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Cryo-EM structure of the RNA-guided

ribonuclease Cas12g
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Cas12g, the type V-G CRISPR-Cas effector, is an RNA-guided ribonuclease that targets single-stranded RNA substrate. The
CRISPR-Cas12g system offers a potential platform for transcriptome engineering and diagnostic applications. We determined
the structures of Cas12g-guide RNA complexes in the absence and presence of target RNA by cryo-EM to a resolution of 3.1A
and 4.8 A, respectively. Cas12g adopts a bilobed structure with miniature REC2 and Nuc domains, whereas the guide RNAs fold
into a flipped ‘F' shape, which is primarily recognized by the REC lobe. Target RNA and the CRISPR RNA (crRNA) guide form a
duplex that inserts into the central cavity between the REC and NUC lobes, inducing conformational changes in both lobes to
activate Cas12g. The structural insights would facilitate the development of Cas12g-based applications.

(CRISPR) and CRISPR-associated proteins (Cas) systems

endow prokaryotes with immunity against mobile genetic
elements'~'. CRISPR systems are grouped into two classes compris-
ing six types®”. The class 1 system (types I, IIT and IV) employs mul-
tiprotein effector complexes to cleave foreign nucleic acid, while the
class 2 system (types II, V and VI) utilizes a single multidomain
effector endonuclease. The specific DNA targeting and cleavage
activities of CRISPR-Cas systems have inspired their successful
applications in genome editing, with CRISPR-Cas9 from the type I
system most widely used®’. However, RNA-targeting CRISPR-Cas
effectors have been developed into various tools for manipulating
specific RNA molecules, such as site-specific RNA editing'’, RNA
knockdown'' and molecular diagnostic detection of nucleic acids'.
RNA editing offers a tool for temporary and reversible alteration
in gene function, thus avoiding permanent changes to the genome
as in the case of DNA editing, where off-targeting is a big concern
when used for clinical treatment. RNA-targeting endonucleases
have been found in type II, III and VI CRISPR-Cas systems'*~°.
Nevertheless, current RNA-targeting applications are mostly based
on the RNA-dedicated type VI systems (Casl3a-13d), which exclu-
sively catalyze RNA cleavage with HEPN domains'’~*.

Casl2gis a type V RNA-guided endonuclease recently identified
through mining the metagenomic database®. Casl2g specifically
recognizes RNA substrates, distinguishing it from other Cas12 pro-
teins discovered so far, including the well-studied Cas12a (Cpfl),
Cas12b (C2C1) and Casl2e (CasX) that target DNA and have been
successfully harnessed for genome editing in mammalian cells®'~*.
Casl2g employs two guide RNAs, a crRNA and a trans-activating
crRNA (tracrRNA), to target single-stranded RNA (ssRNA) for
cleavage without the requirement of a protospacer adjacent motif
(PAM) sequence®. After activation by target RNA, Casl2g displays
collateral RNase and single-strand DNase activities®, similar to the
collateral activity of Cas12a and Casl3 proteins*~*. Distinct from
Casl2a and Casl3, in vitro experiments showed that Cas12g is inca-
pable of processing pre-crRNA”.

Originating from a hot spring metagenome, Cas12g is thermo-
stable while harboring comparable RNA detection sensitivity com-
pared to the best-performing Cas13 effectors®. Another advantage
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of Casl2g is its compact size (only 767 amino acids), compared to
Casl3 proteins (average sizes for Cas13a-13d are 1,250, 1,150, 1,120
and 930 amino acids, respectively”). The small size potentially
facilitates flexible packaging into size-constrained therapeutic viral
vectors, such as adeno-associated virus (AAV)*. Thus, Casl12g has
the potential to enhance RNA detection and other in vivo transcrip-
tome engineering applications.

Understanding the molecular basis underlying target RNA rec-
ognition and cleavage by Casl2g is critical for the development of
Casl2g-based tools. Structural studies of type V effectors, including
Cas12a’’'~%, Cas12b*~*, Casl2e* and Cas12i*, showed that they
display a canonical bilobed architecture encompassing a recognition
lobe (REC) and a nuclease lobe (NUC). The REC lobe contains the
RECI and REC2 domains, which are responsible for substrate rec-
ognition, whereas the NUC lobe is composed of the RuvC, Wedge
(WED), PAM-interacting (PI) and Nuc domains, with the nuclease
site located in the RuvC domain. However, low sequence similar-
ity between Cas12g and other Casl2 effectors and RNA-targeting
function of Cas12g indicates differences in its mechanisms for tar-
get recognition and cleavage, motivating us to investigate the struc-
ture of Casl2g.

Results

Overall structure of Casl2g-sgRNA. We assembled a binary
complex of wild-type Casl2g and a 136-nucleotide single-guide
RNA (sgRNA, fusion of tracrRNA and c¢rRNA) and determined
the structure of this complex at an average resolution of 3.1 A by
cryo-EM (Extended Data Fig. 1 and Supplementary Table 1). The
resultant map allowed ab-initio model building of most residues
and nucleotides of the complex, with the exception of several seg-
ments at the periphery of the complex (Extended Data Fig. 2 and
Supplementary Fig. 1).

