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RNA-guided systems, such as CRISPR-Cas, combine programmable substrate
recognition with enzymatic function, acombination that has been used
advantageously to develop powerful molecular technologies'?. Structural studies

of these systems have illuminated how the RNA and protein jointly recognize and
cleave their substrates, guiding rational engineering for further technology
development®. Recent work identified a new class of RNA-guided systems, termed
OMEGA, whichincludeIscB, the likely ancestor of Cas9, and the nickase IsrB,
ahomologue of IscB lacking the HNH nuclease domain®. IsrB consists of only around
350 amino acids, but its smallsize is counterbalanced by a relatively large RNA guide
(roughly 300-nt wRNA). Here, we report the cryogenic-electron microscopy structure
of Desulfovirgula thermocuniculilsrB (DtlsrB) in complex with its cognate wRNA and a
target DNA. We find the overall structure of the IsrB protein shares acommon scaffold

with Cas9. In contrast to Cas9, however, which uses a recognition (REC) lobe to
facilitate target selection, IsrB relies on its WRNA, part of which forms aniintricate
ternary structure positioned analogously to REC. Structural analyses of IsrB and its
®RNA as well as comparisons to other RNA-guided systems highlight the functional
interplay between protein and RNA, advancing our understanding of the biology and
evolution of these diverse systems.

The RNA-guided IsrB protein is an OMEGA family member encoded
inthe 1IS200/1S605 superfamily of transposons. IsrB is the likely ante-
cedent of IscB, another OMEGA family member that is the apparent
ancestor of Cas9, as indicated both by phylogenetic analysis and by
the shared unique domain architecture*’. Like IscB and Cas9, IsrB con-
tains a RuvC-like nuclease domain that s interrupted by the insertion
of a bridge helix (BH) (Fig. 1a). However, in contrast to IscB and Cas9,
IsrB lacks the HNH nuclease domain, the REC lobe and large portions
of the protospacer adjacent motif- (PAM-)interacting domain and,
accordingly, is much smaller (at roughly 350 amino acids) than Cas9.
IsrB additionally contains an N-terminal PLMP domain (named after
its conserved amino acid motif) and an uncharacterized C-terminal
domain (Fig. 1b). Previous work has shown that IsrB associates with a
roughly 300-nt wRNA, which guides IsrB to nick the non-target strand
of double-stranded (ds) DNA containing a5’-NTGA-3’ target-adjacent
motif (TAM)*.

Structure of the IsrB-wRNA-target DNA complex

To characterize the molecular mechanism of wuRNA-guided DNA target-
ing by IsrB, we analysed a ternary complex comprising Desulfovirgula
thermocuniculilsrB (DtlsrB), a 284-nt ®RNA containing a 20-nt guide

segment, a31-nttarget DNA strand and a10-nt non-target DNA strand
using single-particle cryo-EM (Fig. 1c). We obtained a three-dimensional
(3D) reconstruction of the ternary complex with an overall resolution of
3.1A (Fig.1d, Extended Data Fig. 1a-c and Extended Data Table 1). Some
regions of the map corresponding to the WRNA, however, were resolved
atalower resolution. To refine the modelling of the RNA coordinates,
we used an RNA-specific modelling tool, auto-DRRAFTER, together
with acovariance-based secondary structure model to build aninitial
®RNA model. On the basis of this wRNA model and aniinitial IsrB model
generated by protein structure prediction, we determined the IsrB-
wRNA-DNA structure (Fig. 1e and Extended Data Figs. 1d,e and 2)° 8.
The structure revealed that IsrB extensively binds to target DNA
througha20-ntduplexbetween the wRNA and target DNA (Fig.1e). The
RuvC domain (residues 60-253) encompasses the three catalytic motifs
(RuvC I-11I) and three insertions (BH (residues 92-112), A (residues
113-129) and B (residues 161-179)) (Fig. 1b). Insertion A is a ‘shortcut’
linker between BH and RuvClI; this linker isreplaced with the REC lobe
in Cas9. Thus, we denote thisinsertion the REC linker (RECL). Insertion
B,betweenRuvCllandll,isasimplelinker consisting of aloopand an
« helix that in the IsrB structure occupies a position corresponding
to that of the HNH domain in Cas9. Thus, we denote it the HNH linker
(HNHL). The C-terminal domain (residues 287-351) adopts a core fold
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Fig.1|Cryogenic-electron microscopy (cryo-EM) structure of the IsrB-
®wRNA-target DNA complex. a, Locus architecture and guide RNAs for IsrB
(left) and Cas9 (right). b, Domain architecture of Streptococcus pyogenes
SpCas9 (top) and D. thermocuniculilsrB (DtlsrB) (bottom). ¢, Schematic of IsrB
incomplex withthe wRNA and the target DNA. The partial DNA duplex
containing the TAM and target sequences used for the structural study are

comprising two distorted [ sheets ($1/2/6 and 33/4/5) and binds to
the TAM-containing DNA duplex (Fig. 1e and Extended Data Fig. 3a).
We denote this domain as the TAM-interacting (TI) domain because of
structural and functional similarities to the PAM-interacting domain of
Cas9 (Extended DataFig. 3b). The extra 3 strand (37) extensively inter-
acts with the core fold of the TIdomain and shares acommon 3 sheet
withthe RuvC core thatadopts the RNaseH fold (Extended Data Fig. 3a).
Thisarrangement suggests that the Tland RuvC domains cooperate to
define the distance between the RuvC active site and the TAM-binding
site (Fig. 1e). The intermediate regions A (residues 254-267) and B
(268-286) between the RuvC and Tl domains seem to be function-
ally analogous to the phosphate-lock loop and WED domain of Cas9,
respectively, and we therefore adopted those terms for IsrB (Fig. 1e).
The PLMP domain (residues 1-59) features a four-stranded, antiparallel
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showninsequenceletters.d,e, Cryo-EM-density map (d) and structural model
(e) of the IsrB-wRNA-target DNA complex. Dashed lines represent poorly
resolved regions of wRNA. TE, transposon end; DR, direct repeat; NUC,
nuclease; Pl, PAM-interacting; PLL, phosphate-lock loop; TI, TAM-interacting;
TS, target strand; NTS, non-target strand.

Bsheet (B1-4) and an a helix, and is structurally similar to the N-terminal
domain of translation initiation factor 3 (Fig. 1e and Extended Data
Figs.3aand4). In this domain, the PLMP motif-containing strand ($2)
is bulged due to two prolines (Prol7 and Pro20) disrupting one of
the hydrogen bonds, but seems to keep the integrity of a coherent
strand (f1). The PLMP domain extensively interacts withthe RuvCand
Tldomains, suggesting a role in supporting their functions.

