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SUMMARY

The RNA-guided Cpf1 nuclease cleaves double-
stranded DNA targets complementary to the CRISPR
RNA (crRNA), and it has been harnessed for genome
editing technologies. Recently, Acidaminococcus
sp. BV3L6 (AsCpf1) was engineered to recognize
altered DNA sequences as the protospacer adjacent
motif (PAM), thereby expanding the target range
of Cpf1-mediated genome editing. Whereas wild-
type AsCpf1 recognizes the TTTV PAM, the RVR
(S542R/K548V/N552R) and RR (S542R/K607R) vari-
ants can efficiently recognize the TATV and TYCV
PAMs, respectively. However, their PAM recognition
mechanisms remained unknown. Here we present
the 2.0 Å resolution crystal structures of the RVR
and RR variants bound to a crRNA and its target
DNA. The structures revealed that the RVR and RR
variants primarily recognize the PAM-complemen-
tary nucleotides via the substituted residues. Our
high-resolution structures delineated the altered
PAM recognition mechanisms of the AsCpf1 vari-
ants, providing a basis for the further engineering of
CRISPR-Cpf1.

INTRODUCTION

In the CRISPR-Cas prokaryotic immune systems, the effector

ribonucleoprotein complexes consisting of Cas protein(s) and a

CRISPR RNA (crRNA) are responsible for the degradation of

foreign genetic elements (Marraffini, 2015; Barrangou and

Doudna, 2016; Wright et al., 2016; Mohanraju et al., 2016). The

CRISPR-Cas effector nucleases cleave the target nucleic acids

complementary to the crRNA guide, and the crRNA-guided

target DNA unwinding initiates with the recognition of a specific

nucleotide sequence near the target sites, called the proto-
spacer adjacent motif (PAM) (Jinek et al., 2012; Sternberg

et al., 2014).

The CRISPR-Cas systems are classified into two classes,

which are further divided into six types (Makarova et al., 2015).

The effector nucleases in the class 2 CRISPR-Cas system,

such as Cas9 in the type II system and Cpf1 in the type V system,

contain a single Cas protein, and they can cleave double-

stranded DNA targets complementary to the crRNA guide

(Nishimasu and Nureki, 2016; Shmakov et al., 2017). Several

Cas9 orthologs, such as Cas9 from Streptococcus pyogenes

(SpCas9) and Staphylococcus aureus (SaCas9), exhibit robust

DNA cleavage activities in numerous cell types and organisms,

and they have been harnessed for a variety of genome engineer-

ing technologies, as exemplified by genome editing (Cong et al.,

2013; Mali et al., 2013; Jinek et al., 2013; Ran et al., 2015). The

two Cpf1 orthologs from Acidaminococcus sp. BV3L6 (AsCpf1)

and Lachnospiraceae bacterium ND2006 (LbCpf1) also exhibit

robust activities in mammalian cells, and they can be utilized

as precise genome-editing tools (Zetsche et al., 2015; Kim

et al., 2016, 2017; Kleinstiver et al., 2016). Cpf1 has several

distinct properties from Cas9, and, thus, it can serve as a useful

alternative to Cas9 in genome editing. Unlike Cas9, Cpf1 can

process the crRNA array into mature crRNAs, thereby enabling

the simultaneous targeting of multiple target genes (Fonfara

et al., 2016; Zetsche et al., 2017). In addition, whereas SpCas9

recognizes NGG as the PAM (Jinek et al., 2012), AsCpf1 recog-

nizes TTTV (V is A, G, or C) as the PAM, thereby extending the

range of the target sequences in genome-editing applications

(Zetsche et al., 2015).

The crystal structure of the AsCpf1-crRNA-target DNA com-

plex provided mechanistic insights into the crRNA-guided DNA

recognition and cleavage (Yamano et al., 2016; Gao et al.,

2016). AsCpf1 adopts a bilobed architecture that accommo-

dates the crRNA-target DNA heteroduplex. The PAM-containing

DNA duplex adopts a distorted conformation characteristic of a

T-rich DNA duplex, and it is recognized by AsCpf1 via the base

and shape readout mechanisms (Yamano et al., 2016). The

RuvC and Nuc domains are located at positions suitable to

induce staggered DNA double-strand breaks at the PAM-distal
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positions. A structural comparison of the AsCpf1-crRNA-DNA

ternary complex (Yamano et al., 2016; Gao et al., 2016) with

the LbCpf1-crRNA binary complex (Dong et al., 2016) indicated

a structural rearrangement accompanying the crRNA-target

DNA heteroduplex formation. Furthermore, a structural compar-

ison of Cpf1 with Cas9 explained their distinct functionalities,

and it suggested the functional convergence between the class

2 CRISPR-Cas effector nucleases (Yamano et al., 2016).

Recently, a structure-guided mutagenesis screen identified

two AsCpf1 variants with altered PAM specificities (Gao et al.,

2017). The RVR variant contains three substitutions (S542R/

K548V/N552R), and it efficiently cleaves target sites with the

non-canonical TATV PAM, in addition to those with the canonical

TTTV PAM. In contrast, the RR variant contains two substitutions

(S542R/K607R), and it cleaves target sites with the non-canoni-

cal TYCV PAM, including the T-less CCCC PAM. Importantly,

these two AsCpf1 variants showed robust activities in human

cells, thus contributing to the expansion of target spaces in

Cpf1-mediated genome editing; however, the altered PAM

recognition mechanisms of these variants remained unknown.

