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Clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated (Cas) systems

provide bacteria and archaea with adaptive immunity against viruses
CRISPR RNAs (crRNAs) to guide the silencing of invading nucleic acid

lasmids by using
show here that in a

subset of these systems, the mature crRNA that is base-paired to trans-activating crRNA (tracrRNA)
forms a two-RNA structure that directs the CRISPR-associated protein Cas9 to introduce
double-stranded (ds) breaks in target DNA. At sites complementary to the crRNA-guide sequence,

the Cas9 HNH nuclease domain cleaves the ¢ ementary strand, whereas the Cas9 RuvC-like
domain cleaves the noncomplementary stran dual-tracrRNA:crRNA

single RNA chimera, also directs sequence-specific Cas9 dsDNA cleavagy

yhen engineered as a
study reveals a

family of endonucleases that use dual-RNAs for site-specific DNA cleavagé and highlights the

potential to exploit the system for RNA-programmable genome editing

acteria and archaea have evolved RNA-
B mediated adaptive defense systems called

clustered regularly i aced short pal-
indromic repeats (CRISPR PR-associated
(Cas) that protect organisms from invading vi-
ruses and plasmids (/—3). These defense systems
rely on small RNAs for sequence-specific de-
tection and silencing of foreign nucleic acids.
CRISPR/Cas systems are composed of cas genes
organized in operon(s) and CRISPR array(s)
sisting of genome-targeting sequences (cag%]
spacers) interspersed with identical repeats (/—3).
CRISPR/Cas-mediated immunity occurs in three
steps. In the adaptive phase, bacteria and archaea
harboring one or more CRISPR loci respond to
viral or plasmid challenge by integrating short
fragments of foreign sequence (protospacers)
into the host chromosome at the proximal end
of the CRISPR array (/-3). In the expression and
interference phases, transcription of the repeat-
spacer element into precursor CRISPR RNA
(pre-ctrRNA) molecules followed by enzymatic
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cleavage yields the short crRNAs that can pair
with complementary protospacer sequences of
invading viral or plasmid targets (4—/7). Tar-
get recognition by crRNAs directs the silencing
of the foreign sequences by means of Cas pro-
teins that “on in complex with the crRNAs
10, 12-2

There are three types of CRISPR/Cas systems
(21-23). The type I and III systems share some
overarching features: specialized Cas endo-
nucleases process the pre-crRNAs, and once mature,
each crRNA assembles into a large multi-Cas
protein complex capable of recognizing and
cleaving nucleic acids complementary to the
crRNA. In contrast, type II systems process pre-
crRNAs by a different mechanism in which a
trans-activating crRNA (tractRNA) complemen-
tary to the repeat sequences in pre-crRNA triggers
processing by the double-stranded (ds) RNA-
specific ribonuclease RNase III in the presence
of the Cas9 (formerly Csnl) protein (fig. S1)
(4, 24). Cas9 is thought to be the sole protein
responsible for crRNA-guided silencing of for-
eign DNA (25-27).

%}ow here that in type II systems, Cas9
protffs constitute a family of enzymes that re-
quire a base-paired structure formed between
the activating tracrRN the targeting crRNA
to cleave target dsDN. -specific cleavage oc-
curs at locations determined by both base-pairing
complementarity between the crRNA and the tar-
get protospacer DNA and a short motif [referred
to as the protospacer adjacent motif (PAM)] jux-
taposed to the complementary region in the tar-
get DNA. Our study further demonstrates that
the Cas9 endonuclease family can be programmed
with single RNA molecules to cleave specific DNA
sites, thereby raising the exciting possibility of

developing a simple and versatile RNA-directed
system to generate dsDNA breaks for genome
targeting and editing.

Cas9 is a DNA endonuclease guided by
two RNAs. Cas9, the hallmark protein of type II
systems, has been hypothesized to be involved
in both crRNA maturation and crRNA-guided
DNA interference (fig. S1) (4, 25-27). Cas9 is
involved in crRNA maturation (4), but its direct
participation in DNA destruction has not
been investigatedsro-test whether and how Cas9
might be capable of target DNA cleavage, we
used an overexpression system to purify Cas9
protein derived from the pathogen Streptococcus
pyogenes (fig. S2, see supplementary materials
and methods) and tested its ability to cleave a plas-
mid DNA or an oligonucleotide duplex bearing
a protospacer sequence compleﬁy to a ma-
ture crRNA, and a bona fide PA € found that
mature crRNA alone was incapable of directing
Cas9-cataly: smid DNA cleavage (Fig. 1A
and fig. S3 wever, addition of tracrRNA,
which can pair with the repeat sequence of crRNA
and is essential to crRNA maturation in this sys-
tel iggered Cas9 to cleave plasmid DNA (Fig.
I;Q;%lg. S3A). The cleavage reaction required
bot magnesium and the presence of a crRNA
sequence complementary to the DNA; a crRNA
capable of tracrRNA base pairing but containing
a noncognate target DNA-binding sequence did
not support Cas9-catalyzed plasmid cleavage
(Fig. 1A; fig. S3A, compare crRNA-sp2 to
crRNA-spl; and fig. S4A). We obtained similar
results with a short linear dSDNA substrate (Fig.
1B and fig. S3, B and C). Thus, the trans-activating
tractRNA is a small noncoding RNA with two crit-
ical functions: triggering pre-ctRNA processing
by the enzyme RNase Ilfgi_tjd subsequently ac-
tivating crRNA-guided DNA cleavage by Cas9.

