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Cas9d, the smallest known member of the Cas9 family, employs a compact
domain architecture for effective target cleavage. However, the underlying

mechanism remains unclear. Here, we present the cryo-EM structures of the
Cas9d-sgRNA complex in both target-free and target-bound states. Bio-
chemical assays elucidated the PAM recognition and DNA cleavage mechan-
isms of Cas9d. Structural comparisons revealed that at least 17 base pairs in the
guide-target heteroduplex is required for nuclease activity. Beyond its typical
role as an adaptor between Cas9 enzymes and targets, the sgRNA also provides

structural support and functional regulation for Cas9d. A segment of the
sgRNA scaffold interacts with the REC domain to form a functional target
recognition module. Upon target binding, this module undergoes a coordi-
nated conformational rearrangement, enabling heteroduplex propagation and
facilitating nuclease activity. This hybrid functional module precisely monitors
heteroduplex complementarity, resulting in a lower mismatch tolerance
compared to SpyCas9. Moreover, structure-guided engineering in both the
sgRNA and Cas9d protein led to a more compact Cas9 system with well-
maintained nuclease activity. Altogether, our findings provide insights into the
target recognition and cleavage mechanisms of Cas9d and shed light on the
development of high-fidelity mini-CRISPR tools.

The Class 2 type Il CRISPR-Cas is a dual-RNA guided defense system
composed of a single effector Cas9 nuclease, CRISPR RNA (crRNA),
and trans-activating crRNA (tracrRNA). These components form a
ribonucleoprotein (RNP) complex to recognize and cleave invasive
nucleic acids, such as bacteriophages and plasmids"’. Targets con-
taining a protospacer sequence complementary to the crRNA spacer,
along with a downstream protospacer-adjacent motif (PAM), can be
recognized and cleaved by the CRISPR system"**. To streamline the
application of CRISPR-Cas9 in genome editing, the dual-RNA guide
was simplified by linking the crRNA and tracrRNA with a tetraloop,
creating a chimeric single-guide RNA (sgRNA)**.

The Class 2 type Il CRISPR-Cas9 system is further categorized
into four subtypes: II-A, 1I-B, 1I-C, and II-D, based on the genomic

architecture of the CRISPR loci*”’. Among these, the type II-A Cas9
from Streptococcus pyogenes (SpyCas9) is the most widely used due
to its high editing efficiency. However, its broader application is
restricted by the payload of adeno-associated virus (AAV) delivery
vectors, which are typically limited to 4.7 kb®, as well as by off-target
editing effects’®. To overcome these limitations, numerous Cas9
homologs with smaller molecular sizes have been identified through
bioinformatic pipelines®’"'"*. Emerging alternatives such as the Cas9
ancestor IscBs offer more compact genome editing tools. The
effector proteins of these systems pair with extended guide RNAs or
omega RNAs to execute robust nuclease activity”*". Comprehen-
sive biochemical and structural characterization, along with engi-
neering efforts of Cas9 and IscB variants, have led to the
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development of versatile genome-editing tools, advancing biological
and biomedical research® 2,

A type II-D Cas9 ortholog, the newly identified MG34-1 Cas9
(hereafter referred to as Cas9d) from Deltaproteobacteria is 747 amino
acids in size®, smaller than SpyCas9 (1368 amino acids)’ but larger than
IscBs (typically ~500 amino acids)’. The sgRNA scaffold used by Cas9d
(135 nt) is longer than that of SpyCas9 (76 nt) but shorter than the
omega RNAs used by IscBs (-200 nt). Importantly, Cas9d’s expression
cassette, including the promoters and terminators for both the protein
and the sgRNA, is less than 3.4 kb, making it suitable for single AAV
delivery. Cas9d has been demonstrated to exhibit double-stranded
(ds)DNA cleavage activity in vitro, plasmid clearance in £. coli, and base
editing in human cells with an efficiency up to 22%%*. However, despite
its potential in genome editing, the mechanisms by which Cas9d sus-
tains its nuclease activity remain elusive. Further comparison of Cas9d
with other Cas9 orthologs and IscBs, focusing on their structural and
biochemical properties, could offer valuable insights for the develop-
ment of more compact and precise genome editing tools.

In this study, we characterized Cas9d as a high-fidelity nuclease
that cleaves dsDNA with a downstream NGG PAM, resolved its cryo-EM
structures in target-free and target-bound states, and identified a novel
functional module for target engagement, comprising its REC domain
and a segment of the sgRNA scaffold. We term this distinct

protein-RNA hybrid module the “REM” (RNA-coordinated target
Engagement Module), which forms the structural basis for Cas9d’s
nuclease activity and is essential for target recognition and mismatch
discrimination. Leveraging on these insights, we engineered a more
compact version of Cas9d system by optimizing both its protein and
sgRNA components, laying the groundwork for future engineering of
Cas9d and the advancement of genome-editing tools.

Results
Biochemical characterization of Cas9d system
We co-expressed the 747 amino-acid Cas9d protein from Deltapro-
teobacteria with a 157-nt single-guide (sg)RNA, a fusion of the natural
crRNA and tracrRNA linked by a GAAA tetraloop (Fig. S1). The co-
localization of Cas9 with the CRISPR array and the adaptation
machinery Casl-Cas2 (Fig. 1a) suggests that the Cas9d system may be
an active defense system®. Structural predictions using AlphaFold2?*,
along with structure and sequence alignments with other Cas9
orthologs®?*!, indicate that Cas9d contains a bridge helix (BH)
domain, a target recognition domain (REC), a wedge domain (WED), a
PAM interacting domain (PI), and two nuclease domains: the split RuvC
domain (I, II, Ill) and the HNH domain (Fig. 1b).