The overall structure of Casl2g displays a bilobed architecture
containing the REC and NUC lobes, enclosing a positively charged
central channel between the two lobes (Fig. 1). sgRNA primarily
engages Casl2g by contacting the REC lobe, with additional inter-
actions with the WED domain from the NUC lobe (Fig. 1c). A DALI
search revealed Cas12b as the closest structural match to Casl2g (Z
score: ~14; root mean square deviation: 5.8 A over 466 amino acids)
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Fig. 1| Overall structure of the Cas12g-sgRNA binary complex. a, Domain organization of Cas12g. b, Cryo-EM map of the Cas12g-sgRNA complex in two
views with each domain of Cas12g color coded as in a. The crRNA and tracrRNA regions of sgRNA are colored in orange and light yellow, respectively.

¢, Atomic model of the Cas12g-sgRNA complex shown in cartoon.

(Extended Data Fig. 3 and Supplementary Fig. 1), whereas Casl2a
and Cas12e are also close matches (Z scores: 9-10).

The dumbbell-shaped REC1 domain contains an N-terminal
helical subdomain («x1-5) and two helices at the C terminus («7-8),
connected byafeaturedlonghelix (a6) (Fig. 2a). Alarge portion of the
C terminus between a7 and a8 (amino acids 220-354, REC1220-34)
is barely visible from the map (Figs. 1b and 2a), indicating that
this region is flexible. Three-dimensional (3D) classification of
cryo-EM images focusing on this region resulted in a major class
with this region determined at a lower resolution (Extended Data

Fig. 1g), showing that REC1?*°** is located on the exit of the cen-
tral channel (Extended Data Fig. 1h). Secondary structure predic-
tion suggests that this region is mainly composed of helices, similar
to the structure of this region in Cas12b (Extended Data Figs. 2b
and 3b). The REC2 domain is simplified into two helices, lacking a
four-helix bundle as in Cas12b that is involved in the recognition
of the crRNA-target DNA heteroduplex® (Fig. 2b and Extended
Data Fig. 3¢).

The NUC lobe contains the WED, RuvC and Nuc domains, but
lacks the PI domain, consistent with the previous report that PAM is
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Fig. 2 | Domain structure and active site of Cas12g. a-d, Cartoon presentation of the REC1 domain (a), REC2 domain (b), WED domain (¢), and RuvC
domain (d). Density of REC1?29-354 observed by 3D-focused classification is shown in mesh. The triplet of acidic residues in the active site and the lid motif
are colored in red and blue, respectively. e, The endonuclease center in the RuvC domain. The acidic residues D513, E655 and D745 are labeled. The Nuc
domain is attached to the active center, with K728 and W724 pointing to the active site. A zinc ion chelated by four cysteines (C711, C714, C735 and C738)
is present in the Nuc domain. f, Substrate RNA cleavage assay using wild-type Cas12g and Cas12g with mutations as indicated. The results shown are

representative of three experiments. nt, nucleotide.

not required in substrate recognition of Cas12g*. The WED domain
consists of seven p-strands, folding into two B-sheet layers (Fig. 2¢).
The conserved RuvC domain is composed of a five-p-strand ($8-12)
core flanked by five a-helices, with «13 and surrounding loops
(amino acids 659-679) equivalent to the lid motif of other Cas12
nucleases®** (Fig. 2d). The lid motif in Casl2a is involved in sub-
strate recognition, and conformational changes of the lid motif act
as molecular checkpoints to activate catalysis®>*. Attached to the
RuvC domain is the Nuc domain, which is only 37 amino acids
in length and contains two CXXC zinc finger motifs, 711-CAEC-
714 and 735-CEGC-738 (Fig. 2e). Alanine substitutions of these
cysteine residues abolished substrate RNA cleavage, suggesting
that the zinc finger motifs are critical for the nuclease activity of
Casl2g (Fig. 2f). The zinc finger motifs were also observed in the
Nuc domain of Cas12e*, but not in Cas12a*’'-*, Cas12b*-** and
Cas12i* (Supplementary Table 2).

Nuclease site of Casl2g. Located in the interface between
the RuvC and Nuc domains are a conserved triplet of acidic
residues (D513, E655 and D745) from the RuvC domain and
two bulky residues (W724 and K728) from the Nuc domain
(Fig. 2e). Alanine substitutions of each of the triplet (D513A,
E655A and D745A) and K728 abolished substrate cleavage activ-
ity of Casl2g, while mutation of W724 (W724G) showed com-
promised nuclease activity (Fig. 2f). The lid motif in Casl2g
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lies above the active site (Fig. 2e¢). Substitution of key residues
within the lid motif (665-YENL-668) with alanine abolished the
substrate cleavage activity (Fig. 2f) as well as collateral cleavage
activity towards ssDNA and ssRNA (Extended Data Fig. 4a,b),
indicating that the lid motif plays a critical role in the activation of
Casl2g, as observed in Cas12a*. These results suggest that Cas12g
utilizes a nuclease site at the interface between the RuvC and Nuc
domains to perform multiple-turnover cleavage of RNA substrate
(Extended Data Fig. 4c).

