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            Abstract
The CRISPR-associated protein Cas9 is an RNA-guided DNA endonuclease that uses RNA–DNA complementarity to identify target sites for sequence-specific double-stranded DNA (dsDNA) cleavage1,2,3,4,5. In its native context, Cas9 acts on DNA substrates exclusively because both binding and catalysis require recognition of a short DNA sequence, known as the protospacer adjacent motif (PAM), next to and on the strand opposite the twenty-nucleotide target site in dsDNA4,5,6,7. Cas9 has proven to be a versatile tool for genome engineering and gene regulation in a large range of prokaryotic and eukaryotic cell types, and in whole organisms8, but it has been thought to be incapable of targeting RNA5. Here we show that Cas9 binds with high affinity to single-stranded RNA (ssRNA) targets matching the Cas9-associated guide RNA sequence when the PAM is presented in trans as a separate DNA oligonucleotide. Furthermore, PAM-presenting oligonucleotides (PAMmers) stimulate site-specific endonucleolytic cleavage of ssRNA targets, similar to PAM-mediated stimulation of Cas9-catalysed DNA cleavage7. Using specially designed PAMmers, Cas9 can be specifically directed to bind or cut RNA targets while avoiding corresponding DNA sequences, and we demonstrate that this strategy enables the isolation of a specific endogenous messenger RNA from cells. These results reveal a fundamental connection between PAM binding and substrate selection by Cas9, and highlight the utility of Cas9 for programmable transcript recognition without the need for tags.
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                    Figure 1: RNA-guided Cas9 cleaves ssRNA targets in the presence of a short PAM-presenting DNA oligonucleotide (PAMmer).[image: ]


Figure 2: dCas9–gRNA binds ssRNA targets with high affinity in the presence of PAMmers.[image: ]


Figure 3: 5′-extended PAMmers are required for specific target ssRNA binding.[image: ]


Figure 4: RNA-guided Cas9 can target non-PAM sites on ssRNA and isolate GAPDH mRNA from HeLa cells in a tagless manner.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Quantified data for cleavage of ssRNA by Cas9–gRNA in the presence of a 19-nucleotide PAMmer.
Cleavage assays were conducted as described in the Methods, and the quantified data were fitted with single-exponential decays. Results from four independent experiments yielded an average apparent pseudo-first-order cleavage rate constant (mean ± s.d.) of 0.032 ± 0.007 min−1. This is slower than the rate constant determined previously for ssDNA in the presence of the same 19-nucleotide PAMmer (7.3 ± 3.2 min−1)7.


Extended Data Figure 2 RNA cleavage is marginally stimulated by di- and tri-deoxyribonucleotide PAMmers.
Cleavage reactions contained ∼1 nM 5′-radiolabelled target ssRNA and no PAMmer (left), 100 nM 18-nt PAMmer (second from left), or 1 mM of the indicated di- or tri-nucleotide (remaining lanes). Reaction products were resolved by 12% denaturing polyacrylamide gel electrophoresis (PAGE) and visualized by phosphorimaging.


Extended Data Figure 3 Representative binding experiment demonstrating guide-specific ssRNA binding with 5′-extended PAMmers.
Gel shift assays were conducted as described in the Methods. Binding reactions contained Cas9 programmed with λ2 gRNA and either λ2 (on-target), λ3 (off-target) or λ4 (off-target) ssRNA in the presence of short cognate PAMmers or cognate PAMmers with complete 5′-extensions, as indicated. The presence of a cognate 5′-extended PAM-mer abrogates off-target binding. Three independent experiments were conducted to produce the data shown in Fig. 3b, d.


Extended Data Figure 4 Exploration of RNA cleavage efficiencies and binding specificity using PAMmers with variable 5′-extensions.
a, Cleavage assays were conducted as described in Methods. Reactions contained Cas9 programmed with λ2 gRNA and λ2 ssRNA targets in the presence of PAMmers with 5′-extensions of variable length. The ssRNA cleavage efficiency decreases as the PAMmer extends further into the target region, as indicated by the fraction of RNA cleaved after 1 h. b, Binding assays were conducted as described in the Methods, using mostly the same panel of 5′-extended PAMmers as in a. Binding reactions contained Cas9 programmed with λ2 gRNA and either λ2 (on-target) or λ3 (off-target) ssRNA in the presence of cognate PAMmers with 5′-extensions of variable length. The binding specificity increases as the PAMmer extends further into the target region, as indicated by the fraction of λ3 (off-target) ssRNA bound at 3 nM Cas9–gRNA. PAMmers with 5′ extensions also cause a slight reduction in the relative binding affinity of λ2 (on-target) ssRNA.