Biochemical analyses showed that Cas9d cleaves DNA targets in
dose- and time-dependent manners, and requires magnesium ions for
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Fig. 1| Overall structure of the Cas9d-sgRNA and Cas9d-sgRNA-target com-
plex. a Genomic architecture of the Cas9d-containing CRISPR locus (accession:
KU516343.1). b Domain organization of Cas9d. BH, bridge helix; L1 and L2, Linker 1
and 2; REC, target recognition domain; Pl, PAM interacting domain; WED, wedge
domain. RuvC is omitted for I and Il due to the space limitation. ¢, d Cryo-EM
density map (c) and atomic model (d) of the Cas9d-sgRNA complex. The BH and

REC domain in the REC lobe are illustrated in lime and deep teal, respectively. The
WED, PI, HNH and RuvC domains in NUC lobe are colored orange, forest green,
salmon and grey, respectively. L2 linker is colored in yellow. e, f Cryo-EM density
map (e) and atomic model (f) of the Cas9d-sgRNA-target complex, using the same
color scheme as in (¢, d). The target strand (TS) and non-target strand (NTS) are
shown in light blue and pink, respectively.

Nature Communications | (2025)16:2462


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57455-9

nuclease activity (Fig. S2a-b). Structural alignments to other type Il
Cas9 orthologs revealed highly conserved folding patterns and cata-
lytic pockets in both nuclease domains (Fig. S2c—d). Alanine substitu-
tions at the conserved catalytic residues® in either nuclease domain
produced nicks in the supercoiled target plasmids (Figs. S2e-g and S3).
Sequencing of the nicked products revealed that HNH cleaves the
target strand (TS) three nucleotides upstream of the PAM, while RuvC
cleaves the non-target strand (NTS) six nucleotides upstream, gen-
erating sticky ends with three-nucleotide 5’ overhangs (Fig. S2e, g).

Cryo-EM structures of Cas9d system

Using cryo-electron microscopy (cryo-EM), we determined the struc-
ture of the Cas9d-sgRNA ribonucleoprotein (RNP) complex at a
resolution of 2.87 A (Figs. 1c-d and S4). Additionally, by assembling the
catalytically inactive (D10A/H375A) complex with a 45-bp target DNA
containing a 5-GGG-3’ PAM, we resolved the cryo-EM structure of the
Cas9d-sgRNA-target DNA ternary complex at a resolution of 2.68 A
(Figs. 1e-f and S5).

In the RNP complex, nearly all nucleotides of the sgRNA were
reliably resolved (Figs. 1d and S6a). The Cas9d protein adopts a typical
bilobed architecture with a domain organization similar to those of the
other reported Cas9 orthologs (Figs. 1b and S6). The BH domain, most
of the REC domain and the RuvC domain could be clearly traced
(Figs. 1c-d and S6b-d). The HNH domain could only be docked into
the EM density at a low threshold (Fig. S6b). The entire Pl domain and a
part of the WED domain (aa 557-633) were missing in the cryo-EM
model, likely due to their flexibility (Figs. 1c-d and Séb, e).

In the target DNA-bound state, a 22-bp heteroduplex comprising
the guide and the TS was reliably modeled (Figs. 1le-f and Sé6h). The
NTS strand was absent, except for the PAM and the downstream
dsDNA region, which were clearly defined in the map (Fig. S6i). The BH
domain and majority of the REC domain were well resolved. The WED
domain of Cas9d, stabilized by the target, was well-traced, and part of
the Pl domain (aa 670-686, 695-701, 713-721, 734-743) surrounding
the PAM binding site was also built in the EM model. However, only a
portion of the RuvC domain could be modeled and the entire HNH
domain was missing at this state (Fig. 1e-f).

Structural basis of PAM recognition

Cas9d cleaves dsDNA targets with an NGG PAM located 3’ down-
stream of the protospacer®. Structural and biochemical analyses
revealed the basis of PAM recognition (Fig. S7a). In the cryo-EM
structure of the target-bound state, the PAM region is accom-
modated by both the WED and Pl domains (Fig. S7b), distinguishing
Cas9d from SpyCas9 and Francisella novicida (Fno) Cas9, which rely
solely on the Pl domain for NGG PAM recognition®~*, Investigation of
the PAM-interacting interface revealed that Asn651 and Lys649 in the
WED domain are hydrogen-bonded with -2dGN™ and -2'dC'™,
respectively. Lys715 in the Pl domain also forms a hydrogen bond
with -3dGN™ (Fig. S7b). These interactions typically specify a dC:dG
base pair at positions (-2) and (-3), indicating that target recognition
by the Cas9d system is initiated through the precise recognition of
the downstream NGG PAM. Moreover, Arg698 in the Pl domain,
along with Asn654 and His653 in the WED domain, interact with the
phosphate backbone of the PAM region on the NTS through elec-
trostatic interactions, thereby stabilizing the dsDNA target (Fig. S7b).
Consistent with these structural observations, alanine substitution of
these base-interacting residues completely or partially abolished
target cleavage, demonstrating that Asn651, Lys649 and Lys715 are
key residues in PAM recognition (Fig. S7c). Interestingly, the wild-
type (WT) Cas9d exhibits activity toward the GAG and GGA PAMs
(Fig. S7a), and the K715A mutant retains some cleavage activity,
suggesting the potential for engineering PAM-relaxed variants.
Notably, in SpyCas9, the presence of extra stabilizing residues sup-
porting the PAM-interacting residues imposes the most stringent

PAM requirement, whereas no such stabilizing residues are present
in Cas9d or FnoCas9 (Fig. S7).

