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INTRODUCTION: Ribozymes play catalytic roles
in diverse biochemical processes. Group II (GII)
intron ribozymes are well-studied catalysts for
splicing and retrotransposition with the assist-
ance of intron-encoded proteins (IEPs) through
transesterification. When IEPs are not provided,
GII introns can cleave their precursor RNA
targets through hydrolysis, forming mature
and linearized ribozymes. These ribozymes
also exhibit hydrolytic endonuclease activity on
RNA or DNA-modified RNA substrates. How-
ever, substantive hydrolytic cleavage of pure
DNA is rarely observed within reported intron
ribozymes. These clues suggest that uncharac-
terized intron ribozymes encoded by “prop-
agating” retrotransposons, especially those that
naturally lack the IEP components [open read-
ing frame (ORF)-less introns], might hold the
potential to cleave pure DNA targets through
hydrolysis. These hypothetical ribozymes are
called HYdrolytic Endonucleolytic Ribozymes
(HYERSs). If available, RNA-based HYERSs could
be employed for gene editing, expanding the
current toolbox established by protein enzymes
such as TALEN and CRISPR-Cas.
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RATIONALE: In our preliminary observation, sev-
eral compact ORF-less GII-C introns show mul-
tiple copies within their resident genomes,
suggesting that these introns might be active
for genomic propagation including target DNA
recognition and cleavage reactions. Bioinformatic
mining identified many “propagating” ORF-less
GII-C introns as HYER candidates. Biochemical
assays confirmed HYER’s hydrolytic cleavage
activity on RNA and DNA substrates. HYER
was active for DNA cleavage in both bacterial
and mammalian cells. Cryo-EM analysis re-
vealed the high-resolution structure of HYER,
elucidating its catalytic mechanism and pro-
viding structural insights for engineering.

RESULTS: Using the primary sequences and
secondary structural features of core domains
I to III and V to VI in reported GII-C introns,
we built the covariance models for systematic
mining and identified 93 HYER candidates
from the public bacterial genomes. Nine can-
didates (HYERs 1 to 9) were rationally selected
for experimental characterization. HYERs 1 to
6 exhibited sequence-specific endonuclease ac-
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Hydrolytic DNA cleavage by HYERL. During the DNA cleavage reaction, the DNA is captured by the TRS
region of HYERI via complementary base pairing. Then, the nucleophilic attack by the water molecule within
the catalytic pocket leads to the cleavage of DNA substrate. The engineered HYER1 heterodimer, which
contains two distinct TRSs, can generate various forms of dsDNA breaks.
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that the highly active HYER1 and HYERZ .=
both Mg?*-dependent hydrolytic ribozymes,
which cleaved the DNA targets in a broad
range of biochemical conditions including var-
ious temperatures (25° to 50°C) and potassium
concentrations (10 to 500 mM). Of note, HYER1
and HYER2 were active for plasmid interfer-
ence in E. coli. Within the reporter cell line
containing the out-of-frame puromycin gene,
HYERI1 could generate genomic dsDNA breaks
and yield DNA insertions and deletions to restore
puromycin resistance. Single particle cryo-EM
analysis illustrated that HYER1 forms a C2-
symmetric homodimer mediated by palin-
dromes and A-stacking interactions between
the two monomers. Each HYER1 monomer
contains a 6-nucleotide (nt) target recognition
site (TRS) and a hydrolytic pocket for captur-
ing and cleaving DNA substrates. HYER2,
which does not have the palindrome, exhibits
monomeric architecture and contains a cata-
Iytic pocket highly identical to the monomer
unit of HYER1. Full complementarity between
HYER TRSs and DNA targets is essential for
efficient cleavage. Revised TRSs could redirect
HYERs to cleave different DNA targets.

Three rational designs, which aimed to improve
the DNA-targeting performance by HYER1, were
explored. Extending the TRS improved HYERT’s
DNA recognition specificity but decreased the
cleavage activity. The insertion of a 14-nt recruit-
ing sequence (RS), which is sequentially distant
but spatially proximal to TRS, increased both the
DNA recognition length and the cleavage activity
by HYER1. Mutating the palindromes allowed
HYERT1 to form the heterodimer, which can carry
two distinct TRSs and generate customizable
dsDNA breaks with cleavage products bearing
5’ overhangs, blunt ends, or 3’ overhangs.

CONCLUSION: We discovered HYERSs as sequence-
specific and hydrolytic endonucleases. HYER1
showed plasmid interference activity in bacterial
cells and genome-editing capability in mam-
malian cells. Cryo-EM analysis revealed the
homodimer structure of HYER1, which cap-
tures the complementary DNA target via TRS
and cleaves the target using the hydrolytic
mechanism. TRS extension, RS insertion, and
heterodimerization improved the specificity
and flexibility of DNA targeting by HYER1. As
an RNA-based DNA manipulation platform,
HYER is highly programmable and holds the
potential to be further developed and utilized
in multiple genetic scenarios.
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Ribozymes are catalytic RNAs with diverse functions including self-splicing and polymerization. This
work aims to discover natural ribozymes that behave as hydrolytic and sequence-specific DNA
endonucleases, which could be repurposed as DNA manipulation tools. Focused on bacterial group II-C
introns, we found that many systems without intron-encoded protein propagate multiple copies in
their resident genomes. These introns, named HYdrolytic Endonucleolytic Ribozymes (HYERs), cleaved
RNA, single-stranded DNA, bubbled double-stranded DNA (dsDNA), and plasmids in vitro. HYER1
generated dsDNA breaks in the mammalian genome. Cryo-electron microscopy analysis revealed a
homodimer structure for HYER1, where each monomer contains a Mg?*-dependent hydrolysis pocket and
captures DNA complementary to the target recognition site (TRS). Rational designs including TRS
extension, recruiting sequence insertion, and heterodimerization yielded engineered HYERs showing
improved specificity and flexibility for DNA manipulation.

any natural catalytic RNAs, known as

ribozymes, catalyze diverse biochem-

ical reactions, such as RNA splicing

and polymerization (7-6). Group II (GII)

retrotransposons—specifically the in-
tron RNAs they encode—are well-documented
ribozymes capable of catalyzing the transes-
terification reactions during “copy and paste”
retrotransposition in the genome (7, 8). GII
retrotransposons are categorized into three
classes (A, B, and C) based on the sequence
and structural features of the intron RNAs.
GII-C introns, being only half the size of GII-A
and GII-B introns, are considered more ancestral
(9-11). GII introns typically consist of six do-
mains (fig. S1A) (72). Domain I (DI), the largest,
facilitates RNA exon recognition through base
pairing with the exon binding site (EBS). Do-
main II and IIT (DII and DIII) are structural
motifs, maintaining the stable ribozyme ar-
chitecture. Domain IV (DIV) often contains an
open reading frame (ORF) encoding an intron-
encoded protein (IEP), which houses DNA en-
donuclease (EN) and reverse transcriptase
(RT) domains (7, 8). The crucial nucleotides
forming the RNA-splicing core are located in
domain V (DV), and the bulged adenosine (A)
responsible for the transesterification reaction
in splicing resides in domain VI (DVI) (7, 12, 13).
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During retrotransposition, the intron RNA is
initially transcribed with the exons in a precur-
sor RNA form (pre-RNA). Assisted by the IEP,
intron RNA undergoes self-splicing through
two sequential transesterification reactions,
resulting in ligated exons and lariat intron
RNA (7). The lariat intron is then inserted into
the DNA sense strand within the propagation
target site through two-step reverse splicing.
Subsequently, in the target-primed reverse tran-
scription (TPRT) process, the DNA antisense
strand is cleaved by the EN domain to prime the
intron cDNA synthesis by the RT domain of IEP.
After TPRT, the intron RNA template is removed
and its DNA copy is pasted into the propagation
site by the host’'s DNA repair system (fig. S1B)
(7, 8). Because of the sequence-specific trans-
position activity, GII retrotransposon consisting
of IEP and intron RNA has been repurposed as a
bacterial gene manipulation tool, Targetron,
which can integrate the intron sequence into a
targeted site to disrupt gene functions (714-17).
Natural GII retrotransposons lacking an
ORF have been discovered (9, 18-20). These
ORF-less GII introns have often been regarded
as “degenerate and nonfunctional descend-
ants” of GII retrotransposons and remain poorly
characterized. To date, widely used GII intron
databases list only 42 ORF-less GII-A and GII-B
systems identified by bioinformatic analyses
(9, 18-20). To our knowledge, ORF-less GII-C
introns have not been reported. Our prelimi-
nary screening of publicly available bacterial
genome sequences led us to discover many
GII-C retrotransposons lacking an ORF for
IEP encoding. Several of these introns exist in
multiple copies in the genome, suggesting that
IEP-free retrotransposons might be active and
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might have propagated through a “copy and
paste” mechanism (fig. S1C).