®RNA architecture

The wRNA consists of the 20-nt guide segment, which base pairs with
the target DNA, and the 262-nt ®RNA scaffold. This scaffold consists
of 12 helices (four stems (S1-4) and eight stem loops (SL1-8)), which
are located on three layers (layer 1, S1/3 and SL1/2/5/6; layer 2, S2/4
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Fig.2|Model of the DtlrsB ®wRNA structure. a,b, Schematic (a) and structural
model (b) of the WRNA scaffold (residues 21-282). S1-4, stem 1-4; SL1-8, stem
loop 1-8; PK, pseudoknot.Ina, canonical and non-canonical base pairs are
depicted by solid blacklines. Poorly resolved regions are enclosed in adashed
box.Inb, the guide segmentis omitted for clarity. c, Abase-triple formationin
the adaptor pseudoknot. Hydrogenbonds are shown as dashed lines. d, In vitro
reconstituted DtIsrB-wRNA RNP nicking of dsDNA substrates (with TTGA TAM)

and SL3/4; layer3, SL7/8) (Fig. 2a,b). All the RNA helices are packed
together by various RNA interactions. The S1-SL1, S2-SL3 and S3-SL6
combinations are directly stacked in each combination. S4 and SL4
are co-axially stacked due to the direct stack between A152 and U154
and the base-triple formation among A152, U179 and U183. SL2 and
SL5forma pseudoknot (which we denote as the adaptor pseudoknot),
whichis capped by abase-triple formed by G81, A192 and U197 (Fig. 2c).
Some RNA helices connect layers within the globular wuRNA structure.
$2,C107,A108, G245 and A246 form the nexus region, which is widely
conserved in the tracrRNA of Cas9s (ref. ?) (Fig. 2a). This nexus region
and S4 are directly connected to S1and SL5, respectively, between
layers1and 2.SL4 forms a pseudoknot (which we denote as the nexus
pseudoknot) with the region between S2 and SL7, enabling interactions
between layers 2 and 3 (Fig. 2a,b). Mutations disrupting base pairsin
the pseudoknots abolished the DNA nicking activity, and subsequent
mutations restoring base pairs in the adaptor pseudoknot partially
restored this activity, highlighting theimportance of the pseudoknots
for wRNA function (Fig. 2d). These structural and biochemical data
show that the wRNA forms a compact, globular structure achieved by
various RNA interactions. Such astructure may be beneficial for OMEGA
systems: if the WRNA autonomously forms its globular structure and
functions as a scaffold (in contrast to tracrRNA), the effector protein
does not need auxiliary motifs/domains to support RNA folding and
function. Furthermore, if the globular shape provides some resistance
toendogenous RNA degradation, it could facilitate wRNA functioning
intranswith an effector protein. This latter possibility is supported by

with full-length wRNA or truncated wRNA.n=3independent technical
replicates. A34-67, oRNA inwhich nucleotides 34-67 were replaced with
GAAA;165-AGCG-168, RNA inwhich nucleotides 165-168 were replaced with
AGCG;194-GCGG-197, uRNA inwhich nucleotides 194-197 were replaced with
GCGG;194-GCGG-197/81-CCGC-84, wRNA in which nucleotides 81-84 and
194-197 werereplaced with CCGC and GCGG, respectively.

the finding of standalone wRNAs that can function with the related
OMEGA effector IscB*.

The 5’-stemregion of ®WRNA (S1, SL1and SL2) is designated the guide
adaptor region. It seems that during the evolutionary transition from
OMEGA system to CRISPR-Cas, SL2 and the descending strands of S1/
SL1ofthe wRNA were adapted to form the CRISPR array to enable the
formation of the functional Cas9-CRISPR RNA (crRNA)-tracrRNA
complex (Fig.1a). The genomic sequence encoding the guide adaptor
region is important for IS200/IS605 transposon activity in bacterial
genomes' (Fig. 2a). We truncated part of this region, SL1 (ASL1 ®RNA),
and found that the resulting RNA still supported robust DNA nicking
activity by IsrB (Fig. 2d). Furthermore, we reconstituted ASL1 oRNA
with the IsrB protein and target DNA and performed a single-particle
analysis, generating a 6.9-A resolution map (Extended Data Fig. 6a-e).
Comparingthis map with that of the full-length RNA validated the SL1
position determined from our RNA model and revealed conforma-
tional similarity between the full-length and ASL1 RNAs (Extended
Data Fig. 6a,b). These results indicate that SL1in the guide adaptor
regionis not required for target DNA nicking by IsrB and instead may
contribute to other functionsinvolved in the mobility of IsrB-encoding
transposons. The ®RNA scaffold extensively interacts with all parts of
IsrB except for the HNHL region (Fig. 1e). In particular, the PLMP domain
interacts with the tandem hairpins (SL7 and SL8) near the 3’ end of the
®RNA. The truncation of SL7/8, but not SL8 reduced the nicking activity
of IsrB (Fig.2d). Given that the terminal hairpin (SL7) of the wRNA con-
tains the Shine-Dalgarno sequence located immediately upstream
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Fig.3|DNA targeting and nicking mechanism of IsrB. Inset shows the
location of zoomed in panels. a, Heteroduplex recognition by the adaptor
pseudoknot. b, Heteroduplex recognition by SL4,S4 and RECL. The volumes of
RNA and DNA are generated from atomic coordinates, using Chimera X.

¢, Invitroreconstituted DtIsrB-wRNARNP nicking of dsSDNA substrates (with
TTGA TAM) with wild-type (WT) or mutant DtIsrB. n=3 independent technical
replicates. AHNHL, IsrBmutantin which residues161-174 werereplaced witha
GSG-linker. AB7, IsrBmutantinwhich residues 341-353 were deleted. APLMP,
IsrB mutantinwhichresidues1-52 were deleted. To confirm the protein

of the IsrB-coding region, these results indicate that the IsrB-wRNA
interactionisimportant for IsrB function and could contribute to the
regulation of IsrB expression in its native context.

DNA-targeting mechanism of IsrB-@wRNA complex

We next sought to leverage structural information to decipher the
DNA-targeting mechanism of IsrB. The gRNA-target DNA heterodu-
plexis surrounded by S2/S3/S4/SL2/SL4/SL5 of the wRNA as well as
the RuvC domain and the BH/RECL/HNHL regions of IsrB (Figs. 1e and
2b).SL2, SL4 and SL5 directly contact the heteroduplex backbone
through hydrogen bonds and van der Waals interactions (Fig. 3a,b).
$2,S3 and S4 indirectly recognize the heteroduplex backbone, using
ashort peptide linker, RECL, in which residues 113-124 are induced to
fitinto the grooves of $2/S3/S4 and the heteroduplex (Fig. 3b)". Mutat-
ing F119 and R124 to alanine reduced the DNA nicking activity of IsrB,
highlighting the functional importance of these residues in the RECL
(Fig. 3c). In addition to the ®WRNA, the IsrB protein binds extensively
to the heteroduplex (Fig. 1e). The HNHL recognizes the minor groove
of the heteroduplex through interactions with the backbone ribose
moieties (Fig. 3d). We confirmed theimportance of this interaction by
deleting residues V161-F174 in the HNHL, which abolished the DNA nick-
ingactivity (Fig. 3cand Extended Data Fig. 5b). Several arginine residues
inthe BH contact the phosphate backbone of the WRNA guide segment
in a similar manner to that in the Cas9-guide RNA complex, in which
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stability of deletion mutants, we checked the protein expressioninbacterial
lysate overexpressing the deletion mutants (Extended Data Fig. 5b).

d, Heteroduplex recognitionby HNHL. e, Recognition of the +1 phosphate
(phosphodiester bond between nucleotides dGland dA(-1) of target strand
DNA) by the phosphate-lockloop. f, Recognition of the guide segment by BH.
g, TAMrecognition by the TIldomain. h, TAM specificity of DtIsrB. In vitro
reconstituted DtIsrB-oRNA RNP nicking of dsDNA substrates (with TTGA/
ATGA/TTGG/ATGG TAMs) with WT or mutant DtIsrB.n=3 independent
technicalreplicates.