Immediately adjacent to the PAM, the phosphate group of 'dG™
interacts with a phosphate lock loop (residues D555-N557, Fig. S7f).
This loop is present in most of the reported Cas9 structures, and also
the ancestor IscB (Fig. S7g-h), emphasizing its importance in DNA
duplex unwinding and the guide-TS heteroduplex formation'®"3,

Structural features of the sgRNA

Distinct from the other type Il members, an extended sgRNA is found
to associate with a relatively small Cas9d protein. The sgRNA of Cas9d
system consists of a 22-nt guide segment (1U-22 C) and a 135-nt RNA
scaffold (Fig. 2a-b). Only eight nucleotides (15C-22 C) of the guide
sequence were built in the RNP complex (Fig. 2a-b), whose backbone
phosphate groups are anchored by a cluster of arginine residues in the
BH domain (Fig. S8a). The anchored guide region adopts an A-form-
like geometry, similar to the 10-nt seed region of the SpyCas9 guide**,
suggesting a 7-nt seed region (16G-22C) for target recognition
(Fig. S8b).

The sgRNA scaffold folds into a complex tertiary RNA structure
that includes two stem loops (Stem Loops 1 and 2) and four stems
(Stems 1-4). Downstream of the guide segment, the repeat:anti-repeat
region forms a guide adaptor hairpin, termed as Stem Loop 1, com-
prising 17 base pairs (23G:60A-39U:44A). Following this region, the
nucleotides fold upward to form a nexus stem, the Stem 1, harboring a
4-bp duplex (63A:138G-66U:141A). Extending from this nexus stem is a
17-bp central stem (Stem 2), which bifurcates into Stem Loop 2 and the
nexus pseudoknot hairpin (Stem 3). Stem Loop 2, containing a 4-bp
duplex (115G:126C-118A:123U), projects outward from the sgRNA
scaffold. Conversely, the nexus pseudoknot hairpin turns downward,
stacking with the central stem and nexus stem in a back-to-back
arrangement. The nucleotides extending from the nexus pseudoknot
hairpin flip out to form a GC-rich nexus pseudoknot stem (Stem 4).

Compared to SpyCas9, the Cas9d sgRNA retains conserved Stem
Loop 1 and Stem 1 regions (Fig. 2c). The Stem Loopl interacts with the
REC and WED domains (Fig. S8a). However, the distal paired region
beyond 33A:50U showed minimal interactions with the protein, and
truncation in this region still maintained cleavage activity of Cas9d
(Fig. 2d). Downstream of Stem Loop 1, Stem 1 forms extensive contacts
with BH domain, making it crucial for the assembly with Cas9d
(Fig. S8a).

A key difference between Cas9d and SpyCas9 is the presence of
Stems 2 and 3 in sgRNA (Fig. 2¢). The two stems are enveloped by the
compact REC domain, suggesting that the sgRNA in Cas9d plays a role
beyond simply serving as an adaptor between the enzyme and DNA
targets. Stems 2 and 3 likely provide additional structural support and
functional coordination with Cas9d (Figs. 2d and S8a). In contrast,
Stem 4 and Stem Loop 2, which are also unique to Cas9d, show limited
interactions with the REC domains. Stem 4 interacts with the RuvC
domain, stabilizing the folding of the sgRNA scaffold. On the other
hand, Stem Loop 2 exhibits minimal interactions with the protein, and
part of it was not visible in the EM density. Partial truncation of Stem
Loop 2 also resulted in maintained cleavage activity (Fig. 2d). The lack
of resolved density for nucleotides after 150U indicates flexibility at the
3’-end of the sgRNA. Truncations beyond 148 A indeed had no impact
on DNA cleavage (Fig. 2d).

The RNA-coordinated target engagement module

The structural observations illustrated the extensive interactions
between the extended sgRNA scaffold, particularly Stems 2 and 3, and
the REC domain (Fig. S8a), indicating an intricate structural and
functional coordination between them. The compact REC domain (208
aa) in Cas9d consists of REC1 and REC2 parts that flank the sgRNA
scaffold on opposite sides and are interconnected by a positively
charged REC-linker that passes through the Stems 2 and 3 (Fig. 3a). In
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Fig. 2 | Structure of the Cas9d sgRNA. a, b Schematic representation (a) and
atomic model (b) of the Cas9d sgRNA. The guide sequence is depicted in black and
white, with black-filled circles indicating the seed region. Stem loop 1, Stem 1, Stem
2, Stem 3, Stem loop 2, and Stem 4 are highlighted in green, pink, purple, yellow,
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atomic model. ¢ Comparison of sgRNA scaffolds between Cas9d (teal and grey) and
SpyCas9 (pink, PDB: 600Z). The sgRNA of Cas9d is shown in two parts: the grey
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Cas9. d In vitro cleavage assays were performed using WT Cas9d in combination
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served as a control. The sgRNAs were truncated at the nucleotide positions indi-
cated, as shown in a. The representative gel from three biological replicates is
shown. The molecular weight markers are labeled on the right side of the gel. The
uncropped gel image and cleavage percentages are included in the source data.
Source data are provided as a Source Data file.

contrast to the REC domains of SpyCas9 and other reported
Cas9s>?°?, the central region of the REC domain is occupied by Stems
2 and 3 of the sgRNA scaffold in Cas9d (Figs. 3b and S9-10). This
indicates that, in Cas9d, the combination of REC domain with these
two stems of the sgRNA may form a hybrid functional module involved
in target engagement process, analogous to the REC domains in Spy-
Cas9 or other Cas9 members (Fig. 3a, b).

Structural analyses revealed that the RECI region is stabilized by
Stem 2 through non-specific hydrogen bonding between the sugar-
phosphate backbone and the amino acid side chains (Figs. S8a and
Sl11a). Specifically, two basic residues, Argl60 and Lys167, interact with
the 2’-hydroxyl group and the non-bridging oxygen of the phosphate
backbone at 72G on Stem 2 of the sgRNA, while Argl63 contacts the
phosphate backbone at 73U (Fig. S11a).

