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The CRISPR–Cas systems, as exemplified by CRISPR–Cas9, are 
RNA-guided adaptive immune systems used by bacteria and 
archaea to defend against viral infection1–7. The CRISPR–Cpf1 
system, a new class 2 CRISPR–Cas system, mediates robust DNA 
interference in human cells1,8–10. Although functionally conserved, 
Cpf1 and Cas9 differ in many aspects including their guide 
RNAs and substrate specificity. Here we report the 2.38 Å crystal 
structure of the CRISPR RNA (crRNA)-bound Lachnospiraceae 
bacterium ND2006 Cpf1 (LbCpf1). LbCpf1 has a triangle-shaped 
architecture with a large positively charged channel at the centre. 
Recognized by the oligonucleotide-binding domain of LbCpf1, 
the crRNA adopts a highly distorted conformation stabilized by 
extensive intramolecular interactions and the (Mg(H2O)6)2+ ion. 
The oligonucleotide-binding domain also harbours a looped-out 
helical domain that is important for LbCpf1 substrate binding. 
Binding of crRNA or crRNA lacking the guide sequence induces 
marked conformational changes but no oligomerization of LbCpf1. 
Our study reveals the crRNA recognition mechanism and provides 
insight into crRNA-guided substrate binding of LbCpf1, establishing 
a framework for engineering LbCpf1 to improve its efficiency and 
specificity for genome editing.

After integration of short segments of invader-derived DNA (known 
as a protospacer) into a CRISPR array within the host genome, expres-
sion and processing of the precursor crRNAs produces mature crRNAs. 
The mature crRNAs then guide an effector protein, either a large single 
Cas protein (class 2 CRISPR systems) or a Cas protein complex (class 1  
CRISPR systems), to target and cleave foreign DNAs (or RNAs 
in some cases) bearing complementary sequences7,10–13. Typical 
examples of class 2 CRISPR systems include the well-characterized  
CRISPR–Cas91,10. The combination of Cas9 from Streptococcus  
pyogenes (SpyCas9) and a synthetic single-guide RNA (sgRNA) that con-
tains a guide region and duplex of crRNA and trans-activating crRNA  
(tracrRNA) has been harnessed as a two-component programmable 
system for genetic manipulation of various organisms14–16.

Cas9 as an endonuclease is a modular protein, comprising an 
RNA-recognizing domain and two nuclease domains (HNH and 
RuvC) connected by an arginine-rich bridge helix, and a protospacer- 
adjacent motif (PAM, a short sequence located immediately downstream 
of the target DNA sequence)-interacting domain17–19. Recognition of 
the sgRNA induces marked conformational rearrangement of Cas9  
(refs 20, 21), recruiting target double-stranded (ds)DNA through 
pairing of the guide region from the sgRNA with the dsDNA17–21. 
In the sgRNA–Cas9–target DNA ternary complex, the two strands 
of dsDNA complementary and non-complementary to the guide  
segment of sgRNA are cleaved by the HNH and RuvC nuclease 
domains, respectively22,23.

In the CRISPR–Cpf1 system, a single 42–44 nucleotide (nt) crRNA 
with ~19 nt direct repeat sequence followed by 23–25 nt of spacer 

sequence is sufficient to guide the endonuclease Cpf1 (~1,300 residues) 
for dsDNA targeting9. This is distinctly different from the CRISPR–
Cas9 system wherein much longer guide RNAs, such as the sgRNA with 
~80–100 nt, as well as the crRNA–tracrRNA duplex and the secondary 
structure of the tracrRNA 3′ end are required for DNA recognition and 
cleavage19,21,22,24. Only a single nuclease domain (RuvC), required for 
its dsDNA cleavage activity9, is identifiable in Cpf1. Therefore, whether 
Cpf1 acts as a dimer to cleave the two strands of dsDNA, or another 
unknown active site tightly coupled to that of RuvC present in Cpf1, 
remains unknown. Interestingly, unlike Cas9 that generates cleav-
age products with blunt ends23,25, Cpf1 makes staggered cuts leaving 
five-nucleotide 5′ overhangs distal to the PAM site9. Moreover, Cpf1 
utilizes a T-rich PAM sequence, in contrast to the G-rich PAM prefer-
ence of Cas9 (ref. 16).

