (D) pSP1 plasmid

cleavage. Agarose gel analysis of pSP1 cleavage products (left panel). SC - super-coiled plasmid

DNA, OC - open circular DNA nicked at one of the strands, FLL - full length linear DNA cut at both

strands. Final reaction mixtures at 37°C contained 2.5 nM of pSP1 plasmid and 2.5 nM of Cas9-

crRNA complex in the reaction buffer (section B). Direct sequencing electropherograms (right panel)

of (+) (upper part) and (-) (lower part) strands of pSP1 plasmid cleavage product. The non-templated

addition of adenine (T in the reverse complement sequence shown here) at the extremity of sequence

is a sequencing artefact caused by the polymerase. Figure 5(D) discloses SEQ ID NOS 57-59, 58,

and 60, respectively, in order of appearance.

Figure 6 shows DNA binding and cleavage analysis of Cas9-Chis protein lacking crRNA.

Electrophoretic mobility shift analysis (EMSA) of Cas9-Chis protein binding to (A) the double stranded

SP1 oligoduplex and (B) the single stranded s(+)SP1 oligonucleotide. Electrophoretic mobility shift

experiments were performed in the binding buffer (40 mM Tris-acetate, pH 8.3 at 25 C, 0.1 EDTA, 0.1

mg/ml BSA, 10% v/v glycerol). The reactions contained 0.5 nM of the 33P-labelled oligoduplex, and

the protein at concentrations as indicated above each lane. (C). Oligonucleotide cleavage assay. 5

nM of Cas9-Chis protein was incubated in the reaction buffer ( 10 mM Tris-HCI, pH=7.5, 10 mM NaCI,

10 mM MgCI2, 0.1 mg/ml BSA) at 37°C with 1 nM oligonucleotide. SP1 oligoduplex was labeled with

33P at the 5'-end of the (+) or (-) strand. Single stranded oligonucleotide s(+)SP1 was labeled with

33P at the 5'-end.

Figure 7 shows reprograming of Cas9-crRNA complex. (A) Schematic representation of heterologous

loci in two plasmids used for reprogramming of Cas9-crRNA complex. pCas(-)SPN were constructed

from pCas9(-) plasmid (See Figure 2A), by inserting new spacer sequence (SN) (5'-CC ACC CAG

CAA AAT TCG GTT TTC TGG CTG-3' (SEQ ID NO: 16)) and inactivating Cas9 gene as described in

( 1 ) . (B) Agarose gel analysis of plasmid DNA cleavage products. pSP1 and pSP1 +SPN (pSP1

plasmid with inserted new proto-spacer and PAM over Aatll site were incubated at 2.5 nM

concentration with 2 nM of Cas9-crRNA complex in the reaction buffer ( 10 mM Tris-HCI pH=7.5, 10

mM NaCI, 10 mM MgCI2, 0.1 mg/ml BSA) at 37°C for varied time intervals and reaction products

analysed in the agarose gel. SC - super-coiled plasmid DNA, OC - open circular DNA nicked at one

of DNA strands, FLL - full length linear DNA cut at both strands. (C) Oligoduplex SP1 cleavage. 2.5

nM of Cas9-crRNA complex and 1 nM SPN oligoduplex (Table S2) labeled with 33P at the 5'-end of



either (+) or (-)strand were incubated in the reaction buffer ( 10 mM Tris-HCI pH=7.5, 10 mM NaCI, 10

mM MgCI2, 0.1 mg/ml BSA) at 37°C. M 1 - 18 nt length marker Lanes M 1 and M2 contain chemically

synthesized 5'-end 33P-labeled 18 nt and 37 nt oligodeoxynucleotides corresponding to the cleavage

products of (+) and (-) DNA strands, respectively. (D) Schematic representation of SPN oligoduplex

substrate and cleavage products. SPN oligoduplex contains the new proto-spacer (red letters), PAM

(blue letters). Cleavage positions are designated by arrows. Figure 7(D) discloses SEQ ID NO: 39.

Figure 8 shows impact of spacer length on CRISPR-encoded immunity. (A) Schematic representation

of shortened versions of proto-spacers inserted in the transformed plasmids. Figure 8(A) discloses

SEQ ID NOS 7 and 6 1-66, respectively, in order of appearance. (B) Effect of proto-spacer length on

the plasmid transformation efficiency. Transformation efficiency is expressed as cfu per nanogram of

plasmid DNA (mean ± SD). (C). Schematic representation of oligoduplexes used in the in vitro

cleavage and binding experiments. Figure 8(C) discloses SEQ ID NOS 3 1 and 38, respectively, in

order of appearance. (D) Time courses of the 27 bp oligoduplex (full length protospacer SP1 , filled

circles) and the 20 bp oligoduplex (truncated protospacer SP1 -20, square) cleavage by the Cas9-

crRNA complex. (E) Electrophoretic mobility shift assay of SP1 and SP1 -20 oligoduplex binding by the

Cas9-crRNA complex.

Figure 9 shows PAM is required for in vitro DNA binding and cleavage by the Cas9-crRNA complex.

(A) Agarose gel analysis of plasmid DNA cleavage products. Three different plasmids: PAM+Proto-

spacer+ (pSP1 plasmid containing both the proto-spacer and PAM), PAM-Protospacer- (pUC1 8

plasmid containing multiple PAMs but no protospacer) and PAM-Protospacer+ (pSP1 -pA

(Sapranauskas et al., 201 1. Nucleic Acids Res 39:9275-82) containing a proto-spacer without PAM)

were incubated at 2.5 nM concentration with 2 nM of Cas9-crRNA complex in the reaction buffer ( 10

mM Tris-HCI pH=7.5, 10 mM NaCI, 10 mM MgCI2, 0.1 mg/ml BSA) at 37°C for varied time intervals

and reaction products analysed in the agarose gel. SC - super-coiled plasmid DNA, OC - open

circular DNA nicked at one of DNA strands, FLL - full length linear DNA cut at both strands. (B) Time

courses of (+)strand hydrolysis in the single-stranded and double-stranded oligodeoxynucleotides.

Reactions containing 2 nM Cas9-crRNA and 1 nM of oligodeoxy nucleotide were conducted at 37°C in

the reaction buffer (section A). SP1 (filled circles) and SPI -ρ∆ (open squares) oligoduplexes were

used as dsDNA. s(+)SP1 (open triangles) and s(+) SPI -ρ∆ (filled squeres) were used as ssDNA. (C)

and (D) dsDNA and ssDNA (+)strand) binding by Cas9-crRNA complex. The reactions contained 0.5

nM of the 33P-labelled ssDNA or dsDNA oligonucleotide, and the protein at concentrations as

indicated above each lane. After 15 min at room temperature, the samples were subjected to PAGE

for 2 h and analysed as described in 'Materials and Methods'

Figure 10 shows RNA binding and cleavage analysis of Cas9-crRNA complex. (A) Electrophoretic

mobility shift analysis (EMSA) of Cas9-crRNA complex binding to 84 nt RNA fragment containing

proto-spacer-1 , PAM and 24 nt flanking sequences on both sides. Left panel: RNA (-) strand; center

panel: RNA (+) strand; right panel: double stranded RNA. RNA fragments used for analysis were

generated by in vitro transcription (TranscriptAid™ T7 High Yield Transcription Kit, Fermentas) from



PCR fragments with inserted T7 promoter at the front end of RNA coding sequence. PCR fragments

coding (+) and (-) RNA strands were obtained from pSP1 plasmid ( 1) with following primer pairs

accordingly: 5' taatacgactcactataGggtaccgagctcgaattg 3' (SEQ ID NO: 17)/5'

GGGAAACAGCTATGACCATGATTACGAATTC -3' (SEQ ID NO: 18) and 5'

gggtaccgagctcgaattgaaattcTAAACG 3' (SEQ ID NO: 19)/5'

taatacgactcactataGggAAACAGCTATGACCATGATTACG 3' (SEQ ID NO: 20) (T7 RNA polymerase

promoter underlined, transcription start on bold). The reactions contained 1 nM of the 33P-labelled

RNA fragment, and the protein at concentrations as indicated above each lane. After 15 min at room

temperature, the samples were subjected to PAGE for 2 h and analyzed as described in 'Materials

and Methods'. (B) RNA cleavage assay. 2.5 nM of Cas9-crRNA complex was incubated in the

reaction buffer ( 10 mM Tris-HCI pH=7.5, 10 mM NaCI, 10 mM MgCI2, 0.1 mg/ml BSA, ) at 37°C in the

presence of 1 nM (+) and (-) RNA strands(left panel) or double stranded RNA labeled on (+) or (-)

strand (right panel). Reaction products were analysed on denaturing PAA gel.

Figure 11 shows RuvC and HNH active site motifs of Cas9 contribute to the cleavage of opposite

DNA strands. (A) Localization of the conserved active site motifs within Cas9 protein. Amino acid

residues identified as crucial for Cas9 in vivo activity (Sapranauskas et al., 201 1. Nucleic Acids Res

39:9275-82) are indicated. (B). Agarose gel analysis of pSP1 plasmid cleavage by Cas9 and mutant

proteins. Reactions were performed as described in and 'Materials and Methods' (C) Strand

preference of D31 A mutant. Reactions were performed as described in Figure 2A and 'Materials and

Methods'. D31 mutant cleaves only (+)strand of SP1 oligoduplex . Figure 11(C) discloses SEQ ID

NOS 3 1 and 67, respectively, in order of appearance. (D) Strand preference of N891 A mutant. N891

mutant cleaves only (-)strand of SP1 oligoduplex. Cleavage positions are designated by arrows.

Figure 11(D) discloses SEQ ID NOS 3 1 and 68, respectively, in order of appearance.

Figure 12 shows properties of Cas9 active site mutant-crRNA complexes. (A) Direct sequencing of

reaction products obtained with Cas9 mutant D31A (RuvC-like active site motif). Figure 12(A)

discloses SEQ ID NOS 58, 59, 58, and 58, respectively, in order of appearance. (B) Direct

sequencing of reaction products obtained with Cas9 N891 A mutant (HNH-like active site motif). Figure

12(B) discloses SEQ ID NOS 58, 58, 58, and 60, respectively, in order of appearance. (C) SP1

oligoduplex binding by the wt Cas9-crRNA and active site mutant complexes. (D) Cleavage of (+)SP1

strand by Cas9-crRNA mutant complexes.

Figure 13 shows molecular mass of the wt Cas9-Chis protein. Gel filtration experiments were carried

out at room temperature using Superdex 200 10/300 GL column (GE healthcare) pre-equilibrated with

10 mM sodium phosphate (pH 7.4) buffer containing 500 mM sodium chloride.The apparent Mw of

Cas9 (black triangle) were calculated by interpolation from the standard curve obtained using a set of

proteins of known Mw (black circles) (Bio-Rad Gel Filtration Standards).

Figure 14 shows schematic arrangement and mechanism of crRNA-directed DNA cleavage by the

Cas9-crRNA complex. Domain architecture of Cas9 is shown schematically on the top. Cas9-crRNA

complex binds to the dsDNA containing PAM. crRNA binds to the complementary (+)strand resulting



in DNA strand separation and the R-loop formation. In the ternary complex RuvC active site of Cas9 is

positioned at the scissile phosphate on the unpaired (-)strand, while HNH active site is located at the

scissile phosphate on the DNA (+)strand bound to crRNA. Coordinated action of both active sites

results in the double strand break 4 nt away from the PAM generating blunt end DNA. Figure 14

discloses SEQ ID NOS. 3 1 and 69, respectively, in order of appearance.

Figure 15 shows native electrophoresis of Cas9-crRNA and cleavage products. The protein at

concentrations as indicated above each lane, where incubated in the reaction buffer ( 10 mM Tris-HCI

pH=7.5, 10 mM NaCI, 10 mM MgCI2, 0.1 mg/ml BSA) at 37°C for 30 min in the presence of 0.5 nM

SP1 oligoduplex. Samples was mixed with loading dye solution (0.01 % bromphenol blue and 75 mM

EDTA in 50 % v/v glycerol) and analysed by non-denaturing PAGE. The gel lanes marked M - melted

form of cleavage reactions products. The cartoons in each side of the gel illustrate protein-DNA

complexes and DNA that correspond to each band, while cartoons below the gel illustrate major

substrate form after reaction.

Figure 16 shows plasmid DNA cleavage by Cas9-crRNA complex. (A) pSP1 and pUC1 8 plasmid DNA

cleavage. Cas9-crRNA complex was incubated with pSP1 and pUC1 8 plasmids in a reaction buffer

provided in the Example 1. pSP1 plasmid contained a proto-spaceM sequence flanked by the the 5'-

GGNG-3'PAM sequence. Proto-spaceM sequence was not present in pUC1 8 . Reaction products

were analysed in the agarose gel. Under these conditions pSP1 plasmid is converted into a linear

form while pUC1 8 plasmid lacking proto-spaceM sequence is resistant to cleavage. (B) pSP1

cleavage reactions in the absence of one of the components. In the reaction mixes lacking one of the

components (Cas9, crRNA or tracrRNA, respectively) pSP1 plasmid is not cleaved. SC - super-coiled

plasmid DNA, OC - open circular DNA nicked at one of DNA strands, FLL - full length linear DNA cut

at both strands.

Figure 17 shows DNA oligoduplex cleavage by Cas9-crRNA complex. The strand of oligoduplex

which is complementary to crRNA is marked as (+) strand, while the other strand - (-) strand. To

monitor cleavage reactions either (+) or (-) strand of the oligoduplex was P33-labeled at the 5'-

terminus. M 1 and M2 are synthetic oligonucleotide markers corresponding to the 37 nt of (-) strand

and 18 nt of (+) strand which were used to determine the size of the cleavage products and map the

cleavage position. Cas9 protein cleaves both strands of oligoduplex inside the proto-spacer, after the

37th nucleotide, 4 nt upstream of the PAM (5'-GGNG-3') leaving blunt ends. Both strands of no n

specific substrate (K1 and K2) are not cleaved when incubated with Cas9-crRNA complex for 30 min.

Figure 17 discloses SEQ ID NO: 3 1 .

Figure 18 shows plasmid DNA cleavage by Cas9-crRNA complex assembled in the absence of

RNaselll. Cas9-crRNA complex was incubated with pSP1 plasmid and reaction products analysed in

the agarose gels. The pSP1 plasmid is resistant for cleavage in the presence of complex assembled

without crRNA (left panel). The pSP1 plasmid is converted into linear form in the presence of complex

assembled using synthetic 42 nt crRNA (no RNAselll) (middle panel). The pSP1 plasmid is converted



into a mixture of linear and circular DNA forms in the presence of complex assembled using CRISPR

RNA transcript (no RNAselll) (right panel).

Figure 19 shows DNA oligoduplex cleavage by Cas9-crRNA complex. The strand of oligoduplex

which is complementary to crRNA is marked as (+) strand, while the other strand - (-)strand. To

monitor cleavage reaction either (+) or (-) strand of the oligoduplex was P33-labeled at the 5'-

terminus. M 1 and M2 are synthetic oligonucleotide markers corresponding to the 37 nt of (-) strand

and 18 nt of (+) strand which were used to determine the size of the cleavage products and map the

cleavage position. Cas9 protein cleaves both strands of oligoduplex inside the proto-spacer, after the

37th nucleotide form the 5'-end, 4 nt upstream of the PAM (5'-GGNG-3') leaving blunt ends. Both

strands of non-specific substrate (K1 and K2) are not cleaved when incubated with Cas9-crRNA

complex for 30 min. Figure 19 discloses SEQ ID NO: 3 1 .

Figure 20 shows (A) Schematic representation of the CRISPR3/Cas system of S. thermophilus

DGCC771 0. Four cas genes (cas9, casl, cas2, csn2) are located upstream of the CRISPR repeat-

spacer array, consisting of 13 repeat (R) sequences and 12 unique spacers (S1 -S1 2). The tracrRNA,

required for crRNA maturation in Type I I CRISPR/Cas systems (Deltcheva et al.,201 1. Nature 471 ,

602-7), is located upstream the cas9 gene and encoded on the opposite DNA strand (shown by an

arrow) with respect to the other elements of this system. (B) The pathways for a new spacer insertion

in to CRISPR region and CRISPR RNA synthesis. Synthetic oligoduplex encoding desired spacer

sequence and containing Sapl and Eco31 1restriction compatible ends was inserted between two

repeats. The CRISPR region was amplified using PCR. The new spacer encoding CRISPR RNA was

obtained by In vitro transcription. (C) In vitro assembly of Cas9-RNA complex. The CRISPR RNA and

tracrRNA transcripts were assembled in to duplex. The Cas9 protein was first pre-incubated with RNA

duplex, followed by the subsequent incubation with RNAselll to generate a catalytically competent

Cas9-RNA complex.

Figure 2 1 shows A . Schematic representation of pUC1 8 plasmid. The distance between Sapl and

Aatll restriction sites is 775 bp, while the distance between two spacers is 6 12 bp. B. pUC1 8 plasmid

cleavage by re-programed Cas9-crRNA complexes. " 1" - pUC1 8 plasmid; "2" - pUC1 8 cleaved with

Aatll; "3" - pUC1 8 cleaved with complex containing crRNA matching proto-spaceM ; "4" - pUC1 8

cleaved with Sapl; "5" - pUC1 8 cleaved with complex containing crRNA matching proto-spacer2; "6" -

pUC1 8 cleaved with Aatll and Sapl; "7" - pUC1 8 cleaved with mix of the complexes used in the line 3

and 5 .