Structure of sgRNA. The sgRNA of Cas12g contains a 92-nucleotide
tractrRNA at the 5’ end, and a 42-nucleotide crRNA at the 3’
end (18-nuncleotide repeat and 24-nuncleotide spacer-derived
sequence) (Fig. 3a). The sgRNA folds into a flipped ‘F’-shaped
structure consisting of tracrRNA scaffolding duplexes 1-2 and
anti-repeat:repeat (AR:R) duplexes 1-2 (Fig. 3a,b and Extended
Data Fig. 2g). AR:R duplex 1 is extended from scaffolding duplex
2 with no observable contacts to Cas12g, consistent with its flex-
ibility and compromised resolution in the cryo-EM map (Fig. 1b
and Extended Data Fig. 1j). Lack of direct contact with Casl2g
implies that the potential function of AR:R duplex 1 is to tether
the tracrRNA and crRNA, rather than to directly contribute to the
nuclease activity. Consistent with this hypothesis, truncation of the
AR:R duplex 1 in the sgRNA presented comparable nuclease activity
with the full-length sgRNA (Fig. 3c).
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Fig. 3 | Overall structure of sgRNA. a, Schematic of the sgRNA. Unmodeled regions are indicated by a gray background. b, Structure of the sgRNA in the
Cas12g-sgRNA complex in cartoon presentation. ¢, RNA substrate cleavage assay using full-length sgRNA and sgRNA with the AR:R duplex 1 deleted. The

results shown are representative of three experiments.

Interactions between sgRNA and Casl2g. Scaffolding duplex 1,
formed by tracrRNA (—82 to —51), is recognized by the concave
surface of the REC1 domain and the REC2 domain, mainly through
nonsequence-specific interactions (Fig. 4a,b and Extended Data
Fig. 2h), occupying a binding surface in REC1 that is used for rec-
ognition of the crRNA-target DNA duplex in other Cas12 effectors,
such as Casl2b (Extended Data Fig. 5a-c). Scaffolding duplex 2,
almost perpendicular to scaffolding duplex 1, is bracketed by the
RECI, REC2 and WED domains (Fig. 1c).

A stretch of tracrRNA (—99 to —92) protruding from the scaf-
folding duplex 2 base pairs with the crRNA repeat region (—6 to —4),
forming the AR:R duplex 2 (Fig. 4c,d), which establishes extensive
interactions with the REC2, RuvC and WED domains of Casl2g
through charged interactions. For example, H572, R575, H576 and
H624 of the REC2 domain, and K539 of the RuvC domain, estab-
lish charged interactions with multiple phosphate groups of the loop
(Fig. 4c,d), stabilizing the AR:R duplex 2 and thereby facilitating the
correct positioning of the crRNA guide sequence. Mutations of each
of these residues (H572A, R575E, H576A, H624A and K539E), or
introducing mismatches in the AR:R duplex 2 (U-98A/U-97A/C-
96G) severely reduced the nuclease activity of Cas12g (Fig. 4e).

The spacer-derived guide inserts into the positively charged
channel of Cas12g (Fig. 1b,c). However, the corresponding densities
are very weak, indicating their flexibility (Extended Data Fig. 2g),
with the exception of a four-nucleotide segment bound to the RuvC
domain (Fig. 4f). This segment forms an A-form helical conforma-
tion at the exit of the central channel, reminiscent of Cas13a, which
is reported to adopt a ‘central seed’ to initiate target recognition™;
however, the resolution of this region did not allow for unambigu-
ous assignment of the crRNA sequence.

Structure of Cas12g-sgRNA-target RNA. To gain insights into
target RNA recognition, we assembled a Casl2g-sgRNA-target
RNA ternary complex by incubating a catalytically inactive Cas12g
(E655A) with the sgRNA and a 24-nucleotide target RNA. We deter-
mined the structure at a resolution of 4.8 A by cryo-EM (Fig. 5a,b,
Extended Data Fig. 6 and Supplementary Table 1). Unambiguous
secondary-structure features of the map allow fitting of individual
domain structure into the map (cross-correlation coefficient, 0.92).

An A-form duplex is observed in the central channel of Casl2g,
which is interpreted as the crRNA-target RNA heteroduplex
(Fig. 5a,b). Modeling of the duplex showed a length of about 24 base
pairs (bp), consistent with the length of target RNA used for com-
plex assembly. The crRNA-target RNA duplex is primarily attached
to the RuvC, REC1 and REC2 domains (Fig. 5b).