Previous in vitro experiments showed that,
when IEP is not provided, the ORF-containing
GII introns can recognize and cleave the exons
in the pre-RNA through hydrolysis instead of
transesterification, producing mature and
linearized intron ribozymes (12, 13, 21, 22). The
linearized intron ribozymes can use water mol-
ecules to attack RNA-RNA or DNA-RNA linkages,
exhibiting hydrolytic endonuclease activity on
the EBS-complementary RNA or DNA-modified
RNA substrates (13, 23, 24). However, to our
knowledge, substantive hydrolytic cleavage
activity on pure DNA is rarely observed for the
reported intron ribozymes.

These clues imply that uncharacterized “prop-
agating” ORF-less GII-C introns, which naturally
do not have the IEP, presumably possess the ca-
pability to cleave the DNA in the propagation
sites by means of hydrolysis, in addition to their
RNA cleavage capability for maturation (fig. S1,
C and D). We term these hypothesized intron
ribozymes as HYdrolytic Endonucleolytic Ribo-
zymes (HYERs), in contrast to reported intron
ribozymes showing endonucleolytic activity on
DNA through transesterification (fig. S1E). We
set out to test our hypothesis and discover HYERSs.

Results
Large-scale screening revealed a population
of multicopy ORF-less GlI-C introns

‘We focused on the compact GII-C introns for the
systematic discovery of HYERs in the public
bacterial genome database (25, 26). We used
92 reported GII-C introns and excluded the
ORF-residing DIV to construct two sequence
and structure-based covariance models, one
for DI to DIII and one for DV to DVI, for mining
intron candidates (Fig. 1A and data S1 and S2)
(9, 19, 20, 27). These candidates were required
to align with both covariance models with high
confidence (E-value <107°) and be shorter than
4000 nucleotides (nt), as even reported introns
with ORF are typically less than 4000 nt. In
total, we identified 5635 loci in the genomes
from the Earth’s Microbiomes (26).

Based on the assumption that an active retro-
transposon was likely to propagate multiple
copies in its resident genome (28), we used
BLASTN to cluster highly similar copies (cov-
erage >90% and percent identity >90%) in the
same species-level operational taxonomic units
(OTUs) and reasoned that each cluster repre-
sented a single intron candidate (Fig. 1A). Among
the 5635 loci, 469 GII-C intron candidates with
at least two copies in the genomes were identi-
fied from 400 OTUs (Fig. 1A and data S3).
Similar to reported GII-C introns, newly iden-
tified candidates often reside downstream of
transcription terminators with conserved hair-
pin features (fig. S2A) (8, 22, 29). Furthermore,
we constructed a hidden Markov model (30)
of IEPs to determine whether the intron
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Fig. 1. Identification of ORF-less GlI-C introns with DNA cleavage capability.
(A) Pipeline for the identification of GII-C introns and HYER candidates. HYER

is often abbreviated as Hr in following figures and legends for concise presentation.
(B) The DNA cleavage plot of HYERs on the ssDNA with five target sites (n = 3 each;
means + SD); aliquots were collected at the following time points: O min, five min,
10 min, 20 min, 40 min, 1 hour, and 2 hours. The single-turnover rate constants
of HYERs 1 to 6 and O.i. intron are 6.443 hour™, 7.466 hour™%, 3.776 hour ™,
0.2151 hour™, 0.1455 hour™, 0.1460 hour™, and 0.02437 hour™. (C) Diagram of
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in vitro DNA cleavage assay of HYER on substrate with one target. The ssDNA was
labeled with Cy5 at the 3" end. (D) Top, cleavage site identification of HYERs 1

to 6; lane I, input of the ssDNA; lane Hrl to Hr6, cleavage of ssDNA by HYERs 1 to 6;
lane L, DNA ladder generated through DNase | digestion; lane M, Cy5-labeled
ssDNA marker. Bottom, graphical representation of the cleavage sites of HYERs 1to 6
on ssDNA; the ssDNA, HYER molecules and TRS are labeled according to (C);

red letters show the base pairs between TRS and the target on ssDNA; red and black
triangles indicate the major and minor cleavage sites, respectively.
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candidate contains an IEP-coding sequence
(ORF) in DIV, which enabled us to distinguish
93 ORF-less introns from 376 ORF-containing
introns (Fig. 1A). The length of ORF-less GII-C
introns (median 661 nt) was significantly shorter
than the ORF-containing GII-C introns (me-
dian 1888 nt) (P < 0.0001) (fig. S2B). Phylo-
genetic tree analysis on these newly identified
and previously reported multicopy GII-C in-
trons showed that ORF-containing and ORF-less
introns could be clustered separately, albeit with
some exceptions (fig. S2C). Uniform manifold
approximation and projection (UMAP) (31) on
the multicopy members also revealed the ORF-
containing and ORF-less introns to be two
distinct groups (fig. S2D). These analyses pre-
sumably indicate that ORF-containing and
ORF-less introns are two different evolution-
ary populations. However, UMAP analysis on
these introns—excluding the ORF sequences in
DIV—showed that both populations are closely
related, which suggests that the ORF region is
responsible for the major differences between
the ORF-containing and ORF-less introns (fig.
S2D). To select HYER candidates for biochem-
ical characterization, we identified compact
ORF-less GII-C introns that may fold as a sta-
ble and active ribozyme, specifically focusing
on the top nine intron RNAs with a DIV less
than 200 nt, a recognizable EBS in DI, and high
thermal stability based on secondary-structure
prediction (Fig. 1A, fig. S2C, and data S4:).

Identification of active HYERs

Similar to the linearized ORF-containing Oceano-
bacillus theyensis (0O.1.) intron (12, 13) without
IEP in the reaction, in vitro transcribed HYER
candidates generated cleavage products shorter
than their RNA targets (fig. S3, A and B), in-
dicative of hydrolytic cleavage, as opposed to
transesterification cleavage which produces
longer, intron-ligated RNA products (32). Six
out of nine candidates showed endonuclease
activity on the single-stranded DNA (ssDNA)
containing five copies of a sequence comple-
mentary to the introns’ EBS (fig. S3, C and D),
which we refer to as target recognition sites
(TRSs) in the rest of the study (fig. S3E). Whereas
HYERs 4 to 6 exhibited modest cleavage activ-
ity, HYERSs 1 to 3 were highly active and cleaved
DNA within one hour (Fig. 1B and fig. S3F). The
O.7. intron (without IEP provided) also showed
weak DNA cleavage activity comparable to the
least active HYERG (Fig. 1B and fig. S3, C, D, and
F). Other newly identified ORF-containing in-
trons, FJAT-27916 sp. intron and Bacillus W sp.
(B.sp.) intron, which are phylogenetically close to
HYER1, were inactive for DNA cleavage (fig. S3F).
HYERs 1 to 6 only cleaved DNA targets contain-
ing TRS-complementary sequences, suggesting
that HYERs are TRS-guided and sequence-specific
DNA endonucleases (fig. S3C). To further de-
termine the cleavage sites, we redesigned the
ssDNA to contain a single TRS-complementary
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sequence (Fig. 1C). Sequencing gel analysis of
the cleaved products showed that major cleav-
age sites were located at O or 1 nt downstream of
the TRS-DNA complementary region (Fig. 1D).

Biochemical characterization of HYERs

Next, we characterized the biochemical prop-
erties of the highly active HYER1 and HYER2.
Similar to most RNA ribozymes requiring Mg>*
to maintain catalytic cores and three-dimensional
(3D) structures (33-37), increased Mg>* concen-
tration promoted the DNA cleavage activity of
HYERI and HYER2 (fig. S4A). Reported ORF-
containing GII-C intron ribozymes often pre-
fer high concentrations of monovalent ions
such as K*—which help maintain the stable
structures for catalysis (13, 38)—whereas HYER1
and HYER2 displayed enhanced DNA cleavage
activity in the buffer with low K" concentra-
tion (fig. S4B). High Na" concentration seemed
toxic as it inhibited DNA cleavage by HYER1
and HYER2 (fig. S4C). HYER1 and HYER2
effectively cleaved DNA from 25 to 50°C (fig.
S5, A and B). In addition, ssDNA cleavage assay
with excess substrate showed that HYER1 and
HYER2 were multiple-turnover ribozymes (fig.
S5, C and D). Further, we compared the activity
of HYER1 and HYER2 with well-known RNA-
guided endonucleases (protein-based), SpyCas9
and Casl2s. Each cleavage reaction was per-
formed under the optimal working conditions
reported for each enzyme (39-41). The HYER
(1.5 uM) or Cas effector (1.5 uM) ratio to DNA
(100 nM) was 15:1, under the single-turnover con-
dition. The SpyCas9 effector [1368-amino acid
(aa) protein with 118-nt guide RNA] behaved
most efficiently for DNA cleavage. HYER1 (633 nt)
and HYER?2 (621 nt) showed comparable activity
to PImCasl2e effector (978-aa protein with 121-nt
guide RNA) and AbCas1211 effector (867-aa pro-
tein with 173-nt guide RNA) (fig. S6, A and B).

