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The properties of Casl2a nucleases constrict the range of accessible
targets and their applications. In this study, we applied ancestral sequence
reconstruction (ASR) to a set of Cas12a orthologs from hydrobacteriato
reconstruct acommon ancestor, ReChb, characterized by near-PAMless
targeting and the recognition of diverse nucleic acid activators and
collateral substrates. ReChb shares 53% sequence identity with the closest
Casl2aorthologbut nolonger requires a T-rich PAM and can achieve
genome editingin human cells at sites inaccessible to the natural FnCas12a
or the engineered and PAM-flexible enAsCasl12a. Furthermore, ReChb can
betriggered not only by double-stranded DNA but also by single-stranded
RNA and DNA targets, leading to non-specific collateral cleavage of all
three nucleic acid substrates with similar efficiencies. Finally, tertiary and
quaternary structures of ReChb obtained by cryogenic electron microscopy
reveal the molecular details underlying its expanded biophysical activities.
Overall, ReChb expands the application space of Casl12a nucleases and
underscores the potential of ASR for enhancing CRISPR technologies.

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)
and their CRISPR-associated (Cas) nucleases confer bacteria and

or DNA degradation. The adeptness of Cas nucleases at RNA-guided
targeting of nucleic acids has catapulted their repurposing for genome

archaea with adaptive immunity against foreign mobile genetic
elements'*. These CRISPR-Cas systems rely on the ability of the
nucleases to use a CRISPRRNA (crRNA) as aguide, with the additional
requirement of anon-selfsequence (that is, protospacer-adjacent motif
(PAM) in DNA, protospacer-flanking sequence (PFS) in RNA) flanking
the complementary nucleic acid target. Target recognition then enacts
amyriad ofimmune activities, from cutting target nucleic acids to
inducing cellular dormancy or cell death through widespread RNA

editing and diagnostics among many applications’. In particular, Cas12a
nucleases offer a promising alternative to Cas9 due torelyingon T-rich
PAMs, generating staggered double-strand breaks in their DNA tar-
getand using ashort crRNA with no need for a transactivating-crRNA
(tracrRNA). Also, Cas12anucleases can process their own crRNA lending
tomultiplexing and exert fewer off-targets®’. Finally, activated Cas12a
collaterally cleave single-stranded DNA (ssDNA), which has been used
forsignalamplification as part of CRISPR-based molecular diagnostics®.
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Fig.1| ASR of Cas12ayields ReChb. a, Phylogenetic tree of sequences used for
ASR of ReChb. b, The domain architecture of ReChb. Both the WED and RuvC
domains are formed by three discontinuous segments of the protein sequence.
Top, aligned sequences associated with ReChb and representative Casl12a

nucleases from REC1. Bottom, aligned sequences associated with ReChb and
representative Casl2a nucleases from RuvC-I1l domain. Highlighted sequences
indicate conserved positions mutated in ReChb.

Despite its potential, Cas12a is also less efficient than other Cas
nucleases. To bridge this gap, engineered versions relying on a few
mutations to natural nucleases, such as Cas12a from Acidaminococcus
sp. (AsCasl12a), Lachnospiraceae bacterium (LbCas2a) and Francisella
novicida (FnCas12a), have broadened PAM preferences’ 2. Other muta-
tions have beenreported toimprove editing efficiencies”, and efforts
have beenmade to expand substrate recognition, such as the recogni-
tion of RNA substrates by the PAM-distal end of the crRNA™. Neverthe-
less, eventhese engineered forms of Cas12astill exhibit properties that,
at most, partially deviate from their natural counterparts, displaying
similar functionalities.