Extended Data Figure 5 Site-specific biotin labelling of Cas9.
a, In order to introduce a single biotin moiety on Cas9, the solvent accessible, non-conserved amino-terminal methionine was mutated to a cysteine (M1C; red text) and the naturally occurring cysteine residues were mutated to serine (C80S and C574S; bold text). This enabled cysteine-specific labelling with EZ-link Maleimide-PEG2-biotin through an irreversible reaction between the reduced sulphydryl group of the cysteine and the maleimide group present on the biotin label. Mutations of dCas9 are also indicated in the domain schematic. b, Mass spectrometry analysis of the Cas9 biotin-labelling reaction confirmed that successful biotin labelling only occurs when the M1C mutation is present in the Cys-free background (C80S;C574S). The mass of the Maleimide-PEG2-biotin reagent is 525.6 Da. c, Streptavidin bead binding assay with biotinylated (biot.) or non-biotinylated (non-biot.) Cas9 and streptavidin agarose or streptavidin magnetic beads. Cas9 only remains specifically bound to the beads after biotin labelling. d, Cleavage assays were conducted as described in the Methods and resolved by denaturing PAGE. Reactions contained 100 nM Cas9 programmed with λ2 gRNA and ∼1 nM 5′-radiolabelled λ2 dsDNA target. e, Quantified cleavage data from triplicate experiments were fitted with single-exponential decays to calculate the apparent pseudo-first-order cleavage rate constants (average ± standard deviation). Both Cys-free and biotin-labelled Cas9(M1C) retain wild-type activity.


Extended Data Figure 6 RNA-guided Cas9 can utilize chemically modified PAMmers.
Nineteen-nucleotide PAMmer derivatives containing various chemical modifications on the 5′ and 3′ ends (capped) or interspersed throughout the strand still activate Cas9 for cleavage of ssRNA targets. These types of modification are often used to increase the in vivo half-life of short oligonucleotides by preventing exo- and endonuclease-mediated degradation. Cleavage assays were conducted as described in the Methods. PS, phosphorothioate bonds; LNA, locked nucleic acid.


Extended Data Figure 7 Cas9 programmed with GAPDH-specific gRNAs can pull down GAPDH mRNA in the absence of PAMmers.
a, Northern blot showing that, in some cases, Cas9–gRNA is able to pull down detectable amounts of GAPDH mRNA from total RNA without requiring a PAMmer. b, Northern blot showing that Cas9–gRNA G1 is also able to pull down quantitative amounts of GAPDH mRNA from HeLa cell lysate without requiring a PAMmer. s, standard; v1-5, increasingly 2′-OMe-modified PAMmers. See Fig. 4g for PAMmer sequences.


Extended Data Figure 8 Potential applications of RCas9 for untagged transcript analysis, detection and manipulation.
a, Catalytically active RCas9 could be used to target and cleave RNA, particularly those for which RNA-interference-mediated repression/degradation is not possible. b, Tethering the eukaryotic initiation factor eIF4G to a catalytically inactive dRCas9 targeted to the 5′ untranslated region of an mRNA could drive translation. c, dRCas9 tethered to beads could be used to specifically isolate RNA or native RNA–protein complexes of interest from cells for downstream analysis or assays including identification of bound-protein complexes, probing of RNA structure under native protein-bound conditions, and enrichment of rare transcripts for sequencing analysis. d, dRCas9 tethered to RNA deaminase or N6-mA methylase domains could direct site-specific A-to-I editing or methylation of RNA, respectively. e, dRCas9 fused to a U1 recruitment domain (arginine- and serine-rich (RS) domain) could be programmed to recognize a splicing enhancer site and thereby promote the inclusion of a targeted exon. f, dRCas9 tethered to a fluorescent protein such as GFP could be used to observe RNA localization and transport in living cells. Adapted from Mackay et al.18


Extended Data Table 1 λ-Oligonucleotide sequencesFull size table


Extended Data Table 2 Oligonucleotides used in the GAPDH mRNA pull-down experimentFull size table
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        Editorial Summary
A technology for RNA recognition
The bacterial CRISPR immune defence system, and its effector Cas9 in particular, have recently been exploited for sequence-specific genome editing in eukaryotic cells. Cas9 binds a guide RNA and in the presence of a DNA motif known as protospacer adjacent motif (PAM), is able to cleave the target DNA. New work by Jennifer Doudna and colleagues reveals the unexpected result that in the presence of a DNA oligomer containing PAM, a guide RNA-programmed Cas9 is able to cleave single-stranded RNA as well. They show that this system can also be used to isolate specific endogenous RNA transcripts, without any tag or modification, from a cell lysate. Thus, the system can be programmed to either bind or cut desired RNA targets, depending on the PAM used. This work and points the way towards possible new technologies for programmable RNA recognition.
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