‘We next examined whether HYER1 and HYER2
could cut double-stranded DNA (dsDNA). Cleav-
age assays showed that they only cleaved the
bubbled dsDNA but not the fully annealed
dsDNA, implying that the native version of
HYER1 and HYER2 could not unwind or invade
dsDNA (fig. S6C). We also tested HYERs 3 to 6
and found they were inactive for cleaving fully
annealed and bubbled dsDNA (fig. S6D). Be-
cause plasmids usually contain denatured bub-
bles as a result of supercoiled tension (42), we
tested and found that HYER1 and HYER2
were able to nick a plasmid that contained a
TRS-complementary sequence (Fig. 2A). Al-
though inactive for bubbled dsDNA cleavage,
HYERs 3 to 6 all exhibited such plasmid nick-
ing capabilities (fig. S6E).

HYER cleaves plasmid and genomic DNA in vivo

To test whether HYERs were active in cells, we
adopted the ccdB reporter system for activity
validation. ccdB toxin interferes with DNA rep-
lication in E. coli and leads to bacterial death

2 February 2024

(43, 44). E. coli could survive, however, if the
ccdB plasmid was targeted and depleted in-
stead (Fig. 2B). Nicking and retention of RNA-
guided nuclease in the target plasmid has been
reported to inhibit plasmid replication, result-
ing in depletion of the plasmid in cultured
bacteria (45, 46). We tested HYERs 1 to 6 and
SpyCas9 controls designed to target the ccdB
plasmid. Similar to wild-type SpyCas9 (wtCas9)
and nickase SpyCas9 (nCas9), HYER1 and HYER2
yielded survival clones, but the blank control
and HYERs without TRS did not (Fig. 2C). This
correlates with reduced ccdB expression due to
plasmid depletion by HYER1 and HYER?2 (Fig.
2D and fig. S7A). Furthermore, the depletion of
the ccdB plasmid, which also carries the am-
picillin resistance gene (AmpR), led to bacte-
rial death in the presence of ampicillin (Amp")
without cedB induction (fig. S7B). Growth curve
analysis demonstrated that HYER1 exhibited
minimal toxicity to bacteria, confirming that
cell death under Amp* selection was caused by
plasmid depletion by HYERI1 (fig. S7C). HYERs
3 to 6 were inactive in our assays (fig. S7, D to G).

Although HYERs cannot unwind dsDNA
in vitro, active cellular events such as transcrip-
tion may generate a bubbled window at the
target site, allowing DNA access and cleavage
by HYERs. We evaluated the ability of HYERs
to cleave genomic DNA in a reporter cell line
harboring an out-of-frame puromycin resistance
gene (puro*®) in its genome. Upstream of the
puro* gene, we positioned a target cassette
with three interspaced and identical target
sites, all bearing the same TRS-complementary
sequence on both top and bottom DNA strands
(Fig. 2E). HYER-induced dsDNA breaks are ex-
pected to be repaired through endogenous path-
ways, potentially leading to target-site insertions
and deletions (INDELs) that realign the puro*
into a functional ORF (puro) which then con-
fers puromycin resistance to the cells (Fig. 2F).
Though HYER2 was inactive in mammalian
cells, HYERI1 yielded many survival clones after
puromycin selection. The nontargeting var-
iants of HYER1 and HYER2 (NT-HYER), each
harboring a mutated TRS noncomplementary
to the target site, failed to produce any survival
clones (fig. S8A). In agreement, T7E1 assay (47)
on PCR products of HYER1-edited genome frag-
ments covering the entire target cassette yielded
cleaved DNA bands with expected sizes (fig.
S8B). Deep sequencing focusing on each site
revealed 9.18% INDEL efficacy for target 1,
7.35% for target 2, and 0.01% (<1%, not ap-
preciable) for target 3 by HYERI (Fig. 2G).
Within the target sites, insertions of 1 to 2 nt
and deletions of 1 to 25 nt were ob served
(Fig. 2G). Sequencing analysis covering the
entire target cassette identified the largest
deletion, spanning 85 nt from target 1 to tar-
get 2 (fig. S8C). Notably, no INDELSs were de-
tected in regions flanking the target cassette,
indicating that HYERI editing is TRS-guided
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Fig. 2. HYERs cleave DNA in multi-
ple scenarios. (A) In vitro cleavage of

HYER1 HYER2
plasmid. SC, supercoiled plasmid; o 24 0 24 Time (h)
L, linearized plasmid; OC, open-circular Bkz MsC Lot __——
plasmid. Aliquots were collected at the 60 ; — - Product (0C)
following time points: 0, 3, 8, and 50|
24 hours. (B) Schematics of the plasmid :Z - - Substrate (SC)
interference assay. The HYER plasmid, i

target plasmid, Ampicillin-resistance
gene (AmpR) and ccdB gene are

labeled. (C) Survival of bacteria on the c

culture plate containing 50 ug/mL

streptomycin and 10 mM arabinose. Dilution
The plasmid used for transformation gradient
harbored a streptomycin resistance 10°
gene and arabinose was used to induce 10"
ccdB expression. HYER1 recognizes 10
the TGTCTT site within the ori region 10%
of the ccdB plasmid. HYER2 recognizes 104
the TGCCTA site within the araC gene 10
region of the ccdB plasmid. The blank 106
column indicates the empty vector; 107

Hr1_ATRS, HYER1 without TRS;

Hr2_ATRS, HYER2 without TRS; dCas9
(dead SpyCas9, D10A, H840A), dCas9 E
with nontargeting guide RNA; nCas9
(SpyCas9 nickase, H840A), nCas9 with

ccdB plasmid-targeting guide RNA;

wtCas9, wtCas9 with ccdB plasmid-
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and confined to specific target sites (fig. S8D).
To further test the unenriched editing effi-
cacy, we collected genomic DNA from HYER1-
transfected cells before puromycin selection
(fig. S9A). Edited bands were not detected
via T7E1 assay (fig. S9B). The INDEL rates
revealed by deep sequencing were minimal,

Liu et al., Science 383, eadh4859 (2024)

ranging from 0.09 to 0.2% for the three target
sites, suggesting a limited genome editing
capability of native HYER1(fig. S9, C and D).
Collectively, our results indicated that TRS-
guided HYER was capable of targeting and
cleaving DNA in cells. However, the genome-
editing efficacy in mammalian cells of the
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native version is weaker than that of protein-
based platforms such as CRISPR-Cas.
The overall architecture of HYER

To elucidate the DNA cleavage mechanism of
HYER and provide information for potential
engineering, we analyzed the structure of HYER1
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using cryogenic electron microscopy (cryo-EM)
(fig. S10). Unlike the reported intron ribozymes
that often have monomeric status, HYER1 forms
a homodimer (Fig. 3A, fig. S11, and movie S1). 3D
classification revealed two structural populations
of HYER1 dimers: one in an open conformation
and one in a closed conformation (fig. S1I0C).
HYERT1 in the closed conformation exhibits a
C2 symmetry. A refined EM map in the closed
conformation at 3.0 A resolution was obtained
for ab initio atomic model building and structural
elucidation (figs. S10C, S11, and S12, A and B).
Based on the map, DI, DII, DIIL, DV, and DVI
form a stable core with clearly visible and high-
resolution density (Fig. 3A and fig. S10, C and
D). DIV forms a semi-ring structure and anchors
around the stable core, leading to a flexible
local density with limited resolution in the EM

Fig. 3. The overall struc- A
ture of HYERL. (A) Cryo-EM
maps of HYERI in closed
conformation. Both the front
and side views are shown.
Dl is light blue, DIl is navy
blue, DIl is light green, DIV
is yellow, DV is red, and
DVl is purple. For clear
presentation of both the
high-resolution details

and the overall architecture,
the 3.0-A map is fitted into
the 6-A low-pass-filtered

map (Fig. 3A and fig. S10D). We therefore mod-
eled the entire stable core and the confident re-
gions within DIV (fig. S12A).