It is particularly interesting to determine how the K607R substitu-

tion contributes to the altered PAM recognition by the RR variant,

since Lys607 in the PAM-interacting (PI) domain is critical for the

TTTV PAM recognition by wild-type (WT) AsCpf1 (Yamano et al.,

2016). It is also unknown how the S542R substitution functions

in the distinct PAM recognition mechanisms of the RVR and

RR variants. In addition, the means by which the K548V and

N552R substitutions participate in the altered PAM recognition

by the RVR variant are not readily predictable.

Here we present the high-resolution crystal structures of

the RVR and RR variants of AsCpf1 in complexes with the

crRNA and its target DNA with the altered PAMs. A structural

comparison of the two RVR and RR variants with WT AsCpf1

revealed that they achieve the altered PAM recognition mainly

via newly formed base-specific interactions with the altered

PAM-complementary nucleotides. Furthermore, a structural

comparison between the AsCpf1 and SpCas9 variants revealed

similarities and differences in their altered PAM recognition

mechanisms.

RESULTS

In Vitro Cleavage Activities of the AsCpf1 Variants
In a previous study, the PAM specificities of the two AsCpf1 var-

iants were determined by a PAM identification assay, in which

AsCpf1-expressing HEK293T cell lysates were incubated with

the crRNA and a library of plasmids containing a constant target

sequence and a degenerate PAM (Gao et al., 2017). We thus

evaluated the in vitro cleavage activities of the purified RVR

and RR variants toward plasmid DNA substrates containing a

24-nt target sequence and different potential PAMs.

Since the RVR variant efficiently cleaved target sites with the

TATV PAM (Gao et al., 2017), we examined the ability of the

RVR variant to cleave 13 plasmid DNA targets with NATA,

TNTA, TANA, or TATN as the potential PAM (Figures 1A and

S1A). The RVR variant efficiently cleaved the TATA target site,

as compared with the VATA (V is A, G, or C) target sites (Figures

1A and S1A), confirming the preference for the first T in the TATV
2 Molecular Cell 67, 1–9, July 6, 2017
PAM. In addition to the altered TATA PAM, the RVR variant effi-

ciently recognized the canonical TTTA PAM (Figures 1A and

S1A), consistent with a previous study (Gao et al., 2017) (also

described below). The RVR variant was almost inactive toward

the TSTA (S is G or C) and TARA (R is A or G) sites, and less active

toward the TACA site (Figures 1A and S1A). These results

confirmed the strong preference of the second A and the third

T for the TATV PAM recognition by the RVR variant. The RVR

variant was less active toward the TATT site, as compared with

the TATV sites (Figures 1A and S1A), indicating the preference

for the fourth V. These results demonstrated that the RVR variant

efficiently recognizes TATV and TTTV as the PAM, consistent

with a previous study (Gao et al., 2017).

Since the RR variant efficiently cleaved target sites with the

TYCV PAM (Gao et al., 2017), we examined the RR variant for

the ability to cleave 13 plasmid DNA targets with NCCC,

TNCC, TCNC, or TCCN as the potential PAM (Figures 1B and

S1B). The RR variant efficiently cleaved the TCCC site, as

compared to the VCCC sites (Figures 1B and S1B), indicating

the preference for the first T in the TYCV PAM. The RR variant

efficiently cleaved the TYCC (Y is T or C) sites, but not the

TRCC sites (Figures 1B and S1B), confirming the preference of

the second Y for the PAM recognition by the RR variant. The

RR variant was almost inactive toward the TCDC (D is A, T,

or G) sites (Figures 1B and S1B), confirming the strong prefer-

ence of the third C for the PAM recognition by the RR variant.

The RR variant was much less active toward the TCCT site, as

compared with the TCCV sites (Figures 1B and S1B), indicating

the preference for the fourth V. These results confirmed that the

RR variant efficiently recognizes TYCV as the PAM, consistent

with earlier observations (Gao et al., 2017).

The RVR variant recognizes the TTTV PAM aswell as the TATV

PAM,whereas the RR variant is less active toward the TTTV PAM

(Gao et al., 2017). We thus examined the in vitro cleavage activ-

ities of WT AsCpf1 and the RVR and RV variants toward four

plasmid targets with the TTTN PAM (Figures 1C and S1C).