To overcomethese limitations, we adopted anapproachbased on
ancestral sequence reconstruction (ASR). Using ASR, we previously
resurrected active Cas9 nucleases that no longer existin nature®. These
proteins, derived from type II-A Cas9 orthologs from Clostridia and
Bacilli classes, retraced the evolution of Cas9 up until modern Strepto-
coccus pyogenes Cas9 and displayed PAM-flexible target recognition,
gRNA and substrate promiscuity and even collateral cleavage. Although
the ancient Cas9 orthologs lost the ability to cleave double-stranded
DNA (dsDNA) and exhibited limited genome editing activity as dual
nickases, the orthologs suggested that ancestral reconstruction could
unlock expanded properties of functions of other Cas nucleases. In
the present study, we applied ASR to engineer a fully functional, res-
urrected Cas nuclease derived from orthologs of Cas12a from hydro-
bacteria phyla®'®. The resulting resurrected Cas12a ancestor, whichwe
call ReChb, yielded PAM-flexible editing in human cells across three
cell lines, seven genes and 16 target sites that outperformed natural
and engineered Casl2a nucleases enAsCasl12a (ref. 9) and could both
targetand collaterally cleave RNA, ssDNA and dsDNA. ReChb thus offers
a unique and versatile tool for a multitude of CRISPR-based biotech-
nological applications, from gene therapy to molecular diagnostics.

Results

Applying ASR of Cas12a nucleases to generate ReChb
Toreconstruct the sequence of ReChb using ASR, we first collected 63
homologs of Cas12a sequences from species belonging to the phyla
Pseudomonadota, Planctomycetota, Spirochaetota and Bacteroidota
and belonging to the clade hydrobacteria and Bacillota (as outgroup)
(Fig.1laand Extended DataFig.1). Aphylogeny using Bayesianinference
was constructed following previously described methods”. Theinternal
node representing acommon ancestor of hydrobacteria (excluding
the outgroup) was selected for resurrection, resulting in an amino

acid sequence with 53% identity shared with the Francisella novicida
Cas12a (FnCasl2a)'® and a posterior probability average of 0.92. This
ancestorisestimated to have diverged around 3,000 million years ago
(Mya) (confidenceinterval (CI): 2978.5-3030.4 Mya (ref.17)). The align-
ment of the reconstructed ReChb against representative sequences
from the other phylashows substantial differences in the REC1domain
(Fig. 1b) withaK-rich region unique to ReChb. In addition, of note is the
presence of atryptophan (W1041) in a highly conserved region of the
RuvC-lldomain (Fig.1b), whichis conservedin uncharacterized Cas12a
sequences from Planctomycetotaand Spirochaetotabutisabsentinthe
other orthologs (Supplementary Fig. 1). The reconstructed sequence
was synthesized and expressed in Escherichia coli with higher expres-
sionyields than FnCas12a (Supplementary Fig. 2).

ReChb efficiently edits human cells

FnCasl2a, the query sequence for ReChb, has been shown to display
variable genome editing activity inhuman cells®'*'¢, whereas the ances-
tral Cas9 nucleases did not exhibit any measurable editing activity
whentargeting a single site. To evaluate the editing activity of ReChb,
we quantified the formation of insertions or deletions (indels) viathe
generation of dsSDNA breaks in HEK293 cells using crRNA guides from
FnCasl2a targeting sites flanked by a canonical 5-TTTV-3’ PAM in the
genes DNMTI (5-TTTC-3’), AAVSI (5-TTTG-3’) and EMXI (5’-TTTG-3').
After transiently transfecting ReChb and crRNA expression constructs,
we employed a T7 endonuclease mismatch assay to quantify indel
formation. Compared to FnCas12a, which exhibited detectable indel
formation (1%) only at AAVS1, ReChb displayed robustindel formation
(15-35%) against the target in each of the three genes (Extended Data
Fig.2a,b). Considering that only a limited number of type Il and type
V orthologs have been successfully employed for genome editing in
mammalian cells, these results highlight the potential of ReChb as a
gene editing tool.

