








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

A short sequence motif dictates R-loop
formation. In multiple 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 in-
vasion, and the formation of an R-loop structure.
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
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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 finding argues
for specific recognition of the PAM sequence 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
system (34).

Cas9 can be programmed with a single
chimeric RNA. Examination 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
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7 8
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Fig. 4. A PAM 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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tracrRNA-derived (light blue) sequences. (C) Protospacer 4 DNA duplex cleavage reactions were

performed as in Fig. 1B. (D) Five chimeric RNAs designed to target the GFP gene were used to

program Cas9 to cleave a GFP gene—containing plasmid. Plasmid cleavage reactions were per-
formed as in Fig. 3E, except that the plasmid DNA was restriction mapped with Avrll after Cas9
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target-selection mechanism works efficiently in
nature, the possibility of a single RNA-guided
Cas9 is appealing due to its potential utility for
programmed DNA cleavage and genome edit-
ing (Fig. 5A). We designed two versions of a
chimeric RNA containing a target recognition
sequence at the 5" end followed by a hairpin struc-
ture retaining the base-pairing interactions that
occur between the tractRNA and the crRNA
(Fig. 5B). This 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 chimeric RNA did not
work efficiently in this assay, confirming 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 a
guide (Fig. 5C and fig. S14, B and C). Finally,
to establish whether the design of chimeric RNA

might be universally applicable, we engineered
five different chimeric guide RNAs to target a
portion of the gene encoding the green-fluorescent
protein (GFP) (fig. S15, A to C) and tested their
efficacy against a plasmid carrying the GFP
coding sequence in vitro. In all five cases, Cas9
programmed with these chimeric RNAs effi-
ciently cleaved the plasmid at the correct target
site (Fig. SD and fig. S15D), indicating that ra-
tional design of chimeric RNAs is robust and
could, in principle, enable targeting of any DNA
sequence of interest with few constraints beyond
the presence of a GG dinucleotide adjacent 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
DNA. The tracrRNA:crRNA-guided Cas9 pro-
tein makes use of distinct endonuclease domains
(HNH and RuvC-like domains) to 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 adjacent to the crRNA-binding region
in the DNA target. We further show that the Cas9
endonuclease can be programmed with guide
RNA engineered as a single transcript to target
and cleave any dsDNA sequence of interest. The
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
enzymes engineered to manipulate genomes
(35-38). We propose an alternative methodology
based on RNA-programmed Cas9 that could
offer considerable potential for gene-targeting
and genome-editing applications.
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Long-Range Incommensurate Charge
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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
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(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

17 AUGUST 2012

8T0Z ‘62 1snBny uo /610’ Bewsdusios aouslos//:dny woly papeojumod

821


http://science.sciencemag.org/

Science

A Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial Immunity
Martin Jinek, Krzysztof Chylinski, Ines Fonfara, Michael Hauer, Jennifer A. Doudna and Emmanuelle Charpentier

Science 337 (6096), 816-821.
DOI: 10.1126/science.1225829originally published online June 28, 2012

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 || 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
sequences to generate double-stranded DNA breaks.
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