Canonical structural elements of the GII-C
intron that maintain the overall architecture
of each monomer, such as the o-o’, y-y’, €-€,
AN, 0-0°, x-x’, and (-C interactions (12), are
observed in HYERI (fig. S11). The bulged A627
forms a stack interaction with G1 in the line-
arized HYER1 instead of covalently ligating
to G1 as seen in lariat introns (fig. S12B) (7, 8).
HYERI1 contains several other distinct struc-
tural features (fig. S12). In the recently reported
ORF-containing Eubacterium rectale (E.r.) in-
tron, the interaction between DIV and DI is
mediated by IEP (fig. S12C) (8). However, each
monomer of HYER1’s DIV directly interacts
with DI, displaying an anchor-back architec-

DIV

map. Monomer 2 in the low- Monomer 1 Monomer 2
pass-filtered map is semi-

transparent. (B) Atomic B

model of HYERL. The model

is fitted into a 6-A low-pass- PN K
filtered transparent map. eSo) R /ﬁm&«?‘/;

(C) Molecular details and
illustrated model of the
anchor-back region. The

nucleotides involved in Eﬁ/g% A
the anchor-back interaction (@é i
are labeled. (D) The molecular \5 ] ;
details and diagram of D/

NS

the U3610UAGA366 palin-

drome. The palindrome in

each monomer is colored in
green or gray, respectively.

(E) The molecular details

and illustrated model D
of the A-stacking region.

The nucleotides from each
monomer are colored in light

blue or gray, respectively.

Monomer 1 G365 ”

Liu et al., Science 383, eadh4859 (2024)

-stacking

G365 361U — A 366

362 C — C 365

362 363 U — A 364
A366
U361

364 A — LU 363
365 G — C 362
366 A — U 361
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ture (Fig. 3, B and C, and fig. S12, B and C). This
anchor-back region is stabilized by multiple
hydrogen bonds such as the G-A-pairing by
G206 (DI) and A471 (DIV), the triplex-pairing
by U473 (DIV), A207 (DI), and U469 (DIV), as
well as stacking interactions (Fig. 3C). More-
over, within DIII of HYER], the U35,CUAGA366
palindrome provides six continuous base pairs
between the two monomers and mediates dimer-
ization (Fig. 3, B and D, fig. S10, and fig. S12B).

Primary sequence analysis revealed seven dis-
tinct palindromes within DIII of 45 newly iden-
tified ORF-containing and ORF-less introns, and
the sequence UCUAGA is shared by 17 introns
including HYER1 and HYERS (fig. S13A). This
suggests that the palindrome might be a common
feature for a particular population of GII-C in-
trons. Among the six active HYERs, HYER1 and

10 nm

AA A-

Monomer 1 Monomer 2

50f13
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HYER5—which contain identical palindromes—
both displayed dimerized architectures based
on size exclusion chromatography (SEC) and
cryo-EM analysis (fig. S13). HYERs 2, 3, 4, and
6, without palindromes in DIII, all exhibited
monomeric architectures (fig. S13, B and C). 3D
refinement and modeling of the monomeric
HYER?2 revealed a similar overall structure to
a HYER1 monomer but with some differences
including additional interactions formed by DIIT
(A351 and U353), DI (A144), and DV (C562-G563
and G583-U585), which may further stabilize the
catalytic core in HYER2 (fig. S14). Although
mutating the palindromes disrupted the dimer-
ization of HYER1 monomers, it had a minimal
effect on the DNA cleavage activity both in vitro
and in bacteria (fig. S15). Whether this palindrome-
mediated dimer architecture has further biolog-
ical significance in HYERS’ native hosts remains
to be studied.

Beyond the palindromes, an 8-nt stacking
region was formed by A35-A245-A34-A33 (DI of
monomer 1) and A33-A34-A245-A35 (DI of
monomer 2), which stabilizes the HYER1 dimer
in a closed conformation with a C2 symmetry
(Fig. 3, B and E, and figs. S11A and S12B). How-
ever, the stacking interaction seems to be lost
in the unmodeled open conformation map, al-
lowing the detachment of DIs within the two
monomers and resulting in a flexible and asym-
metric dimer (fig. S10C).

Molecular details of DNA recognition
and cleavage by HYER

Within HYER1, we observed a catalytic pocket
built by DI (G1-G5 and A106-G107), DII (J2/3
linker A337-C339), and DV (C565, catalytic triad
C566-C568, G582-U583, 2-nt bulge A584-C585),
similar to ORF-containing introns (Fig. 4, A
and B, and fig. S12A) (8, 12, 25, 48-50). To Vi-
sualize how DNA is captured and cleaved, ex-
cess oligos that mimic the pre-cleaved DNA
(5"-T;GTCTT(T,CC-3") and postcleaved DNA
(5-T;GTCTT4-3') were incubated with HYER1
at 8°C for 10 min for cryo-EM analysis (figs.
S16 and S17). The refined maps suggest that
the pre-cleaved and postcleaved DNA oligos
stably reside in the catalytic pocket (Fig. 4, A
and B, and figs. S16 and S17). Within this pocket,
the DNA is captured by TRS (A;5;AGACA;g6) in
DI through 6-bp continuous complementarity,
and the DNA-DNA linkage between dT6 and
dT7 is further presented to the reaction center
formed by the catalytic triad (C566-C568) and
2-nt bulge (A584 and C585) in DV (Fig. 4C and
movie S2). The single mismatch within the
6-bp pairing region decreased or eliminated the
DNA cleavage activity, indicating precise DNA
recognition by HYER1 TRS (Fig. 4D and fig. S18).

Two extra densities in the catalytic center
can be observed which are presumed to be the
catalytic Mg®* (M-1 and M-2) (12, 50). This in-
dicates that HYER1 might hydrolyze DNA using
the canonical two-metal mechanism, in which

Liu et al., Science 383, eadh4859 (2024)

the two Mg>* can recruit a water molecule as a
nucleophile to attack the scissile phosphodi-
ester bond in the DNA backbone (Fig. 4, B and C)
(12, 50). In addition to the often-observed Mg>*
coordination interactions in ORF-containing
introns, U633 in HYER1 DVI also interacts with
M-2, which may help to further stabilize this
catalytic Mg>* in the reaction center for DNA
hydrolysis (Fig. 4, B and C) (7, 8). Structural com-
parison focusing on the monomer cores shows
very similar overall architectures and catalytic
pockets [root mean square deviation (RMSD)
<1.2 A] among the apo- and cleavage states,
indicating the stable structural folding of the
HYER1 monomer, which might also be related
to its robust DNA cleavage activity (fig. S19 and
movie S2). For apo-HYER1, 61% of the refined
particles are in open conformation, and this per-
centage of the particles in the open conformation
increases to 63 and 73% for pre- and postcleav-
age states, respectively (figs. S10, S16, and S17).

HYER is programmable for sequence-specific
DNA cleavage

Our biochemical and structural results con-
firmed the essential role of DNA recognition
by TRS, which is structurally exposed and stays
in a single-stranded state in either dimeric or
monomeric HYERs (Fig. 5A and fig. S14, A and
B). This suggested that the target specificity
of HYERs was programmable. To test this, we
mutated the TRS sequences of HYERs 1 to 6 and
redirected them to cleave new DNA targets (fig.
S20A). For HYERT1 specifically, an extensive ac-
tivity comparison was conducted, demonstrat-
ing that all four TRS-reprogrammed constructs
cleaved their complementary DNA, with two
showing more than twofold increased activity
compared with native HYER1 (Fig. 5B and fig.
S20B). To explore whether the length of TRS
could be manipulated, we designed HYER1 with-
out TRS or with 2, 4, 8, 10, 12, and 14-nt TRS.
Although the activity was reduced, constructs
with 8 to 12-nt TRS still cleaved the DNA tar-
gets in vitro (Fig. 5C and fig. S20, C and D).
Similar to native HYERI, constructs with 4,
8, and 10-nt TRS showed plasmid depletion
activity in bacteria (fig. S20, E to H). Struc-
tural analysis indicated that HYER1 with 10-nt
TRS had the same dimer architecture and cat-
alytic pocket as native HYER1 but contained a
more flexible TRS due to the length extension
(fig. S21). Moreover, every single mismatch in
the 10-nt TRS pairing region eliminated the
plasmid interference activity in bacteria, sug-
gesting a precise DNA recognition contrib-
uted by all nucleotides in the extended TRS
of HYERI1 (fig. S22).

To expand the DNA-recognition ability be-
yond the TRS, we substituted A223 with a 14-nt
recruiting sequence (RS), positioned next to
TRS (Fig. 5D and fig. S23). RS-inserted HYER1
showed increased DNA cleavage activity com-
pared with native HYER1 (Fig. 5, E and F). Of
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note, cleavage was abolished when the DNA
matched only the TRS but not the RS (Fig. 5, E
and F). We hypothesized that RS might reshape
the DNA-binding pocket to influence the role
of TRS, becoming essential for DNA recruit-
ment and cleavage.