ReChb exhibits robust PAM-flexible editing in human cells

Giventhe PAM flexibility of the ancestral version of SpCas9 (ref. 15), we
nextexplored the PAM requirements for ReChb. We applied aninvitro
cleavage assay in which purified ReChb loaded with an in vitro tran-
scribed crRNA complex was incubated with alinear DNA target flanked
by sevenrandom nucleotides. The PAM-containing cut DNA fragment
was then gel purified and submitted for amplicon sequencing (Fig. 2a).
The resulting normalized read counts revealed a modest preference
for C/T at the -2 and -3 positions (Fig. 2b,c). However, all sequences
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Fig.2|ReChb exhibits broad PAM recognition activity in human cells.

a, Scheme of in vitro determination of PAM preference using a substrate library
encoding random 7-nt PAMs with next-generation sequencing (NGS). b,c, 7-nt
WebLogo (b) and 3-nt PAM wheels (Krona plots) (c) recognized by ReChb.

d, On-target activities of ReChb and enAsCas12a across sites encoding canonical
and non-canonical PAM sequences, quantified using TIDE. Error bars represent
the mean + s.e.m. (n =3 independent experiments). e, Assessment of the gene
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editing activities of ReChb and enAsCas12a on-target sites harboring canonical
and non-canonical PAM sequences. Error bars represent the mean + s.e.m. (n =15
target sites). Not significant (NS) differences: P> 0.05 (**P=0.1670); *P < 0.05
(*P=0.0185) (two-tailed Welch’s t-tests). NS differences for those target sites
with PAMs recognized by enAsCas12a (thatis, 5-TTTC-3’,5-TTTG-3’,5-TCCT-3’,
5-TCCC-3’and 5’-TTAC-3’) are indicated as empty symbols.

were identified in the gel-extracted DNA (Source Data 1), suggesting
that the resurrected nuclease has PAM biases but no obvious require-
ments. This PAM-flexible activity was verified in vitro using both the
non-T-rich PAM sequences 5-ATTG-3",5"-ATTT-3’,5-ACCC-3’,5’-ATCA-3’
and 5’-ATGG-3’ onasupercoiled plasmid as well as 5-TAAA-3’,5-TCCC-
3”and 5-TGGG-3’ on a FAM-labeled dsDNA substrate (Supplementary
Fig. 3). Given the parallels to the PAM flexibility of the ancestral form
of SpCas9 (ref. 15), flexible PAM recognition could be a general feature
of resurrected Cas nucleases.

After demonstrating the ability of ReChb to target non-canonical
sites in vitro, we evaluated its targeting flexibility in human cells in
comparison tothe engineered Cas12avariantenAsCasl2a (ref. 9).enAs-
Casl2anuclease was selected because it has been associated with the
broadest PAM recognition of Casl2a nucleasesto date, withrecognition

of canonical and non-canonical PAMs’. To provide amore comprehen-
sive analysis, we targeted 15 sites in four human genes (DNMTI, CFTR,
FANCF and RUNX) and analyzed the frequency of indels by Sanger-based
indel detection methodology, which provides precise results for indels
withafrequency above1-2% (ref.19). These experiments yielded robust
editing activities (ranges 30-37%) at two target sites with a canonical
PAM (5-TTTC-3’ and 5’-TTTG-3’) as well as two target sites with T/C-rich
(5-TCCT-3’and 5’-TCCC-3’) PAMs (ranges 22-29%) but also at sites with
PAMs not recognized efficiently by enAsCas12a, such as 5"-TCGG-3’
(40%),5-TATT-3'(38%),5’-AGTT-3' (17%) or 5’-TGTT-3’ (17%) (Fig. 2d). At
four sites with a 5’-TTAC-3’, 5-TCGC-3’, 5-CGGT-3’ or 5’-TAAC-3' PAM,
bothnucleasesyielded poorindel frequencies (<5%), due either tolim-
ited PAM recognition or to other factors, such as poor single guide RNA
(sgRNA) performance or site accessibility. Across the other sites, ReChb
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efficiently edited those targeted by enAsCas12a and, more importantly,
demonstrated robust genome editing at sites not recognized by enAs-
Casl2a (Fig. 2e). These datashow that ReChb enables robust editing of
sites with non-canonical PAMs, with a tested PAM preference toward
5-NYYN-3’, 5-NRYN-3’ and 5’-NYRN-3’ in eukaryotic cells, extending
beyond those recognized by enAsCas12a. Additionally, ReChb could
drive indel formation when transfected as aribonucleoprotein (RNP)
complex in two other cell lines (HeLa and Hs27 fibroblast cells) (Sup-
plementary Fig. 4). Across the four target sites in four genes (DNMT1,
SOD1, FANCF and CFTR) representing both canonical and non-canonical
PAMs, ReChb showed robust editing between 10% and 60%. Finally,
off-target analysis of five on-target sites revealed that the indel frequen-
ciesat the predicted/potential off-target sites? were below 1% (Source
Data2), muchlower thanthose at corresponding on-target sites. Thus,
ReChb exhibits PAM-flexible editing in human cells that outperforms
enAsCasl2ainahead-to-head comparison.

