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            Abstract
Cpf1 is an RNA-guided endonuclease that is emerging as a powerful genome-editing tool1,2. Here we provide insight into its DNA-targeting mechanism by determining the structure of Francisella novicida Cpf1 with the triple-stranded R-loop generated after DNA cleavage. The structure reveals the machinery involved in DNA unwinding to form a CRISPR RNA (crRNA)–DNA hybrid and a displaced DNA strand. The protospacer adjacent motif (PAM) is recognized by the PAM-interacting domain. The loop-lysine helix–loop motif in this domain contains three conserved lysine residues that are inserted in a dentate manner into the double-stranded DNA. Unzipping of the double-stranded DNA occurs in a cleft arranged by acidic and hydrophobic residues facilitating the crRNA–DNA hybrid formation. The PAM single-stranded DNA is funnelled towards the nuclease site through a mixed hydrophobic and basic cavity. In this catalytic conformation, the PAM-interacting domain and the helix–loop–helix motif in the REC1 domain adopt a ‘rail’ shape and ‘flap-on’ conformations, respectively, channelling the PAM strand into the cavity. A steric barrier between the RuvC-II and REC1 domains forms the ‘septum’, separating the displaced PAM strand and the crRNA–DNA hybrid, avoiding DNA re-annealing. Mutations in key residues reveal a mechanism linking the PAM and DNA nuclease sites. Analysis of the Cpf1 structures3,4 proposes a singular working model of RNA-guided DNA cleavage, suggesting new avenues for redesign of Cpf1.
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                    Figure 1: Crystal structure of the FnCpf1–R-loop complex.[image: ]


Figure 2: PAM recognition and uncoupling of the Watson–Crick dG−1/dC+1 pair.[image: ]


Figure 3: DNA unzipping, PAM-interacting domain ‘rail’ conformation and septum formation.[image: ]


Figure 4: Model of PAM-dependent DNA recognition and ATP-independent unwinding.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Sequence alignment of representative members of the Cpf1 family.
The amino acid sequences of Cpf1 from Francisella novicida (FnCpf1), Acidaminococcus sp. (AsCpf1), Lachnospiraceae bacterium (LbCpf1), Francisella tularensis (FtCpf1) and Porphyromonas crevioricans (PcCpf1) were aligned by Clustal Omega (http://www.ebi.ac.uk/Tools/msa/clustalo). The figure was prepared with ESPript (http://espript.ibcp.fr). Residue numbers are labelled according to the FnCpf1 sequence. Similar residues are shown in red and identical residues in white over red background. Blue frames indicate homologous regions. The different structural domains of FnCpf1 and their amino acid composition are depicted as boxes above the sequences and labelled with the same names and colour code as in Fig. 1a. In addition, thin boxes above the domains, following the same colour code, mark the positions of relevant regions mentioned in the manuscript. The mutations performed in key residues are marked according to their region: PI rail conformation (square), catalytic (circle), unzipping cleft (triangle), LKL (star) and ‘septum’ (cross). The protein sequence identity and similarity (in percentage) of FnCpf1 (1,300 amino acids) with AsCpf1, LbCpf1, FtCpf1 and PcCpf1 are FnCpf1:AsCpf1, 36:42; FnCpf1:LbCpf1, 43:49; FnCpf1:FtCpf1, 99:100; and FnCpf1:PcCpf1, 43:52.


Extended Data Figure 2 DNA saturation cleavage assay.
a, Scheme of the oligonucleotides used in the assay. In DNA1 both strands are labelled with 6-FAM in order to visualize the cleaved products of both non-target and target DNA. In DNA2 the non-target strand is labelled with 6-FAM in order to visualize the cleaved products from the non-target DNA. In DNA3 the target strand is labelled with 6-FAM to visualize the cleaved products from the target strand. b, Target DNA cleavage depends on Mg2+. Depletion of the cation by EDTA abrogates phosphodiester hydrolysis. c, Time course of the cleavage assay shows that FnCpf1 endonuclease completes the reaction in approximately 60 min. Quantification is shown in the graph below, representing the intensity of the corresponding bands (AU, arbitrary units) at different time points. d, Cleavage assay using DNA1, DNA2 and DNA3, shows the cleavage products of the different strands. For the saturation assay an increasing amount of DNA1 was used. Quantification of the cleaved and non-cleaved DNA1 is shown in the chart below (see Methods). The chart represents the intensity of the corresponding bands (AU) at increasing concentrations of the DNA1 substrate. The activity curve shows an asymptotic behaviour after 3 nmol of substrate. Each experiment was repeated 4 times. Error bars, s.d.


Extended Data Figure 3 The crRNA–DNA hybrid and the displaced non-target strand.
a, Detailed view of the 2mFo − DFc map of the R-loop inside FnCpf1 contoured at 1σ. b, Superposition of the FnCpf1–R-loop with the crRNA–DNA hybrid containing the PAM sequence of AsCpf1.