%age of both plasmid and short linear
dsD y tractRNA:crRNA-guided Cas9 is site-
specific (Fig. 1, C to E, and fig. S5, A and B).
Plasmid DNA cleavage produced blunt ends at
a position three base pairs upstream of the PAM
sequence (Fig. 1, C and E, and fig. S5, A and C)
(26). Similarly, within short dsDNA duplexes,
the DNA strand that is complementary to the
target-binding sequence in the crRNA (the com-
plementary strand) is cleaved at a site three base
pairs upstream of the PAM (Fig. 1, D and E, and
fig. S5, B and C). The noncomplementary DNA
strand is cleaved at one or more sites within three
to eight base pairs upstream of the PAM. Further
investigation revealed that the noncomplementary
strand is first cleaved endonucleolytically and
subsequently trimmed by a 3'-5" exonuclease ac-
tivity (fig. S4B). The cleavage rates by Cas9 un-
der single-turnover conditions ranged from 0.3 to
1 min ', comparable to those of restriction endo-
nucleases (fig. S6A), whereas incubation of wild-
type (WT) Cas9-tracrRNA:crRNA complex with
a fivefold molar excess of substrate DNA pro-
vided evidence that the dual-RNA—guided Cas9
is a multiple-turnover enzyme (fig. S6B). In
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E‘\Z ,§’ ,35’ non-c I Y 5'-TTATATGAACAT; FTCAATTTm TGGGGAATTCATTA-3" target DNA
s2 §,§ FEETTTLLL Y& UL ]/
© 9 < 2] y " ~AATAT. TGTATTGAGTTAAACATTTTTTCCCATAACCCCTTAAGTAAT-5"
AcCc ccTTTT [ARRRRRRARRRRRRAY
M PPM 5’ ~AUAACUCAAUUUGU! -3 crRNA-sp2
complementary strand binding primer GA(‘S(‘fTTT(‘;L‘;UGAAAAAGUUCAACUAUUGCCUGAUCGGAAU)U\IUU!IE (‘I(LIL[‘HL(‘:(‘;)LLL)L}LIL(‘IUUACCAAGG—S’
AR
UCGGUGCUUUUUUU-3 tracrRNA
Fig. @9 is a DNA endonucleas%]ed by two RNA molecules. (A) Cas9 was
< sm  Programmed with a 42-nucleotide crRNA-sp2 (crRNA containing a spacer 2 sequence)
CATAACTCAA TTTGTAAA M ®ew ., inthe presenc sence of 75-nucleotide tracrRNA. The complex was added to
o circular or Xho rized plasmid DNA bearing a sequence complementary to

spacer 2 and a functional PAM. crRNA-sp1, specificity control; M, DNA marker; kbp,

kilo—base pair. See fig. S3A. (B) Cas9 was programmed with crRNA-sp2 and tracrRNA
(nucleotides 4 to 89). The complex was incubated with double- or single-stranded DNAs ing a sequence complementary to spacer 2 and a functional PAM
(4). The complementary or noncomplementary strands of the DNA were 5’-radiolabele£%£_uinnealed with a nonlabeled partner strand. nt, nucleotides. See
fig. S3, B and C. (C) Sequencing analysis of cleavage products from Fig. 1A. Termination &f primer extension in the sequencing reaction indicates the position
of the cleavage site. The 3’ terminal A overhang (asterisks) is an artifact of the sequencing reaction. See fig. S5, A and C. (D) The cleavage products from
Fig. 1B were analyzed alongside 5" end-labeled size markers derived from the complementary and noncomplementary strands of the target DNA duplex. M,
marker; P, cleavage product. See fig. S5, B and C. (E) Schematic representation of tracrRNA, crRNA-sp2, and protospacer 2 DNA sequences. Regions of crRNA
complementarity to tracrRNA (orange) and the protospacer DNA (yellow) are represented. The PAM sequence is shown in gray; cleavage sites mapped in (C)
and (D) are represented by blue arrows (C), a red arrow [(D), complementary strand], and a red line [(D), noncomplementary strand].

contrast to the CRISPR type I Cascade complex
(18), Cas9 cleaves both linearized and super-
coiled plasmids (Figs. 1A and 2A). Therefore,
an invading plasmid can, in principle, be cleaved
multiple times by Cas9 proteins programmed
with different crRNAs.

Each Cas9 nuclease domain cleaves one DNA
stran contains domains homologous to
both and RuvC endonucleases (Fig. 2A
and fig. S7) (21-23, 27, 28). We designed and
purified Cas9 variants containing inactivating
point mutations in the catalytic residues of either
the HNH or RuvC-like domains (Fig. 2A and
fig. S7) (23, 27). Incubation of these variant
Cas9 proteins with native plasmid DNA showed
that dual-RNA—guided mutant Cas9 proteins
yielded nicked open circular plasmids, whereas
the WT Cas9 protein-tractRNA:crRNA com-
plex produced a linear DNA product (Figs. 1A
and 2A and figs. S3A and S8A). This result in-
dicates that the Cas9 HNH and RuvC-like do-

A B

g
S
)

@protospacer 2 oligonucleotide DNA

complementary non-complementary
strand strand
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protospacer 2 plasmid DNA
linearized

circulaD

supercoiled — 23 nt— -

<~ 1350 bp

Fig. %}9 uses two nuclease domains to cleave the two strands in the target DNA. (A) (Top) Schematic
represelftation of Cas9 domain structure showing the positions of domain mutations. D10A, Asp’®~Ala™®%
HB40A; His®**-Ala*. (Bottom) Complexes of WT or nuclease mutant Cas9 proteins with tracrRNA:
crRNA-sp2 were assayed for endonuclease activity as in Fig. 1A. (B) Complexes of WT Cas9 or nuclease
domain mutants with tracrRNA and crRNA-sp2 were tested for activity as in Fig. 1B.