ReChb accepts dsDNA, ssDNA and RNA as well as altered
crRNAs
Given the broadened PAM recognition of ReChb as one biochemical
feature of this nuclease, we explored whether it can expand beyond
dsDNA targets and ssDNA collateral substrates traditionally recognized
by Casl2anucleases. Beginning with target recognition, we found that
ReChb cleaved complementary dsDNA (Fig. 3a), ssDNA (Fig. 3b) and
ssRNA (Fig. 3¢) targets containing the reverse complement of the signa-
ture T-rich PAM sequence of canonical Cas12a substrates under in vitro
conditions'. Although the dsDNA target encoded within a supercoiled
plasmid was cleavedinto alinearized form, the ssDNA and RNA targets
were completely degraded. In contrast, FnCas12a completely cleaved
the dsDNA and ssDNA targets and marginally cleaved the RNA target
under the same conditions (Extended Data Fig. 3), in line with previ-
ous work®, We next turned to collateral substrate cleavage, now with
the knowledge that ReChb could be activated by dsDNA, ssDNA or
ssRNA. For all activating substrates, ReChb degraded non-target
dsDNA (Fig. 3d), ssDNA (Fig.3e) and ssRNA (Fig. 3f). FnCas12a degraded
non-target sSDNA but only in the presence of ssDNA and dsDNA tar-
gets (Extended Data Fig. 3). Interestingly, the closely related Cas12a2
(thatshares 26% of sequence identity with ReChb) nucleases recognize
RNA but not ssDNA targets and collaterally cleave ssRNA, ssDNA and
dsDNA**?, suggesting that the ancestrally resurrected nuclease cap-
tures the targeting properties of both nucleases despite Cas12a and
Casl2a2respectively specializingin DNA and ssRNA target recognition
and ASR drawing only from the Cas12a branch. Critically, the flexible
targeting properties exhibited by ReChb extend beyond those of any
individual characterized Cas nuclease found in modern organisms®** >,
Based on the observed collateral cleavage activity of ReChb,
we assessed ReChb as a tool for molecular diagnostics. Casl12a has
been extensively used for the detection of specific dSDNA and ssDNA
sequences, with cleavage of ssDNA beacons for signal production®.
However, RNA remains a poor substrate for Casl12a, requiring work-
arounds such as supplying a partial dsDNA target'*. To explore the

potential of ReChb, we incubated a ReChb-crRNA RNP complex with
adsDNA, ssDNA or ssRNA target as well as short ssRNA (Fig. 3h) and
ssDNA (Fig. 3i) beacons fusing a fluorophore and quencher (Fig. 3g). All
combinations of targets and molecular beacons resulted inincreased
fluorescence compared to no target. In contrast, an FnCasl12a-crRNA
RNP yielded increased fluorescence only when combining a dsDNA
or ssDNA target with the ssDNA molecular beacon. Therefore, ReChb
could expand existing capabilities for CRISPR-based molecular diag-
nostics with a single nuclease capable of accepting different types of
nucleic acid biomarkers and molecular beacons.