Figure 22 shows genomic DNA cleavage with in vitro assembled Cas9-RNA complex. (A) Agarose gel

analysis of linear λ DNA cleavage products. Phage λ DNA was incubated with Cas9-RNA complex in

the reaction buffer for various time intervals. The target site for Cas9-RNA complex is located 8 kb

away from the cos site. (B). Probe selection for Southern blot experiments. Genomic DNA was

fragmented by treating with Pstl enzyme. The proto-spacer is located between two Pstl sites. If

genomic DNA is cleaved with Cas9-RNA complex, 466 bp fragment should be detected. Otherwise

the probe will hybridize with 1499 bp length fragment. (C) Southern blot analysis of genomic DNA



fragments. C line - E. coli genomic DNA fragmented with Pstl. Cas9-RNA - genomic DNA was

incubated with Cas9-RNA complex before fragmentation (D). Human genomic DNA cleavage by

Cas9-crRNA complex. Relative amount of intact DNA DNA fragments were estimated by qPCR.

Figure 23 schematically illustrates targeting sequences contained in the reporter plasmid (pMTC-

DSR+eGFP). eGFP coding sequence is separated by an intron from GAPDH gene. The 5' and 3'

RFP coding sequences are indicated homol indicates homologous sequences in the RFP gene

necessary for homologous recombination to occur. A , B, C, and D indicate four distinct target sites for

Cas9-mediated cleavage. Targets A and B are located in the intron. Targets C and D are located in

the coding regions of eGFP. Cre indicates a target site for Cre endonuclease and is located in the

intronic sequence.

Figure 24 shows reduction of eGFP-positive cells after introduction of Cas9/RNA complexes. CHO-

K 1 cells were transfected with the reporter plasmid and Cas9/RNA complexes containing crRNA

targeting either eGFP sequence A (intronic), eGFP sequence C (coding), or a non-specific sequence

K. The percentage of eGFP-positive cells was determined by flow cytometry. As negative controls,

cells were untransfected (NC) or transfected with the reporter plasmid alone (DNA) or with reporter

plasmid and Cas9 protein alone as well as with reporter plasmid and Cas9-nonspecific crRNA

complex (DNA+K).

Figure 25 shows cell images where appearance of RFP suggested Cas9/RNA-mediated double-

strand break repair by homologous recombination (HR). Forty-eight hours after co-transfection with

the reporter plasmid and Cas9/RNA complexes targeting eGFP sequence C, CHO-k1 cells were

visualized by fluorescence microscopy for eGFP and RFP.

Figure 26 schematically illustrates targeting sequences contained in the reporter plasmid (pMTC-

DSR+eGFP). eGFP coding sequence is separated by GAPDH intron copied from genomic DNA. The

RFP N- and C- coding sequences are as indicated. Homologous sequences in the RFP gene are

necessary for homologous recombination to occur. Target E located within the intron of eGFP is

indicated in bold.

Figure 27 is a gel showing Cas9/RNA complexes using synthetic crRNA and tracRNA function

similarly to Cas9/RNA complexes using synthetic crRNA and in vitro transcribed tracrRNA. Plasmids

were visualized after agarose gel electrophoresis. Lane C: uncut plasmid. Lanes 1-3: plasmids cut

with Cas9+crRNA and either 1: control in v/'iro-transcribed tracrRNA; 2 : unmodified synthetic tracrRNA

(89 nt); or 3 : unmodified synthetic tracrRNA (74 nt).

Figures 28A-E schematically show targeting sequences contained in the reporter plasmid (pMTC-

DSR+eGFP) and potential processing / gene rearrangement outcomes.



Figure 29 shows reduction of eGFP-positive cells after introduction of Cas9/RNA complexes. CHO-

K 1 cells were transfected with the reporter plasmid and Cas9/RNA complexes containing crRNA

targeting either eGFP sequence A (intronic), eGFP sequence C (coding), or a non-specific sequence

K. The percentage of eGFP-positive cells was determined by flow cytometry. As negative controls,

cells were untransfected (NC) or transfected with the reporter plasmid alone (DNA) or with reporter

plasmid and Cas9 protein alone as well as with reporter plasmid and Cas9-nonspecific crRNA

complex (DNA+K).

Figure 30 schematically shows targeting sequences contained in the reporter plasmid (pMTC-

DSR+eGFP). eGFP coding sequence is indicated in black and is separated by GAPDH intron copied

from genomic DNA. The RFP N- and C- coding sequences are indicated in gray. Homologous

sequences in the RFP gene (light grey) are necessary for homologous recombination to occur.

Target E located within the intron of eGFP is indicated in bold.

The following non-limiting examples further describe the methods, compositions, uses, and

embodiments.

Detailed description of illustrative embodiments

Example 1.

In this example, we have isolated the Cas9-crRNA complex of S. thermophilus CRISPR3/Cas

system and demonstrate that it cuts in a PAM dependent manner both synthetic oligodeoxynucleotide

and plasmid DNA bearing a nucleotide sequence complementary to the crRNA. Furthermore, we

provide experimental evidence that PAM is recognized in the context of double-stranded DNA and is

critical for in vitro DNA binding and cleavage. Finally, we show that RuvC and HNH- motifs of Cas9

contribute to the cleavage of opposite DNA strands. Taken together, our data demonstrate that Cas9-

crRNA complex functions as RNA-guided endonuclease which uses RNA module for the target site

recognition and employs two separate active sites in the protein module for DNA cleavage. These

findings pave the way for engineering of programable Cas9-crRNA complexes as universal RNA-

guided endonucleases.

Materials and methods

DNA manipulations. Genomic DNA of Streptococcus thermophilus DGCC771 0 strain was used as a

template in PCR reactions to clone cas9. To generate a pASKIBA3-Cas9 plasmid which was used for

the expression of the C-terminal Strep-tagged Cas9 protein variant, PCR fragment amplified with

following primers: 5'- ACGTCTCAAATGTTGTTTAATAAGTGTATAATAATTTC-3' (SEQ ID NO: 2 1)

and 5'-ACGTCTCCGCGCTACCCTCTCCTAGTTTG-3' (SEQ ID NO: 22) was cloned into the pASK-

IBA3 expression vector via Esp3l sites. To generate a pBAD-Cas9 plasmid which was used for the

expression of the C-terminal 6xHis-tagged Cas9 protein variant ("6xHis" disclosed as SEQ ID NO:



23), PCR fragment amplified with the following primer pair: 5 -

ACGTCTCACATGACTAAGCCATACTCAATTGGAC -3' (SEQ ID NO: 24) and 5'-

ACTCGAGACCCTCTCCTAGTTTGGCAA -3' (SEQ ID NO: 25) was cloned into the pBAD24-Chis

expression vector via Ncol and Xhol sites. Full sequencing of cas9 gene in pASKIBA3-Cas9 and

pBAD-Cas9 plasmids revealed no difference with the original cas9 sequence. To obtain plasmids

pCas9(-)SP1 (Figure 1B) and pCRISPR3-SP1 (Figure 2A), bearing a single spacerl , PCR fragment

amplified from pCRISPR3 plasmid with the following primer pair:5'

GACCACTTATTGAGGTAAATGAG 3' (SEQ ID NO: 26)/5'

CAAACCAGGATCCAAGCTAATACAGCAG-3' (SEQ ID NO: 27) ((BamHI (GGATCC) sites is

underlined) was cloned into pCas9(-) and pCRISPR3 plasmids (Sapranauskas et al., 201 1. Nucleic

Acids Res 39:9275-82), respectively.

Expression and purification of Cas9 protein and Cas9-crRNA complex. (His)6-tagged ("(His)6"

disclosed as SEQ ID NO: 23) version of Cas9 protein was expressed and purified using a scheme

described for the Cas3 protein from S. thermophilus CRISPR4/Cas system (Sinkunas et al.,201 1.

EMBO J 30:1 335^2). For purification of the Cas9-crRNA complex, Strep-tagged version of the Cas9

protein was expressed in E. coli RR1 strain, bearing pCas9(-)SP1 plasmid (Figure 1B). LB broth was

supplemented with Ap ( 100 pg/ml) and Cm ( 10 pg/ml). E.coli cells for the Cas9-crRNA complex

isolation were grown in two steps. First, 4 ml of cells culture were grown at 37°C to OD600 of -0.5,

and expression induced by adding 0.2 g/ml of anhydrotetracycline (AHT) (Sigma). After for 4 h,

1/400 of the pre-induced culture was inoculated into fresh LB medium supplemented with Ap ( 100

pg/ml), Cm ( 12 pg/ml) and AHT (0.2 pg/ml) and was grown at 37°C overnight. Harvested cells were

disrupted by sonication and cell debris removed by centrifugation. The supernatant was loaded onto

the 1 ml StrepTrap HP column (GE Healthcare) and eluted with 2.5 mM of desthiobiotin.

Approximately 1.5 g of the Cas9 protein was obtained in a single run from 1 L of E. coli culture. The

fractions containing Cas9 were stored at + 4°C for several days. The homogeneity of protein

preparations was estimated by SDS-PAGE. Protein concentrations in the Cas9-crRNA complexes

were determined by densitometric analysis of SDS-PAGE gels containing samples of Strep-Tactin

purified Cas9 proteins along with known amounts of His-tagged Cas9 protein. The concentration of

the Cas9-crRNA complexes is expressed as Cas9 protein concentration assuming that Cas9 is a

monomer and binds crRNA in a complex with 1:1 stoichiometry.

Northern blot analysis. Cas9-bound RNA was isolated from Strep-Tactin purified Cas9, co-expressed

with pCas9(-)SP1 plasmid using the miRNeasy Mini kit (Qiagen). Northern blots were performed by

running RNA on a 10 % polyacrylamide gel with 7 M urea in 20 mM MOPS/NaOH pH 8 buffer. The

RNA was transferred to a SensiBlot™ Plus Nylon Membrane (Fermentas) by semi-dry blotting using a

Trans-blot SD (Bio-Rad). RNA was cross-linked to the membrane with 0.1 6 M l-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) (Pierce)/0.1 3 M 1-methylimidazole (Sigma) pH 8 at 60°C

for 1 h . The membrane was pre-hybridized with 2 SSC buffer containing 1% SDS and 0.1 mg/ml



denatured DNA from fish testes (Ambion) for 1 h at 40°C. Blots were probed for 12 h with a R

labelled 42 nt anti-crRNA DNA oligonucleotide containing 20 nt of spacerl and 22 nt of the repeat

sequence (5 -TCGAAACAACACAGCTCTAAAACTGTCCTCTTCCTCTTTAGC-3' (SEQ ID NO: 28)).

The blots were washed 3 for 15 min with 0.2 χ SSC buffer containing 0.2% SDS, and were visualized

using phosphorimaging. A 42 nt synthetic oligoribonucleotide

(5'-CGCUAAAGAGGAAGAGGACAGUUUUAGAGCUGUGUUGUUUCG-3' (SEQ ID NO: 7)) and 84 nt

DNA oligonucleotide .

Oligonucleotide substrates. All oligonucleotide substrates used in this study are given in Table 1.

Oligodeoxyribonucleotides were purchased from Metabion (Martinsried, Germany). The 5'-ends of

oligonucleotides were radiolabeled using PNK (Fermentas) and [γ -33Ρ ]ΑΤΡ (Hartmann Analytic).

Duplexes were made by annealing two oligonucleotides with complementary sequences (SP1 , SP1 -

∆ ρ, SP2). Radioactive label was introduced at the 5' end of individual DNA strand prior to the

annealing with unlabelled strand.

Reactions with oligonucleotide substrates. Reactions were typically carried out by adding 2 nM of

Cas9-crRNA complex to 1 nM labeled oligonucleotide in 10 mM Tris-HCI (pH 7.5 at 37°C), 10 mM

NaCI, 0.1 mg/ml BSA and 10 mM MgCI2 at 37 °C. Aliquots were removed at timed intervals and

quenched with loading dye (95 % v/v formamide, 0.01 % bromphenol blue, 25 mM EDTA, pH 9.0) and

subjected to denaturing gel electrophoresis through 20 % polyacrylamide followed by a FLA-51 00

phosphorimager (Fujilm) detection.

Reactions with plasmid substrates. Reactions on pUC1 8 plasmid and its derivatives (Sapranauskas et

al., 201 1. Nucleic Acids Res 39:9275-82) were conducted at 37 °C in the buffer used for reactions on

oligonucleotide substrates. Reaction mixtures typically contained 2.5 nM supercoiled plasmid and

2 nM of Cas9-crRNA complex. The reactions were initiated by adding protein to the mixture of the

other components. Aliquots were removed at timed intervals and quenched with phenol/chloroform.

The aqueous phase was mixed with loading dye solution (0.01 % bromphenol blue and 75 mM EDTA

in 50 % v/v glycerol) and analyzed by electrophoresis through agarose.

Plasmid cleavage position determination. To achieve complete cleavage of plasmid substrate, 8 nM of

Cas9-crRNA complex was incubated with 2.5 nM of supercoiled plasmid in the reaction buffer at

37 °C for 10 min. Reaction products were purified and concentrated using GeneJET PCR Purification

Kit (Fermentas). Spacerl surrounding region of Cas9 linearized and nicked plasmids were directly

sequenced with the following primers: 5'-ccgcatcaggcgccattcgcc-3' (SEQ ID NO: 29) (sequencing of

(+)strand) and 5'-gcgaggaagcggaagagcgccc-3' (SEQ ID NO: 30) (sequencing of (-)strand).

Binding assay. Increasing amounts of protein-crRNA complex were mixed with 0.5 nM of 33P-labeled

double-stranded and single-stranded DNA substrates (Table 1) in the binding buffer (40 mM Tris-

acetate, pH 8.3 at 25 C, 0.1 EDTA, 0.1 mg/ml BSA, 10% v/v glycerol) and incubated for 15 min at



room temperature. Free DNA and protein-DNA complexes were separated on the non-denaturing 8%

polyacrylamide gel (ratio of acrylamide/N,N'-methylenebisacrylamide 29:1 ) using 40 mM Tris-acetate

(pH 8.3) supplemented with 0.1 mM EDTA as the running buffer. Electrophoresis was run at room

temperature for 3 h at 6 V/cm.

Mutagenesis. The mutants D31 A and N891 A were obtained by the site-directed mutagenesis as

previously described (Tamulaitis et al., 2007. Nucleic Acids Res 35:4792-9). Sequencing of the entire

gene for each mutant confirmed that only the designed mutation had been introduced.
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Results

Expression and purification of the Cas9-crRNA complex. The cas9 gene from the CRISR3 system

of S. thermophilus DGCC771 0 strain was cloned into the pASK-IBA3 vector to produce a construct

encoding a Cas9 protein fusion containing a C-terminal Strep(ll)-tag (Figure 1B). Initially, we have

tried to purify Cas9-crRNA complex from E. coli strain RR1 expressing Cas9 protein on the pASK-

IBA3 vector and other Cas proteins (except Cas9) on pCas9(-) plasmid (Sapranauskas et al, 201 1) .

pCas9(-) also contained a complete CRISPR3 array comprised of 12 spacer-repeat units (Figure 2A).

To achieve simultaneous transcription of all target genes we performed cas9 gene expression in two

steps. First, we induced Cas9 expression in a small volume of E. coli culture and after 4 h transferred

an aliquot of pre-induced culture into a larger volume of fresh LB media already containing inductor

and incubated overnight. Cas9 protein complex was purified from the crude cell extract using Strep-

Tactin Sepharose. We managed to isolate a small amount of the Cas9-crRNA complex which showed

only traces of nucleolytic activity on the oligoduplex SP1 containing a proto-spaceM and PAM. We

assumed that low cleavage activity could be due to the intrinsic heterogeneity of Cas9-crRNA

complexes resulting from the transcription of 12 spacer-repeat units. If all spacer-repeat units are

uniformly transcribed into a mature crRNA, the concentration of the Cas9 complex containing crRNA

against spacer-1 will make 1/1 2th fraction of the total Cas9-crRNA concentration. The cleavage

activity of the Cas9-crRNA preparation against the SP2 oligoduplex containing a proto-spacer-2 and

PAM is consistent with the heterogeneity of Cas9-crRNA complexes (Figure 2B). To increase the yield

of the specific Cas9-crRNA complex we engineered a pCas9(-)SP1 plasmid which contains a single

R-spacer1 -R unit in the CRISPR array (Figure 1B). Plasmid transformation interference assay

confirmed that the CRISPR3/Cas system carrying a single spacerl prevents plasmid pSP1

transformation in E. coli with the same efficiency as the CRISPR3/Cas system carrying a complete

CRISPR region (Figure 3B). We have isolated Cas9-crRNA complex following the procedure

described above and analysed crRNA bound to Cas9 protein.