the guide RNA-BH interactions preorder the guide region for DNA
recognition and unwinding" (Fig. 3f). Mutating R104, but not R100,
to alanine reduced the DNA nicking activity of IsrB, highlighting the
functionalimportance of R104 in the BH (Fig. 3¢c). Downstream of the
targetregion (dG1-dC20), the ®RNA-complementary DNA strand (that
is, the target strand) flipped and base-paired with the non-target DNA
strand to form a TAM-containing duplex (dA[-1]-dA[-10]-dT1*-dT10*)
(Fig.1c,e). The backbone phosphate group between dC20 and dA(-1) in
the target strand is recognized by Asn265in the phosphate-lock loop,
thereby facilitating heteroduplex formation (Fig. 3e). Mutating N265
to alanine reduced the nicking activity, suggesting the importance of
this residue for DNA unwinding (Fig. 3c). The PLMP domain and the
7 motif in the Tl domain are the pivotal units in the RuvC-TI-PLMP
scaffold (Extended Data Fig. 3a). Truncating these domains/motifs
abolished the DNA nicking activity of IsrB, indicating the importance of
therigid scaffold of RuvC-TI-PLMP (Fig.3c and Extended DataFig. 5b).
These findings show that both IsrB and the wRNA scaffold substantially
contribute to the recognition of the guide-target heteroduplex for
DNA targeting.

We previously found that DtlsrB shows a NTGA TAM preference®,
but given that DtlsrB is athermophilicenzyme, we repeated the TAM
identification assay at 60 °C. At this temperature, we observed aTTGA
TAM preference (Fig. 4b). We then sought to characterize this prefer-
ence structurally. The TAM-containing duplex is bound in the cleft
between the WED and Tl domains, in which the TAM-nucleobases in
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conserved sequencesinblack. Cognate RNAsizes and groups (Fig. 4d) are
indicated.b, TAM sequences for six IsrB orthologues usingin vitro cleavage of
aplasmidlibrary containing randomized TAMs and the target sequence.

¢, Invitroreconstituted IsrB-wRNA RNP nicking of dsSDNA substrates with five
IsrBorthologues. For CwlsrB, CslsrBand K2IsrB, the target DNA contained a
TTGATAM. For DslsrB and BblsrB, the target DNA contained an ATGG TAM.
n=3independenttechnical replicates. d, Structural models of the WRNA
scaffolds forsix IsrB orthologues based onsecondary structure predictions.
The predicted wRNA scaffolds are classified into groups A (subgroup Al, CslsrB
and K2IsrB; subgroup A2, BblsrB) and B (subgroup B1, DtIsrB; subgroup B2,

the non-target strand are read out by the residues in the Tl domain
(Figs. le and 3g). Although the dT1* nucleobase does not directly
contact the protein, the C5 of the dT2* nucleobase forms van der
Waals interactions with that of dT1* and the aliphatic portion of the
Arg323 side chain, consistent with the preference for the first and
second Ts in the TAM. The O6 and N7 of dG3* interact with R323, in
line with the preference for the third G of the TAM. The R323A mutant
lacked cleavage activity, supporting arole for R323 in TAM recogni-
tion (Fig.3c). The N6 and N7 of dA4* interact with GIn326, consistent
with the preference for the fourth Ainthe TAM. To test whether Q326
recognizes the fourth TAM nucleotide, we mutated this residue to
alanine and found that this mutation abolished target cleavage
(Fig.3c). The wild-type IsrB showed cleavage activity on targets with
TTGA/ATGA TAMs, but not with TTGG/ATGG TAMs (Fig. 3h). However,
the Q326R mutant was active with all four of these TAMs. These results
indicate that Q326 recognizes the fourth nucleotide in the TAM.
InSpCas9,thePAM preference canbe modifiedthroughalterationofthe
hydrogen-bonding interactions between the amino acid at position
1,335 (Argin wild-type SpCas9 or Glnin SpCas9 VQR-variant) and the
third nucleotide of the PAM (G or A, respectively)**. Analogously, in
IsrB, the TAM preference can be modified through alteration of the
hydrogen-bonding interactions between the amino acid at position
326 and the fourth nucleotide of the TAM. Together, these results
indicate that DtlsrB recognizes the TTGA TAMin the non-target strand
by acombination of hydrogen bonds and van der Waals interactions,
and indicate that altering these interactions could expand the TAM
preference.

CwlsrBand DslsrB).Ingroup A, SL2 and SL4 form pseudoknots, and SL5 and
theintermediate region between S2 and SL7 form pseudoknots. Connecting
regions that differ from group B are coloured pink. The intermediate region
betweenSL5 and S3 as well as the terminal region after SL7 (‘no motif’, grey)
arepredicted to be unpaired nucleotides.Ingroup B, SL2 and SL5 form
pseudoknots, and SL4 and the intermediate region between S2and SL7 form
pseudoknots. Connecting regions (red) areasingroup A. The intermediate
regionbetweenSL5and S3 aswellas the terminal region after SL7 are predicted
tobestemloops (SL6 and SL8, grey). Insubgroups Aland B, the intermediate
regionbetweenS2and S3is predicted tobeastemloop (SL3, dark grey),
whereasinsubgroups A2 and B2, thatregionis predicted to be unpaired
nucleotides (‘no motif’, dark grey).

Toinvestigate the DNA nicking mechanism of IsrB, we identified the
nicked siteinthe DNA by Sanger sequencing. IsrB nicked the non-target
strand 8-11 nt upstream of the TAM (Extended Data Fig. 6a), in con-
trast to Cas9s, which cleave the non-target strand 2-5 nt upstream of
the PAM®. To mimic the nicked product, we added 10 nt to the 5 end
of the non-target strand in the SL1-truncated IsrB complex structure
(Extended DataFig. 6b). We observed EM density of the extended part of
the non-target strand, whichis docked into the RuvC domain (Extended
DataFig. 6e).InthelsrBstructures, the TAM and TAM-proximal parts of
the non-target strand are removed from the RuvC domain (Extended
DataFig. 6e,f), whereas in the SpCas9 structure, the PAM-proximal part
of the non-target strand interacts with the RuvC and HNH domains'
(Extended Data Fig. 6g). The conformational difference between the
non-target strands loaded onto the RuvC domains explains the distinct
location of the DNA cut made by IsrB compared to that made by SpCas9.