To understand how LbCpf1 recognizes crRNA, we solved the crys-
tal structure of full-length LbCpf1 in complex with a 43-nt crRNA 
at 2.38 Å resolution by the single-wavelength anomalous dispersion 
method using a SeMet-derived protein (Fig. 1a, b, and Extended 
Data Table 1). The overall structure of the LbCpf1–crRNA binary 
complex is bilobal, but assumes a triangle-shaped architecture with a 
large positively charged channel at the centre (Fig. 1c). The structure 
of the crRNA-bound LbCpf1 can be divided into three portions: 
the N-terminal helical domain, the central oligonucleotide-binding  
domain (OBD) and the C-terminal RuvC domain (Fig. 1a and b).  
The OBD and RuvC juxtapose with each other, forming one side of 
the triangle architecture (Fig. 1b). The N-terminal helical domain 
can be further divided into helical I (H1) and helical II (H2) 
that pack loosely against each other, forming another side of the  
triangle-shaped structure (Fig. 1b and d). The RuvC domain of 
LbCpf1 (Cpf1RuvC) comprises three RuvC motifs (RuvC-I–III). 
The structures of LbCpf1RuvC, Staphylococcus aureus (Sa) Cas9RuvC 
(ref. 18) and SpyCas9RuvC (ref. 17) can be well aligned, with r.m.s.d. 
of 3.7 Å for 161 equivalent Cα atoms between LbCpf1RuvC and 
SaCas9RuvC (PDB, 5CZZ), and r.m.s.d. of 4. Å for 150 equivalent 
Cα atoms between LbCpf1RuvC and SpyCas9RuvC (PDB, 4UN3) 
(Extended Data Fig. 1). Importantly, the catalytic residues of the 
three RuvC domains are well superimposed (Extended Data Fig. 1).  
An embedded domain within the LbCpf1RuvC is formed through 
packing of a four helical bundles against three antiparallel strands 
(Fig. 1b). Searching in the Dali database did not identify any struc-
tures appreciably homologous with this domain, indicating that it 
represents a novel fold (domain with unknown functions, termed 
‘UK’ domain). Interaction of this LbCpf1 domain with H2 results in 
the formation of the third side of the triangle (Fig. 1b and d). One  
β-strand formed by the extreme N-terminal side of H1 pairs with one 
strand from the OBD, forming one vertex of the structure (Fig. 1b 
and e). A looped-out helical domain (LHD) from the OBD is posi-
tioned nearly perpendicular to the planar triangle (Fig. 1b and d).
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The LbCpf1OBD consists of a central β-barrel (including the β-strand 
from LbCpf1H1) enclosed by three helices on one side and four on the 
opposite other side (Fig. 1e). Searching in the Dali database showed that 
LbCpf1OBD is structurally homologous with the RNA-binding protein, 
small protein B (PDB, 1WJX), with an r.m.s.d. of 3.58 Å over 77 aligned 
Cα atoms (Fig. 1f), that has a typical oligonucleotide-binding fold con-
served in other RNA-binding proteins associated with the ribosome26. 
The crRNA is mainly sandwiched between a long hairpin loop and two 
helices of LbCpf1OBD (Fig. 1e). Further strengthening LbCpf1–crRNA 
interaction, one β-hairpin loop and the following α-helix connecting 
RuvC-I and RuvC-II motifs of LbCpf1RuvC also contact another surface 
of the crRNA (Fig. 1e). The 3′ end of the LbCpf1-bound crRNA is 
poised to point into the central channel between the LbCpf1RuvC and 
LbCpf1H1 (Fig. 1b and c).

The direct sequence of the LbCpf1-bound crRNA (Fig. 2a), well 
defined in the electron density map, adopts a highly distorted fold 
containing a short stem-loop-like structure (Fig. 2b). The crRNA 
conformation is markedly different from that of the sgRNA bound 
by SpyCas9 or SaCas9 (Extended Data Fig. 2) and stabilized through 
extensive intramolecular interactions. The stem-loop formed by five 
Watson–Crick base pairs appears to be important for crRNA to keep its 

conformation in LbCpf1 (Fig. 2c). The crRNA stem is further strength-
ened by a base pair made between U(+1) and U(+17) (Fig. 2c). The 
nucleobase of U(+18) inserts deeply into the centre of the stem-loop 
and forms hydrogen bonds with the stem-loops of A(+13), U(+14) 
and C(+15) (Fig. 2d) to stabilize the conformation of the crRNA. 
Supporting a role for these intramolecular hydrogen bonds in crRNA 
recognition by LbCpf1, mutations of U(+18) resulted in loss of the 
dsDNA cleavage activity of Cpf19. A(+19) pairs with U(+11) and 
stacks against G(+6) (Fig. 2d), further stabilizing the smaller U-shaped 
structure.