Structural comparison between the Casl2g-sgRNA binary
complex and the Casl2g-sgRNA-target RNA ternary complex
reveals notable conformational changes. The REC and NUC lobes
move away from the central channel by approximately 10 A and
3 A, respectively, opening the central channel to accommodate
the crRNA-target RNA duplex (Fig. 5¢). The crRNA-target RNA
duplex induces movement in the lid motif, which is presumably
involved in the interactions with the duplex (Fig. 5¢). Together with
the mutagenesis study mentioned above (Fig. 2f), this evidence
indicates that the lid motif plays a critical role in the activation of
Casl12g. Different from the binary complex, in which the REC1%°-%*
is located at the exit of the central channel, the REC1*°-***in the ter-
nary complex is attached to the crRNA-target RNA duplex (Fig. 5d
and Extended Data Fig. 7a,b). Deletion of REC172~*** abolished the
nuclease activity, indicating an important role in substrate cleavage
(Fig. 5e). The REC1*°*** region is rich in positively charged resi-
dues, which are probably involved in the recognition of the crRNA-
target RNA duplex. Consistent with this hypothesis, mutation of six
positively charged residues within the first 20 amino acids of this
region (K221, K223, R224, R226, R232 and K237) showed a similar
effect in RNA cleavage efficiency as deletion of REC1?2*-*** (Fig. 5e).

REC1?*-%% engages the crRNA-target RNA duplex at positions
16-19. RNA substrate cleavage assay showed that mismatches
between the crRNA and RNA substrate at positions 16-19 almost
abolished substrate cleavage activity, while mismatches at flank-
ing positions had little effect (Fig. 5f and Extended Data Fig. 5d),
suggesting that recognition of the crRNA-target RNA duplex by
REC1#°-%*is critical for Cas12g activation. Mismatches at positions
16-19 also severely reduced the collateral cleavage activity towards
ssDNA and ssRNA (Extended Data Fig. 4a,b). Substrate RNAs with
mismatches at positions 16-19 are capable of binding to Cas12g-
sgRNA (Extended Data Fig. 8), indicating that the base pairing
and stabilization of this region is vital for activation of Casl2g.
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Interestingly, target ssDNA is also able to bind to Cas12g-sgRNA
(Extended Data Fig. 8). However, cryo-EM analysis suggests that
target ssDNA failed to induce conformational changes in Casl2g
as observed by target ssRNA (Extended Data Fig. 9), which might
explain why ssDNA is incapable of activating Casl2g (discussed
below). Collectively, the results provide mechanistic insights into
target RNA recognition and activation of Cas12g.

Discussion

To date, 11 subtypes have been reported (Casl2a-12k)*»* within
type V CRISPR-Cas systems. These effectors are classified into three
major branches on the basis of phylogenetic analysis”. Branches 1
(for example, Cas12b*~*?) and 2 (for example, Casl2a’~**** and
Casl2e?*) have been structurally studied previously. However, the
Casl2g structure reported here represents the structure of a branch
3 effector, shedding light on other members in this branch®.
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Fig. 4 | Interactions between Cas12g and sgRNA. a,b, Detailed interactions (a) between scaffolding duplex 1and the REC lobe of Cas12g, and the schematic
of the interactions (b). ¢,d, Detailed interactions (c) between the AR:R duplex 2 of sgRNA and Cas12g, and the schematic of the interactions (d). e, Substrate
RNA cleavage assay using wild-type Cas12g and Cas12g with mutations in residues involved in interactions with the AR:R duplex 2, as well as mismatches
in the AR:R duplex 2. The results shown are representative of three experiments. f, A four-nucleotide segment from the crRNA is pre-ordered in an A-form
configuration, attached to the RuvC domain. EM density corresponding to the four-nucleotide segment is shown in mesh.

REC1

The structures reported here suggest that Casl2g share
similar domain architecture with several specialized features
(Supplementary Table 2). The concave surface of the REC1 domain
used for recognition of the crRNA-target DNA duplex in other
Casl2 effectors is repurposed for recognition of tracrRNA scaffold-
ing duplex 1. The C-terminal region of REC1, REC1?*-%*, is struc-
turally flexible, in contrast to the ordered structure of this region in
other Casl2 effectors**'~**2. However, this region plays a criti-
cal regulatory role in the recognition of target RNA and activation
of Casl2g.

Target recognition of type V and II systems is generally initi-
ated by interactions between effectors and the PAM duplex of sub-
strates. Recognition of PAM duplex triggers unwinding of DNA
substrate, preparing the target strand for hybridization with the
crRNA*¥, Because Cas12g specifically recognizes ssRNA, it is not
surprising that the PI domain is not required. Target recognition
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Fig. 5 | Target RNA recognition of Cas12g. a, Cryo-EM map and model of the Cas12g-sgRNA-target RNA complex with each domain of Cas12g color coded
as in Fig. Ta. The crRNA, tracrRNA and target RNA are colored in orange, light yellow and magenta, respectively. b, Cartoon presentation of the Cas12g-
sgRNA-target RNA complex. ¢, Structural superimposition of Cas12g-sgRNA (gray) and Cas12g-sgRNA-target RNA (sky blue) complexes. Conformational
changes in Cas12g domains and sgRNA after recognition of target RNA are indicated by arrows. d, Contact between REC122°-34 and positions 16-19 of the
crRNA-target RNA duplex. Schematic of the crRNA spacer-derived guide and target RNA is shown below. e, Substrate RNA cleavage assay using wild-type
Cas12g and Cas12g with REC1220-35* deleted or with group mutations within REC1220-3%, f, Substrate RNA cleavage assay using wild-type and mutant target

RNAs. The results in e and f are representatives of three experiments.

in type VI effectors is initiated by protein-protospacer flanking
sequence (PFS) interactions". However, bioinformatics analysis of
target-flanking sequences of Cas12g revealed no such requirements
for interference®. No restrictions of PAM or PFS are an advantage of
Cas12g when used for RNA-targeting applications.