WT AsCpf1 and the RVR variants efficiently cleaved the TTTV

sites, as compared with the TTTT site (Figures 1C and S1C),

consistent with previous studies (Zetsche et al., 2015; Kim

et al., 2017). The RR variant was less active toward the TTTV

sites, as compared withWT AsCpf1 and the RVR variant (Figures

1C and S1C). In stark contrast to the RVR and RR variants,

WT AsCpf1 exhibited no or little activity toward the TATV and

TYCV sites (Figure S2), highlighting the substantial differences

in the PAM specificities betweenWTAsCpf1 and the two AsCpf1

variants. Together, our in vitro cleavage experiments confirmed

that, unlike WT AsCpf1, the RVR and RR variants efficiently

recognize the TATV and TYCV PAMs, respectively.

Crystal Structures of the AsCpf1 Variants
To elucidate the altered PAM recognition mechanisms of the

AsCpf1 variants, we determined the crystal structures of (1) the

RVR variant bound to the crRNA and its target DNA with

the TATA PAM at 2.0 Å resolution, and (2) the RR variant bound

to the crRNA and its target DNA with the TCCA PAM at 2.0 Å res-

olution (Figures 2A–2C; Table 1). The overall structures of the

RVR and RR variants are essentially identical to that of WT

AsCpf1 (Yamano et al., 2016) (root-mean-square deviations are
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Figure 1. In Vitro Cleavage Activities of WT

AsCpf1 and AsCpf1 Variants

(A and B) PAM specificities of the RVR (A) and RR

(B) variants. The AsCpf1-crRNA complex (100 nM)

was incubated at 37�C for 5 min with a linearized

plasmid target with the different PAMs. The

favorable PAMs for the RVR (TATA) and RR

(TCCC) variants are boxed in red. The substituted

nucleotides are colored red.

(C) Fourth PAM nucleotide preferences of WT

AsCpf1 and the RVR and RR variants. The

AsCpf1-crRNA complex (100 nM) was incubated

at 37�C for 5 min with a linearized plasmid target

with the TTTN PAM. The substituted nucleotides

are colored red.

See also Figures S1 and S2.
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0.52/0.60 Å for the equivalent Ca atoms between WT AsCpf1

and the RVR/RR variants) (Figure 2C). The AsCpf1 variants adopt

a bilobed architecture consisting of a recognition (REC) lobe and

a nuclease (NUC) lobe, in which the crRNA-target DNA heterodu-

plex is bound to the central channel between the two lobes

(Figure 2C). In the two structures, the target DNA strand (nucle-

otides �10 to �1) and the PAM-containing non-target DNA

strand (nucleotides �10* to �1*) form the PAM duplex, which

is bound to the narrow channel formed by the wedge (WED),

REC1, and PI domains (Figure 2C). The S542R/K548V/N552R

and K607R substitutions are located in theWED and PI domains,

respectively (Figure 2D). Lys548 and Lys607 are conserved

among the Cpf1 family proteins, and they participate in the

PAM recognition in the WT AsCpf1 structure (Yamano et al.,

2016) (Figure 2D). In contrast, Ser542 and Asn552 are not well
conserved, and they do not directly con-

tact the PAM duplex in the WT AsCpf1

structure.

TTTA PAM Recognition by WT
AsCpf1
In theWT AsCpf1 structure with the TTTA

PAM, the PAM DNA duplex adopts a dis-

torted conformation with a narrow minor

groove, and it is recognized by the

WED, REC1, and PI domains (Yamano

et al., 2016) (Figures 3A and 3B). Notably,

the conserved Lys607 residue in the PI

domain forms multiple interactions with

the PAM duplex from the minor groove

side. Lys607 forms hydrogen bonds

with the O40 of dA(�4), the N3 of

dA(�3), and the O2 of dT(�2*) (Figures

3A and 3B). Moreover, Lys548 in the

WED domain hydrogen bonds with the

N7 of dA(�3) from the major groove

side (Figure 3A). In the WT AsCpf1 struc-

ture, the dT(�1):dA(�1*) base pair does

not form base-specific contacts with

the AsCpf1 protein (Yamano et al.,

2016); nonetheless, our in vitro cleavage
data and previous studies (Zetsche et al., 2015; Kim et al.,

2017) showed that AsCpf1 prefers the V (V is A, G, or C)

nucleotides at the fourth PAM position (Figure 1C). To clarify

the structural basis for the fourth V preference, we modeled a

T nucleotide at the fourth PAM position (dT(�1*)) in the WT

AsCpf1 structure. The modeling suggested that the fourth

PAM nucleotide adopts a distinct conformation, due to the

interaction with the PI domain (Figure S3A), and that the

5-methyl group of dT(�1*) in the non-target strand is located

closer to the neighboring backbone phosphate group, as

compared with those of dT(�2*), dT(�3*), and dT(�4*) (Fig-

ure S3B). In addition, the modeling indicated that the dA(�1)

in the target strand does not form unfavorable interactions

with the protein. These observations suggested that AsCpf1

disfavors the fourth T in the PAM, likely due to the relatively
Molecular Cell 67, 1–9, July 6, 2017 3
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Figure 2. Overall Structure of the AsCpf1 Variant

(A) Domain organization of AsCpf1. BH, bridge helix.