Electron density with a clearly octahedral shape is located at the 
centre of the crRNA (Fig. 2b and e). As Mg2+ is the only metal ion 
contained in the crystallization buffer, this structural observation is 
reminiscent of the ribozymes and other RNA/DNA duplexes that con-
tain an octahedral (Mg(H2O)6)2+ ion for stabilization of their specific 
conformations27. Building the hydrated Mg2+ into the density allowed 
A(+13), U(+14), U(+18), A(+19) and A(+20) to coordinate with the 
ion (Fig. 2e). The crRNA conformation stabilized by intramolecular 
interactions and (Mg(H2O)6)2+ may be important for its recognition by 
LbCpf1. Thus, the Mg2+-dependent endonuclease activity of Francisella 
FnCpf1 (ref. 9) could partially result from stabilization of the crRNA 
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Figure 1 | Triangle-shaped structure of the LbCpf1–crRNA complex. 
a, Schematic diagram of domain organization of LbCpf1. b, Overall 
structures of the LbCpf1–crRNA complex shown in two different 
orientations. The position of the active site of RuvC domain is indicated. 
Individual LbCpf1 domains are coloured according to the scheme in a.  
crRNA is shown in cartoon and coloured orange. c, d, Electrostatic 

potential surface (c) and surface representations (d) of LbCpf1, shown in 
the same orientations as in a. e, crRNA interacts with OBD and RuvC of 
LbCpf1. The secondary structural elements of the OBD are labelled.  
f, Structural superposition of LbCpf1OBD (aquamarine) with small  
protein B (PDB, 1WJX; magenta)29.
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Figure 2 | The distorted conformation of the LbCpf1-bound crRNA is 
stabilized by extensive intramolecular interactions and (Mg(H2O)6)2+. 
a, Schematic of the crRNA used for structural analysis. b, Cartoon 
representation of the structure of the LbCpf1-bound crRNA. Shown in 
mesh (grey) is the electron density 2Fo − Fc map surrounding the crRNA, 
contoured at 1.2σ. The nucleotides of crRNA are labelled. c, Close-up 
views of the stem region of crRNA. d, Detailed interactions of the 5′ side 

of crRNA with the stem loop. Hydrogen bonds are shown as dashed lines. 
e, Interactions between the (Mg(H2O)6)2+ ion and crRNA. Mg2+ and 
its coordinated water molecules are indicated by green and red spheres, 
respectively. f, EDTA-treated crRNA displays a comprised LbCpf1-binding 
activity. Data shown are representative of three independent microscale 
thermophoresis experiments in the absence (green) and presence (red) of 
EDTA. Error bars, s.d. (n = 3).
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c, d, Detailed interactions of sugar–phosphate backbone of crRNA with 
LbCpf1 OBD. The side chains from the OBD are labelled and shown 
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conformation by the metal ion. If this is the case, removal of Mg2+ 
is expected to compromise crRNA binding to LbCpf1. Indeed, the 
binding affinity between crRNA and LbCpf1 was reduced ~50-fold 
as compared to that in the absence of EDTA (Fig. 2f). Other hydrated 
metal ions with a similar geometry to the (Mg(H2O)6)2+ ion may also 
function to stabilize the conformation of crRNA.

Only the direct repeat sequence was well defined in the final refined 
electron density (Fig. 2a and b). This was not caused by degradation of 
the crRNA, because a TBE-urea PAGE analysis showed that the crRNA 
in the crystals remained intact (Extended Data Fig. 3a). Interestingly, 
removal of the guide sequence slightly compromised the binding 
affinity between the crRNA and LbCpf1, although it is not involved 
in their interaction (Extended Data Fig. 3b). Further supporting these 
results, the guide-sequence-truncated crRNA (crRNA*) inhibited  
crRNA-induced dsDNA cleavage by LbCpf1 (Extended Data Fig. 3c) 
in a dose-dependent manner.

The distorted crRNA makes extensive interactions with LbCpf1 and 
most of them are mediated by the sugar–phosphate backbone of the 
bound crRNA (Fig. 1e). But the nucleobases of A(+20), A(+10), U(+7), 
G(+3) and U(+1), most of which are splayed out, also contribute  
to crRNA recognition by LbCpf1 (Fig. 3a and b). As well as stabili-
zation of the conformation of crRNA by forming non-conventional 
pairing with U(+17) and stacking against LbCpf1His720 (Fig. 3b), U(+1) 
forms a pair of hydrogen bonds with the amide nitrogen atoms of 
LbCpf1Leu719His720 at the N-terminal side of helix α2 from OBD. These 
structural observations explain the requirement for uracil at this posi-
tion for the activity of crRNA9. The three U(+1)-interacting residues 
are well conserved among Cpf1 orthologues (Extended Data Fig. 4), 
suggesting a similar role for them in crRNA recognition. In contrast, 
A(+9), a position highly variable among 16 Cpf1 family crRNAs9  
(Fig. 3a), is completely solvent-exposed and not involved in interac-
tions with LbCpf1. This explains why these crRNAs are exchangeable 
as substrates of FnCpf1 (ref. 9).