A search against DALI server® using Cas9d REC2 yielded no
significant hits, implying that the sgRNA binding mode in Cas9d is
distinct from those in other Cas9 orthologs or the ancestral IscB
members. Intriguingly, the REC2 part features a zinc-containing
motif comprising three cysteine residues (Cysl82, Cysl87, and
Cys264) and one histidine residue (His267) (Fig. 3c), positioned face-
to-face with Stem 3, involving in the sgRNA binding. Members of the

CCCH family, commonly found in plants and animals®, typically
harbor the consensus sequence C-Xg.14~C—X4.5-C-X3-H¥, function-
ing as RNA-binding motifs***’. The atypical CCCH zinc-containing
motif in Cas9d, although markedly different in sequence and struc-
ture from its eukaryotic counterparts, retains its RNA-binding func-
tion. This highlights the functional conservation of zinc-containing
RNA binding motifs across both eukaryotic and prokaryotic systems,
suggesting a possible ancient evolutionary origin for these motifs.
Mutations in the cysteine or histidine of the zinc finger (C264H and
H267C), as well as mutations in the residues stabilizing the zinc-
finger motif (K183A/V262A/F263A), resulted in compromised or
completely abolished cleavage activity of Cas9d (Fig. S11b). Addi-
tionally, two polar residues (Asn190, Asn196) and three positively
charged residues (Lys195, Arg260, Lys265) within the zinc-finger
motif form hydrogen bonds with the sugar-phosphate backbone of
Stem 3 (Fig. 3c). The R260A/K265A mutants exhibited a completely
abolished nuclease activity (Fig. S11c), indicating the critical role of
intramodular contacts between the REC2 and Stem 3.

More importantly, the REC linker intercalates into the minor
groove of the A-form Stem 3, stabilizing the RNA structure through
both non-specific and base-specific interactions (Fig. 3c). Asnl76
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Fig. 3 | The hybrid REM of Cas9d comprising the REC domains and Stem 2 and
stem 3 of the sgRNA. a Structural alignment of the Cas9d (RNA-coordinated target
Engagement Module, REM) with the SpyCas9 REC domain. b Close-up view of the
Cas9d REM, as highlighted by the ellipse in a. ¢ Interaction interface of REC domain

with sgRNA scaffold, with key residues and nucleotides involved in the intra-
modular interactions shown as sticks. d In vitro cleavage assays were performed
using WT Cas9d with specific mutations in the sgRNA. Each gel is representative of
three independent experiments. Source data are provided as a Source Data file.

recognizes 84A:112U base pairing within Stem 3. Mutating 84A:112U to
G:C, U:A, or C:G resulted in impaired target DNA cleavage (Fig. 3d, top).
Additionally, Asn175 forms two hydrogen bonds with the flipped
nucleotide 85C. A C-to-G transversion at position 85 completely abol-
ished the target cleavage, while a C-to-U transition maintained the
activity of Cas9d (Fig. 3d, bottom). Particularly, Argl73 simultaneously
interacts with the backbone of 85C, 103C, and 104U, while Argl77
hydrogen bonds with the backbone of 102C and 103C. A combined
mutation of K167A/R170A/R173A/R177A also led to a complete loss of
activity (Fig. Sllc). Collectively, the interactions between REC1 and
Stem 2, REC2 and Stem 3, and the REC linker with Stem 3 are crucial for
cleavage activity. We, therefore, proposed that these components
form an RNA-coordinated target Engagement Module (REM), where
the extensive intramodular interactions between the REC domain and
the two stems provide the structural foundation for the stability and
nuclease activity of Cas9d.

Concerted movement of REC domain and sgRNA upon target
binding

To further elucidate the target DNA engagement mechanism of REM,
we compared the cryo-EM structures of the Cas9d system in both
target-free and target-bound states. Upon target DNA binding, the
REC2 domain shifts outward to accommodate the guide-TS hetero-
duplex, similar to the observations in canonical Cas9s. Meanwhile,
Stem 3 of the sgRNA scaffold moves outward by -6 A, highlighting the
coordinated rearrangement of both Stem 3 and REC2 in target
engagement (Fig. 4a). Disrupting interactions between REC2 and Stem
3 would impede their synergistic movement, impair guide-TS
engagement, and lead to Cas9d inactivation (Fig. 3d).

Furthermore, structural comparison between the target-free and
target-bound complexes indicated clashes between the a8-a9 loop of
the REC2 domain and the 17-18 nucleotides of the TS. This observation
suggested that at least 17 base pairs between the guide and TS may be
required to trigger the conformational changes of REC2-Stem 3.
Consistent with these structural observations, in vitro cleavage assays
and in vivo plasmid clearance assays showed that Cas9d did not cleave
target DNA with a spacer sequence shorter than 17 nucleotides
(Figs. 4b, ¢ and S12), aligning with previous findings for canonical
Cas9s that also require a minimum of 17 base pairs to induce effective
REC domain movement®®, Thus, a heteroduplex of at least 17 base pairs
may interact sterically with the a8-a9 loop of the REC2, acting as a
checkpoint to initiate the conformational change of the REM.

In contrast to the large-scale movement of the REC2-Stem 3,
REC1-Stem 2 remains structurally rigid with minimal conformational
changes upon target binding (Fig. 4a). Only non-specific backbone
interactions were observed between REC1 and Stem 2 (Figs. S8a and
S11a), indicating that Stem 2 functions primarily as structural support,
holding the REC2-Stem 3 for the hinge-like motion to facilitate the
guide-TS heteroduplex propagation (Fig. 4a). To test this hypothesis,
we performed large-scale nucleotide substitutions in the base-paired
regions in Stem 2 (69A:137U-78G:128C) while preserving the com-
plementarity. The target DNA cleavage activity of Cas9d with these
mutant sgRNAs remained comparable to that with the WT sgRNA,
corroborating the structurally supportive role of Stem 2 (Fig. S13).