IsrB diversity

To assess the conservation of the wRNA ternary structure across IsrBs,
we identified five orthologues (CwlsrB, IsrB from Crocosphaera wat-
sonii; DslIsrB, IsrB from Dolichospermum sp.; CslsrB, IsrB from Caldi-
terricola satsumensis; BblsrB, IstB from Burkholderiales bacterium;
K2IsrB, IsrB discovered from contig k249 576930 of viral metagenome
assembly) and their cognate ®WRNAs (Fig. 4a). A TAM discovery assay
showed that CwisrB/K2IsrB/CslsrB/DslsrB recognize an NTG TAM,
whereas BblsrB recognizes an NTGG TAM (Fig. 4b). We confirmed the
functionality of these wRNAs and validated the TAM preferences using
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ancestral RuvC nucleasestoIsrB and then Cas9. Examples from modern
descendants (extants) of each family are shown beginning with T. thermophilus
RuvC (TtRuvC, PDB 6S16), DtlsrB, CjCas9 (PDB 5X2G) and SpCas9 (PDB 7S4X).
Critical stagesin the proposed evolutionary process are shown, including the
insertions of the TI, PLMP and BH domains, interaction with @RNA, insertion of

a DNA cleavage assay with the target DNA containing the single TAM
(Fig.4c). We generated 3D structure models of these IsrB orthologues
and the covariance folded two-dimensional (2D) structure models of
their cognate wRNAs (Extended Data Fig. 7). The protein 3D-model
and the RNA 2D model were compatible with the experimentally deter-
mined structures of DtIsrB and its cognate ®RNA, demonstrating the
general reliability of structural prediction (Fig. 2a and Extended Data
Fig.7a,b).Inthe secondary structure prediction, the wRNAs of DtIsrB
and the other five orthologues maintain the core domain composi-
tion consisting of four stems (S1-4) and five stem loops (SL1/2/4/5/7)
(Fig. 4d and Extended Data Fig. 7a). In the cryo-EM structure of the
DtIsrB WRNA (DtRNA), SL3,SL6 and SL8 are located at the periphery of
the scaffold and do not contribute to the formation of the core (Fig. 2b).
Truncation of SL8 did not appreciably affect DtIsrB cleavage activity,
indicating that the ®RNAs lacking this motif support at least the
minimal functionality of IsrB (Fig. 2d). In the ®RNAs of CwlsrB and
DslsrB,SL2 and SL5as well as SL4 and the SL7-adjacent single-stranded
region are predicted to form two pseudoknot structures, consistent
with the structure of the DtRNA (Fig. 4d and Extended Data Fig. 7a).
By contrast, in the WRNAs of CslsrB, K2IsrB and BblsrB, two pseudoknot
structures are predicted to be formed by SL2 and SL4 aswell asSL5 and
the SL7-adjacent single-stranded region (Fig. 4d and Extended Data
Fig.7a). This SL4-SL5 shufflinginvolved in the pseudoknot formation
hasbeenreported previously* and highlights the structural robustness
of WRNAs, which maintain overall similar structures despite structural
rearrangements. Taken together, the demonstrated functionality of
IsrB orthologues and the predicted structural similarities of IsrBs and
their wRNAsindicate the generality of the WRNA-guided DNA-targeting
mechanism suggested by the present cryo-EM structure.

Discussion

Totrace the protein domain evolution fromIsrB to Cas9, we compared
thestructure of IsrBwith the structure of one of the largest known IscBs
(OgeulscB)Y, a distant relative of IsrB containing the HNH nuclease
domain, and the predicted structure of YnpsCas9-1 (an early branch-
ing Cas9 of subtype II-D from Ga0315277_10040887 thatis among the
Cas9s most closely similar to IscB)* (Extended Data Fig. 8). Apart from
the gain of the HNH domain in IscB, we also observe big differences
in other regions. For example, the RECL in some, but not all clades of
IscB, is larger than the corresponding linker region in IsrB and folds
into a minimal secondary structure, whereas in YnpsCas9-1, a large
globular domain was acquired in the REC region. In other Cas9, such
as SpCas9, this domain is even larger and more complex. The RuvC
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the HNH domain, loss of the PLMP domain and replacement of various parts
ofthe wuRNA with REC regions (domain replacements are shown witha colour
key). The portion of REC2in CjCas9 and SpCas9 thatreplace SL2in the
DtlsrBwRNA are colouredinadark grey. Connected base pairing isshown only
for the guide-DNA duplex. Disconnected base pairingis shown for the wuRNA
adaptor pseudoknot to highlight its position near the RNA-DNA duplex.

domaininOgeulscB contains afew larger loops, whereasin YnpsCas9-1,
itcontainslonginsertions that seemto have further evolved into highly
structured domains in other Cas9s including SpCas9. This enlarge-
ment of the RuvC domain in Cas9 is accompanied by the loss of the
PLMP domain. Similarly, the WED and Tl domains have minimal size in
other IsrBs and IscBs except specifically in OgeulscB and other large
IscBs in which these domains are expanded. The WED and Tl domains
probably continued expandinginto the large, globular versions found
in YnpsCas9-1and SpCas9. SpCas9 harbours alarger PAM-interacting
domain that contains an extra globular region located downstream
of the common core PAM-interacting domain. The size reduction and
splitof the wRNA into dual RNA guides in Cas9 (for example, tracrRNA-
crRNA) probably accompanied the acquisition of the REC domain and
the overall enlargement of all domains of Cas9.

To characterize in greater detail the minimization of the WRNA as it
evolvedinto cr/tracrRNAs, we compared the structure of DtIsrB wRNA
(DtRNA) with those of OgeulscB wRNA (OgRNA), CjCas9 single-guide
RNA (CjRNA) and SpCas9 sgRNA in their protein/target DNA-bound
states (Extended Data Fig. 9)'° '8, On the basis of topology, location
and secondary structure, we mapped DtRNA structural features (S1-4
and SL1-8) on other RNA species and named unidentified structural
motifs as motifs 1-5 (M1-5). The structures of the 5’-stem region (S1
and SL1in DtRNA) and the nexus region (S2 in DtRNA) are conserved
in all four RNA species. The ascending strand of the 5’-stem region is
replaced with crRNA in the evolutionary transition from OMEGA-IsrB/
IscB to CRISPR-Cas9. Moreover, as wRNAs evolved into tracrRNAs, the
inserted helices (§3/S4/SL4/SL5/SL6 in DtRNA) within the nexus region
degenerated, contributing to the compaction and simplification of
the RNA structure. The SL4 motifs of DtRNA and OgRNA form nexus
pseudoknots that are conserved in ®RNAs, whereas some base pair-
ingsin CRNA M3 are well superposed with those nexus pseudoknots.
Anembedded stemloopin DtRNA 5’-stem region (SL2) base pairs with
one of the embedded stem loops in the nexus region (SL5), forming a
functional pseudoknot (adaptor pseudoknot) that recognizes the tar-
get DNA. One base adjacent to the adaptor pseudoknot (C198), forms
several contacts between 3 and 5 A with the phosphate and deoxyribose
moieties of the DNA at position 6 (G6) and 7 (T7) (Fig. 3a), conferring
aunique adaptation in which the ®RNA scaffold can recognize the
RNA-DNA duplex. The adaptor pseudoknotis conservedin IsrB WRNAs
butis degeneratedinthetransitiontolIscB @RNAs and Cas9 tracrRNAs,
a change that correlates with and is probably compensated by the
REC-region expansion.