In Casl2a, Cas12b and Casl2i, a short region (5-7 nucleotides)
at the 5’ end of the spacer-derived guide is pre-ordered in a heli-
cal conformation, serving as a seed for substrate recognition®*#+
(Supplementary Table 2). The seed sequence initiates substrate rec-
ognition and is sensitive to mismatches with the substrate. However,
such a pre-ordered segment is not observed at the 5’ end of the
spacer-derived guide in the Casl2g-sgRNA complex. Instead, a
four-nucleotide segment in an A-form configuration is observed at
the exit of the central channel (Fig. 4e).

Most Cas12 nucleases, such as Casl2a, Casl2b, Casl2e and
Cas12i, specifically recognize target DNA. PAM recognition ini-
tiates unwinding of double-stranded DNA (dsDNA) and allows
hybridization between the target strand and crRNA from the 5 end
of the crRNA guide. Activation of Cas12 nucleases requires the for-
mation of the crRNA-target DNA heteroduplex at a certain length.
For instance, activation of Casl2a requires the heteroduplex to be

at least 16-17bp (refs. ***’), whereas activation of Casl2i requires
at least 14-15bp (ref. ©°). Some anti-CRISPR proteins inhibit Cas12
nuclease by suppressing the progression of crRNA-target DNA het-
eroduplex, such as AcrVA4 which inhibits Cas12a by blocking the
heteroduplex formation at 8 bp (ref. **).

Casl2g specifically recognizes ssRNA. ssDNA with the sequence
complementary to the crRNA is incapable of activating Cas12g”
(Extended Data Fig. 4a,b). In the Cas12g-sgRNA complex, the 5’
end of the crRNA guide is embedded, whereas the 3’ end of the
crRNA guide is exposed to solvent and is a likely initiation site for
hybridization between crRNA and target RNA (Fig. 1b,c). Cryo-EM
analysis of the Cas12g-sgRNA-target DNA complex shows that the
complex is in an inactivated conformation similar to the Casl2g-
sgRNA binary complex (Extended Data Fig. 9g). A possible expla-
nation is that hybridization between ssDNA and the 3’ end of the
crRNA guide (presumably in a flexible conformation) failed to
progress to a required length for activation of Casl2g (Extended
Data Fig. 9h), although the possibility of ssDNA disassociation on
cryo-EM grids cannot be completely ruled out. REC1?*** and a
simplified REC2 domain are possible structural features associated
with the RNA specificity of Cas12g (Extended Data Fig. 7).
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It was recently shown that type V nucleases, including Casl12a,
Cas12b, Casl2e and Casl2i, share a conserved activation mecha-
nism*. Before target DNA binding, the lid motif covers the RuvC
active site, preventing access to the substrate. Formation of the
crRNA-target DNA heteroduplex is accompanied by displace-
ment of the lid motif, which senses formation of the crRNA-target
DNA duplex. Displacement of the lid motif opens the RuvC active
site and contributes to recruitment of substrate”’. Conformational
changes observed in Cas12g upon target RNA binding, and the crit-
ical role of the lid motif, indicate that Cas12g may adopt a similar
activation mechanism. Once activated by target RNA, both RNA
and DNA substrates may be loaded to the RuvC active site in a
favored geometry for catalysis. Future studies will be required to
understand the catalytic mechanism of Casl2g towards both RNA
and DNA substrates.
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Methods

Protein expression and purification. The plasmid used for expressing full-length
Cas12g with an N-terminal 6x His-tag was obtained from Addgene. The plasmid
was transformed into BL21-CodonPlus (DE3)-RIL cells for protein expression in
Terrific Broth medium. The protein expression was induced by adding 0.5 mM
IPTG at 18°C overnight. The cells were collected and then lysed by sonication in
buffer A (25mM Tris-HCI, 500 mM NaCl, 5% glycerol, 1 mM PMSF and 5mM
B-mercaptoethanol, pH 8.0). After centrifugation, the supernatants were incubated
with the Ni-NTA resin and washed extensively with buffer B (25 mM Tris-HCI,
500 mM NaCl, 30 mM imidazole and 5mM p-mercaptoethanol, pH 8.0) and the
His-tagged target proteins were eluted with buffer B supplemented with 300 mM
imidazole. Subsequently, the target proteins were loaded into the heparin column
(GE Healthcare) and eluted with a linear NaCl gradient, followed by size-exclusion
chromatography (Superdex 200, GE Healthcare) in buffer C (25 mM Tris-HCI,
150mM NaCl, 2mM DTT and 0.1 mM MgCl,, pH 8.0). Peak fractions were pooled,
concentrated and stocked at —80°C.