Traditional CRISPR diagnostics systems based on collateral cleav-
ageby Casl2anucleases arerestricted by the presence of PAM sequence
before the target sequence, compromising the universal recognition
of any target. Based on PAM-flexible recognition of ReChb, we envi-
sioned that, by combining the collateral cleavage of ReChb next to
its PAM-flexible recognition, we could overcome the main limitation
of this technology. To test this hypothesis, we first compared the col-
lateral cleavage of ReChb with those exposed by wild-type LbCas12a
(ref. 8), awidely used Cas12a nuclease for molecular diagnostics®,
after the recognition of a dsDNA target with a T-rich PAM (Fig. 4a).
The activity exhibited by ReChb (0.0045 AU s™) was lower than that
of LbCas12a (0.0051 AU s™) under equivalent conditions (Fig. 4b,d)
at 37 °C. Reducing the temperature from 37 °C to 25 °C (room tem-
perature) (Supplementary Fig.5) considerably decreased the activity
of both nucleases (Fig. 4b). However, at room temperature, ReChb
retained its ability to recognize target substrates at low concentrations
(2 pM; Fig. 4c) compared to LbCas12a, which showed a higher detection
limit (10 nM; Fig. 4¢). This is in line with previously reported results,
where higher temperatures yielded optimal cleavage activity for Cas12a
nucleases®?. Thus, ReChb exhibits catalytic properties similar to
LbCas12a, aleading nuclease for CRISPR-based diagnostics, while also
offering PAM flexibility and measurable activity at room temperature
well suited for point-of-care molecular diagnostics.

Given the ability of ReChb to recognize non-canonical PAMs with
similar activities to that of LbCas12a, we applied ReChb in an appli-
cation requiring dsDNA recognition and PAM flexibility: detection
of a short (21-bp) variable region of a single amplicon of 16S rDNA*
(Fig.4e).Byapplyingthisapproach, itis possible to amplify the target
region using universal primers that anneal to the conserved region
of 16S rDNA and, thus, avoid difficulties associated with multiplexed
pre-amplification. To evaluate this approach, we designed four differ-
ent crRNAs that hybridize tofour variable regions (from hypervariable
region V1) of bacterial 16S rDNA with a non-canonical PAM (GTCG).
Importantly, this region does not possess a T-rich stretch and, thus,
cannotberecognized by traditional Cas12a-based diagnostics. Specifi-
cally, we selected four bacterial pathogens, Acinetobacter baumannii,
E. coli, Klebsiella pneumoniae and Staphylococcus aureus, which are
relevant pathogens associated with sepsis in newborns®. Then, we
evaluated the collateral cleavage activity for each 16S dsDNA fragment
and each crRNA. We found that ReChb triggered fluorescence release
only whenthere was amatchbetween the dsSDNA 16S fragment and the

Fig.3| Characterization ReChb activity in vitro. a, In vitro double-strand break
activity of ReChb against a4,007-bp supercoiled plasmid DNA as a function
oftime. Exponential fit of the data is expressed as percent of cleaved product.
Assays were repeated three times independently with similar results. b, In vitro
activity of ReChb against M13 phage-derived ssDNA (M13 phage) as a function
oftime. Exponential fit of the data is expressed as percent of cleaved product.
Assays were repeated three times independently with similar results. ¢, In vitro
activity of ReChb against ssRNA as a function of time. Exponential fit of the data
isexpressed as percent of cleaved product. ReChb exhibits collateral activity
against non-target nucleic acids in vitro. Assays were repeated three times
independently with similar results. d-f, Timecourse of collateral activity against
non-target dsDNA (d), ssDNA (e) and ssRNA (f) by aReChb-crRNA complex
activated with target dsDNA, ssDNA and ssRNA substrates. Assays were repeated

three times independently with similar results. See Extended Data Fig. 3 for the
same characterization using FnCas12a as nuclease. g, Nucleic acid detection
assays. Quantification of maximum fluorescence signal generated after
incubating ReChb-crRNA activator with a custom ssRNA beacon (h) or ssDNA
beacon (i) for 2 hand 30 min at 37 °C, respectively. For FnCas12a sample, nuclease
was target activated with adsDNA substrate. The negative control was prepared
using nuclease-free water instead of the nucleic acid target activator. All data are
shown as mean + s.d. (n =3 independent experiments). “P > 0.05; ***P < 0.001
(two-tailed Welch'’s ¢-tests). Pvalues for ssSRNA beacon samples versus negative
control: dsDNA (***P=0.0002); ssDNA (***P=0.0001); ssRNA (***P=0.0003);
and FnCasl2a (P = 0.6704). Pvalues for ssDNA beacon samples versus negative
control: dsDNA (***P=0.0001); ssDNA (***P=0.0001); ssRNA (***P=0.0004); and
FnCas12a (***P=0.0001). NS, not significant; RFU, relative fluorescence units.
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crRNA (Fig. 4f). As expected, LbCas12a was not able to recognize any
of these DNA targets (Supplementary Fig. 6). We noticed crRNA from
K. pneumoniae also triggered fluorescence release when paired with
the other three pathogens, likely due to gRNA sequence similarity with