We also sought to better understand the mechanistic changes
associated with the domain acquisitions inIsrB and Cas9 during their
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evolution from the compact RuvC-like ancestor. To this end, we com-
pared the target-bound structures of Thermus thermophilus RuvC
(TtRuvC), IsrB, CjCas9 and SpCas9 (Fig. 5). As RuvC domain-containing
proteins evolved tointeract with wRNAs, they acquired TI/PI, PLMP and
BH domains. Inthe structures of both IsrB and Cas9, the RuvC, WED, T/
Pland BH domains as well as the phosphate-lock loop form a functional
core with similar configurations; the guide-target heteroduplex and
the TAM/PAM duplex are bound to this core in a similar position and
orientation. The TI/Pl domain recognizes the TAM/PAM nucleobases,
probably functioning as a primer for target DNA unwinding and heter-
oduplex formation, with the assistance of the phosphate-lock loop, BH
and ®RNA/gRNA. Although IsrB and Cas9 share homologous RuvC and
BH domains, IsrB (as well as IscB) uniquely contains the PLMP domain,
whichdirectly interacts with RuvCI. Examination of the IsrB structure
further reveals arole of the PLMP domain in stabilizing the base of
the terminal hairpin of the @RNA and contacting the Shine-Dalgarno
sequence. Furthermore, IsrB contains only minimal RECL and HNHL
regions (17 and 19 amino acids, respectively, in DtlsrB), and they prob-
ably play different roles in DNA targeting from those performed by the
larger REC lobe and HNH domain in Cas9 (for example, 625 and 135
amino acids, respectively, in SpCas9). In SpCas9, the REC lobe probes
thetarget DNA throughinteractions with the heteroduplex, activates
the DNA-bound RuvC nuclease through the communication with the
HNH domain and facilitates R-loop formation'*. However, in IsrB,
thisinterdomain communicationis probably aided by the wuRNA both
through backbone-backbone and base-backbone interactions because
RECL and HNHL are comparatively small.

The comparatively large ®RNA (roughly 300-nt compared to 100-nt
sgRNA used by Cas9) seems to contribute to the connection between
DNA targeting and nicking activities, compensating for the smallRECL
and HNHL regions (Extended Data Fig. 10). In the multi-layered wRNA
architecture, the upper layer RNA helices (S2/S3/S4/SL2/SL4/SL5),
which form an interaction network for ®RNA-driven heteroduplex
recognition, are associated with the lower layer RNA helices (SL7/
SL8) and extensively interact with the nicking module (PLMP/RuvC/TI
domains) by the nexus pseudoknotinteractions betweenS2,SL4 and
SL7.Giventhat mutationsin the adaptor pseudoknotinthe ®RNA abol-
ished the nicking activity of IsrB (Fig. 2d), even though the pseudoknot
is distant from the target DNA, the wRNA structural motifs could be
important for allosteric regulation of DNA sensing by the wRNA/RECL
and DNA nicking by the RuvC nuclease domain, providing an avenue for
integrating further forms of regulation. This wRNA-driven allosteric
regulation mechanism s supported by the overall high surface charge
and area through which IsrB contacts wRNA. Other large (roughly
400-900-nt) functional non-coding RNAs, such as group lintron,
group Ilintron and Ribonuclease P, have complex ternary structures
and their peripheral regions can control their central catalytic cores
by allosteric mechanisms*, Future structural studies of IsrBin other
conformations, such as the catalytically active IsrB R-loop complex,
will address this hypothesis and deepen our mechanistic understand-
ing of OMEGA systems.
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Methods

Electron microscopy sample preparation

The gene encoding full-length DtlsrB (residues 1-353) was codon
optimized, synthesized (Twist Bioscience) and cloned into a modi-
fied pCO13 vector (Addgene Plasmid no. 90097). The DtlsrB-coding
region consists of His,-Twinstrep-tag, SUMO-tag, DtlsrB and GFP-tag.
Wild-type DtlsrB was expressed at 18 °Cin Escherichia coliRosetta(DE3)
pLysS cells (Novagen). E. coli was cultured at 37 °C in Luria-Bertani
medium (containing 100 mg I ampicillin) until the OD,, reached 0.5,
and then protein expression was induced by the addition of 0.1 mM
isopropyl--D-thiogalactopyranoside and incubation at 18 °C for
20 h. The E. coli cells were resuspended in buffer A (50 mM Tris-HCI,
pH 8.0, 20 mM imidazole and 1 M NacCl), lysed by sonication and
then centrifuged. The supernatant was mixed with Ni-NTA Agarose
(Qiagen). The protein-bound column was washed with buffer A, buffer
B (50 mM Tris-HCI, pH 8.0, 20 mM imidazole and 0.3 M NaCl) and
buffer C (50 mM Tris-HCI, pH 8.0, 0.3 M imidazole and 0.3 M NacCl).
The protein was eluted with buffer D (50 mM Tris-HCI, pH 8.0, 0.3 M
imidazoleand 1M NacCl). The cognate wRNA of DtlsrB was transcribed
in vitro with T7 RNA polymerase, using a PCR-amplified DNA tem-
plate and HiScribe T7 Quick High Yield RNA Synthesis kit (NEB). The
template consists of the T7 promoter (TAATACGACTCACTATAGG),
guide (GCCTTATTAAATGACTTCTC) (residues1-20) and wRNA scaffold
(residues 21-282). The transcribed RNA was purified using an RNeasy
kit (Qiagen) according to the manufacturer’sinstructions. The target
and non-target DNA strands (GATCAGCTCAAGAGAAGTCATTTAATAA-
GGCand TTGAGCTGAT, respectively) were purchased from GENEWIZ.
For the reconstitution of complex A, the purified DtlsrB protein was
mixed with the ®wRNA, the target DNA strand and the non-target DNA
strand (the TTGA TAM) (molar ratio, 2.3:1:7:7) in buffer E (10 mM
Tris-HCI, pH 8.0 and 50 mM NaCl, 5 mM MgCl,) and incubated at 37 °C
for 15 min. Complex A was purified by gel filtration chromatography
on a Superose 6 Increase 10/300 column (Cytiva) equilibrated with
buffer F (20 mM HEPES-NaOH, pH 7.0 and 50 mM NaCl, 5 mM MgCl,).
Complex A (final concentration: 0.1 mg ml™) was incubated with BS3
(final concentration: 0.5 mM) at4 °Cfor 2 h. For the reconstitution of
complex B, the lambda N protein (MDAQTRRRERRAEKQAQWKAAN)
was inserted between DtlsrB and GFP-tag. Residues 34-67 of wRNA
scaffold (residues 21-282) were replaced by a GAAA linker. The GAAA
linker-fused boxB RNA (GAAAGCCCUGAAGAAGGGC) (residues
283-302) wasappended to the 3’ end of the WRNA scaffold. The same
target DNA strand was used for this reconstitution. The 5’ extended
non-target DNA strand (TACTGAAGAGTTGAGCTGAT) was purchased
from GENEWIZ. The purified DtIsrB protein was mixed with the ®RNA,
thetarget DNA strand, and the non-target DNA strand (the TTGA TAM)
(molar ratio, 2.3:1:1.5:1.5) in buffer G (10 mM Tris-HCI, pH 8.0 and 50
mM NaCl) and incubated at 37 °C for 15 min. Complex B was purified
by the same size-exclusion column equilibrated with buffer G. For the
grid preparation, purified complex A and B solutions (0.1 mg ml™,
3 ul) were applied to freshly glow-discharged UltrAuFoil 300 mesh
R1.2/1.3 grids (Quantifoil) in a Vitrobot Mark IV (FEI) at 4 °C with a
waiting time of 0 and 10 s and a blotting time of 2 and 4 s under 95%
humidity, respectively.