mains each cleave one plasmid DNA strand. To
determine which strand of the target DNA is
cleaved by each Cas9 catalytic domain, we in-
cubated the mutant Cas9-tracrRNA:crRNA

www.sciencemag.org SCIENCE VOL 337

complexes with short dSDNA substrates in which
either the complementary or noncomplementary
strand was radiolabeled at its 5’ end. The re-
sulting cleavage products indicated that the

Cas9 HNH domain cleaves the complementary
DNA strand, whereas the Cas9 RuvC-like do-
main cleaves the noncomplementary DNA strand
(Fig. 2B and fig. S&B).
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The band shifted upwards because the circular plasmid was cut.  Although the size of the plasmid did not change, its physical properties change after the cut.  The circular plasmid was supercoiled, meaning that it was twisted and compact. CRISPR-Cas cleavage made the plasmid linear and so was less twisted and occupied more space.  This less compact form runs slower in the gel.
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In this experiment, double-strand DNA to be cut is labeled either on the complementary strand (left panel) or on the non-complementaty strand (right panel). Other than that, the cutting reactions are identical between the two panels.
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Dual-RNA requirements for target DNA
binding and cleavage. tracrRNA might be re-
quired for target DNA binding and/or to stimulate
the nuclease ac of Cas9 downstream of
target recognitionro distinguish between these
possibilities, we used an electrophoretic mobil-
ity shift assay to monitor target DNA binding by
catalytically inactive Cas9 in the presence or ab-
sence of crRNA and/or tracrRNA. Addition of
tractfRNA substantially enhanced target DNA
binding by Cas9, whereas we observed little
specific DNA with Cas9 alone or Cas9-
crRNA (fig. S9)- indicates that tracrRNA is
required for target DNA recognition, possibly
by properly orienting the crRNA for interacti
with the complementary strand of target DN|
The predicted tractRNA:crRNA secondary struc=
ture includes base pairing between the 22 nu-
cleotides at the 3’ terminus of the crRNA and a
segment near the 5’ end of the mature tracrRNA
(Fig. 1E). This interaction creates a structure in
which the 5'-terminal 20 nucleotides of the crRNA,
which vary in sequence in different crRNAs, are
available for target DNA binding. The bulk of
the tractrRNA downstream of the crRNA base-
pairing region is free to form additional RNA
structure(s) a interact with Cas9 or the
target DNA si?@%ﬁetermme whether the entire
length of the tracrRNA is necessary for site-
specific Cas9-catalyzed DNA cleavage, we tested
Cas9-tracrRNA:crRNA complexes reconstituted
using full-length mature (42-nucleotide) crRNA

A B

protospacer 2 oligonucleotide DNA

and various truncated forms of tracrRNA lacking
sequences at their 5 or 3’ end@se complexes
were tested for cleavage usifig a short target
dsDNA. A substantially truncated version of the
tractRNA retaining nucleotides 23 to 48 of the
native sequence was capable of supporting robust
dual-RNA—guided Cas9-catalyzed DNA cleav-
age (Fig. 3, A and C, and fig. S10, A and B).
Truncation of the crRNA from either end showed
that Cas9-catalyzed cleavage in the presence
of tracrRNA could be triggered with crRNAs
missing the 3'-terminal 10 nucleotides (Fig. 3, B
and C). In contrast, a 10-nucleotide deletion from
the 5" end of abolished DNA cleavage by
Cas9 (Fig. 3]§£;£jalso analyzed Cas9 orthologs
from various bacterial species for their ability
to support S. p s tractRNA:crRNA-guided
DNA cleava ontrast to closely related
S. pvogenes Cas9 orthologs, more distantly re-
lated orthologs were not functional in the cleav-
age reaction (fig. S11). Similarly, S. pyogenes
Cas9 guided by tractrRNA:crRNA duplexes origi-
nating from more distant systems was unable to
cleave DNA efficiently (fig. S11). Species spec-
ificity of dual-RNA—guided cleavage of DNA
indicates coevolution of Cas9, tractRNA, and the
crRNA repeat, as well as the existence of a still
unknown structure and/or sequence in the dual-
RNA that is critical for the formation of the ter-
n plex with specific Cas9 orthologs.

zKE%‘vestigate the protospacer sequence re-

quiréments for type II CRISPR/Cas immunity

D

protospacer 2 mismatch s

in bacterial cells, we analyzed a series of
protospacer-containing plasmid DNAs harboring
single-nucleotide mutations for their mainte-
nance following transformation in S. pyogenes
and their ability to be cleaved by Cas9 in vitro.
In contrast to point mutations introduced at the
5" end of the protospacer, mutations in the region
close to the PAM and the Cas9 cleavage sites
were not tolerated in vivo and resulted in de-
creased plasmid cleavage efficiency in vitro
(Fig. 3D). Our results are in agreement with a
previous report of protospacer escape mutants
selected in the type II CRISPR system from
S. thermophilus in vivo (27, 29). Furthermore,
the plasmid maintenance and cleavage results
hint at the existence of a “seed” region located
at the 3’ end of the protospacer sequence that is
crucial for the interaction with crRNA and sub-
sequent cleavage by Cas9. In support of this no-
tion, Cas9 enhanced complementary DNA strand
hybridization to the crRNA; this enhancement
was the strongest in the 3'-terminal region of the
crRNA targeting sequence (fig. S12). Corrobo-
rating this finding, a contiguous stretch of at least
13 base pairs between the crRNA and the target
DNA site proximal to the PAM is required for
efficient target cleavage, whereas up to six con-
tiguous mismatches in the 5'-terminal region of
the protospacer are tolerated (Fig. 3E). These
findings are reminiscent of the previously ob-
served seed-sequence requirements for target
nucleic acid recognition in Argonaute proteins
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3
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22 7
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4 3 111 I111
3/ -TTGTATTGAGTTAAACATTTTTT-CCCA-5 "