(B) Nucleotide sequences of the crRNA and the target DNA. The PAM nucleotides are TATA and TCCA in the RVR and RR variant structures, respectively. The

disordered nucleotides in the variant structures are surrounded by dashed lines. TS, target DNA strand; NTS, non-target DNA strand.

(C) Superimposition of the crystal structures of WT AsCpf1 (Yamano et al., 2016) (PDB: 5B43) (colored as in A and B) and the RVR (orange) and RR (purple)

variants.

(D) PAM duplex in the WT AsCpf1 structure (Yamano et al., 2016) (PDB: 5B43). The substituted residues are shown as stick models.

Please cite this article in press as: Nishimasu et al., Structural Basis for the Altered PAM Recognition by Engineered CRISPR-Cpf1, Molecular Cell
(2017), http://dx.doi.org/10.1016/j.molcel.2017.04.019
shorter distance between its 5-methyl group and the backbone

phosphate group.

TATA PAM Recognition by the RVR Variant
In the RVR (S542R/K548V/N552R) variant structure with the

TATA PAM, the O4 of dT(�4*) forms a water-mediated hydrogen

bond with Arg552 (N552R) (Figure 3C), explaining the preference

for the first T in the TATV PAM. The N6 and N7 of dA(�3*) are

recognized by Thr167 and Thr539 via a water-mediated

hydrogen-bonding network (Figure 3C). Notably, the PAM-com-

plementary dT(�3) is extensively recognized by the protein (Fig-

ures 3C and S3C). The O2 and O4 of dT(�3) form hydrogen

bonds with Lys607 and Arg552 (N552R), respectively. In addi-

tion, the 5-methyl group of dT(�3) forms a hydrophobic

interaction with the side chain of Val548 (K548V) (Figure 3C).

These structural findings can explain the strong preference of

the second A for the TATV PAM recognition by the RVR variant.

As in the WT AsCpf1 structure, the O2 of dT(�2*) hydrogen

bonds with Lys607 (Figure 3D). In addition, the N7 of dA(�2)

hydrogen bonds with Arg552 (N552R) (Figures 3D and S3D).

These structural observations are consistent with the preference

for the third T in the TATV PAM. In the RVR variant, Arg542

(S542R) does not contact the PAM duplex. Together, these

structural findings explain themechanism of TATV PAM recogni-

tion by the RVR variant.
4 Molecular Cell 67, 1–9, July 6, 2017
TCCA PAM Recognition by the RR Variant
In the RR (S542R/K607R) variant structure with the TCCA PAM,

the O4 of dT(�4*) forms a water-mediated hydrogen bond with

Lys548, while the N3 of dA(�4) hydrogen bonds with Arg607

(K607R) (Figure 3E). These observations explain the preference

of the RR variant for the first T in the TYCV PAM. It is likely

that, inWT AsCpf1, Lys548 forms a similar water-mediated inter-

action with dT(�4*) and contributes to the preference for the first

T in the TTTV PAM, although such a water molecule was not

resolved in the previous WT AsCpf1 structure at a lower resolu-

tion (2.8 Å) (Yamano et al., 2016). dC(�3*) does not directly con-

tact the protein. Instead, the O6 and N7 of dG(�3) hydrogen

bond with Lys548, while the N3 of dG(�3) forms a water-medi-

ated hydrogen bond with Arg607 (K607R) (Figure 3E). It is likely

that the N3 and N7 of the A nucleotide at this position are recog-

nized by Arg607 (K607R) and Lys548, respectively. These obser-

vations explain the preference of the second Y for the TYCV PAM

recognition by the RR variant. Notably, the O6 and N7 of dG(�2)

are recognized by Arg542 (S542R) via bidentate hydrogen-

bonding interactions, whereas dC(�2*) does not directly contact

the protein (Figures 3F and S3E). These structural findings can

explain the strong preference of the third C in the TYCV PAM

recognition by the RR variant. Moreover, the side chain of

Arg607 (K607R) inserts into the minor groove of the PAM duplex,

and it interacts with the ribose moieties of dA(�4), dC(�2*), and



Table 1. Data Collection and Refinement Statistics

AsCpf1 Variant RVR (TATA PAM) RR (TCCA PAM)

Data Collection

Beamline SPring-8 BL41XU SPring-8 BL41XU

Wavelength (Å) 1.0000 1.0000

Space group P212121 P212121

Cell dimensions

a, b, c (Å) 81.2, 133.7, 199.6 80.7, 133.3, 200.0

a, b, g (degrees) 90, 90, 90 90, 90, 90

Resolution (Å)a 40.0–2.0

(2.03–2.00)

40.0–2.0

(2.03–2.00)

Rpim 0.021 (0.396) 0.034 (0.466)

I/sI 17.1 (2.0) 10.5 (1.5)

Completeness (%) 98.2 (98.3) 99.9 (99.9)

Multiplicity 6.6 (6.6) 6.4 (6.4)