Extended Data Figure 4 The RNAase site and the LKL helix insertion.
a, Inset of the 5′ RNA region. Cpf1 can process its own crRNA. The RNA catalysis involves residues F873, H843, K869 and K852. 2mFo−DFc sigmaA map contoured at 1σ is displayed on the RNA molecule. The dashed lines indicate the flexible loop not built in the model. H843 is included in this highly mobile six residues loop and cannot be observed in our structure, showing the high flexibility of this region after RNA processing. The alanine mutants of these residues abolished RNA nuclease activity17. b, Overall view of the sliced FnCpf1 from the RuvC–Nuc interface, the key residues in each domain are surrounded by a pink and cyan oval. The dashed lines depict the distances between E1006 and R1218, and the dT–7 of the nt-strand and the dG+20 the t-strand to the RuvC and Nuc centres, respectively. The lower panel shows a detailed view of the RuvC–Nuc interface where the catalysis of the nt-strand and the t-strand occur after DNA unzipping. c, Cleavage assay of the E1006A and R1218A FnCpf1 mutants. Both mutations abrogate DNA cleavage. The experiment was repeated 4 times. d, Detailed view of the LKL helix insertion in the dsDNA. The dashed red lines show the 45° between the longitudinal DNA axis and the helix axis.


Extended Data Figure 5 Cleavage assay of FnCpf1 Mutants.
a, SDS–PAGE gel of the purified proteins used in the assay. b, Substrate target DNA oligonucleotide used in this assay. In DNA1A both strands are labelled with 6FAM in order to visualize the cleaved products of both the non-target and the target DNA strands in Figs 2e, 3b and Extended Data Fig. 5c. The encircled region indicates the PAM sequence c, Wild-type FnCpf1 and K671A, K667A and K677A mutants cleavage with different PAM sequences. The PAMs are indicated in bold above the gels. No cleavage can be observed for the wild-type FnCpf1 or mutants with PAMs different than the TTA. Neither FnCpf1 nor the LKL mutants exhibit PAM promiscuity in this context. Each experiment was repeated 4 times.


Extended Data Figure 6 Electrostatic potential map of FnCpf1.
a, The close-up of the unzipping cleft shows the disposition of the hydrophobic and acidic amino acids to facilitate the formation of the initial hybridization between the target DNA and the crRNA. b, c, Two different views of the cavity where the displaced nt-DNA resides after target cleavage. The cavity consists of hydrophobic and basic residues that direct the nt-DNA to the DNA nuclease site. The PAM, and DNA nuclease site and the septum are encircled in a dashed yellow line.


Extended Data Figure 7 PAM-interacting domain conformation.
a, The PI domains of LbCpf1, AsCpf1 and FnCpf1 structure have been superimposed using the Lsq routine in O36 to observe the different conformations depending on the presence or absence of the non-target DNA strand. The dashed black line represents the path of the nt-DNA. b, View of the non-target PAM strand embraced by the ‘rail’ conformation of the PI domain. The AsCpf1 PI domain is superimposed for comparison. The electron density map (2mFo − DFc map) displayed on the non-target strand inside FnCpf1 is contoured at 1σ.


Extended Data Figure 8 Comparison of Cpf1 conformations upon target DNA binding.
a, The figure displays surface models after superimposition of LbCpf1, AsCpf1 and FnCpf1 conformations representative of different states. The comparison shows the differences in the Cpf1 structure from the less to the more compact conformation. Nucleic acids are not shown for clarity. b, The figure depicts the differences in the HLH section between the LbCpf1 apo structure and the FnCpf1–R-loop structure. The HLH domain adopts the ‘flap-on’ conformation when the PAM sequence is bound.


Extended Data Table 1 Data collection and refinement of the Cpf1–R-loop complexFull size table


Extended Data Table 2 Oligonucleotides and primer sequences used in this studyFull size table





Supplementary information
Supplementary Figure
This file contains uncropped scans of all the UREA-PAGE gels in the main and in the Extended Data Figures. (PDF 8001 kb)


Overview of the FnCpf1 R-loop crystal structure
The protein-crRNA-target DNA ternary complex is rotated 180º around its longitudinal axis. The polypeptide is composed by the WED (I, II and II subdomains), REC1, REC2, PI, BH, RuvC (I, II and III subdomains) and Nuc domains. The colours assigned to FnCpf1 domains are the same in Fig. 1a. (MPG 16085 kb)


Morphing between the apo and R-loop structures reflecting conformational change for the HLH motif in the REC1 domain between these two states
The video shows the morphing between the apo and R-loop structures reflecting conformational change for the HLH motif in the REC1 domain between these two states (Flap-on conformation). (MOV 3930 kb)
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        Editorial Summary
Structure of a post-cleavage Cpf1 complex
The CRISPR–Cas9 system for genome editing has evolved to utilize variants of Cas9-type enzymes that possess different properties. One of these homologues is the Cpf1 enzyme, the therapeutic potential of which is starting to be explored. Guillermo Montoya and colleagues have solved the structure of Cpf1 endonuclease from Francisella novicida bound to an CRISPR RNA (crRNA)–DNA mimic of the post-cleavage complex. The new understanding of Cpf1 mechanism could be used to widen the repertoire of CRIPSR–Cas editing enzymes and their applications.
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