Cas9 protein co-purifies with crRNA. CRISPR3/Cas system of S. thermophilus belongs to the Type MA

subtype (former Nmeni or CASS4) of CRISPR/Cas systems (Makarova et al., 201 1. Nat Rev Microbiol

9:467-77). It has been shown that in the Type IIA CRISPR/Cas system of Streptococcus pyogenes

trans-encoded small RNA (tracrRNA) and bacterial RNaselll are involved in the generation of crRNA

(Deltcheva et al., 201 1. Nature 471 :602-7). Streptococcus pyogenes crRNA is only 42 nt in length and

has no "5'-handle" which is conserved in crRNA's from Type I and III CRISPR systems (Hale et al.,

2009. Cell 139:945-56; Jore et al., 201 1. Nat Struct Mol Biol 18:529-36). According to the northern

blot analysis crRNA of similar length is generated in the S. thermophilus LMD-9 CRISPR3/Cas system

(Makarova et al., 201 1. Nat Rev Microbiol 9:467-77), which is almost identical to the CRISPR3/Cas

system of DGCC771 0 strain (Figures 4A and B). We assumed that crRNA isolated from the Cas9-

crRNA complex expressed in the heterologous E. coli strain (Figure 1) may have the same length

(Figure 4). Therefore, to probe nucleic acids extracted from the Strep-Tactin purified Cas9 complex



we used 42 nt anti-crRNA DNA oligonucleotide comprised of 22 nt region corresponding to the 3'-end

of the repeat sequence and 20 nt at the 5'-end of SP1 fragment. Nucleic acid present in the Cas9

complex hybridized with anti-crRNA oligonucleotide, and was sensitive to RNAse but not DNAse

treatment (Figure 1C). The size of extracted crRNA was identical to the 42 nt synthetic

oligoribonucleotide corresponding to the putative crRNA of the CRISPR3 system of S. thermophilus

DGCC771 0 strain (Figure 3A, Figure 4C). Taken together, these data confirm that Cas9 Strep-tag

protein co-purifies with 42 nt crRNA, which is derived from CRISPR3 region.

Cas9 protein cleaves double-stranded DNA within a proto-spacer. To test in vitro activity of purified

Cas9-crRNA complex we first used the SP1 oligoduplex (Table 1) containing the proto-spacer

sequence identical to spacer SP1 in the CRISPR3 array, the PAM sequence 5' -TGGTG-3'

downstream of the proto-spacer, and 10 nt flanking sequences from pSP1 plasmid (Sapranauskas et

al., 201 1. Nucleic Acids Res 39:9275-82) (Figure 5A). The oligoduplex strand complementary to

crRNA is named (+) strand, while the opposite duplex strand is called the (-) strand. To monitor

cleavage reaction either (+) or (-) strand of the SP1 oligoduplex was P33-labeled at the 5'-terminus.

Data shown in Figure 5B demonstrate that the Cas9-crRNA complex cleaves both strands of

oligoduplex at fixed position. Mapping of the cleavage position using synthetic oligonucleotides as

size markers revealed that the Cas9-crRNA complex cuts both strands of the SP1 oligoduplex within

the proto-spacer 4 nt upstream of the PAM (Figure 5B) leaving blunt ends. It is worth to note, that no

cleavage is observed after the 2 h incubation of the SP1 oligoduplex with the Cas9 protein lacking

crRNA (Figure 6C).

To test whether the Cas9-crRNA complex can locate the proto-spacer and cut DNA in vitro in long

DNA substrates mimicking in vivo invading foreign DNA we analyzed cleavage of pSP1 plasmid

(Sapranauskas et al., 201 1. Nucleic Acids Res 39:9275-82) (Figure 5C) carrying proto-spaceM and

PAM. In the presence of Cas9-crRNA complex supercoiled form of pSP1 plasmid was converted into

a linear form (Figure 5D), while pUC1 8 plasmid lacking proto-spaceM was not cleaved. This means

that both strands of the pSC1 plasmid were cleaved specifically within the proto-spacer region. We

used direct sequencing to determine the ends of linear DNA form formed after the Cas9-crRNA

cleavage. Sequencing results confirmed that cleavage of plasmid DNA occurred 4 nt away from PAM

sequence similarly to the SP1 oligoduplex cleavage (Figure 5D). The cleavage positions identified in

the in vitro experiments (Figure 4) for the CRISPR3/Cas system of S. thermophilus are identical to

those determined in the in vivo cleavage experiments for the CRISPR1 /Cas system in S. thermophilus

(Garneau et al., 201 0 . Nature 468:67-71 ) . To check if Cas9-crRNA induced cleavage occurs at the

same position in other proto-spacer sequences, we analysed cleavage of the SP2 oligoduplex

carrying a protospacer-2 and PAM sequences by the heterogeneous Cas9-crRNA complex isolated

from the host carrying 12 spacer-repeat units. We have found that this heterogeneous Cas9-crRNA

complex cuts (+)strand of SP2 oligoduplex exactly at the same position as in the SP1 oligoduplex.



Cas9-crRNA cleavage specificity is directed by the crRNA sequence. To demonstrate directly that

Cas9-crRNA complex specificity can be re-programmed by changing crRNA in the ribonucleoprotein

complex we inserted a new spacer (SN) instead of spacer S 1 in the CRISPR region generating

pCas(-)SN plasmid containing only a minimal CRISPR region and tracrRNA encoding sequence

(Figure 7), co-expressed this plasmid together with pASKIBA-Cas9 and purified Cas9-crRNA

complex. The cleavage specificity of Cas9-crRNA complex was analysed using plasmids pSP1 +SPN

and pSP1 . pSP1 +SPN plasmid containing the proto-spacer sequence matching the SN spacer in the

CRISPR region, was linearized by the Cas9-crRNA complex, while pSP1 plasmid which lacks

complimentary sequence remained intact (Figure 7B). To determine the cleavage position within the

SPN spacer sequence, we performed experiments with SPN oligoduplex, containing proto-spacer

complementary to spacer SN and PAM (Figure 7D). Oligoduplex cleavage assay confirmed (Figure

7C and D) that Cas9-crRNA complex with re-engineered specificity cleaves both DNA strands within

the SN proto-spacer 4 nt upstream of the PAM identically to other Cas9-crRNA complexes.

The length of the spacer in the CRISPR3 region of S. thermophilus is 30 nt. According to the data

provided in the Figure 1C, the mature crRNA copurified with the Cas9 protein is comprised of 42 nt. It

means that only 20 nt of crRNA is complementary to the (+)strand of proto-spacer. To assess

whether 5'-end of proto-spacer is important for the plasmid interference by the CRISPR3 system of S.

thermophilus we engineered plasmids pSP1 -27, pSP1 -23, pSP1 - 19 , pSP1 - 15 , pSP1 - 1 1 with the 5'-

truncated proto-spaceM (the length of proto-spacer 27 bp, 23 bp, 19 bp, 15 bp, 11 bp, respectively),

and analyzed transformation efficiency of the recipient strain containing pCRISPR3 (Figure 8B).

Plasmids containing 4 or 7 bp truncations at the 5' end of proto-spaceM , had no effect on the recipient

strain ability to interfere with plasmid transformation. Shorter versions of proto-spacer ( 1 1, 15 , 19 bp)

abolished recipient strain ability to prevent plasmid transformation. These data shows that 5' end of

the proto-spacer, which has no complementarity to mature crRNA is not important for CRISPR3/Cas

function. In full support to the in vivo experiments, the SP1 -20 oligoduplex containing only 20 nt of the

protospacer-1 is efficiently cleaved by Cas9-crRNA (Figure 8 D and E).

PAM is required for DNA binding and cleavage by Cas9-crRNA. Plasmids carrying a proto-spacer but

not PAM (pSPI -ρ∆ ) or multiple PAM's but no proto-spacer (pUC1 8) are resistant for Cas9-crRNA

cleavage (Figure 8A). Hence, in accordance with in vivo data both PAM and proto-spacer are required

for double-stranded DNA cleavage by Cas9-crRNA complex (Sapranauskas et al., 201 1. Nucleic

Acids Res 39:9275-82). To find out, whether PAM is recognized in a context of a double-stranded or

a single-stranded DNA, we analyzed Cas9-crRNA binding and cleavage of oligodeoxynucleotides i)

SP1 (containing both proto-spacer and PAM), ii) SPI -∆ ρ (contains only proto-spacer), and iii) SP2

(contains only PAM). The (+)strands of these oligodeoxynucleotides were used as single-stranded

DNA substrates (s(+)SP1 , s(+)SP1 -Ap, s(+)SP2, accordingly) (Table 1) .



Consistent with the plasmid cleavage experiments, oligoduplexes which have only proto-spacer, but

not PAM are not cut by Cas9-crRNA (Figure 9B). On the other hand, (+)strand in the single-stranded

form is cut at the similar rate independently whether it has or has not PAM (Figure 9B). These data

clearly show that PAM is required only for a double-stranded but not for a single-stranded DNA

cleavage.

To test if PAM is important for DNA binding by the Cas9-crRNA complex, electrophoretic mobility shift

experiments were performed. To avoid cleavage, binding experiments were performed in the absence

of Mg2+ ions which are necessary for cleavage. Cas9-crRNA showed different binding patterns for

double-stranded and single-stranded oligonucleotides. In the case of the SP1 oligoduplex a low

mobility complex is observed already at 1 nM concentration (Figure 9C). On the other hand, no

binding is observed under the same experimental conditions for oligoduplexes without PAM (SP1 -∆ ρ)

or without proto-spacer (SP2). Moreover, no low mobility complex is observed in the case of Cas9

protein without crRNA (Figure 6A), confirming that crRNA is important for complex formation. Thus,

taken together binding experiments clearly show that the Cas9 protein complex is unable to bind

double-stranded DNA in the absence of PAM, even if it contains crRNA complementary to proto-

spacer. To put it into other words, double-stranded DNA substrates lacking PAM are not cleaved

because PAM is required for Cas9-crRNA binding.

On the other hand, single-stranded oligonucleotides ((+)strand) are bound by Cas9-crRNA with the

same affinity independently of the PAM presence (Figure 9D). Again, no binding was observed for

single-stranded DNA oligonucleotide without proto-spacer (Figure 9D), or for Cas9 protein lacking

crRNA (Figure 6C). Taken together these data indicate that Cas9-crRNA complex discriminates PAM

only in the double-stranded but not a single-stranded DNA.

Since some Type III CRISPR systems provide RNA rather than DNA interference, we have studied

RNA binding and cleavage by the Cas9-crRNA complex. The Cas9-crRNA did not cleave specifically

either single-stranded RNA, or double-stranded RNA bearing a proto-spacer and PAM (Figure

10B).This finding confirms confirms once more that DNA is a primary target for the CRISPR3/Cas

system of S.thermophilus. Cas9-crRNA complex binds a complementary RNA containing a proto-

spacer, but this interaction is probably functionally not important, because single stranded RNA is not

cleaved specifically by Cas9 within a proto-spacer.

Mutagenesis of Cas9 protein RuvC and HNH motifs. Plasmid transformation experiments indicate that

RuvC and HNH motifs (Figure 11A) are important for Cas9 function (Sapranauskas et al., 201 1.

Nucleic Acids Res 39:9275-82). To test if these motifs are involved in the target DNA cleavage, we

expressed and purified D31 A and N891 A mutants following procedure described for wt Cas9. Both

mutants co-purified with crRNA identical to crRNA in the wt Cas9 complex (Figure 11C). To test

whether mutant proteins retained cleavage activity, we monitored pSP1 plasmid cleavage by mutant



Cas9-crRNA complexes. Surprisingly, instead of linear reaction product observed for the wt Cas9

protein, both mutants produced nicked DNA form (Figure 11B) indicating that both active sites

mutants cleave only one DNA strand of plasmid substrate within a proto-spacer.

To determine whether mutant proteins exhibit a strand preference, we analysed D31 A and N891 A

mutant cleavage of the SP1 oligoduplex. RuvC active site mutant (D31 A) cut (+) strand of oligoduplex

at the same position as wt Cas9-crRNA protein, while the (-)strand stayed intact (Figure 1C). And

vice versa, HNH active site mutant (N891 A) cleaved only (-)strand, but not (+) strand of the SP1

oligoduplex (Figure 11D). Taken together these data indicate that RuvC and HNH active sites act on

opposite DNA strands to generate a double strand break. To test, whether the same cleavage pattern

is conserved during the plasmid DNA cleavage, we sequenced proto-spacer regions of nicked

plasmids. Run-off sequence data confirmed that RuvC active site mutant cut only (+) DNA strand

while HNH/McrA mutant - only (-)strand (Figure 12A and B). Furthermore, we found that RuvC mutant

cleaved (+) strand of a single-stranded DNA but no such cleavage was detected for the HNH mutant

(Figure 12D).

To test whether mutations altered DNA-binding affinity of mutant protein-crRNA complexes, DNA

binding was studied using the electrophoretic mobility shift assay. Both mutant protein-crRNA

complexes bound oligoduplex SP1 with the same affinity as wild type protein (Figure 12C). Thus,

mutations in the putative active sites of Cas9 have no significant effect on double-stranded DNA-

binding properties of the Cas9-crRNA complex. Since 42 nt crRNA was present in the mutant protein

complexes (Figure 12C), we conclude that mutant Cas9-crRNA complexes lost ability to cut one of the

target DNA strand due to active site mutation. Since Cas9-HisTag protein is a monomer in solution

(Figure 13), it is likely that Cas9 protein is functional as a monomer and uses two active sites for the

cleavage of opposite DNA strands. Similar strategy is exploited by some restriction endonucleases

(Armalyte et al., 2005. J Biol Chem 280: 4 1584-94).

Discussion

Cas9-crRNA complex of CRISPR3/Cas system of S. thermophilus is crRNA-guided endonuclease.

This work demonstrates that Cas9-crRNA complex of CRISPR3/Cas system of S. thermophilus is

crRNA-directed endonuclease which cuts both DNA strands in the presence of Mg2+-ions within a

protospacer 4 nt downstream of the PAM sequence to produce blunt end cleavage products.

Sequence specificity of the Cas9-crRNA complex is dictated by the 42 nt crRNA which include ~ 20 nt

fragment complementary to the proto-spacer sequence in the target DNA. In this respect the mature

crRNA in the Cas9 complex of CRISPR3/Cas system of S. thermophilus is similar to crRNA of

Streptoccocus pyogenes which has a 3'-handle of repeat sequence but lacks part of the spacer

sequence and 5'-handle corresponding to the repeat fragment (Deltcheva et al, 201 1) . Therefore,

crRNA present in the Cas9-crRNA complex of CRISPR3/Cas system of S. thermophilus is



complementary only to the part of the proto-spacer sequence distal to PAM. Not surprisingly,

truncation of the 3'-end of the proto-spacer sequence by 10 nucleotides has no effect on Cas9-crRNA

cleavage of synthetic oligoduplexes or plasmid DNA (Figure 8).

The cleavage machinery of Cas9-crRNA complex resides in the Cas9 protein which provides

two active sites for the phosphodiester bond cleavage. The RuvC- and HNH-like active sites of Cas9

protein are located on different domains and act independently on individual DNA strands. Alanine

replacement of the active site residues in the RuvC- and HNH-motifs transforms Cas9-crRNA

complex into a strand-specific nicking endonucleases similar to the nicking enzymes (Chan et al.,

201 1. Nucleic Acids Res 39:1 - 18). Consistent with in vivo studies, a functional activity of the Cas9-

crRNA complex in vitro is absolutely dependent on the presence of the proto-spacer adjacent motif

NGGNG upstream of the proto-spacer sequence. Data presented in the Figure 3 show that PAM is

required for Cas9-crRNA binding to the double-stranded DNA. If PAM sequence is missing in double-

stranded DNA, the Cas9-crRNA complex does not bind such DNA even if it contains a complementary

proto-spacer sequence. On the other hand, Cas9-crRNA does not display DNA binding if PAM (or

multiple PAM's) is present but proto-spacer sequence is absent. Thus, in consistence with the in vivo

data, both PAM and proto-spacer sequences are necessary prerequisite for double-stranded DNA

binding and subsequent cleavage. Contrary to the Cas9-crRNA binding to the double-stranded DNA,

PAM sequence motif has no effect on the single-stranded DNA binding by: a single-stranded

oligodeoxynucleotide containing proto-spacer with or without PAM sequence is bound equally well but

with lower affinity than double-stranded DNA. In the presence of Mg2+ ions Cas9 cuts single-stranded

DNA bound to the crRNA using its HNH-active site.