o nicked—. " RNA-sp2
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2 920  5'-TATTGAGTTAAAGTARAAAA-3'
Y  5’-TTATATGAACATAACTCAATTTGTAA TTCATTA-3" target DNA 1120 5¢_TATTGAGTTATTGT 3
FETTTTTT FECPTEEEEELLEERLL - -
complementary 3’ -AATATACTTGTATTGAGTTAAACATTTTTT CCATAACCCCTTAAGTAAT-5 " 13-20  5'-TATTGAGTATTTGTAAAAAA-3'
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37 crRNA-sp2

caa B

15-20  5'-TATTGACAATTTGTAAAAAA-3’
17-20  5'-TATTCTCAATTTGTAAARAA-3'
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818

Fig. @-catalyzed cleavage of target DNA requires an activating domain
in tracrRNA and is governed by a seed sequence in the crRNA. (A) Cas9-tracrRNA:
crRNA complexes were reconstituted using 42-nucleotide crRNA-sp2 and trun-
cated tracrRNA constructs and were assayed for cleavage activity as in Fig. 1B. (B)
Cas9 programmed with full-length tracrRNA and crRNA-sp2 truncations was as-
sayed for activity as in (A). (C) Minimal regions of tracrRNA and crRNA capable
of guiding Cas9-mediated DNA cleavage (blue shaded region). (D) Plasmids
containing WT or mutant protospacer 2 sequences with indicated point mutations

(right) were cleaved in vitro by programmed Cas9 as in Fig. 1A (top-left) and used
for transformation assays of WT or pre-crRNA—deficient S. pyogenes (bottom-left).
The transformation efficiency was calculated as colony-forming units (CFU) per
microgram of plasmid DNA. Error bars represent SDs for three biological replicates.
(E) Plasmids containing WT and mutant protospacer 2 inserts with varying extent
of crRNA-target DNA mismatches (right) were cleaved in vitro grammed
Cas9 (left). The cleavage reactions were further digested with ant;%nlBSO- and
800-bp fragments are Cas9-generated cleavage products. M, DNA marker.
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This next part looks at how compatible the machinery is between different species of bacteria.  This would be a hard experiment to do with living bacterial but relatively easy to test in a test tube reaction.  

X Bio
Sticky Note
This section is looking at the substrate (DNA target sequence) requirements for the cleavage reaction, in particular the number of mismatches that might be tolerated.  Interesting but not one of the main findings of the paper.

X Bio
Sticky Note
Plasmid is a circular molecule of DNA.  Cas9 cleavage will produce a linear piece of DNA.  XmnI, a "restriction enzyme" (see Bio-Dictionary”), adds another cut resulting in two fragments.  Two fragments can be easily analyzed by gel electrophoresis (see Figure 8 of the Doudna Key Experiment).


(30, 31) and the Cascade and Csy CRISPR com-
plexes (13, 14).

A sh quence motif dictates R-loop
formatio ultiple CRISPR/Cas systems, rec-
ognition of self versus nonself has been shown
to involve a short sequence motif that is pre-
served in the foreign genome, referred to as the
PAM (27, 29, 32-34). PAM motifs are only a few
base pairs in length, and their precise sequence
and position vary according to the CRISPR/Cas
system type (32). In the S. pyogenes type 1l sys-
tem, the PAM conforms to an NGG consensus
sequence, containing two G:C base pairs that
occur one base pair downstream of the crRNA
binding sequence, within the target DNA (4).
Transformation assays demonstrated that the
GG motif is essential for protospacer plasmid
DNA elimination by CRISPR/Cas in bacterial
cells (fig. S13A), consistent with previous ob-
servations in S. thermophilus (27). The motif'is
also essential for in vitro protospacer plasmid
cleavage by tracrRNA:crRNA-guided Cas9
(fig. S13B). To determine the role of the PAM

in target DNA cleavage by the Cas9-tracrRNA:
crRNA complex, we tested a series of dsSDNA
duplexes containing mutations in the PAM se-
quence on the complementary or noncomple-
mentary strands, or both (Fig. 4A). Cleavage
assays using these substrates showed that Cas9-
catalyzed DNA cleavage was particularly sensi-
tive to mutations in the PAM sequence on the
noncomplementary strand of the DNA, in con-
trast to complementary strand PAM recognition
by type I CRISPR/Cas systems (18, 34). Cleavage
of target single-stranded DNAs was unaffected
by mutations of the PAM motif. This observation
suggests that the PAM motif is required only in
the context of target dSDNA and may thus be

required to license duplex unwinding, strand iEjystem (34).