CC(1/2) 0.999 (0.813) 0.999 (0.841)

Refinement

Resolution (Å) 40.0–2.0

(2.02–2.00)

40.0–2.0

(2.02–2.00)

No. of reflections 143,851 (4,771) 145,320 (4,787)

Rwork/Rfree 0.175/0.210

(0.272/0.333)

0.183/0.214

(0.256/0.304)

No. of atoms

Protein 10,455 10,431

Nucleic acid 1,639 1,639

Ion 6 6

Solvent 731 747

B-factors (Å2)

Protein 51.8 49.5

Nucleic acid 50.2 48.2

Ion 50.1 45.2

Solvent 52.3 49.6

Root-mean-square

deviations (RMSDs)

Bond lengths (Å) 0.007 0.006

Bond angles (degrees) 0.843 0.834

Ramachandran

plot (%)

Favored region 98.27 98.12

Allowed region 1.65 1.80

Outlier region 0.08 0.08

MolProbity score

Clashscore 2.68 2.48

Rotamer outlier 2.20 2.30
aValues in parentheses are for the highest resolution shell.
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dA(�1*) (Figure S3F). Together, these structural findings explain

the mechanism of TYCV PAM recognition by the RR variant.

Conformational Differences in the PAM Duplex
A structural comparison between WT AsCpf1 and the variants

revealed the conformational differences in their PAM duplexes
(Figure 4A). In the WT AsCpf1 structure with the TTTA PAM,

the PAM duplex adopts a distorted conformation characteristic

of a T-rich DNA duplex, in which Lys607 forms multiple interac-

tions with the minor-groove edge of the PAM duplex (Yamano

et al., 2016) (Figure 4A). In contrast, in the structures of the

RVR (with the TATA PAM) and RR (with the TCCA PAM) variants,

the PAM duplexes adopt B-form-like conformations (Figure 4A),

supporting the notion that the distorted conformation of the PAM

duplex in the WT AsCpf1 structure is due to the three successive

T nucleotides. Unlike the RR variant, the RVR variant efficiently

recognizes the TTTV PAM (Figure 1C), and the location of the

Lys607 residue is similar to that in the WT AsCpf1 structure (Fig-

ure 4A). These observations suggested that the RVR variant rec-

ognizes the TTTV PAM in a similar manner to that of WT AsCpf1,

and they highlighted the importance of Lys607 for the TTTV PAM

recognition.

Cooperative Structural Rearrangements Induced by the
Substitutions
A structural comparison between WT AsCpf1 and the two vari-

ants also revealed conformational differences in the AsCpf1 pro-

teins. In the structures of the RVR and RR variants, Arg542

(S542R) adopts distinct conformations and plays different func-

tional roles (Figure 4B). In the RR variant structure, Arg542 forms

bidentate hydrogen bonds with dG(�2) in the target DNA strand,

and it plays a critical role in the TYCV PAM recognition (Fig-

ure 4B). In contrast, in the RVR variant structure, Arg542 in the

WED domain interacts with Thr167 and Ser170 in the REC1

domain (Figure 4B). Our in vitro cleavage experiments revealed

that the VR (K548V/N552R) variant exhibits reduced activities,

as compared with the RVR (S542R/K548V/N552R) variant (Fig-

ure S4), indicating the functional importance of the Arg542-medi-

ated inter-domain interaction. Given that Arg542 is located far

away from the PAM duplex in the RVR structure, it is likely that

Arg542 does not interact directly with the PAM duplex and

contributes to the structural maintenance of the PAM-duplex

channel, thereby enhancing the PAM recognition.

Our high-resolution structures further revealed unexpected

conformational rearrangements induced by the N552R substitu-

tion in the RVR variant (Figure 4C). In the structures ofWTAsCpf1

and the RR variant, the side chain of Asn552 hydrogen bonds

with the side chain of Thr539 (Figure 4C). In the RR variant struc-

ture, the side chain of Asn552 also interacts with the backbone

phosphate group between dA(�2) and dT(�1) (Figure 4C). In

contrast, in the RVR variant structure, the side chains of

Thr539 and Asn551 adopt distinct conformations, as compared

with those in the WT AsCpf1 and RR variant structures, and they

interact with the side chain of Arg552 (N552R) (Figure 4C).

Arg552 (N552R) forms a water-mediated interaction with the

backbone phosphate group between dA(�2) and dT(�1), while

Asn551 interacts with the backbone phosphate group between

dC(�6*) and dC(�5*).

DISCUSSION

The present high-resolution structures reveal the altered PAM

recognition mechanisms of the RVR and RR variants, and they

also provide detailed insights into the functional mechanism of
Molecular Cell 67, 1–9, July 6, 2017 5
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Figure 3. PAM Recognition by WT AsCpf1

and AsCpf1 Variants

(A and B) TTTA PAM recognition by WT AsCpf1

(Yamano et al., 2016) (PDB: 5B43).

(C and D) TATA PAM recognition by the RVR

variant.