Additionally, structural comparison between the target-free and
target-bound states showed clashes between the o3 helix of the REC1
domain and the TS at the cleavage site (4'dA-3'dG, Fig. 4a). This clash
could potentially hinder early R-loop formation at PAM-proximal sites,
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Fig. 4 | Cas9d requires a minimum 17-bp heteroduplex for effective cleavage.
a Structural alignment of Cas9d at target-free and target-bound states. The lid
region present in the RNP complex is highlighted in yellow. Two potential clash
regions upon target binding are highlighted with red rectangles. The zoomed-in
view shows the movement of the two sgRNA stems upon target engagement. b A
schematic representation of base pairing between the target DNA and the sgRNA
guide, showing variations in spacer length. c In vitro cleavage assays were

performed at 30 and 60 min using 2.5 mM Mg?* and various spacer lengths ranging
from 14 nt to 30 nt, as indicated. d In vitro cleavage assays at various time points
using WT and the lid-deleted Cas9d, with the deletion spanning residues 100-129.
e In vitro cleavage assays using WT and the lid-deleted Cas9d in complex with the
full-length (FL, 135-nt scaffold) and the triple truncated (107-nt scaffold) sgRNAs.

c-e Each gel represents three biological replicates. Source data are provided as a
Source Data file.

indicating that the “lid-off” conformation of this region is essential for
guide-TS propagation. Reversible changes to the “lid-on” conforma-
tion could lead to unsuccessful heteroduplex formation. The deletion
of this region slightly enhanced target DNA cleavage compared to WT
Cas9d (Fig. 4d). Interestingly, the lid-deleted Cas9d in complex with
the triple-truncated sgRNA exhibited nuclease activity comparable to
the WT Cas9d system (Fig. 4e), again demonstrating the engineer-
ability of the Cas9d.

Guide-target heteroduplex recognition and cleavage fidelity
The guide-TS heteroduplex adopts a canonical A-form geometry at
the four PAM-distal base pairs, while the remaining 18 base pairs
exhibit a distorted A-form due to extensive contacts with Cas9d
(Fig. 5a). Charged and hydrophobic residues primarily from the REC
lobe, along with residues from the L2 linker and WED domain, engage
with the sugar-phosphate backbone of the 1-18 bp region in the
guide-TS duplex through non-specific contacts (Fig. 5a-b). These
interactions monitor the complementarity of each base pair in this
region. Mutations in heteroduplex-interacting residues, such as R51A/
Y97A/R170A/F174A, 144G/T180A/K256A/R283A, and R194A/H244A/
D251A/V262G, completely abolished target cleavage, underscoring the
critical role of stringent target monitoring of Cas9d (Fig. 5c). Notably,
the 2’-OH of 7G within the seed region is stabilized by 102C within Stem
3, further demonstrating the versatile functions of sgRNA scaffold in
heteroduplex recognition (Fig. 5a-b).

Previous structural evidence from Cas9 with mismatched DNA
showed that a lack of interaction between the guide-TS heteroduplex
often leads to mismatch tolerance at certain sites, the so-called “blind
spots”'., In contrast, the precise monitoring of the guide-TS duplex
by Cas9d may result in a low tolerance to mismatches. To verify this,
we introduced consecutive double mismatches tiling along the target
(Fig. 5d) and assessed cleavage activity using both WT Cas9d and

SpyCas9 under identical reaction conditions. Mismatches in the PAM-
distal region (21-22) were well tolerated by Cas9d, while mismatches in
the 19-20 region compromised activity. Mismatches in the 18-bp PAM-
proximal region were not tolerated, leading to a lack of cleavage. In
contrast, SpyCas9 showed higher tolerance to the same mismatches
(Fig. S14a), consistent with previous observations”', indicating that
Cas9d has higher fidelity compared to SpyCas9 in in vitro reactions
(Figs. 5e and S14a). The lid-deleted Cas9d was also tested for mismatch
tolerance, showing no significant impact from the deletion (Fig. S14b).
Furthermore, at corresponding positions, single mismatches were
generally better tolerated than double mismatches by both Cas9d and
SpyCas9 (Fig. S15), likely due to the lower degree of mismatch-induced
heteroduplex distortions. Notably, Cas9d exhibited higher overall
fidelity, as evidenced by its lower tolerance for single mismatches at
most positions compared to SpyCas9. Taken together, the in vitro DNA
cleavage assays and structural analyses suggested that Cas9d provides
stringent monitoring of the guide-TS heteroduplex through the REC
lobe and the sgRNA scaffold, exhibiting low tolerance for mismatches
in vitro, particularly in the PAM-proximal region.