vasion, and the formation of an R-loop structurt

When we used a different crRNA-target DNA
pair (crRNA-sp4 and protospacer 4 DNA), se-
lected due to the presence of a canonical PAM
not present in the protospacer 2 target DNA,
we found that both G nucleotides of the PAM
were required for efficient Cas9-catalyzed DNA

RESEARCH ARTICLE

cleavage (Fig. 4B and fig. S13C). To determine
whether the PAM plays a direct role in recruiting
the Cas9-tractrRNA:crRNA complex to the cor-
rect target DNA site, we analyzed binding affin-
ities of the complex for target DNA sequences by
native gel mobility shift assays (Fig. 4C). Muta-
tion of either G in the PAM sequence substan-
tially reduced the affinity of Cas9-tracrRNA:
crRNA for the target DNA. This ﬁndin@s
for specific recognition of the PAM sequekce by
Cas9 as a prerequisite for target DNA binding
and possibly strand separation to allow strand
invasion and R-loop formation, which would be
analogous to the PAM sequence recognition by
CasA/Csel implicated in a type I CRISPR/Cas

Cas9 ca programmed with a single
chimeric RNAzcxamination of the likely second-
ary structure of the tracrRNA:crRNA duplex
(Figs. 1E and 3C) suggested the possibility that
the features required for site-specific Cas9-catalyzed
DNA cleavage could be captured in a single
chimeric RNA. Although the tracrRNA:crRNA

A
protospacer 2 oligonucleotide DNA 3 'CCC“T:“‘C‘*’ 3 ‘CGGA:“°'5 3 ‘CCC’;TAAC'S
targetDNA 1 1 2 3 4 5 6 7 8 9 10
5/ -3’ non- strand
tracrRNA:CrRNA-SP2 — 4+ 4+ + + + + + + + + wWTPAM=  |[1[11]] i
3’-CCCATAAC-5' complementary strand
50 nt— .- - — - 4
5/-GCCTATTG-3’  5'-GCCATAAC-3'
FEETTT [T
3/-CGGATAAC-5’ 3'-CGGTATTG-5’
5 6
5’-GCCTATTG-3’  5'-GCCATAAC-3'
[ |
23 nt—> - - g - 3/-CCCATAAC-5'  3'-CCCATAAC-5'
7 8
57 TG-3' 5'- TG-3"
I
3'-CGGATAAC-5’ 3'-CGGTATTG-5'
9 10
B . . c target DNA duplex WT PAM 1 PAM 2
protospacer 4 oligonucleotide DNA - 5
S S
5/ _TGGCG-3" 51 _TCGEG-3" 5/ _TECCG-3" Cas9-RNA complex (nM) —<~ S _3n oS S NI
[ 11T [T -
37-ACCGC-5' 3'-AGCGC-5’ 34-ACGGC-5' bound > ‘el
PAM WwT PAM1 PAM2

time (min) 0 05 1 2 5 15 60120

005 1 25 15 60120 0051 2 5 15 60120

Sassss-- Gessssss sssssses

non-complementary
strand product

[ "eeNEs

complementary

strand product > ERERERRE—

unbound > e

——— -

Fig. 4@AM is required to license target DNA cleavage by the Cas9-
tracrRNA:crRNA complex. (A) Dual RNA-programmed Cas9 was tested for
activity as in Fig. 1B. WT and mutant PAM sequences in target DNAs are
indicated (right). (B) Protospacer 4 target DNA duplexes (labeled at both 5’
ends) containing WT and mutant PAM motifs were incubated with Cas9
programmed with tracrRNA:crRNA-sp4 (nucleotides 23 to 89). At the indi-
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cated time points (in minutes), aliquots of the cleavage reaction were taken
and analyzed as in Fig. 1B. (C) Electrophoretic mobility shift assays were
performed using RNA-programmed Cas9 (D10A/H840A) and protospacer
4 target DNA duplexes [same as in (B)] containing WT and mutated PAM
motifs. The Cas9 (D10A/H840A)—RNA complex was titrated from 100 pM
to 1 uM.
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X Bio
Sticky Note
This section is about the DNA substrate requirements, in particular a region adjacent to cleavage site called the PAM sequence.  Probably less relevant to the main points of the paper, which is focused on engineering the RNAs. Nevertheless, the PAM is an important aspect of the DNA targeting mechanism of Cas9, as it restricts the choice of genomic DNA sequences that can be targeted and cut.

X Bio
Sticky Note
The R-loop involves three strands of nucleic acid. The RNA binds to one strand of the DNA double helix (target strand), forming a DNA-RNA hybrid. The other DNA strand is displaced and called the non-target strand.

X Bio
Sticky Note
Conclusion- the PAM sequence may allow Cas9 to open up the double-stranded DNA and then allow the crRNA to interrogate and if there is complementarity establish base pairing with the DNA.

X Bio
Sticky Note
Pay attention to this section.  This contains the important result  featured in the Doudna Key Experiment that ignited the genome editing revolution.