Mechanism of DNA interference in the Type I I systems. Our results establish a simple model for the

mechanism of double-stranded DNA cleavage by Cas9-crRNA complex in the S. thermophilus

CRISPR3/Cas system (Figure 14). Cas9-crRNA complexes using a mechanism that yet has to be

defined locates and binds to a proto-spacer sequence within the double-stranded DNA in a PAM-

dependent process. It is possible that PAM in the double-stranded DNA serves as an initiation site

(signal) for the strand separation and promotes subsequent pairing of crRNA to the complementary

(+)strand of DNA. It remains to be established whether a Cas9 protein module or Cas9-bound crRNA

(for example, using nucleotides in the conserved the "3'-handle" of the conserved repeat sequence)

recognizes the PAM sequence. Despite of the lack of these mechanistic details, our data clearly

demonstrate that PAM is recognized by Cas9-crRNA in the context of double-stranded DNA. The

Cas9-crRNA binding to the target sequence in the ds DNA presumably results in the R-loop structure

where (-)strand is displaced and the complementary (+) DNA strand is paired to the crRNA. In the

presence of Mg2+ ions phosphodiester bond cleavage occurs on both strands 4 nt 5'-upstream of the

PAM sequence to generate blunt DNA ends. DNA cleavage analysis by the RuvC- or HNH-motif

mutants demonstrate that RuvC- and HNH-like active sites of Cas9 protein act on the (-) and

(+)strands, respectively. Therefore, in the catalytically competent the Cas9-crRNA complex, the N-



terminal domain containing the catalytic D31 A residue of the RuvC motif is positioned at the displaced

(-) DNA strand, while the central part of Cas9 containing the HNH motif is located in the vicinity of the

scissile phosphodiester bond of (+) DNA strand paired to crRNA. After DNA cleavage Cas9-crRNA

remains bound to the reaction products (Figure 15). Taken together data presented here suggest a

first molecular mechanism for the DNA interference step by the CRISPR3/Cas system of

S.thermophilus. Since cas9 is a signature gene (Makarova et al., 201 1. Nat Rev Microbiol 9:467-77)

for Type MA and Type MB systems the cleavage mechanism proposed here is likely to be conserved in

other Type IIA and Type MB systems. Stand-alone versions of Cas9-like proteins which are not a part

of the CRISPR system were identified by bioinformatics (Makarova et al., 201 1. Biol Direct 6 : 38). In

the light of the data provided here we suggest that these proteins can provide interference against

foreign DNA similarly to Cas9 if loaded with small crRNA molecules which may be generated through

the pathway different from CRISPR.

Comparison to other RNA interference complexes. The mechanism proposed here for the

double-stranded DNA cleavage by the Cas9-crRNA complex differs significantly from that for the Type

l-E (former Ecoli or CASS2) system (Jore et al., 201 1. Nat Struct Mol Biol 18:529-36). In the E.coli

system crRNA and Cas proteins assemble into a large ribonucleoprotein complex named Cascade

that facilitates target recognition by enhancing sequence-specific hybridization between the CRISPR

RNA and complementary target sequences (Jore et al., 201 1. Nat Struct Mol Biol 18:529-36). Target

recognition is dependent on PAM and governed by the "seed" crRNA sequence located at the 5'-end

of the spacer region (Semenova et al., 201 1. Proc Natl Acad Sci USA 108:1 0098-1 03). However,

while Cascade-crRNA complex alone is able to bind double-stranded DNA containing PAM and proto-

spacer, it requires an accessory Cas3 protein for DNA cleavage. Cas3 is a single-stranded DNA

nuclease and helicase which is able to cleave single-stranded DNA producing multiple cuts (Sinkunas

et al.,201 1. EMBO J 30:1 335^2). The mechanistic details of the Cas3 action on a proper biological

substrate (e.g., Cascade-crRNA bound to the double-stranded DNA in the R-loop like complex) have

yet to be established. However, it has been demonstrated recently that Cas3 of M. jannaschii alone is

able to cut both DNA strands in the synthetic substrate mimicking R-loop (Beloglazova et al., 201 1.

EMBO J 30:61 6-27). It is proposed that Cas3 may follow similar mechanism for DNA cleavage in the

presence of Cascade-crRNA complex. Thus, current data clearly show that mechanistic details of the

interference step for the Type l-E system differs from that of CRISPR3 system both by the catalytic

machinery and mechanism and complexity.

In the lll-B subtype CRISPR systems present in many archea and some bacteria, Cas module

RAMP (Cmr) proteins and cRNA assemble into the effector complex that targets invading RNA (Hale

et al., 2009. Cell 139:945-56; Hale et al., 201 2 . Mol Cell 45:292-302). In Pyroccus furiosus RNA

silencing complex comprised of six Cmr1 -6 proteins and crRNA binds to the target RNA and cuts it at

fixed distance in respect to 3'-end the psiRNA. The cleavage activity depends on Mg2+ -ions however

individual Cmr protein(-s) responsible for target RNA cleavage has yet to be identified. The effector



complex of Sulfolobus solfataricus comprised of seven Cmr1 -7 proteins and crRNA cuts invading

RNA in an endonucleolytic reaction at UA dinucleotides (Zhang et al., 201 2 . Mol Cell 45: 303-1 3).

Importantly, both Cmr-crRNA complexes perform RNA cleavage in a PAM independent manner.

The data provided here show that Cas9-crRNA complex of CRISPR3 system is so far the most simple

DNA interference system comprised of a single Cas9 protein bound to the crRNA molecule. The

simple modular organization of the Cas9-crRNA complex where specificity for DNA target is encoded

by the crRNA and cleavage machinery is brought by the Cas protein provides a versatile platform for

engineering of universal RNA-guided DNA endonucleases.

Example 2 .

In vitro assembly of Cas9-crRNA complex from 4 components

In this example we demonstrate that the catalytically active Cas9-crRNA complex can be assembled

in vitro by mixing 4 individual components: the C-terminal (His)6-tagged variant of Cas9 protein

("(His)6" disclosed as SEQ ID NO: 23), tracrRNA transcript (SEQ ID NO: 5), CRISPR RNA transcript

(SEQ ID NO: 8) and E. coli RNAselll (Abgene). Cas9 protein is first pre-incubated with tracrRNA and

CRISPR RNA transcripts, followed by the subsequent incubation with RNAselll to generate a

catalytically competent Cas9-crRNA complex which is used for the site-specific DNA cleavage.

More specifically, RNA fragments required for complex assembly were produced by in vitro

transcription (TranscriptAid™ T7 High Yield Transcription Kit, Fermentas) of PCR-generated fragment

containing a T7 promoter at the proximal end of RNA coding sequence. PCR-generated DNA

fragments encoding CRISPR RNA and tracrRNA were produced using pCas9(-)SP1 plasmid as a

template with a following primer pair: 5'-taatacgactcactataGggtagaaaagatatcctacgagg-3' (SEQ ID NO:

40)/5'-CAACAACCAAGCTAATACAGCAG-3' (SEQ ID NO: 4 1) and 5'-aaaaacaccgaatcggtgccac-3'

(SEQ ID NO: 42)/ 5'-taatacgactcactataGggTAATAATAATTGTGGTTTGAAACCATTC-3' (SEQ ID NO:

43) (T7 RNA polymerase promoter underlined, transcription start shown in bold). The 150 nt CRISPR

RNA transcript is comprised of 102 nt Repeat-Spacerl -Repeat sequences flanked by the 23 nt

upstream and 25 nt downstream regions required for primer annealing. The 105 nt transcript of

tracrRNA is comprised of a 38 nt stretch partially complimentary to the S. thermophilus DCGG771 0

CRISPR3 repeat sequence fragment (anti-repeat sequence), flanked by the 16 nt upstream and 5 1 nt

downstream region. RNA fragments produced by in vitro transcription were purified using RNeasy

MinElute Cleanup Kit (Qiagen).

For in vitro assembly of catalytically competent Cas9-crRNA complex, the (His)6-tagged Cas9 protein

'(His)6" disclosed as SEQ ID NO: 23) was mixed with CRISPR RNA and tracrRNA transcripts at

1:0.5:1 molar ratio and pre-incubated in a buffer containing 10 mM Tris-HCI (pH 7.5 at 37°C), 100 mM



NaCI at 37°C for 30 min followed by addition of RNAselll (Ambion), MgCI2 and DTT and subsequent

incubation for additional 30 min. The final concentrations of the components in the assembly mix were

the following: 100 nM of (His)6-tagged Cas9 protein ("(His)6" disclosed as SEQ ID NO: 23), 50 nM of

CRISPR RNA, 100 nM of tracrRNA, 50 nM RNAselll, 10 mM MgCI2 and 1 mM DTT.

Below we provide experimental evidences that in vitro assembled Cas9-crRNA complex guided by the

crRNA sequence cleaves DNA at the specific site to generate blunt ends. In this respect Cas9-crRNA

complex can be used an alternative for a restriction endonuclease or meganuclease for the site-

specific DNA cleavage in vitro. The sequence specificity of the complex is dictated by the crRNA

sequence which can be engineered to address a desirable DNA target.

First, the DNA cleavage activity of the in vitro assembled Cas9-crRNA complex was assayed on the

plasmid substrates pSP1 and pUC1 8 . The pSP1 plasmid contained a proto-spaceM sequence

flanked by the 5'-GGNG-3'PAM sequence. Proto-spaceM sequence was not present in pUC1 8 .

Reactions on pUC1 8 and pSP1 plasmids (Sapranauskas et al., 201 1. Nucleic Acids Res 39:9275-82)

were conducted at 37 °C in the 10 mM Tris HCI (pH 7.5 at 37°C), 50 mM NaCI, 0.05 mg/ml BSA, 0.5

mM DTT and 10 mM MgCI2. Reaction mixtures typically contained 3.0 nM of supercoiled plasmid

DNA. The reactions were initiated by mixing 50 µ Ι volumes of Cas9-crRNA complex and plasmid DNA

( 1 : 1 v/v ratio) in a reaction buffer. Aliquots were removed at timed intervals and quenched with

phenol/chloroform. The aqueous phase was mixed with loading dye solution (0.01 % bromphenol blue

and 75 mM EDTA in 50 % v/v glycerol) and reaction products analyzed by electrophoresis through

agarose (Figure 16). To check whether the pSP1 plasmid pre-cleaved by Cas9-crRNA complex can

be re-ligated, we purified linear pSP1 cleavage product from agarose gel using GeneJET gel

extraction Kit (Fermentas) and re-ligated using T4 DNA ligase (Fermentas). After transformation of

E.coli cells by the ligation mix, five individual clones were selected from resulting transformants,

plasmid DNA was purified and subjected to sequencing using the following primers: 5'-

ccgcatcaggcgccattcgcc-3' (SEQ ID NO: 29) (sequencing of (+)strand) and 5'-

gcgaggaagcggaagagcgccc-3' (SEQ ID NO: 30) (sequencing of (-)strand). Sequence analysis revealed

that the DNA sequence of the pSP1 plasmid in the locus that was cleaved by Cas9-crRNA complex

and re-ligated was identical to the sequence of the non-treated plasmid. E. coli transformation by the

ligation mix in the absence of T4 DNA ligase did not produce transformants indicating that no traces

of supercoiled plasmid are co-purified with the linear reaction product.

Next, the cleavage activity of the in vitro assembled Cas9-crRNA complex was assayed on a synthetic

55 bp oligodeoxynucleotide duplex SP1 containing a proto-spacer sequence matching to the spacer

sequence of crRNA (Figure 17). Reactions conditions were identical to those described above for the

plasmid DNA cleavage, except that 1 nM of oligoduplex was used. Reaction product analysis

revealed that in vitro assembled Cas9-crRNA complex cleaved both strands of the oligoduplex at fixed



position, inside the proto-spacer, after the 37th nucleotide from the 5'-terminus, 4 nt upstream of the

PAM sequence 5'-GGNG-3' leaving blunt ends (Figure 17).

Example 3 .

In vitro assembly of Cas9-crRNA complex from 3 components

In this example we demonstrate that active Cas9-crRNA complex can be assembled in vitro by mixing

3 individual components: the C-terminal (His)6-tagged variant of Cas9 protein ("(His)6" disclosed as

SEQ ID NO: 23), tracrRNA transcript provided in Example 1 (SEQ ID NO: 5 and SEQ ID NO: 6), and

CRISPR RNA transcript (SEQ ID NO: 8) provided in Example 1 or synthetic crRNA (SEQ ID NO: 8)

which corresponds to the putative crRNA of CRISPR3/Cas system of S.thermophilus DGCC771 0

strain. Synthetic 42 nt oligoribonucleotide is comprised of 20 nt of identical to the spacerl of

CRISPR3 region at the 5' terminus and 22 nt of repeat sequence at the 3' end. More specifically,

tracrRNA and CRISPR RNA transcripts were obtained as described in Example 1. To generate the

Cas9-crRNA complex the (His)6-tagged Cas9 protein ("(His)6" disclosed as SEQ ID NO: 23) was

mixed with tracrRNA and CRISPR RNA transcript, or 42 nt synthetic crRNA, at 1:0.5:1 molar ratio and

incubated in a buffer containing 10 mM Tris-HCI (pH 7.5 at 37°C), 100 mM NaCI at 37 °C for 1 h . The

final concentrations of the components in the assembly mix were the following: 100 nM of (His)6-

tagged Cas9 protein ("(His)6" disclosed as SEQ ID NO: 23), 50 nM of CRISPR RNA or 42 nt synthetic

crRNA, 100 nM of tracrRNA.

Below we provide experimental evidences that in vitro assembled Cas9-crRNA complex guided by the

crRNA sequence cleaves DNA at the specific site to generate blunt ends. In this respect Cas9-crRNA

complex can be used an alternative for a restriction endonuclease or meganuclease for the site-

specific DNA cleavage in vitro. The sequence specificity of the complex is dictated by the crRNA

sequence which can be engineered to address a desirable DNA target.

First, the DNA cleavage activity of the in vitro assembled Cas9-crRNA complex was assayed on the

plasmid substrates pSP1 and pUC1 8 . The pSP1 plasmid contained a proto-spaceM sequence

flanked by the 5'-GGNG-3'PAM sequence. Proto-spaceM sequence was not present in pUC1 8 .

Reactions on plasmid substrates (Sapranauskas et al., 201 1. Nucleic Acids Res 39:9275-82) were

conducted at 37 °C in the 10 mM Tris-HCI (pH 7.5 at 37°C), 50 mM NaCI, 0.05 mg/ml BSA, 0.5 mM of

DTT and 10 mM MgCI2. Reaction mixtures typically contained 3.0 nM of supercoiled plasmid DNA.

The reactions were initiated by mixing 50 µ Ι volumes of Cas9-crRNA complex and plasmid DNA ( 1 : 1

v/v ratio) in a reaction buffer. Aliquots were removed at timed intervals and quenched with

phenol/chloroform. The aqueous phase was mixed with loading dye solution (0.01 % bromphenol blue

and 75 mM EDTA in 50 % v/v glycerol) and reaction products analyzed by electrophoresis through

agarose (Figure 18).



Next, the cleavage activity of the in vitro assembled Cas9-crRNA complex was assayed on a synthetic

55 bp oligodeoxynucleotide duplex SP1 containing a a proto-spacer sequence matching to the spacer

sequence of crRNA (Figure 19). Reactions conditions were identical to those described above for the

plasmid DNA cleavage, except that 1 nM of oligoduplex was used. Reaction product analysis

revealed that in vitro assembled Cas9-crRNA complex cleaved both strands of the oligoduplex at fixed

position, inside the proto-spacer, after the 37th nucleotide form the 5'-end, 4 nt upstream of the PAM

sequence 5'-GGNG-3' leaving blunt ends (Figure 19).

Example 4 .

Interchangeable spacer cassette for the re-programing of the Cas9-crRNA complex specificity.

In this example we describe an interchangeable spacer cassette which allows to produce crRNA

carrying a nucleotide sequence against any desirable DNA target to be used for assembly of the

Cas9-crRNA complex described in Examples 1 and 2 (Figure 20B). The cassette caries a single

repeat-spacer-repeat unit which allows insertion of the oligoduplex carrying the new spacer sequence

required to generate a desired crRNA. To engineer a cassette, first we constructed a cassette

containing a leader sequence, a repeat sequence and a unique Sapl recognition site in the vicinity of

the repeat sequence followed by BamHI site (Figure 20C). To generate CRISPR region containing the

unique desired spacer, we inserted a synthetic oligoduplex containing a unique spacer sequence and

a repeat unit into the plasmid precleaved with Sapl and BamHI restriction enzymes. Using this

cassette we produced crRNA transcripts which contained nucleotide sequences complementary to the

proto-spacers N 1 and N2 present in pUC1 8 plasmid (see below).

As proof of the principle demonstration, we used an interchangeable spacer cassette to generate

crRNAI and crRNA2 which were engineered to target pUC1 8 plasmid at proto-spaceM and proto-

spacer2, respectively, incorporated crRNAI and crRNA2 into Cas9 complex as described in the

Example 1 and used these complexes for the cleavage of pUC1 8 plasmid. The proto-spacer N 1 is

located near the Sapl restriction endonuclease site, while the proto-spacer N2 is in the vicinity of Aatll

site. The distance between Sapl and Aatll restriction sites is 775 bp, while the distance between the

putative Cas9-crRNA complex cleavage sites located in the spacers N 1 and N2 is 6 12 bp (Figure

2 1A). The crRNAI and crRNA2 PCR fragments containing T7 promoter at the proximal end were

obtained from the corresponding interchangeable spacer cassette plasmids and used to produce by in

vitro transcription CRISPR RNA transcripts carrying sequences matching spacer N 1 or spacer N2

sequences. The catalytically active complexes of Cas9 with crRNAI and crRNA2 were assembled for

DNA cleavage as described in Example 1. In vitro assembled complexes containing either crRNAI or

crRNA2 linearized pUC1 8 plasmid (Figure 2 1B). When both complexes were incubated with the



pUC1 8plasmid, two DNA fragments (2074 and 6 12 bp) were obtained (Figure 2 1B), indicating that

plasmid cleavage occurred at sites targeted by the crRNA molecules present in the complexes.