REC-insertion mutation accelerates target cleavage

Structural comparisons among type Il Cas9 orthologs (including II-A to
1I-D) and the ancestral IscB revealed conserved nuclease domains (Fig.
S2c-d). However, their varying cleavage activities may, at least in part,
be attributed to their distinct structural modules responsible for target
engagement (Figs. 6a and S9-10). Previous phylogenetic studies sug-
gested that the acquisition of the REC domain during Cas9 evolution
likely enhanced the host’'s immune defense to foreign nucleic
acids’'®". To test this hypothesis, we inserted the REC2 domain from
SpyCas9 into the REC domain of Cas9d and assessed its cleavage
efficiency (Fig. 6b-c). The Cas9d mutant with the REC insertion
exhibited increased cleavage activity compared to WT Cas9d, without
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Fig. 5 | Interactions between guide-TS heteroduplex and Cas9d. a Cas9d
accommodates the guide-TS duplex within a central channel. The channel region
of Cas9d is shown as surface representation (left panel), with interacting residues
and nucleotide depicted as sticks and the duplex illustrated in cartoon form. The
right panel represents the polar interaction between 102C in the sgRNA scaffold
and 7G in the seed region, with nucleotides shown in sticks representation. The
color scheme corresponds to Fig. 1e-f. b Schematic representation of guide-TS
heteroduplex recognition by the Cas9d system. Side-chain interactions with the

heteroduplex are depicted as solid blue arrows, while backbone-mediated inter-
actions are shown as blue dashed arrows. ¢ In vitro cleavage assays were performed
using WT Cas9d and its mutants. d Schematic representation of double-
mismatches (DM) on the TS (highlighted in red), with the complementary NTS
omitted for clarity. e In vitro cleavage assays were performed using WT Cas9d RNP
with targets bearing various mismatches as depicted in d. c, e The gel images are
both representative of three independent experiments each. Source data are pro-
vided as a Source Data file.

affecting mismatch tolerance (Figs. 6d and S16). These findings sup-
port the notion that REC domain acquisition positively impacts Cas9
functionality.

Discussion

In this work, we uncovered the unique features of the Cas9d system,
which employs a hybrid architecture of protein and sgRNA for target
engagement. Cas9d protein harbors a relatively small REC domain
(208 aa), situated between the minimal REC domain of IscB (38 aa) and
those of other Cas9 proteins, such as SpyCas9 (623 aa), FnoCas9 (775
aa), and Acidothermus cellulolyticus (Ace)Cas9 (387 aa) (Fig. S9-10,
S17). The variation in REC domain sizes not only reflects their evolu-
tionary positions (Fig. S17), but also implies the functional diversity
among Cas9 proteins and their ancestors. Cas9d also features a

relatively long and complex sgRNA scaffold, which acts not only as an
adaptor between the protein and the target, as reported for other Cas9
orthologs®*%*"*, but also provides structural support and plays an
important role in guide-TS engagement, as observed in IscB
proteins'®”. Specifically, Stem 2 and Stem 3 of the sgRNA work in
concert with the REC domains, forming a hybrid functional module,
the REM.

Based on our structural and biochemical analyses of the Cas9d
system, we propose an allosteric activation model for Cas9d’s nuclease
activity (Fig. S18, Supplementary Movie 1). Following PAM positioning
by the WED and Pl domain in Cas9d, the dsDNA is unwound by the
phosphate lock loop, enabling the TS base pairing with the sgRNA
guide sequence immediately adjacent to the PAM. Similar to canonical
REC domains in other Cas9 orthologs, the REM in Cas9d undergoes
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WT Cas9d with the insertional mutant. Gels are representative of three indepen-
dent experiments. Cleavage (%) was determined as described in Fig. 2. e In vitro
cleavage assays using 3 nM of DNA substrate and 150 nM of RNP were performed at
different time points. The scatter plot shows the mean + standard deviation (SD)
from three biological replicates. Cleavage (%) was quantified, and the observed rate
constant (ko,ps) Was estimated using one-phase exponential regression. Repre-
sentative gels are shown in Supplementary Fig. S16a. Source data are provided as a
Source Data file.

critical conformational changes, which are essential for full R-loop
formation and for accommodating the guide-TS heteroduplex. For-
mation of the guide-TS heteroduplex exceeding 17 base pairs facil-
itates the movement of the nuclease domains to the cleavage site,
enabling target DNA cleavage. Moreover, Cas9d shows high fidelity in
discriminating mismatched targets, owing to the stringent monitoring
of the guide-TS heteroduplex complementarity by the REM. Notably,
during the preparation of our manuscript, a similar work also
addressed that the sgRNA stems are critical for the nuclease activity of
Cas9 through concerted movements with the REC domains®. Their
elegant kinetic assays suggested that Cas9d exhibits a higher level of
discrimination against mismatches, consistent with our mismatched
target cleavage assay”.

Our study offers structural and mechanistic insights into the further
engineering of Cas9d. The compact Cas9d itself can be further

truncated. A lid-like region in the REC domain prevents the central
channel’s accessibility to the target. Removing this region accelerates
target cleavage by Cas9d without compromising mismatch discrimina-
tion. Moreover, the sgRNA can be truncated by up to 20% in its scaffold
region, as demonstrated in a recent, insightful study of Cas9d using E.coli
in vivo assays”’. Combined truncations in both the Cas9d protein and
sgRNA maintained Cas9d’s nuclease activity, demonstrating the versa-
tility of this engineered system. Furthermore, the PAM sequence showed
slight tolerance for adenine at positions (-2) and (-3). Mutating the PAM-
interacting residue (K715A) retains target cleavage, indicating the
potential for developing PAM-relaxed variants. Interestingly, a domain
insertional engineering enhances the cleavage efficiency of Cas9d, sug-
gesting the adaptability of recognition modules among Cas9 orthologs.

Our study underscores the value of combining structural data
with evolutionary insights to guide Cas9d engineering and improve

Nature Communications | (2025)16:2462


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57455-9

genome-editing tools. The engineering of Cas9d in our study relies
primarily on experimentally determined structural and biochemical
data, which provide crucial insights into the mechanisms of target
engagement and nuclease activity activation. The structure-guided
approach has been widely applied in other studies, such as the engi-
neering of high fidelity SuperFi-Cas9’ and activity-enhanced Cas13*.
While evolutionary data helps guide the identification of both con-
served and adaptively evolving features, as well as functional hypoth-
eses, it alone would not have been sufficient for precise engineering.
More recently, Al-driven methods have also been employed to develop
genome-editing tools*>*', However, these approaches still depend on
prior structural and functional knowledge for initial screening and
require experimental validation. Additionally, experimental techni-
ques like phage-assisted evolution offer alternative strategies for
engineering genome editors without the need for prior structural
knowledge****. Combining these complementary approaches will sig-
nificantly enhance protein engineering efforts, paving the way for
developing more efficient and versatile genome-editing tools.