The long hairpin loop connecting β7 and β8 wraps halfway around 
the crRNA. Either side or main chains of many residues from this 
loop form polar interactions with the sugar–phosphate backbone 
(Fig. 3c and d). As well as polar interactions, van der Waals contacts 
also contribute to H1 and RuvC interaction with the crRNA (Fig. 3e). 
Additionally, several 2'-OH groups are involved in interactions with 
LbCpf1 (Fig. 3b and c), explaining why LbCpf1 specifically recognizes 
RNA. Structure-based sequence alignment revealed that the crRNA- 
interacting residues are largely conserved among LbCpf1 protein from 
other species, suggesting that they have a conserved crRNA recognition 
mechanism (Extended Data Fig. 4).

No homodimer or higher order oligomer of the LbCpf1–crRNA 
complex was detected in the crystals. Consistently, analytical ultra-
centrifugation showed that the LbCpf1 protein exhibited a molecular 
weight of ~127 kDa in the absence of crRNA and ~145 kDa in the 
presence of crRNA (Extended Data Fig. 5a). These results indicate 
that LbCpf1 was monomeric in solution and crRNA binding induced 
no LbCpf1 oligomerization. Interestingly, addition of 45 nt of crRNA 
greatly reduced the frictional coefficient of LbCpf1 (Extended Data 
Fig. 5a), suggesting that crRNA binding resulted in a more compact 
conformation of the LbCpf1 protein. Indeed, crRNA rendered LbCpf1 
much less sensitive to degradation by trypsin (Extended Data Fig. 5b). 
Similar results were obtained with the 22 nt direct repeat sequence of 
crRNA (crRNA*). This is markedly different from the SpyCas9-bound 
sgRNA that requires both the direct repeat and guide sequences to 
alter LbCpf1 conformation21. Addition of dsDNA complementary to 
crRNA did not further change the degradation pattern of LbCpf1 by 
trypsin (Extended Data Fig. 5b). Negative staining electron microscopy 
showed that particles of LbCpf1 protein in the presence or absence 
of crRNA were monomeric in solution (Extended Data Fig. 5c).  
However, in the absence of RNA, LbCpf1 displayed extended con-
formations and appeared more structurally dynamic as indicated 
by two-dimensional averages (Extended Data Fig. 5c). In contrast, 

addition of crRNA markedly changed the elongated particles to 
more compact triangle-shaped structures (Extended Data Fig. 5c), 
as observed in the crystal structure. Collectively, our results show 

Input GST pull-down

crRNA

dsDNA

GST–LbCpf1(Δ578–681aa)

GST-LbCpf1 + –+

++

–

+++ +

– –

–+– +
+
+

–

–

+
–

+
+

a

b LHD
λ integrase

PAM-interacting domain

Wedge

Helical I
OBD

LHD

d

LbCpf1–crRNA

SaCas9–sgRNA–dsDNA

crRNA

DNA

D
enaturing 
TB

E
-urea

90°

90°

c

Figure 4 | LHD is involved in dsDNA binding of LbCpf1. a, Structural 
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that crRNA binding drives pronounced conformational changes in  
LbCpf1.

The PAM-interacting domain is necessary for the CRISPR–Cas9 
systems to unwind dsDNA substrates and thereby form a crRNA–
Cas9–dsDNA ternary complex17–19. The PAM duplex of the dsDNA 
also interacts with a functionally uncharacterized domain called the 
wedge domain (Fig. 4a). Interestingly, the wedge domain of SaCas9 is 
located at an equivalent position to the looped-out helical domain of 
LbCpf1 (Fig. 4a). Additionally, the looped-out helical domain is highly 
positively charged on the side facing the central channel of LbCpf1 
(Fig. 1c and 4b). Dali search revealed that this structural domain 
shares appreciable similarity with the bacteriophage λ integrase (PDB, 
2OXO; 17% identity, r.m.s.d. of 2.9 Å for equivalent 42 Cα atoms) 
(Fig. 4c). These data collectively suggest that the looped-out helical  
domain may be involved in interactions with dsDNA substrates of 
LbCpf1. This LbCpf1 domain, which is stabilized by interaction  
with its neighbouring LbCpf1 molecules (Extended Data Fig. 6),  
makes no contact with any other parts of LbCpf1 in the structure. 
Thus, its removal is predicted to have no effect on the structural 
integrity of the remaining part of LbCpf1. Indeed, an LbCpf1 mutant 
with this structural domain deleted completely lost dsDNA binding 
activity (Fig. 4d), but exhibited a strong affinity with crRNA (Fig. 4d 
and Extended Data Fig. 7).