Example 5 .

Cloning procedure using Cas9-crRNA complex.

In this example we demonstrate that Cas9-crRNA complex may be used to prepare a vector for

cloning procedure. First we demonstrated that cleavage products obtained by the Cas9-crRNA

complex can be re-ligated by DNA ligase. We purified linear pSP1 cleavage product from agarose gel

and re-ligated it using DNA ligase. After transformation of E.coli cells by the ligation mix, five individual

clones were selected from resulting transformants, plasmid DNA was purified and subjected to

sequencing. Sequence analysis revealed that the DNA sequence of the pSP1 plasmid in the locus

that was cleaved by Cas9-RNA complex and re-ligated was identical to the sequence of the non-

treated plasmid. E. coli transformation by the ligation mix in the absence of T4 DNA ligase did not

produce transformants indicating that no traces of supercoiled plasmid are co-purified with the linear

reaction product. This result illustrates, that the DNA ends generated by the Cas9 cleavage are

substrates for T4 DNA ligase, and therefore must contain a phosphate at the 5' terminus and a free

OH group at the 3' terminus (Lehman, 1974).

Next we analyzed cleavage of pUC1 8 plasmid with Cas9 complex loaded with crRNAI and crRNA2

described in Example 5 (Figure 2 1A). First, pUC1 8 was cleaved with one complex, purified and re-

ligated. Sequencing of 10 clones in each case confirmed, that sequence of cleaved and re-ligated

plasmid was identical to the sequence of the non-treated plasmid (Figure 2 1C). This experiment

suggests that additional mutations are not introduced after cleavage by Cas9-crRNA complex and

ligation, and the Cas9-crRNA complex can be used for cloning experiments. When both complexes

were incubated with the pUC1 8 plasmid, two DNA fragments (2074 and 6 12 bp) were obtained

(Figure 2 1B), indicating that plasmid cleavage occurred at sites targeted by the crRNA molecules

present in the complexes. To demonstrate that the pUC1 8 plasmid cleaved with Cas9-RNA

complexes is suitable for a genetic engineering we cloned PCR fragment containing a promoter and a

tetracycline resistance gene from the pACYC1 84 plasmid to the pUC1 8 vector pre-cleaved with the

Cas9 complex mix containing both crRNAI or crRNA2. The clones were selected on the media

enriched by tetracycline and ampicillin. Sequencing of 4 selected clones confirmed that the intact

PCR fragment was inserted into a desired position ((Figure 2 1C).

More specifically, the 2 g pUC1 8 was incubated with the mix of separately assembled Cas9-RNA

complexes (250 nM each) containing different crRNAs for 1 hour at 37°C in 100 µ Ι reaction volume

( 10 mM Tris-HCI (pH 7.5 at 37°C), 100 mM NaCI, 1 mM DTT and 10 mM MgCI2) . Obtained vector

fragment was purified from agarose gel using GeneJET gel extraction Kit (Thermo Fisher scientific)



and divided in to two equal parts. One part of pre-cleaved vector was dephosphorylated with the

FastAP alkaline phosphatase while another part was untreated. 1282 bp insert containing a promoter

and a tetracycline resistance gene was obtained from the pACYC1 84 plasmid by PCR. After

purification using the GeneJET PCR Purification Kit (Thermo Fisher scientific), a solution containing

the PCR fragment was divided in to two parts. One part was phosphorylated with T4 polynucleotide

kinase (Thermo Fisher scientific) while another part remained untreated. Untreated vector was ligated

with the untreated PCR fragment, while a dephosphorylated vector was ligated with a phosphorylated

fragment using the T4 DNA ligase (Thermo Fisher scientific). Clones were selected on a media

supplemented with 100 g/ml of Ap and 25 g/ml Tc.

Example 6 .

Cleavage of long DNA substrates by Cas9 crRNA complex.

In this example we demonstrate that Cas9-crRNA may be addressed to cleave targets in long DNA

molecules, including phage λ, E. coli and human genomic DNAs.

More specifically, we addressed Cas9-RNA complex to cleave specific sites in λ bacteriophage (48

kb), E. coli BL-21 strain (4.6 Mb) and human (3.2 Gb) genomic DNAs. Cas9-crRNA complex was

assembled as described in Examples 2 and 3 . We used 42 nt long synthetic crRNAs, 150 nt pre-

crRNAs and tracrRNAs synthesized using in vitro transcription from templates generated as described

in Example 4 .

λ DNA cleavage reactions were initiated by mixing λ DNA (Thermo Fisher Scientific) with assembled

Cas9-RNA complex ( 1 : 1 v/v ratio) and incubating at 37°C. Final reaction mixture contained 2 g λ

DNA, 50 nM Cas9-RNA complex, 10 mM Tris-HCI (pH 7.5 at 37°C), 100 mM NaCI, 1 mM DTT and 10

mM MgCI2 in 100 µ Ι reaction volume. Aliquots were removed at timed intervals and quenched with

phenol/chloroform. The aqueous phase was mixed with 3X loading dye solution (0.01 % bromphenol

blue and 75 mM EDTA in 50 % v/v glycerol) and reaction products analyzed by electrophoresis

through agarose gels and ethidium bromide staining. The analysis of linear λ phage genomic DNA

cleavage products in agarose gel confirmed that -40 bp length DNA is efficiently cleaved at a single

site (Figure 22A).

DNA from E. coli BL21 (DE3) strain was isolated using the Genomic DNA purification kit (Thermo

Fisher Scientific). For cleavage assay, E. coli genomic DNA was combined with assembled Cas9-

RNA complex ( 1 : 1 v/v ratio) and incubated for 3 hours at 37°C. Final reaction mixture contained 30 g

genomic DNA, 1 µΜ Cas9-RNA complex, 10 mM Tris-HCI (pH 7.5 at 37°C), 100 mM NaCI, 1 mM DTT

and 10 mM MgCI2 in 300 µ Ι reaction volume. Following incubation, 30 µ Ι of FastDigest Pst\ (Thermo

Fisher Scientific) was added and the reaction mix was incubated for additional 16 hours at 37°C. The



reaction was terminated by heating the reaction mixture for 30 min at 55°C with Proteinase K (0.5

mg/ml; Thermo Fisher Scientific) and SDS (0.5%, w/v) followed by 30 min incubation at room

temperature with RNase A (0.25 mg/ml; Thermo Fisher Scientific). After phenol/chloroform extraction,

DNA was precipitated by isopropanol and dissolved in TE buffer ( 10 mM Tris-HCI, pH 8.0 and 1 mM

EDTA). 10 g of DNA was mixed with 3X loading dye solution (0.01 % bromphenol blue and 75 mM

EDTA in 50 % v/v glycerol) and electrophoresed on 1% agarose gel.

To analyse Cas9-crRNA cleavage products of E.coli genomic DNA, we designed a probe against

DNA fragment containing a Cas9-RNA complex target (a proto-spacer) (Figure 22B) and performed

Southern blot analysis. Southern blot analysis was performed as described in (Sambrook et al, 1989.

Molecular Cloning: A Laboratory Manual) with the following modifications. Fractionated DNA was

transferred from agarose gel onto SensiBlot Plus Nylon membrane (Thermo Fisher Scientific) via

semi-dry transfer. DNA was denatured and fixed on the membrane by placing it on paper towel

saturated with 0.4 M NaOH for 10 min, rinsed with 2X SSC and air dried. The membrane was

prehybridized with 6X SSC buffer containing 0.5% SDS and 100 g/ml denatured salmon sperm DNA

(Amresco) for 1 h at 65°C. The hybridization probe was generated by PCR using the genomic E. coli

BL21 (DE3) DNA as a template yielding 397 bp product. 5'-ends were dephosphorylated with FastAP

phosphatase (Thermo Fisher Scientific) and radiolabeled by incubating with [γ -32Ρ ]ΑΤΡ (Hartmann

Analytic) and T4 PNK (Thermo Fisher Scientific). The labeled probe was purified using GeneJET PCR

Purification Kit (Thermo Fisher Scientific), denatured by heating to 95°C for 5 min, rapidly cooled on

ice and added directly to the prehybridization solution. The membrane was probed for 16 hours at

65°C and washed twice with 2X SSC, 0.5% SDS and twice with 2X SSC, 0.1 % SDS at room

temperature, air dried and visualized by phosphorimaging (FLA-51 00; Fujifilm).

The probe was designed to target DNA fragment containing a target (a proto-spacer) for the Cas9-

RNA complex (Figure 22B). The distance between two Pstl targets is ~ 1500 bp, while the distance

between proto-spacer and left Pstl target is 466 bp. After cleavage with Cas9 complex we detected

only 466 bp DNA fragment (Figure 22C), which means that all DNA targets were cleaved by Cas9

protein in the desired position. These data clearly demonstrates that Cas9 protein effectively finds

targets in very long and complex molecules such as viral and bacterial DNA.

To analyze Cas9-crRNA cleavage products of human genomic DNA we used DNA extracted from

human brain. Human genomic DNA was combined with assembled Cas9-crRNA complex ( 1 : 1 v/v

ratio) and incubated for 30 min at 37°C. Final reaction mixture contained 1 g genomic DNA, 100 nM

Cas9, 10 mM Tris-HCI (pH 7.5 at 37°C), 100 mM NaCI, 1 mM DTT and 10 mM MgCI2 in 100 µ Ι

reaction volume. Cas9-crRNA-HS1 (SeqlD#1 3) and Cas9-crRNA-HS2 (SeqlD#1 4) complexes were

assembled to target RASGEF1 C or ARL1 5 loci, respectively. Cleavage products were analyzed using

qPCR (Figure 22D). After treatment with Cas9-crRNA complex, the amount of intact DNA targets

decreased more than 25 times. The analysis of the results obtained from qPCR data revealed that



Cas9-RNA complexes cleave human genomic DNA efficiently in the desired loci. These data clearly

demonstrates that Cas9 protein effectively finds targets in very long and complex molecules such as

viral, bacterial and mammal DNA.

Example 7 .

Evidence for gene editing of a reporter plasmid in mammalian cells after transfection of Cas9/RNA

complexes.

A reporter plasmid was constructed to monitor double-strand break repair either through no n

homologous end-joining (NHEJ) or homologous recombination (HR). The plasmid contained GFP

with an intron and flanking the eGFP sequences are 5' and 3' sequences of RFP as well as sites of

homology (Figure 23). The reduction of eGFP fluorescence using this reporter plasmid was an

indication of NHEJ in which a Cas9/RNA-mediated double-strand break at targets C or D was

repaired imperfectly by NHEJ, thereby disrupting the eGFP coding sequence. Targeting of intronic

targets A and B and repair by NHEJ would likely not result in a reduction in eGFP fluorescence

because the mutations induced by NHEJ usually delete or insert <20 bps and would therefore not

affect the eGFP coding regions or splice site junctions. The appearance of RFP fluorescence, on the

other hand, was an indication of HR where the Cas9/RNA-mediated double strand break is repaired

by HR using the homologous sequences of RFP indicated.

The crRNA targeting used 42 nucleotide RNA molecules, as described above, having 22 nucleotides

that are the repeat sequence, and 20 nucleotides (spacer sequence) are for the specific target. As

described above, the target DNA needs the S. thermophilus motif or PAM which is "NGGNG"

downstream of the protospacer in the target. GFP was not "engineered" to contain this PAM motif;

several target sequences within eGFP naturally occur with the PAM sequence and crRNAs were

designed to target the adjacent spacer sequences. RFP was a marker for homologous recombination

after a double strand break in eGFP was created by Cas9/RNA.

Figure 28A shows reporter gene construct for Cas9 protein activity analysis in eukaryotic cells in

vivo. Intron sequence contains three cas9 target sites (A, E, B); GFP gene contains two (C, D) cas9

target sites. The RFP gene is split at Y196 position, where RFP fluorescence is abolished. Figure 28B

shows that GFP fluorescence is observed following intron processing in vivo. Figure 28C shows that

the Cas9/crRNA complex facilitated dsDNA breaks in any of aforementioned nuclease target sites

may induce HR, result in reassembly of RFP gene and appearance of RFP fluorescence. Figures 28D

and E show that the Cas9/crRNA complex facilitated dsDNA breaks in any of aforementioned

nuclease target sites may induce NHEJ. Mutations in GFP gene sequence would result in lost or

diminished GFP fluorescence; mutations in intron may have no affect on GFP fluorescence, however,



in distinct cases may yield mature messenger NA with improperly spliced intron sequences and

result in lost or diminished GFP fluorescence.

S. thermophilus Cas9 protein, purified from E. coli, was complexed with in v/'fro-transcribed tracrRNA

and synthetic unmodified crRNA targeting either sequence A (intronic) or sequence C (coding) of

eGFP. For transfection, the Cas9/RNA complexes (either targeting A or C) were incubated with the

transfection reagent TurboFECT and the reporter plasmid DNA was also incubated with TurboFECT

in separate tubes and they were both added to CHO-K1 cells. The percentage of eGFP-positive cells

was determined by flow cytometry. As shown in Figures 24 and 29, when cells were transfected with

the reporter plasmid alone or with the reporter plasmid with Cas9 protein alone, the percentage of

GFP-positive cells was about 40-50%, indicative of the overall transfection efficiency. However, when

Cas9/RNA complexes targeting sequence C of eGFP were added to cells along with the reporter

plasmid, the percentage of eGFP-positive cells was reduced to about 15%. This decrease in eGFP-

positive cells was seen only with Cas9/RNA complexes targeting sequence C and there was no

significant decrease in eGFP-positive cells seen with the Cas9/RNA complexes targeting sequence A

or with a non-specific RNA. This result indicated that the Cas9/RNA targeting sequence C of eGFP

resulted in gene editing of eGFP by introduction of a double-strand break and imperfect correction by

NHEJ, creating a deletion in the coding sequence of eGFP.

In addition to analyzing the percentage of eGFP-positive cells, transfected cells were also visualized

by fluorescent microscopy to monitor the appearance of RFP-positive cells, an indication of repair of

Cas9-mediated double strand break by HR rather than NHEJ. As seen in Figure 25, RFP is seen in

some cells after transfection with the reporter plasmid and Cas9/RNA complexes targeting eGFP

sequence C, suggesting double-strand break repair by HR.

Example 8 .

Cas9/RNA complexes made using synthetic unmodified tracrRNAs and crRNAs are functional in vitro.

The experiments described in Example 7 above used Cas9/RNA complexes comprised of purified

Cas9, synthetic crRNAs, and in v/'iro-transcribed tracrRNA. To determine whether Cas9/RNA

complexes were functional when made using fully synthetic RNA components (crRNA and tracrRNA),

unmodified S. thermophilus tracrRNAs (both endogenous 89-mer and a shorter 74-mer version that is

expected to maintain functionality) were syntheized. The unmodified synthetic crRNAs were

generated against target E (see Figures 26 and 30) located within the intron of eGFP in the reporter

plasmid described above and Cas9/RNA (crRNA and tracrRNA) complexes were generated. To test

these complexes, the reporter plasmid used above was incubated with the complexes in vitro and

monitored for restriction by gel electrophoresis.

As seen in Figure 27, Cas9/RNA complexes comprised of fully synthetic RNAs were equally

functional in the in vitro assay as Cas9/RNA complexes comprised of synthetic crRNA and in vitro-

transcribed tracrRNA.