Methods

Plasmid construction

The gene encoding the full-length Cas9d (Sangon) was codon opti-
mized for E.coli expression and assembled into a modified pET vector
(2Bc-T, Addgene #37236) with a C-terminal thrombin-TwinStreplI-His-
tag using Gibson assembly (New England Biolabs, E2611L). Mutations in
Cas9d and SpyCas9 (WT expression plasmid, Addgene #101199) were
introduced using the QuickChange Mutagenesis kit (Takara, Cat#
638949) following the manufacturer’s instructions. The WT and var-
iant sgRNAs for Cas9d and SpyCas9 (oligos from Genewiz) were indi-
vidually cloned into a co-transformation vector (13S-A, Addgene
#48323), each under the control of a T7 promoter and terminator.
Cloning was performed using Golden Gate assembly with Basl-HFv2,
T4 Ligase and T4PNK (New England Biolabs, R3733L, M0202L, and
MO0201L) following the manufacture’s protocols. The target plasmids
were Golden Gate cloned into a modified pCMV vector (Addgene
#205277) with Kanamycin resistance. The sequences of nucleic acids
used in this study were provided in Source Data.

Co-expression and purification of the Cas9d-sgRNA complex
Two plasmids, one encoding either the WT or mutant Cas9d and the
other the appropriate sgRNA, were co-transformed into E.coli
Rosetta (DE3) cells (Novagen, Cat# 70954). The cells were grown in
TB culture media and induced with 0.25 mM IPTG upon reaching an
0D600 of ~0.8. After 12 h of induction at 18 °C, the cells were har-
vested and resuspended in a lysis buffer containing 50 mM HEPES
(pH 7.2), 300 mM NacCl, and 5% glycerol, freshly supplemented with
1mM DTT, 0.2 mg/mL lysozyme, and 10 pg/mL DNase. The suspen-
sion was left on ice for 30 min before sonication. The lysates were
clarified by centrifugation at 20,000 xg for 40 min at 4°C. The
supernatant was then filtered through a 0.22 pm membrane and
subjected to Strep-Tactin (IBA, Cat# 2-5010-002) affinity purification.
The eluate was further purified by affinity chromatography (HiTrap
Heparin HP, Cytiva), with elution performed using a linear gradient of
0.15-1M NacCl in a buffer containing 50 mM HEPES (pH 7.2), 1 mM
DTT, and 5% glycerol. The concentrated peak samples were then
purified by size-exclusion chromatography (Superdex 200 Increase
10/300 GL, Cytiva) in gel-filtration buffer (25 mM HEPES pH 7.2, 2 mM
DTT, 350 mM NacCl). Peak fractions were confirmed by SDS-PAGE and
Urea-PAGE, pooled, and concentrated to a final concentration of
~-5mg/mL in gel-filtration buffer containing 30% glycerol. The ali-
quots were snap-frozen in liquid nitrogen and stored at —80 °C until
use. The SpyCas9 and its sgRNA were co-expressed and purified as
described above, with the minor modification that HEPES buffer was
adjusted to pH 7.9.

In vitro target DNA cleavage assay

The purified RNP complex was pre-incubated with supercoiled or Fspl
(New England Biolabs, R0135L) digested linearized target plasmid DNA
for 15 min at 37 °C. The reactions were initiated by adding MgCl, and
further incubated at 37 °C for the specified time. The final reaction
mixture contained 200 ng of DNA and a defined amount of RNP in a
buffer consisting of 25 mM HEPES (pH 7.5), 100 mM KCl, 5 mM Mg*,
0.1 mg/mL BSA, 5% glycerol, and 1 mM DTT. For reactions with super-
coiled plasmids, the RNP to target DNA molar ratio was 20:1 with a 30-
min incubation, while for linearized plasmids, the ratio was 50:1 with a
60-min incubation, unless otherwise specified. The reactions using
SpyCas9 for cleavage were performed in identical conditions with
those of using Cas9d. Reactions were terminated by adding proteinase
K (ThermoFisher, EO0491) to a final concentration of 1mg/mL and
incubating at 37 °C for 15 min. Samples were then mixed with the 6x
DNA loading dye and resolved by 1% agarose gel electrophoresis in 1x
TAE buffer. Gel images were visualized and obtained by using an Azure
400 imaging system. The percentage of cleavage was calculated by
normalizing the products’ band intensity to the total intensity of the
substrates and products (ImageJ). The uncropped raw gel images and
the cleavage percentages are provided in Source Data.

Plasmid clearance assay in E.coli

Plasmids (pCDFDuet-1, Novagen) expressing sgRNA with varying
spacers lengths and the WT Cas9d (spectinomycin-resistant) were
constructed by Gbison assembly, and transformed into BL21(DE3)
competent cells carrying target plasmids (Kanamycin-resistant). The
transformed cells were plated on LB agar supplemented with specti-
nomycin, kanamycin, and 0.4% glucose, and cultured overnight at
37°C. Single colonies were then selected and inoculated into LB
medium at 37 °C, grown to an OD600 of 0.6-0.8. The culture was split
into two: one was induced with 0.1 mM IPTG, while the other continued
growing in LB with glucose to prevent leaky expression. Each culture
was subjected to serial tenfold dilutions, and 10 pL of each dilution was
spotted onto selective LB agar plates with either glucose or IPTG for
further analysis.