Cpf1 also functions as an RNase to process pre-crRNAs for matura-
tion9,28. H843, K852 and K869 from FnCpf1 were found to be impor-
tant for the RNA processing activity of FnCpf1 (ref. 28). The nitrogen 
atoms from the side chains of these three conserved residues (H759, 
K768 and K785 in LbCpf1) are co-planar and form hydrogen bonds 
with the phosphate group from the processed site A(+20) (Extended 
Data Fig. 8), suggesting that processing of RNA may be a base-catalysed 
reaction.

Our electron microscopy and biochemical studies showed that 
crRNA binding induced pronounced structural rearrangements of 
LbCpf1, leading to formation of a substrate-binding conformation 
of LbCpf1 (Extended Data Fig. 9a). Further conformational changes 
accompanied by binding of a LbCpf1 dsDNA substrate are still possible.  
Given the orientation of the 3′ end of the LbCpf1-bound crRNA, it 
is reasonable to assume that the positively charged central channel 
is the site where the heteroduplex formed between crRNA and sub-
strate DNA binds (Extended Data Fig. 9b). We provide evidence for 
the involvement of the looped-out helical domain in substrate binding. 
This structural domain together with the portion of H1 adjacent to the 
crRNA, positioned similarly to the wedge and the PAM-interacting 
domain in SaCas9 (Fig. 4a), could function as the DNA duplex  
binding site.

In summary, the data presented here reveal the crRNA recognition 
mechanism of LbCpf1 and provide insight into crRNA-induced sub-
strate binding of this CRISPR protein. Our study opens the possibility 
of engineering Cpf1, which is expected to generate Cpf1 mutants with 
more efficiency and specificity for genome manipulation and even 
therapeutic applications.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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C containing 2 mM MgCl2 and incubated at room temperature (20 °C) for 30 min. 
Then the resulting samples were incubated with 7 ng μl−1 trypsin and incubated 
on ice for 40 min. The reactions were stopped by adding 2 × SDS gel-loading buffer 
and 95 °C quenched for 3 min. Samples were applied to 12% SDS–PAGE and  
visualized by Coomassie blue G-250 staining.
Microscale thermophoresis assay (MST). The affinity of the purified LbCpf1 pro-
tein with RNA was calculated using Monolith NT. 115 (NanoTemper Technologies 
GmbH, Munich, Germany)36. Proteins were labelled with NT-647-NHS  
fluorescent dye. An RNA with varying concentrations (from 0.03 nM to 25 μM) 
was incubated with 20 nM of labelled LbCpf1 at room temperature for 15 min 
in buffer containing 20 mM Tris (pH 7.5) and 100 mM NaCl. The sample was 
loaded into NanoTemper hydrophilic treated capillaries. Measurements were 
performed at 24 °C using 40% LED power and 60% MST power. All experiments 
were repeated three times for each measurement. Data analyses were carried out 
using NanoTemper analysis software.
Sedimentation velocity analytical ultracentrifugation. Sedimentation veloc-
ity was performed by an XL-I analytical ultracentrifuge (Beckman Coulter) 
equipped with an eight-cell An-50 Ti rotor for interaction analysis of LbCpf1 and 
LbCpf1–crRNA complex at 4 °C. The OD280 is about 0.8. Buffer containing 10 mM  
Tris-HCl, pH 8.0, 100 mM NaCl was used as the reference solution. All samples 
were applied at a speed of 40,000 r.p.m. Absorbance scans were taken at 280 nm 
at the intervals of 0.003 cm size in a radical direction. The different sedimenta-
tion coefficients, c(s), and molecular weight were calculated by SEDFIT V14.4f 
software.
Negative staining electron microscopy. For negative staining electron micros-
copy, LbCpf1 and LbCpf1–crRNA complex were stained with 0.7% uranyl 
formate and 2% uranyl acetate, respectively. Samples of 4 μl were applied to a 
carbon-coated copper grid and blotted with a piece of filter paper after a waiting 
time of 50–60 s. Grids were then washed with ~15 μl stain solution for three times. 
4 μl stain solution was deposited on the grids and blotted after staining for 30 s, 
and left for air drying.