HYERT1 naturally forms a homodimer medi-
ated by the palindromes and contains two iden-
tical catalytic pockets and TRS sequences (Fig.
5A). We mutated the palindrome to UCUCCU in
monomer 1 (M1*) and AGGAGA in monomer 2
(M2%) (Fig. 5G). Additionally, we redesigned
the TRS sequences to create two distinct TRSs
(TRS1 in M1* and TRS2 in M2*) (Fig. 5G). Al-
though M1* and M2* could not form dimers
individually, combining them in an equimolar
ratio yielded a stable M1*-M2* heterodimer
(Fig. 5, H and I). By designing the sequences of
bubbled dsDNA, M1*_TRS1 and M2*_TRS2
could selectively target the top and bottom DNA
strands (Fig. 5J). Through controlling the length
of the spacer sequence between the two cleav-
age sites, the M1*-M2* heterodimer generated
cleavage products with 5’ overhangs, blunt ends,
or 3' overhangs (Fig. 5J and K). Our results sug-
gest that the HYER1 heterodimer provides im-
proved DNA manipulation capability.

Discussion

In this study, we obtained a population of multi-
copy intron RNAs, called HYERSs, capable of
DNA cleavage through hydrolysis instead of
transesterification. However, whether HYERs
naturally cleave DNA in their hosts remains
unclear, and whether such HYER-encoding
retrotransposons propagate through retro-
transposition or other mechanisms such as
gene conversion has yet to be explored (57-53).
If HYERSs behave similarly to canonical retro-
transposons, understanding what components
in the native hosts may catalyze the reverse tran-
scription of HYER RNAs requires additional
investigation.

Unlike many reported GII ribozymes, which
prefer the high cation concentration and extreme
temperature for catalysis (10, 12, 21, 22), HYER
seems tolerant to a wide range of cation con-
centrations and temperatures and cleaves both
the RNA and DNA. The highly active HYER1
cleaved plasmid in the buffer with 10 mM Mg**
and 150 mM K", showed plasmid-interference
activity in bacteria and generated dsDNA breaks
in the mammalian genome. Moreover, by
combining biochemical and structural analy-
sis, we elucidated the working mechanism by
HYER, which is comparable to the well-known
RNA-guided CRISPR-Cas nucleases that use
a reprogrammable single-stranded RNA for
target recognition and cleave the target through
hydrolysis (39-41). These results suggest the
potential of HYER as DNA and RNA manip-
ulation tools without ligating itself into the
target site. HYERs (~0.6 kb) are much more
compact than widely used CRISPR nucleases
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Fig. 4. The structural A
mechanism of DNA cleav-
age by HYERL. (A) Cryo-EM
maps of HYERI in the apo
state, precleavage state, and
postcleavage state. DNA
density is colored in green
and TRS density is colored in
light blue. Other domains are
indicated in semi-transparent
colors according to Fig. 3A.
(B) The atomic models of

Apo state

LIRS sy
V.1 V¢
y };, 7}\

Pre-cleavage state

\‘(Pre-cleaved DNA

1nm
HYERI catalytic core in
the apo state, precleavage \ \
state and postcleavage N N
state. The different domains o0 o0
are colored according to Pre-cleaved DNA
Fig. 3A. Additionally, the B
illustrated model of DV is TRS A186
rendered transparent and D) c185
the Mg?* (M-1 and M-2) in A184
forest green. (C) Model of - G183
DNA hydrolytic cleavage. y A
The Mg®* ions are displayed A187 A181

as green dots. The phosphate
groups coordinating the

Mg?* are displayed as orange
dots and linked by the gray
lines with their associated
RNA nucleotides. The nucleo-
philic water is displayed

as a navy blue dot. The TRS

G582

1 nm

Post-cleavage state

sty
fhL

( Post-cleaved DNA

1 nm

RN

90°

Post-cleaved DNA

2-nt bulge
(light blue) and DNA (green)
are paired for 6 bp. The c D
scissile phosphodiester bond
between dT6 and dT7 is oy ssDNA 5'—1-.-.-.-.-.-—3' T .'3. — ... —rrrr H
specifically shown in detail. ~ RS ( ) ( )
(D) The cleavage plot of TRS 5
HYER1 with 6-nt TRS on DNA \ I 100+ e Fully paired
with single mismatches o § 50 s
(n. = 3 each; means + SD). G582 e, ® Water (Nucleophile) % SM2
Aliquots were collected Us83— . $ 60
at0,1,2, 4,8, and 16 hours, PEp—p 5 . o
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unpaired bases in DNA are 2-nt bulge cse5 €566 __.-*” * oI, T SMe
labeled in black. Single Tt Catalytic triad 0 4 8 12 16
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labeled on the DNA strands. The single-turnover rate constants for the cleavage of fully paired and SM1 substrates are 0.2112 hour™ and 0.08238 hour™ (2.6-fold
decrease for SM1 substrates compared with the fully paired substrates), whereas other substrates are not cleaved.

(3 to 4 kb) (39-41, 54-57). The HYER mole-
cules are also considerably easier to obtain by
in vitro transcription than protein nucleases
that are often expressed and purified from
cells with complex protocols and considera-
ble effort. Whereas CRISPR-Cas typically rec-
ognizes a 20-nt DNA region using a guide RNA
spacer, native HYER only recognizes a 6-nt DNA
region using a TRS element, limiting HYER’s
performance for precise genome editing. Our
structure-based engineering extended the DNA

Liu et al., Science 383, eadh4859 (2024)

recognition length up to 20 nt by TRS exten-
sion and RS insertion. The heterodimer design
with two distinct TRSs also doubled the length
of DNA recognition and yielded engineerable
cleavage patterns on bubbled dsDNA, suggesting
HYER as a highly engineerable platform with
considerable room for improvement. Currently,
the in vivo editing activity of native HYERs is
minimal, most likely a result of its limited ca-
pacity of dsDNA unwinding. However, as seen
for many protein nucleases, such as CRISPR-

2 February 2024

Cas9 and CRISPR-Cas12fl, whose genome edit-
ing efficacies have been vastly enhanced after
intensive engineering (58, 59), advanced struc-
tural engineering, integration of functional RNA
elements for recruiting endogenous helicases,
directed evolution, and screening of new can-
didates or RNA modules capable of dsSDNA un-
winding can be applied to improve HYER’s
performance in various applications.

The DNA cleavage activity of the ORF-less
introns identified in this study is normally
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Fig. 5. Engineering of HYERL (A) lllustrated model of HYER1 homodimer. The
TRS and palindromes are outlined and labeled. (B) The DNA cleavage plot of HYERL
with reprogrammed TRS (n = 3 each; means + SD). Aliquots were collected at
0,1, 2 4,8, and 16 hours. The sequences of tested TRSs are shown in the right
panel. The single-turnover rate constants of HYER1 with UAGGCA, GGAGUG,
UGUCCC, and CGAUAG TRS are 1.393 hour™, 0.6206 hour™, 0.3815 hour™* and
0.01634 hour™ [5.9-fold increase, 2.6-fold increase, 1.6-fold increase and 14.6-fold
decrease compared with the native TRS (0.2380 hour™)]. (C) The cleavage assay
of HYER1 with different lengths of TRS. HYERL and ssDNA were incubated at

37°C for 16 hours. The complementary nucleotides within TRS and DNA are labeled
in red. (D) lllustrated model of RS-inserted HYERL. (E) Target and nontarget

DNA cleavage assay of HYERI and RS-inserted HYERI, aliquots were collected at O,
1,6, and 24 hours. T, the ssDNA with TRS and RS-complementary sequences.