(E and F) TCCA PAM recognition by the RR

variant.

The interactions with the nucleotides at the first

and second PAM positions are shown in (A), (C),

and (E). The interactions with the nucleotides at

the third PAM position are shown in (B), (D), and

(F). In (C)–(F), the substituted residues are high-

lighted by red labels. In (C) and (E), water mole-

cules are depicted by red spheres.

See also Figure S3.
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WT AsCpf1. WT AsCpf1 recognizes the TTTV PAM mainly via

multiple interactions between Lys607 and the minor-groove

edge of the PAM duplex (Yamano et al., 2016). In contrast, the

RVR and RR variants achieve the altered PAM recognition via

newly formed interactions with the major-groove edges of the

PAM-complementary nucleotides in the target strand, rather

than the altered PAM nucleotides in the non-target strand. In
6 Molecular Cell 67, 1–9, July 6, 2017
the RVR variant, Val548 (K548V) and

Arg552 (N552R) form base-specific con-

tacts with the T nucleotide complemen-

tary to the altered second A in the TATV

PAM. In the RR variant, Arg542 (S542R)

forms bidentate hydrogen bonds with

the G nucleotide complementary to the

altered third C nucleotide in the TYCV

PAM. This Arg-G interaction is frequently

observed in Cas9-mediated PAM recog-

nition, such as those in SpCas9

(Arg1333-G2 and Arg1335-G3 in the

NGG PAM) (Anders et al., 2014), SaCas9

(Arg1015-G3 in the NNGRRTPAM) (Nish-

imasu et al., 2015), and Francisella novi-

cida Cas9 (Arg1585-G2 and Arg1556-

G3 in the NGG PAM) (Hirano et al.,

2016a). In addition, in the RR variant,

Arg607 (K607R) donates hydrogen

bonds and van der Waals contacts with

the PAM duplex, thereby compensating

for the loss of the interactions between

Lys607 and the PAM duplex observed

in WT AsCpf1.

A structural comparison of the AsCpf1

variants with the previously reported

SpCas9 variants, such as VQR (D1135V/

R1335Q/T1337R) and VRER (D1135V/

G1218R/R1335E/T1337R) (Kleinstiver

et al., 2015), reveal striking differences

in their altered PAM recognition mecha-

nisms. Whereas the third G in the NGG

PAM is recognized by Arg1335 in WT

SpCas9 (Anders et al., 2014), the third A
in theNGAPAMand the third C in theNGCGPAMare recognized

byGln1335 (R1335Q) in the VQRvariant andGlu1335 (R1335E) in

the VRER variant, respectively (Anders et al., 2016; Hirano et al.,

2016b). Thus, the altered PAM recognition by the SpCas9 vari-

ants mainly relies on the replacement of the Arg1335-G3 interac-

tion in WT SpCas9 with the altered base-specific interactions

(i.e., the Gln1335-A3 interaction in the VQR variant and the
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Figure 4. Structural Differences between

WT AsCpf1 and AsCpf1 Variants

(A) Conformational differences in the PAM du-

plexes between WT AsCpf1 (PDB: 5B43) and the

variants (stereo view).

(B) Structural differences in Arg542 (S542R) be-

tween the RVR and RR variants (stereo view).

(C) Structural rearrangements around Arg552

(N552R) in the RVR variant (stereo view). A water

molecule is shown as a sphere. In (A)–(C), WT

AsCpf1 and the RVR and RR variants are colored

gray, orange, and purple, respectively.

See also Figure S4.
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Glu1335-C3 interaction in the VRER variant). In contrast, the

altered PAM recognition by the AsCpf1 variants relies on newly

formed interactions between the substituted residues and the

altered PAM-complementary nucleotides (i.e., Val548/Arg552-

A2-complementary T2 in the RVR variant and Arg542-C3-com-

plementary G3 in the RR variant). These differences are reflected

by the distinct PAM recognition mechanisms of SpCas9 (base

readout from the major-groove side) (Anders et al., 2014) and

AsCpf1 (base and shape readout from the minor- and major-

groove sides) (Yamano et al., 2016).

The present structures reveal that Arg542 (S542R) plays

distinct roles in the RVR and RR variants. Arg542 forms the in-

ter-domain interactions and may reinforce the PAM-duplex-

binding channel in the RVR variant, whereas Arg542 forms the

base-specific contacts with the PAM duplex in the RR variant.

These observations demonstrate that the amino acid substitu-

tions that do not provide interactions with the PAM duplex can

contribute to the engineering of the Cpf1’s PAM specificity.

This contrasts with the altered PAM recognition by the SpCas9

variants, in which the substituted residues provide new contacts

with the PAM duplex. These differences also highlight the mech-

anistic differences in the PAM recognition between SpCas9 (via

the PAM-binding groove within the PI domain) (Anders et al.,

2014) and AsCpf1 (via the PAM-binding channel formed by the

WED, REC1, and PI domains) (Yamano et al., 2016). Further-

more, the present findings provide important clues for the Cpf1

engineering, and they suggest that amino acid substitutions

that reinforce the PAM-binding channel could contribute to the

alteration of Cpf1’s PAM specificity.