To assemble the Cas12g-sgRNA complex, the sgRNA was incubated with
Casl2g proteins at a ratio of 1.3:1 at 37 °C for 30 min. To reconstitute the Cas12g-
sgRNA-target RNA complex, the Cas12g E655A mutant protein was incubated
with sgRNA and target RNA or target DNA at a ratio of 1:1.3:5 at 37 °C for 60 min.
These complexes were loaded onto a Superdex 200 column equilibrated with buffer
C for further purification.

Mutagenesis. Single-site mutations were introduced by the QuikChange
site-directed mutagenesis method. Group mutations containing multiple sites were
introduced by ligating inverse PCR-amplified backbone with mutations bearing
DNA oligonucleotides via an In-Fusion Cloning Kit. Large-fragment deletion
(REC1%°-*** deletion) was introduced by ligating inverse PCR-amplified backbone
with DNA oligonucleotides encoding a flexible linker (‘SGASGGAGS). All
mutants were confirmed by DNA sequencing. The mutant proteins were expressed
and purified as described for wild type.

Circular dichroism spectroscopy. Circular dichroism spectra of wild type

and mutants of Cas12g were measured at room temperature with a Chirascan
(Applied Photophysics) spectropolarimeter using a quartz cuvette with a

1-mm path length. The samples (1.3 mgml~') were measured in low-salt

buffer (20 mM Tris-HCI, pH 8.0, 50 mM NaCl). The measurements were
recorded at wavelengths from 260 to 185 nm (0.2 nm per step) with a total

of three scans for each. The spectra were corrected by subtracting the spectrum
from the buffer background.

In vitro transcription and purification of RNA. The DNA template was
synthesized from IDT and amplified by PCR. In vitro transcription was carried

out using the HiScribe T7 High Yield RNA synthesis kit (NEB) according to the
manufacturer’s protocol. The transcribed RNA was loaded onto to the Resource-Q
column (GE Healthcare) and eluted with a linear sodium chloride gradient

(50 mM-1,000mM) in 25 mM Tris—HCI, pH 8.0. The eluted RNA was concentrated
and stocked at —80°C.

In vitro RNA cleavage assay. Cas12g proteins (290 ng) purified from gel filtration
were premixed with sgRNA at 37 °C for 30 min at a molar ratio of 4:1 in buffer C.
Target RNA (160 ng; sequence: CUCAUGUUUGACAGCUUAUCAUCGAUA-
AGCUUUAAUGCGGUAGUUUAUCACAGUUAAAUU) synthesized from IDT
was then added into the mixture for another 30 min unless otherwise specified.
The reaction was quenched by adding EDTA and proteinase K. The products
were denatured with TBE-urea loading buffer (ThermoFisher Scientific) at 66 °C
for 10 min, and analyzed on a 15% TBE-urea gel and stained using SYBR Gold
(Invitrogen).

For stoichiometric titration assay for the turnover studies, the Cas12g-sgRNA
complex was incubated with target RNA at different molar ratios at 37 °C for
30min. The experiment was done in triplicate. The resulting gels were scanned in
gray mode and band intensities were measured by Image]*".

Collateral cleavage assay. Collateral cleavage reactions were initiated by mixing
a 267-nucleotide collateral ssRNA (215 ng; sequence: GGAUAUUAAUAGCGC-
CGCAAUUCAUGCUGCUUGCAGCCUCUGAAUUUUGUUAAAUGAGG-
GUUAGUUUGACUGUAUAAAUACAGUCUUGCUUUCUGACCCUGGUAG
CUGCUCACCCUGAUGCUGCUGUCAAUAGACAGGAUAGGUGCGCUCC
CAGCAAUAAGGGCGCGGAUGUACUGCUGUAGUGGCUACUGAAUCAC
CCCCGAUCAAGGGGGAACCCUCCAAAAGGUGGGUUGAAAGGAGAAG
UCAUUUAAUAAGGCCACUGUUAAA) or M13 ssDNA (315ng, New England
Biolabs) and different targets with the binary complex (wild type or lid mutant)
at 42°C for 60 min in buffer C. The reaction was quenched by adding EDTA and
proteinase K. The collateral products were resolved on urea-PAGE (15%) or 0.7%
agarose gel and were visualized by SYBR Gold staining (Invitrogen).

Size-exclusion chromatography. The pre-assembled binary Cas12g-sgRNA
complex was incubated with target DNA, target RNA and target RNA with
mismatches with molar ratios of 1:1.15. The resulting mixture was incubated

at 37 °C for 30 min before being applied to a Superdex 200 column, which was
equilibrated with buffer C. Urea-PAGE (15%) was used to analyze and monitor the
complex formation.