T* the ssDNA with TRS-complementary sequence and RS-noncomplementary

Liu et al., Science 383, eadh4859 (2024) 2 February 2024

sequence. (F) The cleavage plot of HYERL and RS-inserted HYERL (n = 3 each;
means + SD). The single-turnover rate constants of HYERL on T, RS-inserted HYERL
on T, and RS-inserted HYER1 on T* are 0.03968 hour™, 0.7296 hour™ and 6.17 x
107° hour™. (G) lllustrated model of the HYERI heterodimer. (H) The size exclusion
chromatogram of HYER1 monomers and heterodimer. The UV254 absorbance curve
is respectively colored for each sample. (I) The 2D class averages of monomers
and heterodimer. The monomer units are highlighted with dashed circles. (J) Diagram
of bubbled dsDNA cleavage by HYER1 heterodimer. The cleavage sites are indicated
by red triangles. (K) Cleavage of bubbled dsDNA with various spacer lengths
between the two cleavage sites. The lengths of spacers are indicated on the top. The
top and bottom strands are labeled with Cy5 (red dots) or FAM (green dots) on
the 3" end, respectively. The DNA strands with fluorophores are colored accordingly.
Fluorescence channels (Cy5, red; FAM, green; merge, yellow) are merged through
ImageJ. S, substrate. P, product. Aliquots were at 0, 3, 6, and 18 hours.
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performed by the IEP encoded in DIV of the
ORF-containing intron. In the ORF-containing
intron complex, IEP connects DIV and DI to
maintain the stable architecture of the retro-
transposon complex whereas in the ORF-less
intron HYER1, DIV itself can interact with DI,
achieving an overall architecture similar to the
IEP-bound introns (7, 8, 60). Inspired by the
RNA world hypothesis that envisions RNA as
the original form of life, we speculate that dur-
ing evolution, structural and catalytic func-
tions of RNAs were gradually taken over by
proteins (61-64). In the case of the GII-C in-
tron system, we envision a multi-step molec-
ular evolution (fig. S24). (i) In the primitive
RNA world, intron RNA played roles such as
maturation, new site recognition, and inser-
tion in the RNA genome. (ii) When DNA be-
gan to emerge, genetic information storage
in the form of DNA became more stable and
intron RNA might have adapted to propagate
in DNA-RNA chimeric or pure DNA genome,
although not as efficiently. (iii) Continuing evo-
lution, especially the extension of DIV, gradually
generated ORF-containing DIV, which were
able to code for short peptides or proteins.
These peptides or proteins then acted as cis-
elements to interact with DIV and enhance
intron RNA’s structural stability and catalytic
activity. (iv) As evolution went further, the ORF
of DIV became longer and more mature and
the protein it encoded not only played the
function of stabilizing the structure, but also
acquired DNA-cleavage and reverse transcrip-
tion activities to functionally replace the RNA
ribozymes, as seen in the current ORF-containing
GII-C systems that actively propagate in bacte-
rial genome through retrotransposition (fig.
S24) (7, 25, 65, 66).

Materials and Methods
Group II-C intron identification
and phylogenic analysis

Multi-covariance models were built based
on 92 reported GII-C systems (9, 19, 20).
The GII-C sequences were first divided into
two parts, DI to DIII and DV to DVI, based on
their secondary structures. After removing du-
plicated sequences, we performed sequence
alignments using Clustal Omega (1.2.4) (67).
Subsequently, covariance models for DI to
DIII and DV to DVI were independently con-
structed based on the sequence alignment
results using INFERNAL (1.1.4) with default
parameters (27). The covariance models are
listed in data S1 and S2.

Candidates that matched both models with
E-value <107 and were shorter than 4000 nt
were selected from the genome of 45,599 species-
level operational taxonomic units (OTUs) in
the Earth’s Microbiomes catalog (26). The hid-
den Markov model of ORF-encoded IEPs was
built using HMMER (3.3.2) based on identi-
fied IEP sequences from reported GII-C sys-
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tems (30). Proteins encoded in the metagenome
were predicted by Prodigal (2.6.3) (68).

To determine the multicopy introns, we em-
ployed BLASTN (2.12.0+) (69) to cluster and
find highly identical copies (both query cover-
age per subject and percentage of identical
matches higher than 90%) in each OTU. The
significance of GII-C intron size analysis was
determined through Mann-Whitney U test.
The sequences of newly identified multicopy
GII-C introns are listed in data S3.

To identify more suitable candidates for ex-
perimental evaluation, the subsequent filter-
ing criteria were implemented: (i) The DIV
was restricted to be less than 200 nt in order to
obtain more compact introns, 64 introns left.
(ii) Secondary structures predicted by RNAfold
(2.4.17) were manually screened to find can-
didates with clearly recognized TRS loop, 25
introns left (70). (iii) Thermal stabilities were
ranked among these 25 introns based on sec-
ondary structure prediction (ensemble di-
versity normalized by length using RNAfold)
to identify introns exhibiting high stability.
Following the application of these criteria,
the top nine introns, which possess compact
sizes, exhibit clear TRS structures and dem-
onstrate high thermal stability, were selected as
HYER candidates for the wet-lab characteriza-
tion (data S4:).

The phylogenetic tree reconstruction was
performed with the full sequences of 469 multi-
copy introns identified in this study and 54 re-
ported multicopy introns using IQ-TREE2 (71)
and iTOL (72), based on the alignments by
Clustal Omega (1.2.4) (67).

To identify the 469 multicopy intron RNAs
with or without ORFs, a 5-mer frequency matrix
was constructed by Jellyfish (73). The log nor-
malization and dimension reduction were
conducted by Seurat (4.3.0) (74). The top 10 prin-
cipal components (PCs) were selected for di-
mension reduction by UMAP (31).

Identification of the conserved 5-exon hairpin

The secondary structures of the upstream 50-nt
sequences of the multicopy intron RNAs were
predicted by RNAfold. We then analyzed the
occurrence frequency of the 5' paired, 3’ paired,
and nonpaired bases at each position to indicate
the secondary structure conservation. The graph-
ical representation of sequence conservation
was generated by WebLogo (2.8.2) (75, 76).

Plasmid construction

The RNA sequences of HYERs 1-9, O.. intron,
FJAT-27916 sp. intron and B.sp. intron are
listed in table S1, and the genes were ordered
from Sangon Biotech or Tsingke Biotechnology.
The mutations in the palindrome or the TRS of
HYERs were introduced through site-directed
mutagenesis by PCR. For bacterial plasmid in-
terference, the ccdB toxic plasmid (p11-LacY-
wtx1, Addgene no. 65777) was kindly provided
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by W. Li in the Institute of Zoology, Chinese
Academy of Sciences. The trc promoter activ-
ated Cas9, nCas9 (H840A), and dCas9 (D10A
and H840A) gene cassettes and the J23119 pro-
moter activated guide RNA (spacer: GCGAUA-
AGUCGUGUCUUACC) cassette were inserted
into the pCDFDuet-1 vector by Gibson assembly,
and the original T7 promoters in pCDFDuet-1
were removed. The J23119 promoter activated
ribozyme cassettes were inserted into the
pCDFDuet-1vector by Gibson assembly, and
the original T7 promoters in pCDFDuet-1 were
removed. The PiggyBac integration plasmid
and transposase plasmid were kindly pro-
vided by N. Liu in the School of Life Sciences,
Tsinghua University. Plasmids and related
details are listed in table S2.

In vitro transcription

T7 RNA polymerase promoter upstream of the
DNA that encodes RNA was added by PCR.
The PCR-amplified products were purified
using VAHTS DNA Clean Beads (Vazyme) and
then used as the templates for in vitro tran-
scription (IVT). All reactions were performed
in IVT buffer (30 mM Tris 8.1, 25 mM MgCl,,
0.01% Triton X-100, 2 mM spermidine, 5 mM
DTT) with 5 mM of each NTP, 0.01 mg/ml RNase
inhibitor and 0.02 mg/ml T7 RNA polymerase.
After DNase I digestion followed by proteinase
K treatment to remove DNA templates and
proteins, the transcribed products were washed
and concentrated using 100 kDa molecular
weight cut-off centrifugal filters (Merck Millipore)
in a buffer containing 50 mM MOPS (pH 7.5),
10 mM MgCl, and 15% glycerol. The HYERs
were then flash-frozen in liquid nitrogen and
stocked in —80°C. The RNA samples were usually
stocked with a concentration of 20 uM. The RNA
quality was examined by electrophoresis using
a denaturing 8% Urea-PAGE gel. The RNA
sequences and related descriptions are listed
in table S1.

In vitro cleavage assays for screening
HYER candidates

The 3-NH, labeled ssRNA was ordered from
RuiBiotech and were further labeled with Cy5
through the reaction between -NH, and Cy5-
NHS. 3'-NH, labeled ssDNA was ordered from
Sangon Biotech and labeled with Cy5 follow-
ing the same protocol. For the cleavage assay
of ssRNA and ssDNA with 5 copies of target
site, 0.1 uM substrates were incubated with
1.5 uM HYERs at 50°C in a buffer containing
125 mM MgCl,, 500 mM NH,Cl, 40 mM MOPS
(pH 7.5) and 100 ng/uL BSA. The reaction was
terminated by adding EDTA, which was 1.25
times as much as the amount of Mg>*. For the
ssRINA cleavage assay, formamide was directly
added to a final concentration of 50% before
incubation at 95°C for 1 min and cooled down
on the ice. For ssDNA cleavage assay, RNase
digestion and proteinase K treatment were
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performed before the addition of formamide. The
reaction samples were analyzed in 20% Urea-
PAGE for ssRNA cleavage and 15% Urea-PAGE
for ssDNA cleavage. The gels were visualized
using Amersham Typhoon 5 (GE Healthcare).
The percentage cleaved was quantified using
ImageJ and the curves were plotted using
the One-Phase-Association model P = P, +
(Plateau — Py) x (1 — € ** %) in GraphPad Prism
7 [P indicates the percentage cleaved (%), P,
indicates the percentage cleaved (%) att =
0 hours, Plateau indicates the maximum per-
centage cleaved (%), k indicates the rate constant
(hour™®), t indicates the time of the cleavage re-
action (hour)]. All experiments were performed
with at least three replicates. Oligonucleotides
used in this study and related descriptions are
listed in table S3.