X Bio
Sticky Note
The main focus of this figure is understanding the role of the PAM sequence of the DNA target. By making systematic modifications to the PAM region, the scientists were able to show at a matching PAM on the non-complementary strand may have a role in Cas binding to DNA.  
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A B protospacer 4 C Fig. 5. Cas9 can be pro-
_ plasmidDNA protospacer 4 d : inal
Cas9 programmed by crRNA:tracrRNA duplex > < @ w gramme d“;‘ﬁ‘g a S[mg[e
o oA — & g g s & < o Chgmeered RUA molece
. o £ £ cRNA — & & g g Combining tracr an
target DNA tracrRNA  — & 5 g@ o @ g g crRNA features. (A) (Top)
NI Cas9 + + + + tracrRNA — f f § £ In type Il CRISPR/Cas sys-
\ S D Ko Casg + + + + + tems, Cas9 is guided by a
N 10 two-RNA structure formed
chNA/""/’ 5) s 50 nt—> M oo s . @e by activating tracrRNA and
g'/” L oW - Do Efj targeting crRNA to cleave
¥ T oA 5 site-specifically—targeted
T - B coonn dsDNA (see fig. S1). (Bottom)
Cas9 programmed by single chimeric RNA@ 05 A chimeric RNA generated
’ by fusing the 3’ end of crRNA
to the 5’ end of tracrRNA. (B)
chimera A A plasmid harboring proto-
5’ -ARAAAUUAGGUGCGCUUGGCBUBUUAGABEUA © , spacer 4 target sequence and
3’-GCCUGAUCGGAAI‘JIL}LLI|\I‘JCT Q;z‘-\xlj N a WT PAM was subjected to
~Zont i) Gaa cleavage by Cas9 programmed
= with tracrRNA(4-89):cRNA-sp4
CRNA-tractRINA chimera chimera B duplex or in vitro—transcribed
5 ' ~AAAAAUUAGGUGCGCUUGGCEUUUAGAGEUA © 13 nt—> - - Fh_in_mric RNAs constructed by
3+ ceaRmARAAY GEAT oining the 3 end of TRNA o
caa e 5" end of tracrRNA wi
D a GAAA tetraloop. Cleavage reactions were analyzed by re-
NoSVoD imeri striction mapping with Xmnl. Sequences of chimeric S
NI R himeric trict th Xmnl. S f ch RNAs A
& & & & ¢ 7 RNA and B are shown with DNA-targeting (yellow), crRNA repeat-derived sequences (orange), and
kop tracrRNA-derived (light blue) sequences. (C) Protospacer 4 DNA duplex cleavage reactions were
19 - o bl :;l;‘(’)"bbp performed as in Fig. 1B. (D) Five chimeric RNAs designed to target the GFP gene were used to
6 - - - ®  program Cas9 to cleave a GFP gene—containing plasmid. Plasmid cleavage reacti re per-
: formed as in Fig. 3E, except that the plasmid DNA was restriction mapped with A er Cas9
3 - - - < 7SO (leavage.

target-selection mechanism works efficiently in
nature, the possibility of a single RNA-gui
Cas9 is appealing due to its potential utilit)%
programmed DNA cleavage and genome edit-
ing (Fig. SA). We designed two version
chimeric RNA containing a target recognition
sequence at the 5" end followed by a hairpin struc-
ture retaining the base-pairing interactions that
occur b n the tractRNA and the crRNA
(Fig. SB%E single transcript effectively fuses
the 3’ end’of crRNA to the 5’ end of tracrRNA,
thereby mimicking the dual-RNA structure re-
quired to guide site-specific DNA cleavage by
Cas9. In cleavage assays using plasmid DNA,
we observed that the longer chimeric RNA was
able to guide Cas9-catalyzed DNA cleavage in a
manner similar to that observed for the truncated
tractRNA:crRNA duplex (Fig. 5B and fig. S14,
A and C). The shorter chimg=eRNA did not
work efficiently in this assa irming that
nucleotides that are 5 to 12 positions beyond
the tracrRNA:crRNA base-pairing interaction
are important for efficient Cas9 binding and/or
target recognition. We obtained similar results
in cleavage assays using short dsDNA as a sub-
strate, further indicating that the position of the
cleavage site in target DNA is identical to that
observed using the dual tracrRNA:crRNA as
guide (Fig. 5C and fig. S14, B and C). Finalll
to establish whether the design of chimeric RNA

might be universally applicable, w ineered
five different chimeric guide RN rget a
portion of the ncoding the green-fluorescent
protein (GFP%S] 5, A'to C) and tested their
efficacy again§t a plasmid carrying the GFP
coding sequence in vitro. In all five cases, Cas9
programmed with these chimeric RNAs effi-
ciently cleaved the plasmid ¢ correct target
site (Fig. SD and fig. SlSE%jicaﬁng that ra-
tional design of chimeric RNAs is robust and
could, in principle, enable targeting of any DNA
sequence of interest with few co ts beyond
the presence of a GG dinucleotid cent to the
targeted sequence.

Conclusions. We identify a DNA interfer-
ence mechanism involving a dual-RNA structure
that directs a Cas9 endonuclease to introduce
site-specific double-stranded breaks in target
D e tracrRNA:crRNA-guided Cas9 pro-
te;gs use of distinct endonuclease domains
(HNH and RuvC-like dom cleave the two
strands in the target DNA¥Target recognition
by Cas9 requires both a seed sequence in the
crRNA and a GG dinucleotide-containing PAM
sequence adjace e crRNA-binding region
in the DNA targe@urther show that the Cas9
endonuclease can be programmed with guide

A engineered as a single transcript to

d cleave any dsDNA sequence of interes|
system is efficient, versatile, and programmable

by changing the DNA target-binding sequence in
the guide chimeric RNA. Zinc-finger nucleases
and transcription-activator-like effector nucleases
have attracted considerable interest as artificial
enzy gineered to manipulate genom
353 propose an alternative methodolo
based on RNA-programmed Cas9 that could
offer considerable potential for targeting
and genome-editing application@

References and Notes

1. B. Wiedenheft, S. H. Sternberg, ]. A. Doudna, Nature
482, 331 (2012).

2. D. Bhaya, M. Davison, R. Barrangou, Annu. Rev. Genet.
45, 273 (2011).

3. M. P. Terns, R. M. Terns, Curr. Opin. Microbiol. 14, 321
(2011).

4. E. Deltcheva et al., Nature 471, 602 (2011).

5. ]. Carte, R. Wang, H. Li, R. M. Terns, M. P. Terns, Genes
Dev. 22, 3489 (2008).