Sequences

SEQ ID NO: 1

WT_Cas9_5. thermophilus DGCC7710 CRISPR3-Cas strain

One letter:

mlinkciiisinldfsnkekcmtkpysigldigtnsvgwavitdnykvpskkmk^

nrilylqeifstematlddaffqrlddsflvpddkrdskypifgnlveekvyhdefptiyhlrkyladstkkadlrlvylalahm

nsknndiqknfqdfldtynaifesdlslenskqleeivkdkisklekkdrilklfpgeknsgifseilklivgnqad

dedletllgyigddysdvflkakklydaillsgfltvtdneteaplssamikrynehkedlallkeyimislktynevft

qedfyvylknllaefegadyflekidredflrkqrtfdngsipyq

irkmekitp\vnfedvidkessaeafinrmtsfdlylpeek^lpkhsllyetfnvyneltkvriiaesmrdyqfl

kdiieylhaiygydgielkgiekqinsslstyhdllniindkeflddssneaiieeiihtltifedremi^^

saklingirdeksgntildyliddgisnmimqlihddalsflddciqkaqiigdedkgnikevvkslpgspa^

pesiwemarenqytnqgksnsqqrlkrlekslkelgskilkenipaklskidnnalqndrlylyylqngkdmytgddldidrlsnydi

qaflkdnsidnk 'lvssasrlrgksdd slewkkrktf\vyqllksklisqrkfdnltkaerggllpedkagfi

nkkdennravrtvkiitlkstlvsqfrkdfelyk^reindflihahdaylnaviasallkkypklepefvygdypk^

mniIkksisladgrvie lievneetgesvwnkesdlatvrrvlsypqvnvvl^

eyldpkkyggyagisnsfavlvkgtiekgakkkitnvlefqgisi

geihkgnqiflsqkfvkllyhaloisntinenhrky^

kglfeltsrgsaadfeflgvkipryrdytpssllkdatlihqsvtglyetridlaklgeg

Three letters:

MetLeuPheAsnLysCysIlellelleSerlleAsnLeuAspPheSerAsnLysGluLys

CysMetTrlrLysProTyrSerIleGlyLeuAspIleGlyThrAsnSerValGlyT Ala

VallleThrAspAsnTyrLysValProSerLysLysMetLysValLeuGlyAsnThrSer

LysLysTyrlleLysLysAsnLeuLeuGlyValLeuLeuPheAspSerGlylleThrAla

GluGlyArgArgLeuLysArgThrAlaArgArgArgTyrThrArgArgArgAsnArglle

LeuTyrLeuGlnGluIlePheSerThrGluMetAlaThrLeuAspAspAlaPhePheGln

ArgLeuAspAspSerPheLeuValProAspAspLysArgAspSerLysTyrProIlePhe

GlyAsnLeuValGluGluLysValTyrHisAspGluPheProThrlleTyrHisLeuArg

LysTyrLeuAlaAspSerThrLysLysAlaAspLeuArgLeuValTyrLeuAlaLeuAla

HisMetlleLysTyrArgGlyHisPheLeuIleGluGlyGluPheAsnSerLysAsnAsn

AspIleGlnLysAsnPheGlnAspPheLeuAspThrTyrAsnAlallePheGluSerAsp

LeuSerLeuGluAsnSerLysGlnLeuGluGluIleValLysAspLysIleSerLysLeu



GluLysLysAspArglleLeuLysLeuPheProGlyGluLysAsnSerGlyllePheSer

GluPheLeuLysLeuIleValGlyAsnGlnAlaAspPheArgLysCysPheAsnLeuAsp

GluLysAlaSerLeuHisPheSerLysGluSerTyrAspGluAspLeuGluThrLeuLeu

GlyTyrlleGlyAspAspTyrSerAspValPheLeuLysAlaLysLysLeuTyrAspAla

IleLeuLeuSerGlyPheLeuThrValThrAspAsnGluThrGluAlaProLeuSerSer

AlaMetlleLysArgTyrAsnGluHisLysGluAspLeuAlaLeuLeuLysGluTyrlle

ArgAsnlleSerLeuLysThrTyrAsnGluValPheLysAspAspThrLysAsnGlyTyr

AlaGlyTyrlleAspGlyLysThrAsnGlnGluAspPheTyrValTyrLeuLysAsnLeu

LeuAlaGluPheGluGlyAlaAspTyrPheLeuGluLysIleAspArgGluAspPheLeu

ArgLysGlnArgThrPheAspAsnGlySerlleProTyrGlnlleHisLeuGlnGluMet

ArgAlalleLeuAspLysGlnAlaLysPheTyrProPheLeuAlaLysAsnLysGluArg

IleGluLysIleLeuThrPheArglleProTyrTyrValGlyProLeuAlaArgGlyAsn

SerAspPheAlaT SerIleArgLysArgAsnGluLysIleThrProT AsnPheGlu

AspVallleAspLysGluSerSerAlaGluAlaPhelleAsnArgMetThrSerPheAsp

LeuTyrLeuProGluGluLysValLeuProLysHisSerLeuLeuTyrGluThrPheAsn

ValTyrAsnGluLeuThrLysValArgPhelleAlaGluSerMetArgAspTyrGlnPhe

LeuAspSerLysGlnLysLysAspIleValArgLeuTyrPheLysAspLysArgLysVal

ThrAspLysAspIlelleGluTyrLeuHisAlalleTyrGlyTyrAspGlylleGluLeu

LysGlylleGluLysGlnPheAsnSerSerLeuSerThrTyrHisAspLeuLeuAsnlle

IleAsnAspLysGluPheLeuAspAspSerSerAsnGluAlallelleGluGluIlelle

HisThrLeuTMlePheGluAspArgGluMetlleLysGlnArgLeuSerLysPheGlu

AsnIlePheAspLysSerValLeuLysLysLeuSerArgArgHisTyrThrGlyT Gly

LysLeuSerAlaLysLeuIleAsnGlylleArgAspGluLysSerGlyAsnThrlleLeu

AspTyrLeuIleAspAspGlylleSerAsnArgAsnPheMetGlnLeuIleHisAspAsp

AlaLeuSerPheLysLysLysIleGlnLysAlaGlnllelleGlyAspGluAspLysGly

AsnlleLysGluValValLysSerLeuProGlySerProAlalleLysLysGlylleLeu

GlnSerlleLysIleValAspGluLeuValLysValMetGlyGlyArgLysProGluSer

IleValValGluMetAlaArgGluAsnGlnTyrThrAsnGlnGlyLysSerAsnSerGln

GlnArgLeuLysArgLeuGluLysSerLeuLysGluLeuGlySerLysIleLeuLysGlu

AsnlleProAlaLysLeuSerLysIleAspAsnAsnAlaLeuGlnAsnAspArgLeuTyr

LeuTyrTyrLeuGlnAsnGlyLysAspMetTyrThrGlyAspAspLeuAspIleAspArg

LeuSerAsnTyrAspIleAspHisIlelleProGlnAlaPheLeuLysAspAsnSerlle

AspAsnLysValLeuValSerSerAlaSerAsnArgGlyLysSerAspAspPheProSer

LeuGluValValLysLysArgLysThrPheT TyrGlnLeuLeuLysSerLysLeuIle

SerGlnArgLysPheAspAsnLeuThrLysAlaGluArgGlyGlyLeuLeuProGluAsp

LysAlaGlyPhelleGlnArgGlnLeuValGluThrArgGlnlleThrLysHisValAla



ArgLeuLeiiAspGluLysPheAsnAsnLysLysAspGliiAsnAsnArgAlaValArgTlir

ValLysIlelleTlirLeuLysSerThrLeuValSerGlnPheArgLysAspPheGluLeu

TyrLysValArgGluIleAsnAspPheHisHisAlaHisAspAlaTyrLeuAsnAlaVal

IleAlaSerAlaLeuLeuLysLysTyrProLysLeuGluProGluPheValTyrGlyAsp

TyrProLysTyrAsnSerPheArgGluArgLysSerAlaThrGluLysValTyrPheTyr

SerAsnlleMetAsnllePheLysLysSerlleSerLeuAlaAspGlyArgVallleGlu

ArgProLeuIleGluValAsnGluGluThrGlyGluSerValT AsnLysGluSerAsp

LeuAlaThrValArgArgValLeuSerTyrProGlnValAsnValValLysLysValGlu

GluGlnAsnHisGlyLeuAspArgGlyLysProLysGlyLeuPheAsnAlaAsnLeuSer

SerLysProLysProAsnSerAsnGluAsnLeuValGlyAlaLysGluTyrLeuAspPro

LysLysTyrGlyGlyTyrAlaGlylleSerAsnSerPheAlaValLeuValLysGlyThr

IleGluLysGlyAlaLysLysLysIleThrAsnValLeuGluPheGlnGlylleSerlle

LeuAspArglleAsnTyrArgLysAspLysLeuAsnPheLeuLeuGluLysGlyTyrLys

AspIleGluLeuIlelleGluLeuProLysTyrSerLeuPheGluLeuSerAspGlySer

ArgArgMetLeuAlaSerlleLeuSerTlirAsnAsnLysArgGlyGluIleHisLysGly

AsnGlnllePheLeuSerGlnLysPheValLysLeuLeuTyrHisAlaLysArglleSer

AsnThrlleAsnGluAsnHisArgLysTyrValGluAsnHisLysLysGluPheGluGlu

LeuPheTyrTyrlleLeuGluPheAsnGluAsnTyrValGlyAlaLysLysAsnGlyLys

LeuLeuAsnSerAlaPheGlnSerT GlnAsnHisSerIleAspGluLeuCysSerSer

PhelleGlyProThrGlySerGluArgLysGlyLeuPheGluLeuThrSerArgGlySer

AlaAlaAspPheGluPheLeuGlyValLysIleProArgTyrArgAspTyrThrProSer

SerLeuLeuLysAspAlaThrLeuIleHisGlnSerValThrGlyLeuTyrGluTlirArg

IleAspLeuAlaLysLeuGlyGluGly

SEQ ID NO: 2

D31A mutant

One letter:

mlfckciiisinldfsnkekcmtkpysiglaigtn^

nrilylqeifstematlddaffqrlddsflvpddkrdskypifg^^

nsknndiqknfqdfldtynaifesdlslenskqleew^

dedletllgyigddysdvflkakklydaillsgfltvtdneteaplssamikrynerikedlallkeyimisM

qedfyvylknllaefegadyflekidredflrkqrtfdngsipyqihlqemraildkqakfypfl

irkmekitpwnfedvidkessaeafinrmtsfdlyl^^



kdiieylhaiygydgielkgiekqfcsslstyhdlM^

saklingirdeksgntildyliddgisnmimqlihddalsfli^

pesiwemarenqytnqgksnsqqrlkrlekslkelgskilkem

qaflkclnsiclnkvlvssasr]rgkscld

nkkdennravrtvkiitlkstlvsqfrkdfelyk^reindflihahdaylnaviasallkkypklepef^

mniIkksisladgrvie φ lievneetgesvwnkesdlatvrrvlsypqvnvvk^

eyldpkkyggyagisnsfavlvkgtiekgakkkitnvlefqgisildrinyrkdklnfllekgykdielii

geihkgnqiflsqkfvkllyhakrisntinenhrk^

kglfeltsrgsaadfeflgvkipryrdytpssllkdatlihqsvtglyetridlaklgeg

Three letters:

MetLeuPheAsnLysCysIlellelleSerlleAsnLeuAspPheSerAsnLysGluLys

CysMetTrlrLysProTyrSerIleGlyLeuAlaIleGlyTrlrAsnSerValGlyT Ala

VallleThrAspAsnTyrLysValProSerLysLysMetLysValLeuGlyAsnThrSer

LysLysTyrlleLysLysAsnLeuLeuGlyValLeuLeuPheAspSerGlylleThrAla

GluGlyArgArgLeuLysArgThrAlaArgArgArgTyrThrArgArgArgAsnArglle

LeuTyrLeuGlnGluIlePheSerThrGluMetAlaThrLeuAspAspAlaPhePheGln

ArgLeuAspAspSerPheLeuValProAspAspLysArgAspSerLysTyrProIlePhe

GlyAsnLeuValGluGluLysValTyrHisAspGluPheProThrlleTyrHisLeuArg

LysTyrLeuAlaAspSerThrLysLysAlaAspLeuArgLeuValTyrLeuAlaLeuAla

HisMetlleLysTyrArgGlyHisPheLeuIleGluGlyGluPheAsnSerLysAsnAsn

AspIleGlnLysAsnPheGlnAspPheLeuAspThrTyrAsnAlallePrieGluSerAsp

LeuSerLeuGluAsnSerLysGlnLeuGluGluIleValLysAspLysIleSerLysLeu

GluLysLysAspArglleLeuLysLeuPheProGlyGluLysAsnSerGlyllePheSer

GluPheLeuLysLeuIleValGlyAsnGlnAlaAspPheArgLysCysPheAsnLeuAsp

GluLysAlaSerLeuHisPheSerLysGluSerTyrAspGluAspLeuGluThrLeuLeu

GlyTyrlleGlyAspAspTyrSerAspValPheLeuLysAlaLysLysLeuTyrAspAla

IleLeuLeuSerGlyPheLeuThrValThrAspAsnGluThrGluAlaProLeuSerSer

AlaMetlleLysArgTyrAsnGluHisLysGluAspLeuAlaLeuLeuLysGluTyrlle

ArgAsnlleSerLeuLysThrTyrAsnGluValPheLysAspAspTrirLysAsnGlyTyr

AlaGlyTyrlleAspGlyLysThrAsnGlnGluAspPheTyrValTyrLeuLysAsnLeu

LeuAlaGluPheGluGlyAlaAspTyrPheLeuGluLysIleAspArgGluAspPheLeu

ArgLysGlnArgThrPheAspAsnGlySerlleProTyrGlnlleHisLeuGlnGluMet

ArgAlalleLeuAspLysGlnAlaLysPheTyrProPheLeuAlaLysAsnLysGluArg

IleGluLysIleLeuThrPheArglleProTyrTyrValGlyProLeuAlaArgGlyAsn

SerAspPrleAlaT SerIleArgLysArgAsnGluLysIleTl^rProT AsnPrleGlu



AspVallleAspLysGluSerSerAlaGluAlaPhelleAsnArgMetThrSerPheAsp

LeuTyrLeuProGluGluLysValLeuProLysHisSerLeuLeuTyrGluThrPheAsn

ValTyrAsnGluLeuThrLysValArgPhelleAlaGluSerMetArgAspTyrGlnPhe

LeuAspSerLysGlnLysLysAspIleValArgLeuTyrPheLysAspLysArgLysVal

ThrAspLysAspIlelleGluTyrLeuHisAlalleTyrGlyTyrAspGlylleGluLeu

LysGlylleGluLysGlnPheAsnSerSerLeuSerThrTyrHisAspLeuLeuAsnlle

IleAsnAspLysGluPheLeuAspAspSerSerAsnGluAlallelleGluGluIlelle

HisThrLeuTMlePheGluAspArgGluMetlleLysGlnArgLeuSerLysPheGlu

AsnIlePheAspLysSerValLeuLysLysLeuSerArgArgHisTyrThrGlyT Gly

LysLeuSerAlaLysLeuIleAsnGlylleArgAspGluLysSerGlyAsnThrlleLeu

AspTyrLeuIleAspAspGlylleSerAsnArgAsnPheMetGlnLeuIleHisAspAsp

AlaLeuSerPheLysLysLysIleGlnLysAlaGlnllelleGlyAspGluAspLysGly

AsnlleLysGluValValLysSerLeuProGlySerProAlalleLysLysGlylleLeu

GlnSerlleLysIleValAspGluLeuValLysValMetGlyGlyArgLysProGluSer

IleValValGluMetAlaArgGluAsnGlnTyrThrAsnGlnGlyLysSerAsnSerGln

GlnArgLeuLysArgLeuGluLysSerLeuLysGluLeuGlySerLysIleLeuLysGlu

AsnlleProAlaLysLeuSerLysIleAspAsnAsnAlaLeuGlnAsnAspArgLeuTyr

LeuTyrTyrLeuGlnAsnGlyLysAspMetTyrThrGlyAspAspLeuAspIleAspArg

LeuSerAsnTyrAspIleAspHisIlelleProGlnAlaPheLeuLysAspAsnSerlle

AspAsnLysValLeuValSerSerAlaSerAsnArgGlyLysSerAspAspPheProSer

LeuGluValValLysLysArgLysThrPheT TyrGlnLeuLeuLysSerLysLeuIle

SerGlnArgLysPheAspAsnLeuThrLysAlaGluArgGlyGlyLeuLeuProGluAsp

LysAlaGlyPhelleGlnArgGlnLeuValGluThrArgGlnlleThrLysHisValAla

ArgLeuLeuAspGluLysPheAsnAsnLysLysAspGluAsnAsnArgAlaValArgThr

ValLysIlelleThrLeuLysSerThrLeuValSerGlnPheArgLysAspPheGluLeu

TyrLysValArgGluIleAsnAspPheHisHisAlaHisAspAlaTyrLeuAsnAlaVal

IleAlaSerAlaLeuLeuLysLysTyrProLysLeuGluProGluPheValTyrGlyAsp

TyrProLysTyrAsnSerPheArgGluArgLysSerAlaThrGluLysValTyrPheTyr

SerAsnlleMetAsnllePheLysLysSerlleSerLeuAlaAspGlyArgVallleGlu

ArgProLeuIleGluValAsnGluGluThrGlyGluSerValT AsnLysGluSerAsp

LeuAlaThrValArgArgValLeuSerTyrProGlnValAsnValValLysLysValGlu

GluGlnAsnHisGlyLeuAspArgGlyLysProLysGlyLeuPheAsnAlaAsnLeuSer

SerLysProLysProAsnSerAsnGluAsnLeuValGlyAlaLysGluTyrLeuAspPro

LysLysTyrGlyGlyTyrAlaGlylleSerAsnSerPheAlaValLeuValLysGlyThr

IleGluLysGlyAlaLysLysLysIleThrAsnValLeuGluPheGlnGlylleSerlle

LeuAspArglleAsnTyrArgLysAspLysLeuAsnPheLeuLeuGluLysGlyTyrLys



AspIleGluLeuIlelleGluLeuProLysTyrSerLeuPheGluLeuSerAspGlySer

ArgArgMetLeuAlaSerlleLeuSerThrAsnAsnLysArgGlyGluIleHisLysGly

AsnGlnllePheLeuSerGlnLysPheValLysLeuLeuTyrHisAlaLysArglleSer

AsnThrlleAsnGluAsnHisArgLysTyrValGluAsnHisLysLysGluPheGluGlu

LeuPheTyrTyrlleLeuGluPheAsnGluAsnTyrValGlyAlaLysLysAsnGlyLys

LeuLeuAsnSerAlaPheGlnSerT GlnAsnHisSerIleAspGluLeuCysSerSer

PhelleGlyProThrGlySerGluArgLysGlyLeuPheGluLeuThrSerArgGlySer

AlaAlaAspPheGluPheLeuGlyValLysIleProArgTyrArgAspTyrThrProSer

SerLeuLeuLysAspAlaThrLeuIleHisGlnSerValThrGlyLeuTyrGluTlirArg

IleAspLeuAlaLysLeuGlyGluGly

SEQ ID NO: 3

N891A mutant

One letter:

mlfckciiisinldfsnkekcmtkpysigldigtn^

nrilylqeifstematlddaffqrlddsflvpddkrdskypif^

nsknndiqknfqdfldtynaifesdlslenskqleew^

dedletllgyigddysdvflkakklydaillsgfltvtdneteaplssamikrynerikedlallkeyimisM

qedfyvylknllaefegadyflekidredflrkqrtfdngsipyqihlqemraildkqakfypfl

irkmekitp\vnfedvidkessaeafinrmtsfdlylpeek^lpkhsllyetfnvyneltkvrfi

kdiieylhaiygydgielkgiekqfcsslstyhdllniindkeflddssneaiieeiihtlti

saklingirdeksgntildyliddgisnmimqlihddalsflddciqkaqiigdedkgm

pesiwemarenqytnqgksnsqqrlkrlekslkelgskilkenipaklskidnnalqndrlylyylqngkdm

qaflkdnsidnk^lvssasargksddfpslevvkkrktiwyqllksklisqrkfdnltkaerggllped^

nkkdennravrtvkiitlkstlvsqfrkdfelyk^reindflihahdaylnaviasallkky^

mnifkksisladgrvie lievneetgesvwnkesdlatvr^

eyldpkkyggyagisnsfavlvkgtiekgakkkitnvlefqgisildrinyrkdklnfllekgykdieli

geirikgnqiflsqkivkllyhakrisntinenhrkyvenhkkefeeliyyi

kglfeltsrgsaadfeflgvkipryrdytpssllkdatlihqsvtglyetridlaklgeg

Three letters:

MetLeuPheAsnLysCysIlellelleSerlleAsnLeuAspPheSerAsnLysGluLys

CysMetTrlrLysProTyrSerIleGlyLeuAspIleGlyTl^rAsnSerValGlyT Ala



VallleThrAspAsnTyrLysValProSerLysLysMetLysValLeuGlyAsnThrSer

LysLysTyrlleLysLysAsnLeuLeuGlyValLeuLeuPheAspSerGlylleThrAla

GluGlyArgArgLeuLysArgThrAlaArgArgArgTyrThrArgArgArgAsnArglle

LeuTyrLeuGlnGluIlePheSerThrGluMetAlaThrLeuAspAspAlaPhePheGln

ArgLeuAspAspSerPheLeuValProAspAspLysArgAspSerLysTyrProIlePhe

GlyAsnLeuValGluGluLysValTyrHisAspGluPheProTMleTyrHisLeuArg

LysTyrLeuAlaAspSerThrLysLysAlaAspLeuArgLeuValTyrLeuAlaLeuAla

HisMetlleLysTyrArgGlyHisPheLeuIleGluGlyGluPheAsnSerLysAsnAsn

AspIleGlnLysAsnPheGlnAspPheLeuAspThrTyrAsnAlallePheGluSerAsp

LeuSerLeuGluAsnSerLysGlnLeuGluGluIleValLysAspLysIleSerLysLeu

GluLysLysAspArglleLeuLysLeuPheProGlyGluLysAsnSerGlyllePheSer

GluPheLeuLysLeuIleValGlyAsnGlnAlaAspPheArgLysCysPheAsnLeuAsp

GluLysAlaSerLeuHisPheSerLysGluSerTyrAspGluAspLeuGluThrLeuLeu

GlyTyrlleGlyAspAspTyrSerAspValPheLeuLysAlaLysLysLeuTyrAspAla

IleLeuLeuSerGlyPheLeuThrValThrAspAsnGluThrGluAlaProLeuSerSer

AlaMetlleLysArgTyrAsnGluHisLysGluAspLeuAlaLeuLeuLysGluTyrlle

ArgAsnlleSerLeuLysThrTyrAsnGluValPheLysAspAspThrLysAsnGlyTyr

AlaGlyTyrlleAspGlyLysThrAsnGlnGluAspPheTyrValTyrLeuLysAsnLeu

LeuAlaGluPheGluGlyAlaAspTyrPheLeuGluLysIleAspArgGluAspPheLeu

ArgLysGlnArgThrPheAspAsnGlySerlleProTyrGlnlleHisLeuGlnGluMet

ArgAlalleLeuAspLysGlnAlaLysPheTyrProPheLeuAlaLysAsnLysGluArg

IleGluLysIleLeuThrPheArglleProTyrTyrValGlyProLeuAlaArgGlyAsn

SerAspPheAlaT SerIleArgLysArgAsnGluLysIleThrProT AsnPheGlu

AspVallleAspLysGluSerSerAlaGluAlaPhelleAsnArgMetThrSerPheAsp

LeuTyrLeuProGluGluLysValLeuProLysHisSerLeuLeuTyrGluThrPheAsn

ValTyrAsnGluLeuThrLysValArgPhelleAlaGluSerMetArgAspTyrGlnPhe

LeuAspSerLysGlnLysLysAspIleValArgLeuTyrPheLysAspLysArgLysVal

ThrAspLysAspIlelleGluTyrLeuHisAlalleTyrGlyTyrAspGlylleGluLeu

LysGlylleGluLysGlnPheAsnSerSerLeuSerThrTyrHisAspLeuLeuAsnlle

IleAsnAspLysGluPheLeuAspAspSerSerAsnGluAlallelleGluGluIlelle

HisThrLeuTMlePheGluAspArgGluMetlleLysGlnArgLeuSerLysPheGlu

AsnIlePheAspLysSerValLeuLysLysLeuSerArgArgHisTyrThrGlyT Gly

LysLeuSerAlaLysLeuIleAsnGlylleArgAspGluLysSerGlyAsnThrlleLeu

AspTyrLeuIleAspAspGlylleSerAsnArgAsnPheMetGlnLeuIleHisAspAsp

AlaLeuSerPheLysLysLysIleGlnLysAlaGlnllelleGlyAspGluAspLysGly

AsnlleLysGluValValLysSerLeuProGlySerProAlalleLysLysGlylleLeu



GlnSerlleLysIleValAspGluLeuValLysValMetGlyGlyArgLysProGluSer

IleValValGluMetAlaArgGluAsnGlnTyrThrAsnGlnGlyLysSerAsnSerGln

GlnArgLeuLysArgLeuGluLysSerLeuLysGluLeuGlySerLysIleLeuLysGlu

AsnlleProAlaLysLeuSerLysIleAspAsnAsnAlaLeuGlnAsnAspArgLeuTyr

LeuTyrTyrLeuGlnAsnGlyLysAspMetTyrThrGlyAspAspLeuAspIleAspArg

LeuSerAsnTyrAspIleAspHisIlelleProGlnAlaPheLeuLysAspAsnSerlle

AspAsnLysValLeuValSerSerAlaSerAlaArgGlyLysSerAspAspPheProSer

LeuGluValValLysLysArgLysThrPheT TyrGlnLeuLeuLysSerLysLeuIle

SerGlnArgLysPheAspAsnLeuThrLysAlaGluArgGlyGlyLeuLeuProGluAsp

LysAlaGlyPhelleGlnArgGlnLeuValGluThrArgGlnlleThrLysHisValAla

ArgLeuLeuAspGluLysPheAsnAsnLysLysAspGluAsnAsnArgAlaValArgThr

ValLysIlelleThrLeuLysSerThrLeuValSerGlnPheArgLysAspPheGluLeu

TyrLysValArgGluIleAsnAspPheHisHisAlaHisAspAlaTyrLeuAsnAlaVal

IleAlaSerAlaLeuLeuLysLysTyrProLysLeuGluProGluPheValTyrGlyAsp

TyrProLysTyrAsnSerPheArgGluArgLysSerAlaThrGluLysValTyrPheTyr

SerAsnlleMetAsnllePheLysLysSerlleSerLeuAlaAspGlyArgVallleGlu

ArgProLeuIleGluValAsnGluGluThrGlyGluSerValT AsnLysGluSerAsp

LeuAlaThrValArgArgValLeuSerTyrProGlnValAsnValValLysLysValGlu

GluGlnAsnHisGlyLeuAspArgGlyLysProLysGlyLeuPheAsnAlaAsnLeuSer

SerLysProLysProAsnSerAsnGluAsnLeuValGlyAlaLysGluTyrLeuAspPro

LysLysTyrGlyGlyTyrAlaGlylleSerAsnSerPheAlaValLeuValLysGlyThr

IleGluLysGlyAlaLysLysLysIleThrAsnValLeuGluPheGlnGlylleSerlle

LeuAspArglleAsnTyrArgLysAspLysLeuAsnPheLeuLeuGluLysGlyTyrLys

AspIleGluLeuIlelleGluLeuProLysTyrSerLeuPheGluLeuSerAspGlySer

ArgArgMetLeuAlaSerlleLeuSerThrAsnAsnLysArgGlyGluIleHisLysGly

AsnGlnllePheLeuSerGlnLysPheValLysLeuLeuTyrHisAlaLysArglleSer

AsnTMleAsnGluAsnHisArgLysTyrValGluAsnHisLysLysGluPheGluGlu

LeuPheTyrTyrlleLeuGluPheAsnGluAsnTyrValGlyAlaLysLysAsnGlyLys

LeuLeuAsnSerAlaPheGlnSerT GlnAsnHisSerIleAspGluLeuCysSerSer

PhelleGlyProThrGlySerGluArgLysGlyLeuPheGluLeuThrSerArgGlySer

AlaAlaAspPheGluPheLeuGlyValLysIleProArgTyrArgAspTyrThrProSer

SerLeuLeuLysAspAlaThrLeuIleHisGlnSerValThrGlyLeuTyrGluThrArg

IleAspLeuAlaLysLeuGlyGluGly

SEQ ID NO: 4



H868A mutant

One letter

mlfckciiisinldfsnkekcmtkpysigldigta

nrilylqeifstematlddaffqrlddsflvpddkrdskypifgnlveekvyhdefptiyhlrkyladstkkadlrlvylalahm

nsknndiqknfqdMtynaifesdlslenskqleeivkdkiskte

dedletllgyigddysdvflkakklydaillsgfltvtdneteaplssamik

qedfyvylknllaefegadyflekidredflrkqrtfdngsipyqihlqemraildkqakfypflakn

irkmekitpwnfedvidkessaeafinrmtsfdlylpeek^^

kdiieylhaiygydgielkgiekqfcsslstyhdllniindkeflddssneaiieeiihtltifedr^^

saklingirdeksgntildyliddgisnmimqlihddalsfld^

pesiwemarenqytnqgksnsqqrlkrlekslkelgskilkem

ailkdnsidnkvlvssasnrgksddfpslevvkkrktiwyqllksklisqrkfdnltkaerggllpedkagfiqrqlve

kkdennravr^kiitlkstlvsqirkdfelykvreindflihahdaylnaviasallkkypkk

nifld sisladgrvie lievneetgesvwnke^

ldpkkyggyagisnsfavlvkgtiekgakkkitnvlefqgisildrinyrkdklnfllekgykdieH

ihkgnqiflsqkfvkllyhakrisntinenhrky^

feltsrgsaadfeflgvkipryrdytpssllkdatlihqsvtglyetridlaklgeg

Three letters:

MetLeuPheAsnLysCysIlellelleSerlleAsnLeuAspPheSerAsnLysGluLys

CysMetThrLysProTyrSerIleGlyLeuAspIleGlyTllrAsnSerValGlyT Ala

VallleTlirAspAsnTyrLysValProSerLysLysMetLysValLeuGlyAsnThrSer

LysLysTyrlleLysLysAsnLeuLeuGlyValLeuLeuPheAspSerGlylleThrAla

GluGlyArgArgLeuLysArgThrAlaArgArgArgTyrTlirArgArgArgAsnArglle

LeuTyrLeuGlnGluIlePheSerThrGluMetAlaThrLeuAspAspAlaPhePheGln

ArgLeuAspAspSerPheLeuValProAspAspLysArgAspSerLysTyrProIlePhe

GlyAsnLeuValGluGluLysValTyrHisAspGluPheProTMleTyrHisLeuArg

LysTyrLeuAlaAspSerTlirLysLysAlaAspLeuArgLeuValTyrLeuAlaLeuAla

HisMetlleLysTyrArgGlyHisPheLeuIleGluGlyGluPheAsnSerLysAsnAsn

AspIleGlnLysAsnPheGlnAspPheLeuAspThrTyrAsnAlallePheGluSerAsp

LeuSerLeuGluAsnSerLysGlnLeuGluGluIleValLysAspLysIleSerLysLeu

GluLysLysAspArglleLeuLysLeuPheProGlyGluLysAsnSerGlyllePheSer

GluPheLeuLysLeuIleValGlyAsnGlnAlaAspPheArgLysCysPheAsnLeuAsp

GluLysAlaSerLeuHisPheSerLysGluSerTyrAspGluAspLeuGluThrLeuLeu



GlyTyrlleGlyAspAspTyrSerAspValPheLeuLysAlaLysLysLeuTyrAspAla

IleLeuLeuSerGlyPheLeuThrValThrAspAsnGluThrGluAlaProLeuSerSer

AlaMetlleLysArgTyrAsnGluHisLysGluAspLeuAlaLeuLeuLysGluTyrlle

ArgAsnlleSerLeuLysThrTyrAsnGluValPheLysAspAspThrLysAsnGlyTyr

AlaGlyTyrlleAspGlyLysThrAsnGlnGluAspPheTyrValTyrLeuLysAsnLeu

LeuAlaGluPheGluGlyAlaAspTyrPheLeuGluLysIleAspArgGluAspPheLeu

ArgLysGlnArgThrPheAspAsnGlySerlleProTyrGlnlleHisLeuGlnGluMet

ArgAlalleLeuAspLysGlnAlaLysPheTyrProPheLeuAlaLysAsnLysGluArg

IleGluLysIleLeuThrPheArglleProTyrTyrValGlyProLeuAlaArgGlyAsn

SerAspPheAlaT SerIleArgLysArgAsnGluLysIleThrProT AsnPheGlu

AspVallleAspLysGluSerSerAlaGluAlaPhelleAsnArgMetThrSerPheAsp

LeuTyrLeuProGluGluLysValLeuProLysHisSerLeuLeuTyrGluThrPheAsn

ValTyrAsnGluLeuThrLysValArgPhelleAlaGluSerMetArgAspTyrGlnPhe

LeuAspSerLysGlnLysLysAspIleValArgLeuTyrPheLysAspLysArgLysVal

ThrAspLysAspIlelleGluTyrLeuHisAlalleTyrGlyTyrAspGlylleGluLeu

LysGlylleGluLysGlnPheAsnSerSerLeuSerThrTyrHisAspLeuLeuAsnlle

IleAsnAspLysGluPheLeuAspAspSerSerAsnGluAlallelleGluGluIlelle

HisThrLeuTMlePheGluAspArgGluMetlleLysGlnArgLeuSerLysPheGlu

AsnIlePheAspLysSerValLeuLysLysLeuSerArgArgHisTyrThrGlyT Gly

LysLeuSerAlaLysLeuIleAsnGlylleArgAspGluLysSerGlyAsnThrlleLeu

AspTyrLeuIleAspAspGlylleSerAsnArgAsnPheMetGlnLeuIleHisAspAsp

AlaLeuSerPheLysLysLysIleGlnLysAlaGlnllelleGlyAspGluAspLysGly

AsnlleLysGluValValLysSerLeuProGlySerProAlalleLysLysGlylleLeu

GlnSerlleLysIleValAspGluLeuValLysValMetGlyGlyArgLysProGluSer

IleValValGluMetAlaArgGluAsnGlnTyrThrAsnGlnGlyLysSerAsnSerGln

GlnArgLeuLysArgLeuGluLysSerLeuLysGluLeuGlySerLysIleLeuLysGlu

AsnlleProAlaLysLeuSerLysIleAspAsnAsnAlaLeuGlnAsnAspArgLeuTyr

LeuTyrTyrLeuGlnAsnGlyLysAspMetTyrThrGlyAspAspLeuAspIleAspArg

LeuSerAsnTyrAspIleAspAlallelleProGlnAlaPheLeuLysAspAsnSerlle

AspAsnLysValLeuValSerSerAlaSerAsnArgGlyLysSerAspAspPheProSer

LeuGluValValLysLysArgLysThrPheT TyrGlnLeuLeuLysSerLysLeuIle

SerGlnArgLysPheAspAsnLeuThrLysAlaGluArgGlyGlyLeuLeuProGluAsp

LysAlaGlyPhelleGlnArgGlnLeuValGluThrArgGlnlleThrLysHisValAla

ArgLeuLeuAspGluLysPheAsnAsnLysLysAspGluAsnAsnArgAlaValArgThr

ValLysIlelleThrLeuLysSerThrLeuValSerGlnPheArgLysAspPheGluLeu

TyrLysValArgGluIleAsnAspPheHisHisAlaHisAspAlaTyrLeuAsnAlaVal



IleAlaSerAlaLeuLeuLysLysTyrProLysLeuGluProGluPheValTyrGlyAsp

TyrProLysTyrAsnSerPheArgGluArgLysSerAlaThrGluLysValTyrPheTyr

SerAsnlleMetAsnllePheLysLysSerlleSerLeuAlaAspGlyArgVallleGlu

ArgProLeuIleGluValAsnGluGluThrGlyGluSerValT AsnLysGluSerAsp

LeuAlaThrValArgArgValLeuSerTyrProGlnValAsnValValLysLysValGlu

GluGlnAsnHisGlyLeuAspArgGlyLysProLysGlyLeuPheAsnAlaAsnLeuSer

SerLysProLysProAsnSerAsnGluAsnLeuValGlyAlaLysGluTyrLeuAspPro

LysLysTyrGlyGlyTyrAlaGlylleSerAsnSerPheAlaValLeuValLysGlyThr

IleGluLysGlyAlaLysLysLysIleThrAsnValLeuGluPheGlnGlylleSerlle

LeuAspArglleAsnTyrArgLysAspLysLeuAsnPheLeuLeuGluLysGlyTyrLys

AspIleGluLeuIlelleGluLeuProLysTyrSerLeuPheGluLeuSerAspGlySer

ArgArgMetLeuAlaSerlleLeuSerThrAsnAsnLysArgGlyGluIleHisLysGly

AsnGlnllePheLeuSerGlnLysPheValLysLeuLeuTyrHisAlaLysArglleSer

AsnTMleAsnGluAsnHisArgLysTyrValGluAsnHisLysLysGluPheGluGlu

LeuPheTyrTyrlleLeuGluPheAsnGluAsnTyrValGlyAlaLysLysAsnGlyLys

LeuLeuAsnSerAlaPheGlnSerT GlnAsnHisSerIleAspGluLeuCysSerSer

PhelleGlyProThrGlySerGluArgLysGlyLeuPheGluLeuThrSerArgGlySer

AlaAlaAspPheGluPheLeuGlyValLysIleProArgTyrArgAspTyrThrProSer

SerLeuLeuLysAspAlaThrLeuIleHisGlnSerValThrGlyLeuTyrGluThrArg

IleAspLeuAlaLysLeuGlyGluGly

SEQ ID NO: 5

Tra-crRNA, Unmature (102 nt):