Cleavage site determination

The 3'-NH, labeled ssDNA marker and ssDNA
with one target site was ordered from Sangon
Biotech and labeled with Cy5 as described
above. The ssDNA random hydrolysis ladder
was prepared by DNase I treatment of Cy5-
labeled ssDNA. The HYER and ssDNA with one
target site were incubated at 50°C for 24 hours
in the condition described above and analyzed
by electrophoresis using 20% Urea-PAGE. The
gels were visualized using Amersham Typhoon
5 (GE Healthcare). Oligonucleotides used in
this study and related descriptions are listed in
table S3.

In vitro cleavage assays for biochemical
characterization of HYERs

To investigate the effect of Mg?* concentration
on HYERSs catalytic capability, 0.1 uM ssDNA
with one target site was incubated with 1.5 uM
HYERs at 37°C in a buffer containing 10 to
125 mM MgCl,, 150 mM KCI, 40 mM MOPS
(pH 7.5) and 100 ng/uL BSA. To investigate
the effect of monovalent ion concentration on
HYERS’ catalytic capability, 0.1 uM ssDNA was
incubated with 1.5 uM HYERs at 37°C in a
buffer containing 50 mM MgCl,, 40 mM MOPS
(pH 7.5), 100 ng/uL BSA and 10 to 500 mM KCl
or NaCl. For cleavage assay at different tem-
peratures, 0.1 uM ssDNA was incubated with
1.5 uM HYERs at 25°C, 37°C, 42°C, 50°C or 60°C
in a buffer containing 50 mM MgCl,, 40 mM
MOPS (pH 7.5), 100 ng/uL BSA and 10 mM KCl
The reactions were terminated as described
above and the reaction samples were analyzed
using 20% Urea-PAGE. The gels were visualized
and analyzed as described above. All experi-
ments were performed with at least three repli-
cates. Oligonucleotides used in this study and
related descriptions are listed in table S3.

DNA cleavage activity comparison among HYERs
and CRISPR-Cas nucleases

For DNA cleavage by HYERS, 0.1 uM ssDNA
was incubated with 1.5 uM HYERs at 37°Cin a
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buffer containing 50 mM MgCl,, 10 mM KCl,
40 mM MOPS (pH 7.5) and 100 ng/ul. BSA.
The reaction samples were analyzed in 20%
Urea-PAGE. For DNA cleavage by Cas nucleases,
dsDNA, proteins, and guide RNAs were pre-
pared as described before (39-41). Cleavage
reactions were initiated by mixing 1.5 uM Cas
effector (SpyCas9 or AbCasl2l1 effector) with
0.1 uM dsDNA at 37°C in a buffer containing
150 mM NaCl, 10 mM HEPES (pH 7.5), 1 mM
TCEP and 10 mM MgCl,. For the PImCas12e
effector, the reaction buffer contains 400 mM
KCl, 20 mM Tris 7.8, 1 mM DTT and 5 mM
MgCl,. The reaction samples were analyzed in
15% Urea-PAGE. The gels were visualized and
analyzed as described above. All experiments
were performed with at least three replicates.
Oligonucleotides used in this study and re-
lated descriptions are listed in table S3.

In vitro plasmid and dsDNA cleavage by HYERs

For the dsDNA cleavage assay, the nonlabeled
complementary ssDNA was ordered from Tsingke
Biotechnology and annealed with Cy5-labeled
ssDNA containing one target site to form bub-
bled or fully annealed dsDNA. 0.1 uM dsDNA
with one target site were incubated with 1.5 uM
HYERs at 37°C in a buffer containing 50 mM
MgCl,, 10 mM KCl, 40 mM MOPS (pH 7.5) and
100 ng/uL BSA. After the addition of EDTA,
RNase digestion and proteinase K treatment
described above, the reactions were analyzed
using 15% Urea-PAGE. Oligonucleotides used
in this study and related descriptions are listed
in table S3.

For plasmid cleavage assay, 0.03 uM ccdB
plasmid carrying the targets was incubated
with 1.5 pyM HYERs at 37°C in a buffer con-
taining 10 mM MgCl,, 150 mM KCl, 40 mM
MOPS (pH 7.5), and 100 ng/uL BSA. The reac-
tions were terminated by the addition of EDTA,
RNase digestion and proteinase K treatment
described above. Glycerol was added to a final
concentration of 15% before performing elec-
trophoresis in 0.9% agarose gels. Open-circular
and linearized plasmid were prepared using
Nt.BspQI and EcoRI (NEB) following the man-
ufacturer’s protocols.

Plasmid interference in bacteria

E. coli BW25141 cells were requested from
Prof. G. Shang in College of Life Sciences,
Nanjing Normal University. The ccdB plasmid-
containing BW25141 competent cells were
prepared following the protocol previously
described (44). For each group, 200 ng HYER
plasmid was electroporated into 50 uL ccdB
plasmid-containing competent cells with 0.2 cm
cuvette (BIO-RAD) under 2.0 KV using Eppendorf
eporator. After 1.5 hours of recovering in 5 mL
SOC medium (Sangon Biotech) at 37°C, bacte-
ria enriched by centrifugation were resuspended
with 5 mL liquid LB medium plus 50 ug/mL
streptomycin and 0.2% glucose (w/v). After

2 February 2024

every 12 hours of culturing, 50 pL culture was
further seeded into 5 mL fresh liquid medium
for the next 12 hours of culturing. After con-
tinuous culturing of 72 hours in total, 5 uL of
bacterial culture in exponential phase (ODgy, =
0.5-0.6) was spotted onto LB agar plates with
gradient dilutions from 10° to 10”7 and incubated
overnight at 37°C. 1 uL edited bacterial culture
was used for PCR validation of the plasmid in-
terference with Phanta Max Super-Fidelity DNA
polymerase Mastermix (Vazyme).

Meanwhile, 1 mL culture was used for bacte-
rial RNA extraction (77), which was further re-
verse transcribed into cDNA using TIANScript
II RT Kit (Tiangen Biotech). The cDNA served
as templates for real-time fluorescent quantita-
tive PCR (RT-qPCR) to detect the mRNA level
of ccdB gene relative to the 16S rRNA. RT-qPCR
reactions using the Talent qPCR PreMix (SYBR
Green) reagent (Tiangen Biotech) on a CFX96
real-time system (BIO-RAD) were performed
with the following settings: preheating (95°C
for 3 min); 40 cycles of alternating within de-
naturation (95°C for 5 s), annealing (55°C for
10 s) and extension (72°C for 15 s). The relative
mRNA level of ccdB gene was calculated by the
comparative threshold cycle (CT) method nor-
malized to the 16S rRNA in the same sample.
The relative gene expression was defined as
27ACT (78) The significance of relative gene
expression analysis was determined through
one-way analysis of variance (ANOVA). Primers
used in the experiments above are shown in
table S3.

For the verification of plasmid interference
capability of HYER1 with different length of TRS;
the TRS-coding region on the HYERI plasmid
was changed to 0 to 16 nt through site-directed
mutagenesis by PCR. For the single-mismatch
plasmid interference assay of HYER1 with
10-nt TRS in bacteria, the single-nucleotide
mutations were introduced to TRS-coding
region on the HYERI plasmid through site-
directed mutagenesis by PCR. The plasmid
with mutated HYERI was electroporated in-
to BW25141 competent cells containing the
ccdB plasmid for activity analysis as described
above.