Electron microscopy data collection and processing

Cryo-EM data for complex A were collected at HHMI Janelia Research
Campus using a Titan Krios G2 microscope (Thermo), operated at
300 kV and equipped with a Gatan Bioquantum energy filer (Gatan)
and a postfilter K3 direct electron detector (Gatan) in the electron
countingmode. Eachvideo wasrecorded atanominal magnification of
x105,000, corresponding toa0.839 A per physical pixel (0.4195 A per
super-resolution pixel) at the electron exposure 0of 12.075 electrons per
A%persecond and total exposure time was 5.0 s, resulting in an accumu-
lated exposure of 60 e /A% Then 50 frames per video were collected at

1.2 e /A?dose per frame for atotal of 60 e /A*dose per video. The nomi-
nal defocus range was setat —0.8 to —2.2 pm. Automated data collection
was carried out using scriptsin SerialEM. For each stage position, image
shift wasusedto collect datafromnine holes with two video acquisitions
per hole. Image shiftinduced beam tilt was calibrated and beam-tilt
correction was applied during the data collection. Cryo-EM data for
complex Bwere collected at MIT.nano using a Talos Arctica G2 micro-
scope (FEI), operated at 200 kV and equipped with a Falcon 3EC direct
electrondetector (Thermo)in the linear mode. Each video was recorded
atanominal magnification of x120,000, corresponding toacalibrated
pixel size of 1.2550 A at the electron exposure of 24.54 ¢ /pix s™
for 3.99 s, resulting in an accumulated exposure of 62.53 e /A% Next,
20 frames per video were collected at 3.1265 e /A% dose per frame for
atotal of 62.53 e /A% dose per video. The nominal defocus range was
setat—2.6to-1.0 pm. Automated data collection was carried out using
the EPU software (Thermo). For each stage position, image shift was
used to collect data from nine holes. To obtain the 3D reconstruction
of complex A, datawere processed using RELION-4.0 (ref.?). The video
frames were aligned in 5 x 5 patches and dose weighted in Motion-
Cor2 (ref. ¥). Defocus parameters were estimated by CTFFIND-4.1
(ref.?®). From the 4,142 preprocessed micrographs, 1,626,574 parti-
cles were picked up by TOPAZ based auto-picking? and extracted in
3.146 A pixel™. The selected 107,066 particles were then re-extracted
in1.144 A pixel™ and subjected to one round of 3D refinement and 3D
classification without alignment. The selected 58,188 particles were
subjected to per-particle defocus estimation and Bayesian polishing.
For beam-tilt refinement, the optics group of each micrograph is set
on the basis of their hole position from stage. The polished particles
were subjected to 3D refinement, and yielded a map with a global
resolution of 3.10 A according to the Fourier shell correlation 0.143
criterion. To obtain the 3D reconstruction of complex B, data were
processed using the same programs. From the 2,542 motion-corrected
and dose-weighted micrographs, 1,595,800 particles were picked up
by TOPAZ based auto-picking and extracted in 3.138 A pixel™. These
particles were subjected to several rounds of 2D and 3D classifications.
The selected 50,661 particles were then re-extracted in 1.255 A pixel™
andsubjected to homogeneous refinement using cryoSPARC*, yielding
amap with a global resolution of 6.85 A according to the Fourier shell
correlation 0.143 criterion.

Model building and validation

Theinitial protein model was generated using AlphaFold2 (ref.*) under
the ColabFold framework using default parameters and MMseqs2 to
search for homologues into the ColabFold database®?, and manually
modified using COOT* and ISOLDE’ against the density map of complex
A. Theinitial nucleic acid model was built with auto-DRRAFTER using
the density map of complex A and the covariance-based secondary
structure model of ®RNA®. The ®RNA (query) secondary structures
were predicted using cmsearch® with the -max option to identify the
highest scoring IscB/IsrB wRNA covariance model from a previous
study*. For the best model, query regions aligning to the model were
assigned secondary structures from the model’s predictions. Stemloop
secondary structures that were found to be erroneously assigned to
base pairs with one of the base identities equalling agap character were
reassigned to having no secondary structure. Secondary structures
for query regions without coverage (=8 bp of no match to the best
covariance model), barring the low conservation region at the 3’ end
beyond the nexus, were then predicted using mfold®. Pseudoknots were
assigned manually by identifying matching base pairs at the pseudo-
knot locations expected for the given ®RNA type. wRNA coordinates
were modelled with auto-DRRAFTER starting from a slightly modified
version of the covariance-based secondary structure model in which
allnon-canonical base pairs and most helices consisting of just asingle
base pair were removed. The dot-bracket notation for this secondary
structure is provided below:
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AlIDNA nucleotides were modelled as RNA because auto-DRRAFTER
cannot model DNA nucleotides. The guide/wRNA scaffold/target DNA/
non-target DNA were assigned to residues 1-20/21-282/283-313/314-323,
respectively. The full RNA sequence used for modelling is provided below:

ggccuuauuaaaugacuucucgucaaccaccccugacugaagucagaggeuugeuu
cuggccugaguugggggeccgguuuggeggggecgggggeaacuggeugaccagge

ggeecgguucgeegggeagggguccgeggggeuaccaaggacuuccggguguuucg
ccagcccggacuaucuccggeagaaccgeucaaugecgeggeeggecaagaccggecu

aagcccugceggacagegecgaggegacaaucacuccgaaaggaggecguguaucgge
gaucagcucaagagaagucauuuaauaaggeuugageugau

Auto-DRRAFTER modelling was performed in the absence of pro-
tein coordinates using the density map with regions corresponding
to protein density removed. All initial rounds of modelling were per-
formed in a preliminary 4.3-A resolution density map. The model-
ling was set up manually by fitting helices corresponding to residues
W:1-14 W:41-48 W:53-60 W:258-269 W:271-281 X:2-11 X:18-31Y:1-10
into the density map. In the second round of auto-DRRAFTER model-
ling, the helix corresponding to residues W:41-48 and W:53-60 was
allowed to move from its initial placement. Five rounds of modelling
were performed, followed by one final round of modelling. For each
round, between 2,000 and 6,000 models were built. One of the top
tenscoring models was selected for further refinement by ISOLDE and
Phenix®, together with the protein model, to optimize the geometry and
improve thefitto the cryo-EM density. After inspecting the optimized
model and covariance-based secondary structure, two more rounds of
auto-DRRAFTER modelling, including one final round, were performed
in which the base pairing for the adaptor pseudoknot was modified
slightly so that residues 81-84 and 194-197 were paired rather than
residues 81-84 and 193-196. For this extra modelling, only residues
W:73-99 and W:186-206 were rebuilt; all other residues remained
fixed. One more final round of modelling was performed using the 3.1 A
resolution density map low-pass filtered to 4 A. The final convergence of
these models (pairwise root mean square deviation between models) is
4.1A. Auto-DRRAFTER convergence values have previously been shown
tobe predictive of model accuracy. Using a previously determined lin-
ear relationship between convergence and model accuracy (accuracy
of 0.61x convergence +2.4 A), the estimated accuracy of these initial
computationally generated models is 4.9 A. To further improve the
accuracy, one of these models was refined with COOT, ISOLDE and
Phenix together with the proteinto produce the final IsrB-wRNA-target
DNA complex model. The final model (lacking protein residues 1-5/
211-224/348-353, RNAresidues1-2/37-64/119-122/212-219/263-265
andtarget DNA residues1/30-31, which were poorly resolved and omit-
ted from the finalmodel) was evaluated by MolProbity*® and Q-score®.
Molecular graphics and EM density figures were prepared with CueMol
(http://www.cuemol.org), PyMOL (https://pymol.org/2/), UCSF Chimera
(https://www.cgl.ucsf.edu/chimera/) or Chimera X (https://www.cgl.
ucsf.edu/chimerax/).