Data collection was performed on an FEI T12 microscope operated at 120 kV, 
and images were recorded using a 4 K × 4 K charge-coupled device camera 
(UltraScan 4000, Gatan). Micrograph pre-processing and particle picking were 
performed with EMAN2 (ref. 37) and reference-free two-dimensional (2D) clas-
sification was performed with RELION38.
In vitro cleavage assay. In vitro dsDNA cleavage reactions were performed in a 
50 μl buffer system containing 3 μg LbCpf1, 0.8 μg crRNA and 1 μg dsDNA. Target 
DNA sequence containing a protospacer target sequence and a 5′-TTA-3′ PAM 
motif was cloned into pUC18 vector. To test RNA*-mediated inhibition of dsDNA 
cleavage by LbCpf1, molar ratios of RNA*:crRNA ranging from 0:1 to 64:1 were 
used. Cleavage reactions were conducted at 37 °C for 10 min in cleavage buffer 
(50 mM Tris-HCl, pH 7.9, 10 mM MgCl2, 100 mM NaCl, 5 mM DTT). Reactions 
were stopped by adding 2× TBE-urea gel loading buffer and 100 °C quenching 
for 3 min. Cleavage products were run on TBE-urea 6% PAGE and visualized by 
EB staining.
GST pull-down assay. Purified mutant GST–LbCpf1 protein (150 μg) was incu-
bated with purified crRNA and dsDNA oligos (molar ratio, 1:2:3) at room tem-
perature for 15 min. 50 μl GS4B resin was added into each reaction system and 
incubated at 4 °C for 20 min. After washing three times with buffer containing 
10 mM Tris-HCl (pH 8.0) and 150 mM NaCl, the reaction mixtures were run on 
denaturing TBE-urea 10% PAGE and visualized by ethidium bromide staining. 
The experiment was repeated three times.

METHODS
Data reporting. No statistical methods were used to predetermine sample size. 
The experiments were not randomized and the investigators were not blinded to 
allocation during experiments and outcome assessment.
Protein expression and purification. The cDNA of full-length LbCpf1 was synthe-
sized and sub-cloned into the expression vector pGEX-6P-1 (with an N-terminal 
GST tag and a precision protease cleavage site between GST and LbCpf1). The 
LbCpf1 protein was expressed in E. coli C43 (DE3) cells (BioVector NTCC). 
Expression of the recombinant protein was induced by 0.3 mM isopropyl β-d-1- 
thiogalactopyranoside (IPTG) at 16 °C. After overnight induction, the cells were 
collected by centrifugation, resuspended in buffer A (25 mM Tris-HCl, pH 8.0, 
1 M NaCl, 3 mM DTT, 1 mM MgCl2) supplemented with 1 mM protease-inhibitor 
PMSF (phenylmethanesulphonylfluoride, Sigma). The cells were subjected to lysis 
by sonication and cell debris was removed by centrifugation at 23,708 g for 40 min 
at 4 °C. The lysate was first purified using glutathione sepharose 4B (GS4B) beads 
(GE Healthcare). The beads were washed and the bound proteins were cleaved by 
precision protease in buffer B (25 mM Tris-HCl, pH 8.0, 150 mM NaCl, 3 mM DTT, 
1 mM MgCl2) overnight at 4 °C to remove the GST tag. The eluted LbCpf1 protein 
was further fractionated by heparin sepharose column and ion-exchange chroma-
tography and finally cleaned by size-exclusion chromatography (HiLoad 16/600 
Superdex200, GE Healthcare) with buffer C (10 mM Tris-HCl, pH 8.0, 150 mM 
NaCl, 3 mM DTT) via FPLC (AKTA Pure). Selenomethionine (SeMet)-substituted 
LbCpf1 was expressed in E. coli C43 (DE3) cells grown in M9 minimal medium 
supplemented with 60 mg l−1 SeMet (Sigma-Aldrich) and specific amino acids: Ile,  
Leu and Val at 50 mg l−1; Lys, Phe and Thr at 100 mg l−1. The SeMet LbCpf1 protein 
was purified as described above.