Electron microscopy. Aliquots of 3-pl samples (Cas12g-sgRNA and Cas12gF®>—
sgRNA-target RNA) at different concentrations (0.3 mgml™" and 0.5mgml~,
respectively) were applied to glow-discharged Quantifoil holey carbon grids

(Cu, R1.2/1.3, 400 mesh). The grids were blotted for 4 s and plunged into liquid
ethane with a Gatan Cryoplunge 3 plunger. Cryo-EM data were collected with a
Titan Krios microscope (FEI) running at 300kV and images were collected using
Leginon™ at a nominal magnification of X81,000 (with a calibrated pixel size of
1.05 A per pixel) with a defocus range from 1.2 pm to 2.5 pum. The images were
collected with a K3 summit electron direct detector in super-resolution mode
together with a GIF-Quantum energy filter working at a slit width of 20eV. A dose
rate of 20 electrons per pixel per second and an exposure time of 3.12 s were used,
generating 40 movie frames with a total dose of ~54 electrons per A2 Appion®
was used to do quick motion correction and contrast transfer function (CTF)
estimation to monitor the data quality during data collection. A total of 2,520 and
987 movie stacks were collected for Cas12g-sgRNA and Cas12g™***-sgRNA-target
RNA, respectively (Supplementary Table 1).

Image processing. The movie frames were imported to RELION-3 (ref. °') and
then aligned using MotionCor2 (ref. **) with a binning factor of 2. CTF parameters
of the motion-corrected images were estimated using Gctf>. For particle picking,
two-dimensional (2D) averages were first generated on the basis of a few thousand
particles picked without a template, and then used for subsequent template-based
autopicking.

For Cas12g-sgRNA complex, particles were first autopicked and extracted
from the dose-weighted micrographs. The dataset was split into batches for
2D classifications, which were used to remove false and bad particles that
were assigned into 2D averages with poor features. Particles from different 2D
averages were used to create the initial model in cryoSPARC*". The dataset was
split into four parts for 3D classification. From 3D classification, three major
classes can be discerned. Class I adopts a rigid structure with clear structural
features, while classes II and III have poor structural features (Extended Data
Fig. le). Particles in Class I were selected for 3D refinement, converging at a
resolution of 3.4 A. After Bayesian polishing, another round of 3D classification
was performed to exclude bad particles. The resulting dataset with 469,157
particles was used for CTF refinement and 3D refinement, converging at a
resolution of 3.1 A. Focused 3D classification around the REC1 domain was
further performed without alignment resulting in a class with this region
observed from ~10% of particles.

For the Cas12g***-sgRNA-target RNA dataset, a similar strategy was applied.
3D refinement was performed against the final dataset containing 38,238 particles,
converging at a resolution of 4.8 A (Extended Data Fig. 6). Cryo-EM image
processing is summarized in Supplementary Table 1. For the Cas12g***A-sgRNA~
target DNA dataset, 3D refinement was performed against 53,612 particles,
converging at a resolution of 5.8 A (Extended Data Fig. 9).

Model building, refinement and validation. De novo model building

of the Cas12g-sgRNA structure was performed manually in Coot™.
Secondary-structure predictions by PSIPRED* and the structure of Cas12b
(PDB: 5U34) were used to assist manual building. Refinement of the structure
models against corresponding maps was performed using the phenix.
real_space_refine tool in Phenix’". For the Cas12g"***-sgRNA-target RNA
complex, the structure model of the Cas12g-sgRNA binary complex was fitted
into the cryo-EM map, and each domain was manually adjusted in Coot, and
the crRNA-target RNA duplex was built as a standard A-form double helix. The
resultant model was refined against the corresponding cryo-EM map using the
phenix.real_space_refine tool in Phenix. 3D FSC analysis for the presented maps
was performed using the Remote 3D FSC Processing Server (https://3dfsc.salk.
edu/upload/). Map-to-model FSC analysis was performed using the phenix.
validation_cryoem tool in Phenix.