theseedregion, as previously reported®. In fact, the mismatch profile
analysis of ReChb showed that the protein did not tolerate single or
double mismatches at positions 1-20 nucleotides (nt), only trigger-
ing areduced fluorescence signal to single mismatches at positions

a b c
Time (min): 0 ——7 60 Time (min): 0 ——7 60 Time (min): 0 ————1240
. ¢ 100
Linear (4,007 bp) » ssDNA -3,000 bp &2
¢ . > - - _ sSRNA M, =
Supercoiled & (M13 phage) 2,000 bp(246 bp) g
—~ — K
® 100 . ® 100 “a 3 50
3] g 3] 3
=] i =] Q
3 3 i
5 50 & 50 4 O
3 3 |/ °
§ é SRR (Loo {ioo
[SECE o Time (min)
0 20 40 60 0O 20 40 60
Time (min) Time (min)
d ) )
dsDNA collateral substrate dsDNA activator ssDNA activator ssRNA activator
100 ‘@ dsDNA act Activator: + 0+ o+ o+ - + o+ o+ o+ - o+ o+ o+ -
9 A ssDNA act Time (min): 0 _——7120120 0 __——1120120 0 ___——1120120
‘g @ ssRNA act o a
° ) Nicked»
g Linear (2,686 bp)»
5 2 Supercoiledp|
2
@Q
<
o
o
0 20 40 60 80 100 120
Time (min)
e
ssDNA collateral substrate dsDNA activator ssDNA activator ssRNA activator
100 a  Activator:  + + + + - + o+ o+ o+ - o+ o+ o+ -
9 F Time (min): 0 ————_160 60 0 _——"160 60 0 _———""]60 60
3 3,000 bp
<] ssDNA (M13 phage)»
Q 50 2,000 bp
]
(5}
>
©
9
o
20 40 60
Time (min)
f
ssRNA collateral substrate dsDNA activator ssDNA activator ssRNA activator
Activator: EE S S - o+ o+ o+ - o+ o+ o+ -
% 100 1 Time (min): 0 _———71240240 0 _——1240240 0 __—1240240
S
9]
3 ssRNA (173 bp)»|
o
Qo 50 4
gel
(5}
>
@©
<
o ;
ot
0 50 100 150 200 250
Time (min)
g ReChb h trans-ssRNA beacon i trans-ssDNA beacon
*kk
150 1 sk o 100 +
E E E o *kk
3 x
§ 100 §
*kk
Target/activator — == dsDNA 4] o Kkk
=" SSDNA g 50 S
/_/ sSRNA [ [
NS 7
01
¥ & & 2 G N
Beacon ~ &— ssDNA PO R S b§ S & & O&,«W
®&—o  ssRNA ¥ T e &E FCMEPE

Nature Biotechnology


http://www.nature.com/naturebiotechnology

Article

https://doi.org/10.1038/s41587-024-02461-3

a b c d
0.006 0.0015 0.006
PAM LbCas12a (37 °C) g [ ReChb (RT) - [ ReChb (37 °C)
—_ = -o- ReChb (37 °C) [ LbCas12a (RT) [ LbCas12a (37 °C)
Target recognition -~ ReChb (RT) e
Sensed — and cis-cleavage = 00047 LbCas12a (RT) <~ 0.0010 4
dsDNA 7- o ®
— 2 2
s
 0.002 =
I ‘e > > 0.0005-
8 —_— o—e o— —e Collateral H
o—e o— —e cleavage 18
ReChb + gRNA Beacon oo  o—-e 0 ‘ ‘ ‘ ‘ ol i Im Iﬁ e
ssDNA 0.001 001 01 0