To assemble the LbCpf1–crRNA complex, LbCpf1 protein was incubated with 
crRNA at the molar ratio of 1:2.0 at 4 °C for 30 min supplemented with 1 mM 
MgCl2. The mixture was subsequently subjected to size-exclusion chromatogra-
phy (Superose 6 increase 10/300, GE Healthcare) with buffer C to remove excess 
crRNA. Purity of the proteins was monitored at all stages of the purification pro-
cess using SDS–PAGE (polyacrylamide gel electrophoresis) and visualized by 
Coomassie blue staining. crRNA was monitored using 10% denaturing TBE-urea 
PAGE and visualized by ethidium bromide staining.
Crystallization, data collection, structure determination and refinement. 
Crystals of the LbCpf1–crRNA complex were generated by mixing the pro-
tein complex with an equal amount of well solution (2 μl) by the hanging-drop 
vapour-diffusion method. Crystals grew to their maximum size in five days in the 
solution containing 0.16 M Magnesium acetate and 18% (w/v) Polyethylene glycol 
(PEG) 3,350) at 20 °C.

Before data collection, the crystals were transferred into cryo-protectant buffer 
(the crystallization buffer containing 20% (w/v) glycerol) and flash-cooled in liquid 
nitrogen. Diffraction data were collected at the Shanghai Synchrotron Radiation 
Facility (SSRF) at beam line BL17U1 using a CCD detector. The crystals belonged 
to space group C2 with one complex per asymmetric unit. For data collection, the 
crystals were equilibrated in a cryoprotectant buffer containing reservoir buffer 
plus 20% (v/v) glycerol. The data were processed using HKL2000 (ref. 31). Initial 
phases were obtained with a SeMet-crystal diffracting to 2.77 Å by the Se single- 
wavelength anomalous dispersion method using AutoSol32. The phases were then 
extended to the 2.38 Å data set collected from another SeMet-crystal. The electron 
density calculated to 2.38 Å was sufficient for model building with the program 
COOT33. The built model was refined by the program PHENIX34. The finally 
refined model contained residues 1–132, 135–280, 292–1078 and 1085–1228 
of LbCpf1 and one crRNA molecule. The structure figures were prepared using 
PYMOL35.
In vitro transcription and purification of crRNA. The crRNAs were transcribed 
in vitro using T7 polymerase and purified using denaturing PAGE using the fol-
lowing protocol. Transcription templates (dsDNA) were generated by PCR. Large 
scale transcription reactions (20 ml) were conducted in buffer containing 0.1 M 
HEPES-K, pH 7.9, 12 mM MgCl2, 30 mM DTT, 2 mM Spermidine, 2 mM each 
NTP, 80 μg ml−1 home-made T7 polymerase and 300 nM transcription template. 
The reactions were performed at 37 °C for 4–6 h and stopped by addition of 70% 
ethanol. The crRNA-containing pellets were then resuspended and purified by 
gel electrophoresis on a 10% denaturing (8 M urea) polyacrylamide gel. crRNA 
bands in the gel were excised and recovered with Elutrap System followed by  
ethanol precipitation. crRNAs were resuspended in diethy pyrocarbonate H2O 
and stored at −80 °C.
Limited proteolysis assay. We prepared 6 μM of LbCpf1, LbCpf1–crRNA 
(molar ratio, 1:2.0) and LbCpf1–crRNA–dsDNA (molar ratio, 1:2.0:2.0) in buffer  

31. Otwinowski, Z. & Minor, W. Processing of X-ray diffraction data collected in 
oscillation mode. Methods Enzymol. 276, 307–326 (1997).
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structure determination. J. Struct. Biol. 180, 519–530 (2012).

© 2016 Macmillan Publishers Limited. All rights reserved

http://www.pymol.org


LETTERRESEARCH

Extended Data Figure 1 | Structural comparison of the RuvC domains of LbCpf1, SaCas9 and SpyCas9. Structural superposition of LbCpf1RuvC with 
SaCas9RuvC (PDB, 5CZZ) and SpyCas9RuvC (PDB, 4UN3). The catalytic residues of the three RuvC domains are labelled. LbCpf1RuvC, SaCas9RuvC and 
SpyCas9RuvC domains are coloured in grey, green and cyan, respectively.
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Extended Data Figure 2 | Structural comparison of the LbCpf1-bound crRNA and the SpyCas9-bound sgRNA. Shown are the structures of  
LbCpf1-bound crRNA (left) and the SpyCas9-bound sgRNA (PDB, 4UN3) (right).
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Extended Data Figure 3 | The direct repeat sequence of crRNA  
binds LbCpf1. a, crRNA in the crystal remains intact. Crystals of  
the LbCpf1–crRNA complex were collected and the integrity of  
crRNA was checked by denaturing TBE-urea (10%) polyacrylamide 
gel electrophoresis and stained by ethidium bromide. b, A crRNA 
lacking the guide sequence (crRNA*) binds LbCpf1. Data shown here 
are representative of three independent microscale thermophoresis 
experiments and the errors were calculated as standard deviation.  
c, crRNA* inhibits crRNA-guided LbCpf1 endonuclease activity in vitro. 
0.8 μg crRNA and 3 μg purified LbCpf1 protein were mixed with varying 
amount of crRNA*. 1 μg dsDNA was then added to the mixture that 