Cryo-EM sample preparation and data collection

Purified Cas9d RNP complex were concentrated to approximately
1 mg/mL. Prior to use, holey carbon grids (Quantifoil Au R1.2/1.3, 300
mesh) were glow discharge for 80 seconds at a current of 15mA and a
pressure of 0.39 mBar in air. Using an FEI Vitrobot Mark IV system
(Thermo Fisher Scientific), 4 pL aliquots of the RNP complex were
applied to the grids at 4 °C and 100% humidity, with a blotting duration
of 3.5 seconds at a blot force of -2 and a draining time of 11 seconds.
Subsequently, the grids were promptly plunge-frozen in liquid ethane
and carefully transferred to liquid nitrogen for storage until data col-
lection. In the preparation of the ternary complex, the RNP was com-
bined with pre-annealed DNA at a molar ratio of 1:1.4 and incubated at
37 °C for 30 min prior to vitrification.

The grids were subsequently transferred to a Titan Krios G3i
microscope from Thermo Fisher Scientific, operating at an accelerat-
ing voltage of 300 kV. The microscope was coupled with a Gatan
Quantum-LS Energy Filter with a 20 eV slit width, as well as a Gatan K3
Summit direct electron detector operated in super-resolution mode.
During the imaging process, the images were captured at a nominal
magnification of 105,000x (0.83 A pixel size). The acquisition of movie
stacks was performed using EPU software. The defocus range was set
between -0.8 to -1.6 um, and an image-beam-shift multiple recording
strategy was employed to enhance data quality. Throughout the ima-
ging procedure, a total accumulated dose of approximately 50 elec-
trons per square angstrom (e /A2 was directed toward each
specimen. Notably, each micrograph stack was composed of 32 indi-
vidual frames, which contributed to the overall data set.
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Cryo-EM data processing

For all datasets, motion correction was applied using either
MotionCor2** or the patch motion correction method in
cryoSPARC®. Contrast transfer function (CTF) parameters were cal-
culated using patch CTF estimation method in cryoSPARC. Micro-
graphs deemed unsuitable for analysis were excluded after visual
inspection. All subsequent image processing steps were conducted
exclusively within cryoSPARC. A Topaz model was initially trained on
a curated set of 100 micrographs using the “manually curate expo-
sures” task. Particle picking was performed using the Blob picker,
extracting particles within a 300-pixel box and subsequently Fourier-
cropped to 100 pixels for computational efficiency. These particles
underwent iterative rounds of 2D classification. Selected particles
were used to refine the Topaz model through the “Topaz train”
process. All micrographs were then processed using the trained
Topaz model to extract particles, which were further subjected to 2D
classification. High-quality particles were selected for ab initio
reconstruction and heterogeneous refinement. Particles in good
classes underwent non-uniform and local refinement to produce the
final map. The overall resolution of this final map was determined
using the 0.143 criterion of the gold-standard Fourier shell
correlation*®, Local resolution estimation was also performed to
assess resolution across different regions of each map.

For the Cas9d-sgRNA RNP complex, a total of 464,276 particles
were initially picked using Topaz. These particles were subjected to 2D
classification, and the high-quality particles were selected for ab-initio
reconstruction followed by heterogeneous refinement. A refined class
consisting of 229,218 particles was then subjected to non-uniform (NU)
refinement, yielding a final reconstruction with an overall resolution of
2.87 A. Similarly, for the Cas9d-sgRNA-target DNA complex, 342,581
particles were picked using Topaz. After 2D classification and the
selection of good particles, ab-initio reconstruction and hetero-
geneous refinement were performed. A class comprising 171,509 par-
ticles was s NU-refined, resulting in a final reconstruction with an
overall resolution of 2.99 A. Detailed EM image parameters for each
sample are provided in Supplementary Table 1.

Model building and refinement

To model the Cas9d-sgRNA binary complex, an AlphaFold2-predicted
model*® of Cas9d was segmented according to its domain organiza-
tion. Individual domain models were fitted into the cryo-EM density
map in ChimeraX*’ at a low threshold. These docked models were then
manually refined in Coot*® based on the EM density, with residues
missing in the density omitted. The initial Cas9d protein model was
used to segment the sgRNA density in ChimeraX*’. An initial sgRNA
model was manually built in Coot*®, The manually built Cas9d-sgRNA
complex model was iteratively refined using Coot and the
phenix.real_space_refine** program in phenix. For the Cas9d-sgRNA-
target DNA ternary complex, the pre-refined RNP complex model was
fitted into the cryo-EM density map and manually refined in Coot*s.
The guide-TS duplex and dsDNA were also manually traced based on
the EM density. The manually built Cas9d-sgRNA-target DNA ternary
complex model was then subjected to iterative refinement using Coot
and phenix.real_space_refine*. The quality of the final models was
validated with MolProbity in Phenix*. Data collection and model
refinement statistics are concluded in Supplementary Table 1.

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

Data availability

The atomic coordinates have been deposited in the Protein Data Bank
under accession codes 8ZQ9 (Cas9d-sgRNA RNP complex) and 8ZDR
(Cas9d-sgRNA-target DNA complex). Cryo-EM maps have been

deposited in the Electron Microscopy Data Bank under corresponding
accession codes EMDB-60379 and EMDB-60006. Structural data sup-
porting the findings of this study are accessible in the PDB (accession:
413D, 47T0, 5B20, 5CZZ, 5F9R, 600Z, 6WBR, 7XHT. The uncropped
gel images and the nucleic acid sequences used in this study are pro-
vided in the Source Data file. Source data are provided with this paper.
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