6. R. E. Haurwitz, M. Jinek, B. Wiedenheft, K. Zhou,
]. A. Doudna, Science 329, 1355 (2010).

7. R. Wang, G. Preamplume, M. P. Terns, R. M. Terns, H. Li,
Structure 19, 257 (2011).

8. E. M. Gesner, M. ]. Schellenberg, E. L. Garside,
M. M. George, A. M. Macmillan, Nat. Struct. Mol. Biol.
18, 688 (2011).

9. A. Hatoum-Aslan, I. Maniv, L. A. Marraffini, Proc. Natl.

Acad. Sci. U.S.A. 108, 21218 (2011).

S. ]. ). Brouns et al., Science 321, 960 (2008).

D. G. Sashital, M. Jinek, ]. A. Doudna, Nat. Struct. Mol.

Biol. 18, 680 (2011).

12. N. G. Lintner et al., J. Biol. Chem. 286, 21643 (2011).

10.
11.

17 AUGUST 2012 VOL 337 SCIENCE www.sciencemag.org

Downloaded from http://science.sciencemag.org/ on May 4, 2017


http://science.sciencemag.org/
X Bio
Sticky Note
From this model, the scientists think that they might be able to join these two RNAs together to create a "single guide RNA".  Compare this diagram to the one below.

X Bio
Sticky Note
Suggests that utilizing one single guide RNA instead of two distinct RNAs would simplify genome editing experiments in cells or animals. 

X Bio
Sticky Note
They make two initial "guesses" at a single RNA, since it is hard to know exactly what will work from first principles (although their earlier truncation experiments in Fig. 3A, B aided this work.

X Bio
Sticky Note
Definitive result, only the longer single guide RNA worked, so they have a clear winner going forward.

X Bio
Sticky Note
This is the main experiment featured in the Doudna Key Experiment.   See Figures 7-9 in the Doudna Key Experiment to understand how this experiment was set up and analyzed.  (For simplicity, the result from Chimera B was not included.)  Note that the lanes were re-labeled as "DNA markers, negative control, positive control, and experiment" (from left to right) in  Figure 9 of the Doudna Key Experiment.

X Bio
Sticky Note
See also Figure 6 in the Doudna Key Experiment for a simple illustration on the design of the single guide RNA specifically.

X Bio
Sticky Note
See also Figure 6 of the Doudna Key Experiment for a description of this joined "single guide RNA".

X Bio
Sticky Note
This is transition to an important grand finale experiment.  Is this engineered CRISPR-Cas9 system truly programmable and specific? 

X Bio
Sticky Note
These 5 single guide RNAs were designed to recognize different target sequences within one gene.

X Bio
Sticky Note
There is no relevance to this being the gene for the green fluorescence protein (i.e. fluorescence is not being investigated here).  Probably was just a convenient gene that they had in the lab. The S. pyogenes CRISPR-Cas immune system from which the Cas9 protein originates has never evolved to target the GFP gene sequence. The guide RNAs designed for the experiment are completely artificial. 

X Bio
Sticky Note
Also an important experiment. This shows that 5 different single guide RNAs can be designed to cut at specific locations along a GFP gene. From this figure one cannot tell that the cutting occurred at different sizes (since the piece of DNA containing the GFP gene is large and cuts by the different CRISRP-Cas9-sgRNAs did not change the length of the fragments by very much).  The different sizes of the fragments are better shown in a related experiment in Supplemental Figure 15. This result is shown in a conceptual, diagrammatic form in Figure 10 of the Doudna Key Experiment.

X Bio
Sticky Note
This is the negative control

X Bio
Sticky Note
Less essential experiment than panel B. This replicates the overall findings from B with a shorter double-stranded DNA.

X Bio
Sticky Note
Same comment as for Figure 3E. Plasmid is a circular molecule of DNA.  Cas9 cleavage will produce a linear piece of DNA.  XmnI, a "restriction enzyme" (see Bio-Dictionary”), adds another cut resulting in two fragments.  Two fragments can be easily analyzed by gel electrophoresis (see Figure 8 of the Doudna Key Experiment).

X Bio
Sticky Note
A more conceptual, diagrammatic version of this result is shown in Figure 10 of the Doudna Key Experiment.

X Bio
Sticky Note
This is the requirement of the PAM sequence in the target DNA explored in Figure 4 of this paper.

X Bio
Sticky Note
Summary of Figure 2

X Bio
Sticky Note
Summary of Figure 3 and 4

X Bio
Sticky Note
Summary of FIgure 5.

X Bio
Sticky Note
Their 3 component system is described in Figure 1.

X Bio
Sticky Note
These were earlier molecular systems for performing genome editing. These methods were cumbersome to use because they involved engineering proteins to recognize certain DNA sequences, which is not trivial.  With CRISPR-Cas9, there is no protein engineering. There is one "universal" DNA cutting protein, Cas9, which can be programmed to target a particular sequence of DNA by correctly designing the appropriate single guide RNA. Fortunately, making RNA (or getting cells to transcribe RNA from injected DNA) is easy! The development of a single guide RNA further simplified matters compared to using two RNAs and allowed the guide RNAs to be easily expressed in eukaryotic cells.