Invitro cleavage experiment

The IsrB protein and wRNA templates were prepared for an in vitro
transcription/translation expression system. The IsrB protein
template consists of the T7 promoter and translation initiation
sequences (GCGAATTAATACGACTCACTATAGGGCTTAAGTATAAGGAGG
AAAAAATATG),IsrBORFsequenceand T7 terminator sequence (CTAGCA
TAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG). The
®WRNA template consists of the T7 promoter sequence (GGAAATT
AATACGACTCACTATAGG) and wRNA sequence. The IsrB protein
and wRNA templates were embedded in the modified pC0O13 vector
(AddgenePlasmid no.90097) and the pCOLADuet-1vector. Mutations

inthelsrB proteinand wRNA were introduced by aPCR-based method
and the sequences were confirmed by DNA sequencing. The 320-bp
PCR-amplicon (30 ng), which contains the 20-nt target sequence and
the TAM and was fluorescently labelled by 5 IRDye 700 (IDT), was incu-
bated with the IsrB protein template (50 ng) and the wRNA template
(125 ng) in12.5 pl of reaction buffer, containing 5 pl Solution A and
3.75 pl Solution B of PUREXpress In vitro Protein Synthesis Kit (NEB).
The reaction conditions were optimized as follows. Fig. 2d,3 h: 2 hat
37°C,1hat 60 °C;Fig.3c,2.1h:2hat37°C,5minat 60 °C; Fig.3h, 3 h:
2hat37°C,1hat60 °C; Fig.4c (CwlsrB, DslsrB and BblsrB), 6 hat 37 °C;
Fig.4c(CslsrB),6 h:2hat37°C,4 hat 60 °C; Fig. 4c (K2IsrB) and 2 hat
37 °C. DtlsrBis derived from a thermophilic organism, D. thermocu-
niculi, which grows at 60-80 °C (ref. ®). The reaction was stopped by
the addition of 3 pg of RNase A (Qiagen) and 0.24 units of Proteinase K
(NEB). Thereaction products were purified using a Wizard SV Gel and
PCR Clean-Up System (Promega), resolved on a Novex 10% TBE-Urea
Gel (Invitrogen) and thenvisualized using a ChemiDoc Imaging System
(Bio-Rad). To examine the protein stability of deletion mutants, IsrB
proteins were produced in the bacterial expression system used in
the cryo-EM sample preparation. The £. coli cells were resuspended in
buffer A (50 mM Tris-HCI, pH 8.0,20 mMimidazole and 1 MNaCl), lysed
by sonication and then centrifuged. The supernatant was mixed with
MagneHis beads (Promega). The protein-bound column was washed
with buffer A. The protein was eluted with buffer B (50 mM Tris-HClI,
pH 8.0, 0.3 M imidazole and 1M NaCl) and analysed by SDS-PAGE
(Extended DataFig. 5b). To determine the IsrB DNA cleavagesites, the
816-bp PCR-amplicon (400 ng) containing the 20-nt target sequence
(GCCTTATTAACCTCAGCCTC) and the TAM was incubated with the
IsrB protein template (100 ng) and the wRNA template (125 ng) in25 pl
of reaction buffer, containing 10 pl Solution A and 7.5 pl Solution B of
PURExpressInvitro Protein Synthesis Kit. After purifying the reaction
product, the nicked product was cleaved using Nb.BbvCI (NEB). The
cleaved products were gel-extracted, purified and analysed by DNA
sequencing (GENEWIZ).

IsrB and ®RNA curation and analysis

Representative IsrBs with intact RuvC active catalytic site residues
and nosigns of truncations were selected from among the three major
clades of IsrBs asidentified in a previous study*, corresponding to IsrBs
with WRNAs of type G1b, G1c and G1h. ®RNAs corresponding to each
IsrBwere taken from the predictionsinaprevious study*and modified
such that the end of the ®RNA occurred at the start of the IsrB. IsrBs
were thendiscardedif the corresponding WRNA’s secondary structure,
asdetermined by mfold, did not contain the conserved stemloops and
pseudoknots (as manually identified) found in the covariance-based
wRNA secondary structure for the given RNA type®. The analysis
nominated the CwlsrB, CslsrB, DslsrB, BblsrB, K2IsrB sequences and
corresponding wRNAs. Covariance-based secondary structure and
pseudoknot predictions were determined for the corresponding
®RNAs as described for the DtRNA. All WRNAs were then visualized
using forna®.

For analysis of the PLMP domain, the DtlsrB PLMP domain was
searched in HHPred for remote homologues, identifying IF-3 as a
putative remote homologue. Representative sequences containing
IF-3-N-terminal regions and PLMP domains from the IscB/IsrB family
were obtained from UniProt and the National Center for Biotechnology
Information, and aligned using MAFFT-einsi. Structural representa-
tives were aligned and superimposed using the pymol super function.

TAMidentification

The TAMidentification assay was performed usinga TAM library, pre-
pared as previously described*. Single-stranded DNA oligonucleotides
(IDT), containing eight randomized nucleotides downstream of a 20-nt
target sequence (GCCTTATTAACCTCAGCCTC), were converted to
dsDNA by fill-in with PrimeSTAR Max DNA Polymerase (Takara) and
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clonedinto pUC19 by Gibson cloning (NEB) to generate a TAM library.
Thelibrary (25 ng) was digested using an in vitro transcription/transla-
tion expression system containing the IsrB protein (50 ng) and wRNA
(125 ng) templates, as described in the in vitro cleavage experiment
section. The reactions of CwlsrB, DsIsrB, CslsrB, BblsrB and K2IsrB were
incubatedfor4 h:2hat37°C,1hat50 °Cand1hat 60 °C. Thereaction
of DtIsrBwasincubated for3 h:2 hat37 °Cand1hat 60 °C. It wasthen
stopped by the addition of 3 ug of RNase A (Qiagen) and 0.24 units of
Proteinase K (NEB). Thereaction products were purified using a Wizard
SV Gel and PCR Clean-Up System (Promega), and digested using
Nb.BbvCI (NEB). The purified reaction products were subjected to
end labelling and adaptor ligation using an NEBNext Ultra Il End Repair/
dA-Tailing Module (NEB), an NEBNext Ultra Il DNA Library Prep Kit for
Illumina (NEB) and an NEBNext Adaptor for Illlumina (NEB). The USER
Enzyme (NEB)-digested and purified DNA was amplified with a12-cycle
PCR using one primer specific to the TAM library backbone and one
primer specific tothe NEBNext adaptor, and with a subsequent 18-cycle
PCRtoaddthellluminai5adaptor. To normalize the distribution of the
8N degenerate flanking sequences, the library plasmid was amplified
witha12-cycle PCR using primers specific to thelibrary backbone and
with a subsequent 18-cycle PCR to add the lllumina i5 adaptor. The
amplified libraries were isolated on 2% agarose E-gels (Invitrogen) and
sequenced on a MiSeq sequencer (Illumina). The resulting sequence
datawere analysed by extracting the six nucleotide TAM regions, count-
ing the individual TAMs and normalizing the TAM to the total reads
for each sample. Sequence motifs were generated using the selected
TAMs in the top scoring fraction with the custom Python script used
inour previous report*.