Cell line and culture

We constructed the reporter cell line contain-
ing 3n+1 frame-shifted puromycin resistance
gene (puro*) with a target cassette inserted
upstream of the puro*. The target cassette con-
sists of three target sites with 30-bp intervals.
Each target site is composed of native HYER1’s
or HYER2’s TRS-complementary sequences on
both the top and bottom DNA strands. The
target cassette and puro* were cloned into a
PiggyBac integration plasmid under a CMV
promoter by Gibson assembly. 1 x 10° HEK293T
cells were electroporated with a mixture of
PiggyBac integration plasmid and transpo-
sase plasmid at a 1:1 mass ratio (2 ug each) in
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20 ul Opti-MEM (Gibco). After 24 hours post
electroporation, cells were selected by corre-
sponding selection marker using 10 pg/ml
blasticidin (MedChemExpress) for 10 days.
The HEK293T-puro* cells were cultured in
DMEM (Hyclone) supplemented with 10% (v/v)
FBS (Biological Industries) and 1% (v/v)
penicillin-streptomycin (Hyclone) at 37°C in
5% CO,. The PiggyBac system often results in
multiple inserted copies of the target cassettes
across the genome in a single cell (79). For
each cell clone, at least one in-frame cassette
generated by HYER editing is required to
restore the puromycin resistance. For editing
validation, all edited and unedited target cas-
settes in each survival clone were PCR am-
plified for analysis.

Transfection of HYERs and cell editing evaluation

Native HYERs and nontargeting HYERs with
mutated TRS were cloned into the PiggyBac
integration plasmid under a U6 promoter,
and the selection marker was replaced by
hygBR (hygromycin B resistance gene). 1 x 10°
HEK293T-puro* cells were electroporated with
a mixture of HYER plasmid and PiggyBac trans-
posase plasmid at a 1:1 mass ratio (2 pg each)
in 20 ul Opti-MEM (Gibco). After 24 hours
postelectroporation, cells were selected with
50 ug/ml hygromycin B (MedChemExpress)
for 2 weeks, which was followed by the puro-
mycin selection using 5 pg/ml puromycin
(MedChemExpress) for 2 weeks. 10 days into
the puromycin selection, survival cells were
photographed. Before and after puromycin
selection, we collected the cells and extracted
the genome using the Universal Genomic DNA
Kit (CWBIO).

For NGS, the 254-bp regions containing the
target cassette were amplified through PCR
with 2x Phanta Max Master Mix (Vazyme)
and primers containing adaptor sequences.
Amplicons were purified by VAHTS DNA Clean
Beads (Vazyme) and sequenced using the MiSeq
platform. Sequencing reads containing the
target sites were analyzed for editing events by
CRISPResso2 with the following parameters:
quantification window size of 20 bp for each
target site individually and 60 bp for the whole
target cassette, and plot window size of 20 bp
for each target site individually and 60 bp for
the whole target cassette. INDEL percentage
of each target site (not including substitutions)
was presented by the ratio of modified reads
from the CRISPResso2 output.

For T7E1 assay (47), the 717-bp regions con-
taining the target cassette were amplified (the
forward primer on the CMV promoter and the
reverse primer on the puro*) through PCR
with 2x Phanta Max Master Mix (Vazyme) and
purified by VAHTS DNA Clean Beads (Vazyme).
About 200 ng purified DNA was re-annealed
for T7E1 assay according to the manufacturer’s
protocol (Vazyme). Reaction products were

Liu et al., Science 383, eadh4859 (2024)

analyzed by electrophoresis using 2% agar-
ose gels.

Primers used in the experiments above are
shown in table S3.

Purification of HYERs using size
exclusion chromatography

The RNA samples were in vitro transcribed
and purified as described above. The further
purification by size exclusion chromatography
column (Superose 6 Increase 10/300 or Superose
6 Increase 5/150 GL, GE Healthcare) was per-
formed in SEC buffer [10 mM MgCl,, 50 mM
KCl, 20 mM HEPES (pH 7.5)] at 4°C. The RNA
fractions within the elution peak were col-
lected and analyzed by electrophoresis using
8% Urea-PAGE. The SEC-purified RNAs were
concentrated using 100 kDa molecular weight
cut-off centrifugal filters (Merck Millipore)
and stocked at —80°C.

Cryo-EM sample preparation and data collection

To prepare the cryo-EM samples, 4 uL puri-
fied intron RNA (~1.5 uM) was applied to the
graphene oxide grid (Quantifoil Au 1.2/1.3,
300 mesh), which was glow-discharged (in a
HARRICK PLASMA) for 10 s at middle level
after 2 min evacuation. The grid was then blotted
by a pair of 55 mm filter papers (Ted Pella) for
2.5 s at 8°C with 100% humidity, and flash-
frozen in liquid ethane using FEI Vitrobot
Marke IV. Cryo-EM data were collected on a
Titan Krios electron microscope operated at
300 kV equipped with a Gatan K3 direct elec-
tron detector. Micrographs were recorded in
counting mode at a nominal magnification
of 81,000 times, resulting in a physical pixel
size of 1.0825 A per pixel. The defocus was
set between -1.0 uym to -2.5 um. The total
exposure time of each movie stack led to a
total accumulated dose of 50 electrons per
A2 which fractionated into 32 frames. More
parameters for data collection are shown in
table S4.

Image processing and model building

The raw dose-fractionated image stacks were
two times Fourier binned, aligned, dose-weighted,
and summed using MotionCor2. CTF-estimation,
blob particle picking, 2D reference-free classi-
fication, initial model generation, and final 3D
refinement and local resolution estimation
were performed in cryoSPARC using raw stacks
(80). Several rounds of 3D reference-based clas-
sification were performed in cryoSPARC. The
details of data processing were summarized in
figs. S10, S16, S17, and table S4.

The RNA and DNA models were manually
built in Coot based on the refined cryo-EM maps
(81, 82). The complete models were then re-
fined against the EM maps by PHENIX in real
space with secondary structure and geometry
restraints (83). The final models were validated
by PHENIX software package. The structural
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validation details for the final models are sum-
marized in table S4.

Palindrome identification in DIl

We predicted the secondary structures of the
DI to DIII region within 469 introns using
RNAfold. By comparing these secondary struc-
tures, we found that DIII is always the last stem-
loop structure on the 3’ end. We searched for
6-nt windows within the DI to DIII segments
that met the following criteria: (1) The sequence
should be palindromic; (2) It should be located
in an unpaired region according to the sec-
ondary structure; (3) It should be located at the
loop region at the terminal stem-loop structure
in the DI to DIII. Combined with a manual final
check, we identified 45 introns that contain
the palindrome in DIIIL.

In vitro single-mismatch cleavage
assays of HYER1

The 3'-NH, labeled ssDNA with single-nucle-
otide mismatches to the TRS of native HYER1
was ordered from Sangon Biotech and labeled
with Cy5 as described above. 0.1 uM ssDNA
was incubated with 1.5 uM HYER1 with 6-nt
TRS at 37°C in a buffer containing 50 mM
MgCl,, 10 mM KCl, 40 mM MOPS (pH 7.5)
and 100 ng/uL. BSA. The reactions were ter-
minated as described above and the reaction
samples were analyzed on 20% Urea-PAGE.
The gels were visualized and analyzed as de-
scribed above. All experiments were performed
with at least three replicates. Oligonucleotides
used in this study and related descriptions are
listed in table S3.

In vitro cleavage assays for TRS and RS
engineered HYERs

DNA templates encoding HYERs with TRS in
different lengths or sequences and RS-inserted
HYER were constructed through site-directed
mutagenesis by PCR as described above, and
HYERs were prepared through IVT. 0.1 uM
ssDNA with one target site was incubated
with 1.5 uM reprogrammed HYERs at 37°C for
8 hours in a buffer containing 50 mM MgCl,,
10 mM KCl, 40 mM MOPS (pH 7.5) and 100 ng/uL
BSA. After the addition of EDTA, RNase diges-
tion and proteinase K treatment described
above, the reactions were analyzed by elec-
trophoresis using 20% Urea-PAGE. The gels
were visualized and analyzed as described
above. All experiments were performed with
at least three replicates. Oligonucleotides used
in this study and related descriptions are listed
in table S3.

Cleavage of bubbled dsDNA by HYERI heterodimer
HYERI1s with mutated palindromes and dis-
tinct TRS regions were constructed through
site-directed mutagenesis by PCR. The 3'-NH,
and 3'-FAM labeled ssDNA (corresponding
to top and bottom strands respectively) was
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ordered from Sangon Biotech, and the 3'-NH,
labeled ssDNA was further labeled with Cy5
as described above. Top and bottom strands
were annealed to form bubbled dsDNA. Cleav-
age reactions were initiated by mixing 1.5 uM
HYER1 heterodimer with 0.1 uM dsDNA at 37°C
in a buffer containing 50 mM MgCl,, 10 mM
KCl, 40 mM MOPS (pH 7.5) and 100 ng/uL BSA.
The reactions were terminated as described
above and the reactions were analyzed using
10% Urea-PAGE. The gels were visualized as
described above. Fluorescence channels (Cy5,
red; FAM, green; merge, yellow) were merged
through ImageJ. Oligonucleotides used in
this study and related descriptions are listed
in table S3.
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