There are also mechanistic similarities in the altered PAM

recognition by the SpCas9 and AsCpf1 variants. In the SpCas9

and AsCpf1 variants, unexpected structural rearrangements

play important roles in the altered PAM recognition, thus high-

lighting the power of structure-guided random mutagenesis

approaches. In the SpCas9 variant structures, the direct

hydrogen-bonding interactions between the altered third PAM

nucleotides and the substituted residues (Gln1335 and

Glu1335) are enabled by the unexpected displacement of the

PAM duplex, which is cooperatively induced by the other sub-

stitutions (D1135V and T1337R) (Anders et al., 2016; Hirano

et al., 2016b). In the AsCpf1 RR variant structure, the PAM

duplex undergoes a conformational change, partly due to the

replacement of Lys607 (K607R). Moreover, in the AsCpf1

RVR variant structure, the N552R substitution induces local

conformational changes in Thr539 and Asn551, thus rearrang-

ing the interactions with the PAM duplex. These cooperative

structural rearrangements are not readily predictable from the

WT AsCpf1 structure (Yamano et al., 2016), and thus they

confirm the power of the combination of structural information

and molecular evolution for the engineering of the CRISPR-Cas

nucleases.

In summary, our structural studies reveal the altered PAM

recognition mechanisms of the recently engineered AsCpf1 var-

iants. Furthermore, the structural comparison between the

AsCpf1 and SpCas9 variants enhances our understanding of

the PAM recognition mechanisms of class 2 CRISPR-Cas nucle-

ases, and it provides a framework for the future engineering of

the CRISPR-Cpf1 toolbox.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

AsCpf1 WT Yamano et al., 2016 N/A

AsCpf1 RR This paper N/A

AsCpf1 RVR This paper N/A

AsCpf1 VR This paper N/A

Polyethylene glycol 3,350 Monodisperse 50% (w/v) Hampton Research HR2-527

Sodium acetate trihydrate pH 4.5 - 1.0 M solution Hampton Research HR2-789

1,6-Hexanediol Fluka 52800

Deposited Data

Atomic coordinates, AsCpf1 RVR (TATA PAM) This paper PDB: 5XH6

Atomic coordinates, AsCpf1 RR (TCCA PAM) This paper PDB: 5XH7

In vitro DNA cleavage experiments This paper; Mendeley Data http://dx.doi.org/10.17632/5swpr7yx7d.1

Experimental Models: Organisms/Strain

E. coli Mach Thermo Fisher Scientific C862003

E. coli Rosetta 2 (DE3) Novagen 71397

Recombinant DNA

pE-SUMO-AsCpf1-RR This paper N/A

pE-SUMO-AsCpf1-RVR This paper N/A

pE-SUMO-AsCpf1-VR This paper N/A

pUC119-T24, various PAMs This paper N/A

Sequence-Based Reagents

DNA primers This paper Table S1

DNA oligos (for crystallization) This paper Table S1

AsCpf1 crRNA Yamano et al., 2016 Table S1

Software and Algorithms

DIALS Waterman et al., 2013 http://dials.lbl.gov

AIMLESS Evans and Murshudov, 2013 http://www.ccp4.ac.uk/html/aimless.html

MOLREP Vagin and Teplyakov, 2010 http://www.ccp4.ac.uk/html/molrep.html

COOT Emsley and Cowtan, 2004 http://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot

PHENIX Adams et al., 2010 https://www.phenix-online.org

CueMol N/A http://www.cuemol.org

Other

Amicon Ultra-4 Centrifugal Filter Units - 10,000 NMWL Millipore UFC801024

Ni-NTA Superflow QIAGEN 30450

HiTrap SP HP GE Healthcare 17040701

HiLoad 16/600 Superdex 200 pg GE Healthcare 28989335

Superdex 200 Increase 10/300 GL GE Healthcare 28990944
CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for further information and reagents should be directed to the Lead Contact, Osamu Nureki (nureki@bs.s.u-tokyo.ac.jp).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

The plasmid DNAs were amplified in Escherichia coli Mach (Thermo Fisher Scientific), cultured in LB medium (Nacalai Tesque) at

37�C overnight. The recombinant proteins were overexpressed in E. coli Rosetta 2 (DE3) (Novagen).