Sequence alignment and structural visualization. The PROMALS3D** program
was used to align the Cas12g and Cas12b sequences on the basis of their structures.
Figures were prepared using PyMOL and UCSF Chimera™.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Cryo-EM reconstructions of Cas12g-sgRNA and Cas12g-sgRNA-target RNA
complexes have been deposited in the Electron Microscopy Data Bank under
accession numbers EMD-22257 and EMD-22258, respectively. Coordinates for
atomic models of Cas12g-sgRNA and Cas12g-sgRNA-target RNA complexes have
been deposited in the Protein Data Bank under accession numbers 6XMF and
6XMG, respectively. Source data are provided with this paper.
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b, Circular dichroism (CD) spectra of wild-type and mutants of Cas12g used in this study. ¢, A representative raw cryo-EM micrograph of the
Cas12g-sgRNA complex from a total of 2520 micrographs. d, Representative 2D class averages from a total of 100 images. e, Three major classes
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Extended Data Fig. 5 | Comparison of the REC1 domain in Cas12g and Cas12b, and crRNA guide mismatch assay for Cas12g. a, The tracrRNA scaffolding
duplex 1is bound to the concave surface of the REC1 domain in the Cas12g-sgRNA binary complex. b, The crRNA-target DNA duplex is bound to the
concave surface of the REC1 domain in the Cas12b-sgRNA-DNA complex. €, The tracrRNA scaffolding duplex 1is bound to the concave surface of the REC1
domain in the Cas12g-sgRNA-target RNA complex. d, RNA cleavage assay using wild-type and mutant target RNAs. The results shown are representative
of three experiments.
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Extended Data Fig. 6 | Cryo-EM data processing for the Cas12g-sgRNA-target RNA complex. a, A representative raw cryo-EM micrograph of the
Cas12g-sgRNA-target RNA complex from a total of 987 micrographs. b, Representative 2D class averages from a total of 100 images. ¢, 3D classification.
Three major classes were observed. Classes Il and 1l did not result in good reconstructions and likely represent damaged particles. d, 3D refinement for
Class I. Angular distribution is shown on the right. e, Plot of the global half-map FSC (solid red line), map-to-model FSC (solid orange line), and spread of
directional resolution values (+16 from mean, green dotted lines; the blue bars indicate a histogram of 100 such values evenly sampled over the 3D FSC).
FSC plot for the reconstruction suggests an average resolution of 4.8 A. f, Local resolution map in two views.
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Extended Data Fig. 7 | Structural and biochemical analysis of the Cas12g-sgRNA-target RNA complex. a-b, Structural elements involved in crRNA-target
RNA duplex recognition. Three such structural elements are indicated by red lines, including 1) an N-terminal extension enriched in arginines within the
WED domain, 2) a loop within the REC2 domain (608-AKKATLQP-615), and 3) REC1%20-3%4, ¢, Substrate RNA cleavage assay using wild-type Cas12g

and Cas12g with mutations in two loops involved in the recognition of the crRNA-target RNA duplex. The results shown are representative of three
experiments. d-e, Comparison of the RECT and REC2 domains for substrate recognition between Cas12g and Cas12b.

NATURE CHEMICAL BIOLOGY | www.nature.com/naturechemicalbiology


http://www.nature.com/naturechemicalbiology

NATURE CHEMICAL BIOLOGY ARTICLES

+ Target RNA + Target RNA + Target RNA + Target DNA
(C16G/C17G) (G18C/C19G)
5 100 100 4 100 100
E 801 80 | 80 1 80
8
€ 60 60 60 60 -
©
£
O 40 40 - 40 - 40
%
o 20 20 20 20
©
< o 0 0 0
X el
0 5 10 15 20(ml) 0 5 10! 15%,20 (ml) 0o 5/ 1o/15 20 (ml) 0-"5.-0 15 20 (mI)

N R
N

1

‘
\
.
.
.
.

2 3 %
136nt—'...........- sgRNA
. 25048330 ¢

60 nt—} - - T " e Target RNA
= #» @ | Target DNA

Extended Data Fig. 8 | Binding assay between the Cas12g-sgRNA complex and target nucleic acids. Upper: SEC profiles for the Cas12g-sgRNA complex
incubated with different targets including target RNA, target RNA with mismatches at positions 16 and 17, target RNA with mismatches at positions 18 and

19, and target ssDNA. UV absorbance curves at 280 nm are shown. Lower: Urea-PAGE (15%) analysis of the elution fractions from SEC as indicated. The
results shown are representative of three experiments.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Cryo-EM analysis for the Cas12g-sgRNA-target DNA complex. a, A representative raw cryo-EM micrograph of the
Cas12g-sgRNA-target DNA complex from a total of 1083 micrographs. b, Representative 2D class averages from a total of 100 images. ¢, 3D classification.
Classes 2-6 did not result in good reconstructions and likely represent damaged particles. d, 3D refinement for Class 1 with angular distribution. e, Plot of
the global half-map FSC (solid red line), and spread of directional resolution values (+1o from mean, green dotted lines; the blue bars indicate a histogram
of 100 such values evenly sampled over the 3D FSC). FSC plot for the reconstruction suggests an average resolution of 5.8 A. f, Local resolution map.

g, Comparison of the rigid-body fitting between the Cas12g-sgRNA complex and the Cas12g-sgRNA-target RNA complex. Red squares indicate the

fitting of the REC1 domain, which shows that the model of the Cas12g-sgRNA complex fits better to the map (left panel). h, Schematic model for Cas12g
activation. Target DNA fails to form fully assembled duplex required for Cas12g activation.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
E The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
l:l A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.
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PROMALS3D.
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Cryo-EM reconstruction of Cas12g-sgRNA binary complex and Cas12g-sgRNA-target RNA ternary complex have been deposited in the Electron Microscopy Data
Bank under the accession numbers EMD-22257, EMD-22258 respectively. Coordinates for atomic models of Cas12g-sgRNA binary complex and Cas12g-sgRNA-
target RNA ternary complex have been deposited in the Protein Data Bank under the accession numbers 6XMF and 6XMG respectively. Source data are provided
with this paper.
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