was pre-incubated at 37 °C for 10 min. The nucleotides were analysed 
by running the mixture on TBE-urea polyacrylamide gels (10%) and 
visualized by ethidium bromide staining. Non-target strand sequence: 
5′-TCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGA  
A AG GG GG AT GT GC TG CA AG GC GA TT AA GT TG GG TA AC GC CA GG G 
T TT TC CC AG TC AC GA CG TT GT AA AA CG AC GG CC AG TG CC AA GC TT G 
C AT GC CT GC AGGTCGACTCTAGAGGATCCTTTAGAGAAGTCATTT
AATAAGGCCACTGTTAAAAAGCTTGGCGTAATCAGAATTCGTAAT
CATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAA
TTCCACACAACATACGAGCCGGAAGCATAAA-3′.
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Extended Data Figure 4 | Sequence alignment of Cpf1 proteins from 
different species. Sequence alignment of Cpf1 proteins from different 
species. Conserved and similar residues are highlighted with red and 
yellow grounds respectively. Residues of LbCpf1 involved in crRNA 

interaction are indicated with slate solid dots at bottom. α-helices and 
β-strands are shown as curly and arrow symbols, respectively. Protein 
domains identified in the structure are indicated.
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Extended Data Figure 5 | crRNA binding triggers dramatic structure 
rearrangement of LbCpf1. a, crRNA binding induces no oligomerization 
of LbCpf1 in sedimentation-velocity analytical ultracentrifugation. The 
peak sedimentation coefficients and the calculated molecular weights for 
LbCpf1 in the absence (blue) and presence (red) of crRNA are indicated. 
The frictional coefficient ratios for LbCpf1 and LbCpf1–crRNA are 2.19 
and 1.89, respectively. b, crRNA binding renders LbCpf1 more resistant 
to trypsin. The full-length LbCpf1 protein was treated with trypsin in 

the absence or presence of crRNA or crRNA* for 30 min. The samples 
were then subjected to SDS–PAGE analysis. crRNA*, crRNA with 
the guide sequence deleted. c, Negative staining electron microscopy 
analysis of LbCpf1 and LbCpf1–crRNA complexes. Left, representative 
raw micrographs of negative-stained LbCpf1 (top) and LbCpf1–crRNA 
complex (bottom) samples. Right, representative 2D class averages of 
negatively stained particles of LbCpf1 (top) and LbCpf1–crRNA complex 
(bottom) samples.
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Extended Data Figure 6 | LHD is stabilized by interaction with LbCpf1 
from a different asymmetric unit. LHD is involved in crystal packing in 
the LbCpf1–crRNA crystals. Shown in the figure are the LbCpf1–crRNA 
structures from two neighbouring asymmetric units. The LHD and UK 

domains of LbCpf1 are shown in magenta and slate, respectively. Packing 
between the LHD from one asymmetric unit and the UK domain from a 
neighbouring asymmetric unit is marked with the red dashed circle.
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Extended Data Figure 7 | A LHD-truncated LbCpf1 protein retains high binding affinity with crRNA. Data shown are representatives of three 
independent microscale thermophoresis experiments; error bars, s.d.
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Extended Data Figure 8 | The interactions of 5′ end of crRNA with LbCpf1. Detailed interactions of sugar-phosphate backbone of crRNA with LbCpf1 
OBD. The residues from OBD responsible for LbCpf1 crRNA cleavage activity are labelled and shown in aquamarine.
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Extended Data Figure 9 | A model of crRNA-guided LbCpf1 activation. 
a, A model of LbCpf1 activation triggered by crRNA. The apo state 
LbCpf1 is maintained in an expended conformation. LbCpf1 is switched 
into a substrate-binding state through structural rearrangement trigger 
by crRNA binding to the OBD of LbCpf1. Then substrate DNA binds to 

LbCpf1 with the involvement of the LHD and base pairs with the LbCpf1-
bound crRNA, resulting in endonuclease cleavage of the dsDNA.  
b, A model of non-target and target DNA (shown in green) bound to 
LbCpf1. Individual LbCpf1 domains are coloured according to the scheme 
in a, crRNA is shown in cartoon and coloured in orange.
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Extended Data Table 1 | Data collection, phasing and refinement statistics
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