aa aa aa g gg gaaacca cgaaacaacaca cga aaaa aa c

cgauucgguguuuuu

SEQ ID NO: 6

Mature 78 nt tracrRNA:

gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaagguggcaccgauucgguguuuuu

Shorter variants:



gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaagguggcaccgauucggug (SEQ ID NO:

44)

gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaagguggcaccgauu (SEQ ID NO: 45)

gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaagguggcac (SEQ ID NO: 46)

gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaaaaggu (SEQ ID NO: 47)

gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaacuugaa (SEQ ID NO: 48)

gggcgaaacaacacagcgaguuaaaauaaggcuuaguccguacucaac (SEQ ID NO: 49)

SEQ ID NO: 7

42 t crRNA from spacer 1:

5'-CGCUAAAGAGGAAGAGGACAGUUUUAGAGCUGUGUUGUUUCG-3'

SEQ ID NO: 8

150 nt pre-crRNA

5 ' -

ggguagaaaagauauccuacgaggu uuuagagcuguguuguuucga augguuccaaaacaaauucuaa

acgcuaaagaggaagaggacagu uuuagagcuguguuguuucga augguuccaaaa cuacugcuguau

uagcuugguuguug- 3 '

SEQ ID NO: 9

crRNAI

5 ' -

ggguagaaaagauauccuacgaggu uuuagagcuguguuguuucga augguuccaaaac GTCATGA

TAATAATGGTTTCTTAGACGTCguuuuagagcuguguuguuucgaaugguuccaaaacuacugcug

uauuagcuugguuguug- 3 '

SEQ ID NO: 10

crRNA2



5 '-

ggguagaaaagauauccuacgaggu uagagcuguguuguuucga augguuccaaaacacgagc eg

gaagcataaagtgtaaagcctgguuuuagagcuguguuguuucgaaugguuccaaaacuacugcug

uauuagcuugguuguug-3'

SEQ ID NO: 11

Anti-λ phage CRISPR RNA

5 '-

ggguagaaaagauauccuacgaggu uuuagagcuguguuguuucga augguuccaaaac caaggga

gaataga ggct ctegttgcat tguuuuagagcuguguuguuucgaaugguucca aaacuacugcug

uauuagcuugguuguug-3'

SEQ ID NO: 12

Anti E. coli CRISPR RNA

5 '-

ggguagaaaagauauccuacgaggu uagagcuguguuguuucga augguuccaaaaccgggaggg

aagctgeatgatgega tqtt atguuuuagagcuguguuguuucgaaugguuccaaaacuacugcug

uauuagcuugguuguug-3'

SEQ ID NO: 13

crRNA-HS 1

5'-GCUCCCGGGGCUCGAUGAAGGUUUUAGAGCUGUGUUGUUUCG-3'

SEQ ID NO: 14

crRNA-HS2

UGAAUCGUGAAAUCUGCUCAGUUUUAGAGCUGUGUUGUUUCG



The application contains a Sequence Listing which has been submitted in ASCII format and is

hereby incorporated by reference in its entirety. The ASCII copy, created on March 20, 201 3 , is

named 078981_6_SL.txt and is 64.4 kilobytes in size.

The embodiments shown and described in the specification are only specific embodiments of

inventors who are skilled in the art and are not limiting in any way. Therefore, various changes,

modifications, or alterations to those embodiments may be made without departing from the spirit of

the invention in the scope of the following claims. The references cited are expressly incorporated by

reference herein in their entirety.

What is claimed is:



1. A method for the site-specific modification of a target DNA molecule, the method comprising

contacting, under suitable conditions,

a target DNA molecule; and

an RNA-guided DNA endonuclease comprising at least one RNA sequence and at

least one of an RuvC active site motif and an HNH active site motif;

to result in the target DNA molecule modified in a region that is determined by the

complimentary binding of the RNA sequence to the target DNA molecule.

2 . The method of claim 1 wherein the site-specific modification occurs either in vivo or in vitro.

3 . The method of claim 1 wherein the target DNA is double stranded or single stranded.

4 . A protein-RNA complex comprising

a) a polypeptide having at least 80% identity with SEQ ID NO: 1,

b) a first polyribonucleotide crRNA comprising a 3' region and a 5' region wherein the 3'

region comprises at least 22 nucleotides of a repeat present in a CRISPR locus and the 5'-region

comprises at least 20 nucleotides of a spacer sequence immediately downstream of the repeat in the

CRISPR locus, and

c) a second polyribonucleotide tracrRNA comprising a 5' and 3' region wherein at least a

portion of the 5' region is complementary to the 3' region of crRNA.

5 . The complex of claim 4 wherein the 5' region of tracrRNA is at least 22 nucleotides and is

complementary to the 22 nucleotides 3' region of crRNA.

6 . The complex of claim 4 isolated from Streptococcus thermophilus.

7 . The complex of claim 4 isolated from a genetically modified microorganism.

8 . The complex of claim 4 wherein the polypeptide is isolated from a genetically modified Escherichia

coli.

9 . The complex of claim 4 wherein the polypeptide is produced by a method selected from

recombinant DNA technology or chemical synthesis.

10 . The complex of claim 4 wherein the polypeptide or a fragment thereof is expressed as a fusion

polypeptide that includes at least one additional amino acid sequence.

11. The complex of claim 10 wherein the additional sequence is used for purification of the fusion

polypeptide by affinity chromatography.



12 . The complex of claim 4 wherein the polypeptide contains a point mutation in the RuvC active site

motif.

13 . The complex of claim 12 wherein the point mutation is D31 A .

14 . The complex of claim 4 wherein the polypeptide contains a point mutation in the HNH active site

motif.

15 . The complex of claim 14 wherein the point mutation is N891 A .

16 . The complex of claim 4 wherein the first polyribonucleotide (crRNA) sequence comprises 5'-

NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUGUGUUGUUUCG-3' (SEQ ID NO: 15).

17 . A method for obtaining, in a genetically modified microorganism, the complex of claim 4

comprising the polypeptide, the first polyribonucleotide (crRNA), and the second polyribonucleotide

(tracrRNA), required for assembling the polypeptide and polyribonucleotide complex of claim 4 in vivo,

the method comprising

introducing at least one plasmid encoding the polypeptide of claim 4 , the first

polyribonucleotide of claim 4 , and the second polynucleotide of claim 4 into the microorganism, to

result in the genetically modified microorganism,

wherein the second polyribonucleotide comprises a sequence exhibiting at least 80%

complementary to a repeat region and a downstream region from S. thermophilus DGCC771 0

CRISPR3 system, and the first polyribonucleotide (crRNA) is comprised of spacer and flanking repeat

sequences,

wherein the polypeptide and first and second polyribonucleotides of claim 4 are encoded in at

least one plasmid of a genetically modified microbe, wherein the plasmids contain host promoters of

the genetically modified microbe or promoters from a native host genome.

18 . The method of claim 17 further comprising isolating the complex from the genetically modified

microorganism.

19 . The method of claim 17 wherein the polypeptide and polyribonucleotides of claim 4 are encoded

in two separate plasmids of a genetically modified microbe.

20. The method of claim 17 wherein the polypeptide and polyribonucleotides of claim 4 are encoded

in three separate plasmids of a genetically modified microbe.



2 1 . The method of claim 17 further comprising isolating the polypeptide, a first polyribonucleotide

crRNA, and a second polyribonucleotide tracrRNA from the genetically modified microorganism and

incubating the polypeptide, crRNA, and tracrRNA under conditions suitable for complex assembly.

22. The method of claim 2 1 wherein the first polyribonucleotide crRNA sequence comprises 5'-

NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUGUGUUGUUUCG-3' (SEQ ID NO: 15).

23. A method for cleaving a polynucleotide sequence, the method comprising:

incubating the complex of claim 4 with target DNA under conditions suitable for DNA

cleavage,

wherein the target DNA contains

a protospacer sequence that is least 80% complimentary to the spacer sequence in the

first polyribonucleotide in complex, and

a protospacer adjacent motif (PAM) sequence NGGNG downstream from the proto

spacer sequence,

wherein the polypeptide cleaves both target DNA strands at the cleavage site located 4

nucleotides upstream of the PAM sequence to create blunt ends.

24. The method of claim 23 wherein the protospacer sequence is 100% complementary to the spacer

sequence.

25. The method of claim 23 wherein the cleavage occurs either in vitro or in vivo.

26. A method for cleaving a nucleotide sequence, the method comprising

incubating the complex of claim 4 with a single stranded target DNA under conditions suitable

for DNA cleavage, wherein the target DNA contains a protospacer sequence that is at least 80%

complimentary to the spacer sequence in the first polyribonucleotide, wherein the polypeptide cleaves

a single DNA strand at a cleavage site.

27. The method of claim 26 wherein the protospacer sequence is 100% complementary to the spacer

sequence in the polyribonucleotide.

28. The method of claim 26 wherein the cleavage occurs either in vitro or in vivo.

29. A method for a site-specific nicking of a polynucleotide sequence, the method comprising

incubating a complex, the complex comprising

(a) a first polyribonucleotide crRNA comprising a 3' and 5' region wherein the 3'

region comprises at least 22 nucleotides of a repeat present in a CRISPR locus and the 5'-

region comprises at least 20 nucleotides of a spacer sequence immediately downstream of

the repeat in the CRISPR locus,



(b) a second polyribonucleotide tracrRNA comprising a 5' and 3' region wherein at

least a portion of the 5' region is complementary to the 3' region of the first polyribonucleotide,

and

(c) a polypeptide RuvC containing a point mutation in the active site motif,

with a double stranded target DNA under conditions suitable for DNA nicking, wherein the

target DNA contains a protospacer sequence that is at least 80% complimentary to the spacer

sequence in the first polyribonucleotide and a protospacer adjacent motif (PAM) sequence

NGGNG downstream from the proto-spacer sequence, wherein the polypeptide cleaves one

DNA strand of the double stranded DNA at a cleavage site located 4 nucleotides upstream of

the PAM sequence resulting in site-specific nicking.

30. The method of claim 29 wherein the protospacer sequence is 100% complementary to the spacer

sequence in the polyribonucleotide.

3 1 . The method of claim 29 wherein the site-specific nicking occurs either in vitro or in vivo.

32. A method for a site-specific nicking of a nucleotide sequence, the method comprising

incubating a complex comprising (a) a first polyribonucleotide crRNA comprising a 3' and 5' region

wherein the 3' region comprises at least 22 nucleotides of a repeat present in a CRISPR locus and

the 5'-region comprises at least 20 nucleotides of a spacer sequence immediately downstream of the

repeat in the CRISPR locus, (b) a second polyribonucleotide tracrRNA comprising a 5' and 3' region

wherein at least a portion of the 5' region is complementary to the 3' region of the first

polyribonucleotide, and (c) a polypeptide HNH containing a point mutation in the active site motif, with

a double stranded target DNA under conditions suitable for DNA nicking, wherein the target DNA

contains a protospacer sequence that is at least 80% complimentary to the spacer sequence in the

first polyribonucleotide and a protospacer adjacent motif (PAM) sequence NGGNG downstream from

the proto-spacer sequence, wherein the polypeptide cleaves one DNA strand of the double stranded

DNA at a cleavage site located 4 nucleotides upstream of the PAM sequence.

33. The method of claim 32 wherein the protospacer sequence is 100% complementary to the spacer

sequence in the polyribonucleotide.

34. The method of claim 32 wherein the site-specific nicking occurs either in vitro or in vivo.

35. An in vitro method for generating the complex of claim 4 , the method comprising

incubating the components of the complex under conditions suitable for complex assembly,

wherein the complex comprises the first polyribonucleotide having a sequence comprising 5'-

NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUGUGUUGUUUCG-3' (SEQ ID NO: 15) with any

desirable spacer sequence.



36. The method of claim 35 wherein the first polyribonucleotide is obtained by in vitro transcription

from a DNA fragment containing a single repeat-spacer-repeat unit, where the spacer has any

desirable sequence, or is chemically synthesized.

37. The method of claim 35 wherein the components comprise Cas9 polypeptide (SEQ ID NO: 1) ,

tracrRNA polyribonucleotide (SEQ ID NO: 5), and crRNA polyribonucleotide (5'-

NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUGUGUUGUUUCG-3') (SEQ ID NO: 15) with any

desirable spacer sequence.

38. The method of claim 35 further comprising addition of RNase III polypeptide to the complex.

39. An isolated Cas9-crRNA complex from CRISPR3/Cas system of Streptococcus thermophilus

DGCC771 0 strain.

40. An isolated Cas9 protein of the CRISPR3 system of Streptococcus thermophilus DGCC771 0

strain and sequences showing at least 80% identity and containing D31 A and N891 A mutations, the

mutants showing DNA nicking activity.

4 1 . An isolated crRNA of the CRISPR3 system of Streptococcus thermophilus DGCC771 0 strain that

has a 5'-tag but that lacks a 3'-tag.

42. A method for re-programming a Cas9-crRNA complex specificity using a cassette containing a

single repeat-spacer-repeat unit, the method comprising

(a) creating, by in vitro transcription, the cassette having 30 nucleotides in length from a DNA

sequence,

(b) inserting the cassette into the repeat-spacer-repeat unit of the crRNA, and

(c) assembling the Cas9-crRNA complex using the crRNA of step (b).

43. A method for selective, site-specific modification of a target DNA molecule in vivo, the method

comprising

generating a first polyribonucleotide crRNA containing a spacer sequence that exhibits

complementarity to a desired modification site in the target DNA,

complexing the first polyribonucleotide crRNA with a polypeptide having at least 80% identity

with SEQ ID NO: 1 and a second polyribonucleotide tracrRNA under suitable conditions to form a

complex, and

introducing the complex into at least one cell to result in selective, site-specific modification of

the target DNA molecule in a region that is determined by the complementary spacer sequence of the

first polyribonucleotide crRNA to the target DNA molecule.



44. The method of claim 43 wherein the first polyribonucleotide crRNA is generated by in vitro

translation or is chemically synthesized.

45. The method of claim 43 wherein the modification is a double strand cleavage of the target DNA

molecule to result in at least a first and a second portion of the target DNA molecule.

46. The method of claim 45 further comprising re-ligation of the first and the second portion of the

target DNA molecule by one of homologous recombination or non-homologous end-joining.

47. The method of claim 43 wherein the target DNA contains a protospacer sequence that is least

80% complimentary to the spacer sequence in the first polyribonucleotide crRNA in the complex, and

a protospacer adjacent motif (PAM) sequence NGGNG downstream from the proto-spacer sequence,

wherein the polypeptide cleaves both target DNA strands at the cleavage site located 4 nucleotides

upstream of the PAM sequence to create blunt ends.

48. The method of claim 43 wherein the polypeptide is Cas9 (SEQ ID NO: 1) .

49. The method of claim 43 further comprising addition of RNase III polypeptide to the complex.
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