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

Data availability

The atomic coordinates of the IsrB ternary structure have been depos-
ited with the Protein Data Bank (PDB) at http://www.pdb.org (PDB
8DMB). The three-dimensional cryo-EM reconstructions of complex
A and complex B have been deposited with the Electron Microscopy
Data Bank (complex AEMD27533; complex BEMD26723).
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Extended DataFig.1|Cryo-EM dataprocessing for the IsrB-wRNA-DNA
complex (complex A). (a) Cryo-EM data processing schematic for single
particle analysis of the complex A. Unsharpened (Left) and sharpened (Right)
mapsinthefinal 3D refinement. Particle orientation distribution (Center).

(b) Final refined map, colored by local resolution, calculated in RELION-4.0 with
FSCthreshold 0.5.(c) FSC curves calculated between the half maps of complex
Afromthefinalround of the refinementin RELION-4.0. (d) FSC curves
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calculated between the model and the final refined map, using phenix.
validation_cryoem. (e) Q-scores for eachresidue of IsrB-wRNA-target strand
DNA-non-target strand DNAmodelin 3.1 A map of the IsrB-wRNA-DNA
complex. The dashed blackand greylinesin the plot represent the expected
Q-scoresbased onthe global map resolution (3.1A) and the local map
resolution (4.5 A), respectively. Q-scores for the RNA and DNA residues are
consistent with the expected values based on the local map resolution.
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Extended DataFig.2|Cryo-EM density maps. Cryo-EM density maps for residues represented in main figures.
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Extended DataFig. 3 | Details of the IsrB protein structure. (a) Close-up view of the IsrB protein structure. (b) Structural comparison between DNA-bound
IsrB-TIdomain and SpCas9-Pl domain (PDB: 7S4X). In the Cas9 structure, the subdomaininserted between 6 and 7 is omitted for clarity.
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Extended DataFig.5|Uncropped gelimages usedin this study. (a) Denatured PAGE gels for resolving nicked DNA products. (b) An SDS-PAGE gel for expression
check of the deletion mutants. Related to Fig. 3c.
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Extended DataFig. 6 |Cryo-EMstructure of the AN-IsrB-wRNA mutant-DNA
complex (complexB). (a) Cleavage sitesin the target DNA as assay by Sanger
sequencing. The nicking sites are marked by black triangles. The additional
non-templated adenineisindicated by an asterisk in the Sanger sequencing
trace. (b) Domainstructure of the AN-IsrB fusion protein (left) and schematic of
the ®RNA mutant and target DNA (right). In the ®RNA mutant, residues 34-67
werereplaced with GAAA and boxB RNA was appended to the 3’ end of the
wRNA scaffold. (c) Cryo-EM data processing schematic for single particle
analysis of complex B (Left). Final refined map (Right). (d) FSC curves

calculated between the half maps of complex B from the final round of the
refinementin cryoSPARCv3.3. (e) Cryo-EM density map of complex B. Based on
the superposition of complex Bmap and complex A model, regions of protein,
RNA, and DNA were assigned. Extradensity was observed in the vicinity of the
®wRNASL8region and assigned to the AN-boxB complex, consistent with the
SL8-boxB connectivity and the AN-boxB volume (PDB: 1QFQ). TS, target strand;
NTS, non-target strand. (fand g) Cryo-EM density maps of complex A (f) and
SpCas9incomplexwithits cognate RNA and target DNA (EMD: 24838) (g).
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Extended DataFig.7|Structural prediction of IsrB orthologs and their
cognate ®RNAs. (a) Secondary structure and pseudoknot prediction of the
wRNA scaffolds based on covariance model. In CwisrB/DslsrB/BblsrB ®RNAs,
SL3 motifs are replaced with unpaired nucleotides. In CslsrB/K2IsrB/BblsrB
®RNAs, SL6 motifs are degenerated and SL8 motifs are replaced with unpaired

RuvC-insertion /

DtlsrB

DslsrB
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So

nucleotides. (b) Superposition of AlphaFold (AF) and cryo-EM (EM) structures
of DtIsrB. (c) Superposition of AlphaFold structures of six IsrB orthologs.
CwIsrB/DslsrB have B-hairpinandloop insertions in the RuvC domain and
RECL, respectively.
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Extended DataFig. 8| Evolutionary snapshot of Cas9 ancestors. Structural comparison between DtIsrB, OgeulscB (8CSZ), YnpsCas9-1 (AF2 model), and SpCas9

(PDB:4008).
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HNHL , RECL, and @RNA sense RNA:DNA heteroduplex.

— TI/Pl domain, BH, and PLL unwind DNA
and initiate R-loop formation.

JPENIRI domain and S is important for DNA nicking,
potentially via communication among GRNA-PENMP-RGVC.

Cas9 REC lobe sences RNA:DNA heteroduplex
and facilitates R-loop formation.

DNA cleavage occurs via communication
among REC lobe and HNH/RuvC domains.

Extended DataFig.10 |Models of RNA-guided DNA nicking/cleavage by IsrB/Cas9. Schematic highlighting the mechanistic similarities and differences

betweenIsrBand Cas9.




Extended Data Table 1| Cryo-EM data collection, refinement, and validation statistics

Complex A Complex B
(EMDB-27533) (EMDB-26723)
(PDB 8DMB)
Data collection and processing
Magnification 105,000 120,000
Voltage (kV) 300 200
Electron exposure (e—/A2) 60 62.53
Defocus range (pum) —221t0-0.8 —-2.6t0-1.0
Pixel size (A) 0.839 1.255
Symmetry imposed Cl1 Cl
Initial particle images (no.) 1,626,574 1,595,000
Final particle images (no.) 58,188 50,661
Map resolution (A) 3.1 6.9
FSC threshold: 0.143
Map resolution range (A) 3.1t08.9 6.0 t0 13.8
Refinement N/A
Initial model used (PDB code) N/A
Model resolution (A) 32
FSC threshold: 0.5
Map sharpening B factor (A?) -73.1
Model composition
Non-hydrogen atoms 8497
Protein residues 328
Nucleotide residues 275
Ligands 2
B factors (A2)
Protein 24.60
Nucleotide 62.18
Ligand 21.56
R.m.s. deviations
Bond lengths (A) 0.005
Bond angles (°) 0.902
Validation
MolProbity score 0.86
Clashscore 0.87
Poor rotamers (%) 0.74
Ramachandran plot
Favored (%) 97.53
Allowed (%) 2.47
Disallowed (%) 0.00
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Ethics oversight NA. Human research participants are not involved in this study.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size For complex A/B data analyses, 4142/2542 micrographs and 58188/50661 final particle images are used, respectively.

Data exclusions  To obtain the higher resolution image of cryo-EM reconstitution, the damaged and 'bad' particles are excluded, based on the software
algorithm of single-particle analysis.

Replication Cryo-EM data processing methods used in RELION and cryoSPARC softwares are well-established and reproducible. DNA nicking experiments
are repeated at least three times and confirmed for their reproducibility.

Randomization  NA

Blinding NA
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