X Bio
Sticky Note
The paper started with just trying to understand the mechanism of Cas9 and what its associated RNAs were doing.  Through that understanding (first half of paper) came ideas for engineering the system.  And with that success emerged a powerful new idea for genome editing.  If you are going to close a paper, end with a good last line. LOTS OF PEOPLE paid attention to this closing remark and several labs afterwards contributed to implementation of CRISPR-Cas9 in genome editing.

X Bio
Sticky Note
Note that the experiments in this paper are exclusively in vitro, so the work does not yet show that the single guide RNA and Cas9 will work in the nucleus of a living cell and how specific it might be.
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Long-Range Incommensurate Charge
Fluctuations in (Y,Nd)Ba,Cu;0g, ,
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E. Weschke,” B. Keimer,?* L. Braicovich®

The concept that superconductivity competes with other orders in cuprate superconductors has
become increasingly apparent, but obtaining direct evidence with bulk-sensitive probes is
challenging. We have used resonant soft x-ray scattering to identify two-dimensional charge
fluctuations with an incommensurate periodicity of ~3.2 lattice units in the copper-oxide planes
of the superconductors (Y,Nd)Ba,Cu30s,,, with hole concentrations of 0.09 to 0.13 per planar
Cu ion. The intensity and correlation length of the fluctuation signal increase strongly upon cooling
down to the superconducting transition temperature (T.); further cooling below T, abruptly reverses
the divergence of the charge correlations. In combination with earlier observations of a large
gap in the spin excitation spectrum, these data indicate an incipient charge density wave instability

that competes with superconductivity.

successful theory of high-temperature
superconductivity in the copper oxides
requires a detailed understanding of the
spin, charge, and orbital correlations in the nor-
mal state from which superconductivity emerges.
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In recent years, evidence of ordering phenomena
in which these correlations might take on partic-
ularly simple forms has emerged (/, 2). Despite
intense efforts, however, only two order param-
eters other than superconductivity have thus far
been unambiguously identified by bulk-sensitive
experimental probes: (i) uniform antiferromag-
netism in undoped insulating cuprates and (ii)
uniaxially modulated antiferromagnetism (3) com-
bined with charge order (3, 4) in doped cuprates
of the so-called “214” family [that is, compounds
of composition La,—,(Sr,Ba)(Nd,Eu),CuO,].
The latter is known as “stripe order,” with a
commensurate charge modulation of period 4a
(where lattice unit « = 3.8 to 3.9 A is the distance
between neighboring Cu atoms in the CuO, planes),
which greatly reduces the superconducting transi-
tion temperature (7;,) of 214 materials at a doping
level p ~ 1/8 per planar Cu atom. Incommensu-
rate spin fluctuations in 214 materials with p # 1/8

(5) have been interpreted as evidence of fluctu-
ating stripes (6). A long-standing debate has
evolved around the questions of whether stripe
order is a generic feature of the copper oxides
and whether stripe fluctuations are essential for
superconductivity.

Recent attention has focused on the “123”
family [RBa,Cu;0¢., with R =Y or another rare
carth element], which exhibits substantially lower
chemical disorder and higher maximal 7, than
the 214 system. For underdoped 123 compounds,
the anomaly in the Ti-versus-p relation at p = 1/8
(7) and the large in-plane anisotropies in the
transport properties (8, 9) have been interpreted
as evidence of stripe order or fluctuations, in anal-
ogy to stripe-ordered 214 materials (/0). Differ-
ences in the spin dynamics of the two families
have, however, cast some doubt on this interpre-
tation. In particular, neutron-scattering studies of
moderately doped 123 compounds have revealed
a gap of magnitude >20 meV in the magnetic
excitation spectrum (//—14), whereas 214 com-
pounds with similar hole concentrations exhibit
nearly gapless spin excitations (5). Further ques-
tions have been raised by the recent discovery of
small Fermi surface pockets in quantum oscil-
lation experiments on underdoped 123 materials
in magnetic fields large enough to weaken or ob-
literate superconductivity (/5). Some researchers
have attributed this observation to a Fermi sur-
face reconstruction due to magnetic field—induced
stripe order (/0), whereas others have argued that
even the high magnetic fields applied in these
experiments appear incapable of closing the spin
gap and that a biaxial charge modulation is re-
quired to explain the quantum oscillation data (16).
Nuclear magnetic resonance (NMR) experiments
have shown evidence of a magnetic field-induced
uniaxial charge modulation (/7), but they do not
yield information about electronic fluctuations out-
side of a very narrow energy window of ~1 ueV. On
the other hand, scattering experiments to determine
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Editor's Summary

Ditching Invading DNA

Bacteria and archaea protect themselves from invasive foreign nucleic acids through an
RNA-mediated adaptive immune system called CRISPR (clustered regularly interspaced short
palindromic repeats)/CRISPR-associated (Cas). Jinek et al. (p. 816, published online 28 June; see the
Perspective by Brouns) found that for the type |1 CRISPR/Cas system, the CRISPR RNA (crRNA) as
well as the trans-activating crRNA——which is known to be involved in the pre-crRNA processing—
were both required to direct the Cas9 endonuclease to cleave the invading target DNA. Furthermore,
engineered RNA molecules were able to program the Cas9 endonuclease to cleave specific DNA
seguences to generate double-stranded DNA breaks.
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