Sample preparation
WTAsCpf1 and the RVR andRV variants were prepared essentially as described previously (Yamano et al., 2016). The gene encoding

full-length AsCpf1 (residues 1–1307) was cloned into themodified pE-SUMO vector (LifeSensors), and themutations (S542R, K548V,

N552R and K607R) were introduced by a PCR-based method (Table S1). The AsCpf1-expressing E. coli Rosetta2 (DE3) cells were

cultured at 37�C in LBmedium (containing 20mg/l kanamycin) until the OD600 reached 0.8, and protein expression was then induced

by the addition of 0.1 mM isopropyl-b-D-thiogalactopyranoside (Nacalai Tesque). The E. coli cells were further cultured at 20�C for

18 hr, and harvested by centrifugation at 5,000 g for 10 min. The E. coli cells were resuspended in buffer A (50 mM Tris-HCl, pH 8.0,

20 mM imidazole, 300mMNaCl and 3mM 2-mercaptoethanol), lysed by sonication, and then centrifuged at 40,000 g for 30 min. The

supernatant was mixed with 5 mL Ni-NTA Superflow (QIAGEN), and the mixture was loaded into an Econo-Column (Bio-Rad). The

resin was washed with buffer A, and the protein was eluted with buffer B (50 mM Tris-HCl, pH 8.0, 300 mM imidazole, 300 mM NaCl

and 3mM2-mercaptoethanol). The eluted protein was loaded onto a HiTrap SPHP column (GEHealthcare) equilibrated with buffer C

(20 mM Tris-HCl, pH 8.0 and 200 mM NaCl). The column was washed with buffer C, and the protein was then eluted with a linear

gradient of 200–1000 mM NaCl. To remove the His6-SUMO-tag, the protein was mixed with TEV protease, and was dialyzed at

4�C for 12 hr against buffer D (20 mM Tris-HCl, pH 8.0, 40 mM imidazole, 300 mM NaCl and 3 mM 2-mercaptoethanol). The protein

was passed through the Ni-NTA column, and was then concentrated using an Amicon Ultra 10K filter (Millipore). The AsCpf1 protein

was further purified by a HiLoad Superdex 200 16/60 column (GE Healthcare) equilibrated with buffer E (10 mM Tris-HCl, pH 8.0,

150 mM NaCl and 1 mM DTT). The purified AsCpf1 proteins were stored at �80�C until use. The crRNA and target DNA were pur-

chased from Gene Design and Sigma-Aldrich, respectively. The purified AsCpf1 protein was mixed with the crRNA, the target DNA

strand and the non-target DNA strand (molar ratio, 1:1.5:2.3:2.3), and the reconstituted complex was concentrated using an Amicon

Ultra 10K filter. The AsCpf1-crRNA-DNA complex was purified by gel filtration chromatography on a Superdex 200 Increase column

(GE Healthcare) equilibrated with buffer E.

Crystallography
The purified AsCpf1-crRNA-DNA complex was crystallized at 20�C, by the hanging-drop vapor diffusion method. The crystallization

drops were formed by mixing 1 mL of complex solution (A260 nm = 10) and 1 mL of reservoir solution (7%–10% PEG 3,350, 100 mM

sodium acetate, pH 4.5, and 10% 1,6-hexanediol), and then were incubated against 0.5 mL of reservoir solution. The crystals were

cryoprotected in a solution consisting of 9%–10% PEG 3,350, 100 mM sodium acetate, pH 4.5, 10%–15% 1,6-hexanediol and 30%

ethylene glycol. X-ray-diffraction data were collected at 100 K on the beamline BL41XU at SPring-8, and the data were processed

using DIALS (Waterman et al., 2013) and AIMLESS (Evans and Murshudov, 2013). The structures were determined by molecular

replacement with Molrep (Vagin and Teplyakov, 2010), using the coordinates of WT AsCpf1 (PDB: 5B43) (Yamano et al., 2016) as

the search model. The model building and structural refinement were performed using COOT (Emsley and Cowtan, 2004) and

PHENIX (Adams et al., 2010), respectively. Structural figures were prepared using CueMol (http://www.cuemol.org).

In vitro cleavage assay
The target pUC119 plasmids with the different PAMs were generated by a PCR-based method (Table S1). The EcoRI-linearized

pUC119 plasmid (100 ng), containing the 24-nt target sequence and the PAMs, was incubated at 37�C for 5 or 10 min with the

AsCpf1-crRNA complex (100 nM), in 10 mL of reaction buffer containing 20 mM HEPES-NaOH, pH 7.5, 100 mM KCl, 2 mM

MgCl2, 1 mM DTT and 5% glycerol. The reaction was stopped by the addition of a solution containing EDTA (40 mM final concen-

tration) and Proteinase K (10 mg). Reaction products were resolved on an ethidium bromide-stained 1% agarose gel, and then visu-

alized using an Amersham Imager 600 (GE Healthcare).

QUANTIFICATION AND STATISTICAL ANALYSES

In vitro cleavage experiments were performed at least three times, and representative results were shown.

DATA AND SOFTWARE AVAILABILITY

The atomic coordinates of the AsCpf1 variants-crRNA-target DNA complexes have been deposited in the Protein Data Bank, with the

accession numbers PDB: 5XH6 (the AsCpf1 RVR variant) and 5XH7 (the AsCpf1 RR variant). Data of in vitro cleavage experiments

have been deposited in the Mendeley Data repository (http://dx.doi.org/10.17632/5swpr7yx7d.1). The CueMol program is available

at http://www.cuemol.org.
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