(Target dsDNA) (nM)

e Universal primer FW

Vv e B v+ Vs o V7 Ve I o

N
N

165 rDNA

A. baumannii GCAGGCTTAACACATGCAAGTCGAGCGGGGGAAGGTAGCTTGCT
E.coli GCAGGCCTAACACATGCAAGTCGAACGGTAACAGGAAGAAGCTT
K. pneumoniae GCAGGCCTAACACATGCAAGTCG}AGCGGTAACACAGAGAGCTTEG

Target sequence
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recognition. a, Schematic of in vitro collateral cleavage assay for dSDNA
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the dsDNA target, which triggers non-specific collateral cleavage on ssDNA.

b, Sensitivity of ReChb and LbCas12a using a dsDNA with canonical PAM
(5-TTTC-3’) as target substrate and ssDNA beacon as collateral substrate.
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the progress curves. Dots represent the mean (n = 3 independent experiments).
¢, Velocities for dsSDNA target recognition and posterior collateral cleavage

of ssDNA beacon by ReChb and LbCas12a at room temperature. Error bars
represent the mean * s.d. (n = 3 independent experiments). “P > 0.05;

***p < 0.0001 (two-tailed Welch’s t-tests). P values for ReChb velocities versus
(Target dsDNA) = 0 nM:10 nM (****P < 0.0001); 2 nM (***P < 0.0001); 0.2 nM
(***P<0.0001); 0.02 nM (***P< 0.0001); and 0.002 nM (***P< 0.0001). Pvalues
for LbCas12a velocities versus (Target dsDNA) = 0 nM: 10 nM (***P < 0.0001);
2nM (YP>0.9999); 0.2 nM (VP =0.9962); 0.02 nM ("*P=0.9870); and 0.002 nM
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collateral cleavage of ssDNA beacon by ReChb and LbCas12a at 37 °C. Error

bars represent the mean +s.d. (n =3 independent experiments). P> 0.05;
P < 0.0001 (two-tailed Welch’s t-tests). Pvalues for ReChb velocities versus
(Target dsDNA) = 0 nM:10 nM (****P < 0.0001); 2 nM (****P< 0.0001); 0.2 nM
(***P<0.0001); 0.02 nM (***P< 0.0001); and 0.002 nM (****P < 0.0001). Pvalues
for LbCasl12a velocities versus (Target dsDNA) = 0 nM: 10 nM (****P < 0.0001);
2nM (***P<0.0001); 0.2 nM (***P < 0.0001); 0.02 nM (****P < 0.0001); and
0.002 nM (***P < 0.0001). e, 16S dsDNA from four different pathogens including
both conserved and variable regions used for dsSDNA target detection with
non-canonical PAM sequence (5-GTCG-3’). FW, forward; RV, reverse. f, Specific
detection of pathogens based on16S rDNA with ReChb and each specific crRNA
using universal primers for specific amplification of variable region (yellow, V1)
using conserved regions of 16S rDNA (blue). Ab, Acinetobacter baumannii; Ec,
Escherichia coli; Kp, Klebsiella pneumoniae; Sa, Staphylococcus aureus. Error bars
represent the mean + s.d. (n =3 independent experiments). NS, not significant;
RT, room temperature.

7-20 nt or double mismatches at the end of the PAM-distal region
(Supplementary Fig.7). However, this signal was considerably reduced
compared to that displayed by ReChb with a target dsDNA substrate.
These results demonstrate the specificity and flexibility of ReChb for
molecular diagnostics.

GivenReChb’s flexibility in target and collateral substrate recogni-
tion, wereasoned that ReChb could also exhibit flexibility incrRNA rec-
ognition. Todetermine the crRNA scaffold recognition determinants of
ReChb, invitro dsDNA cleavage assays were performed by incubating
the enzyme with crRNAs from various CRISPR types and Cas12aspecies
(Extended Data Fig. 4a—c). ReChb linearized plasmid DNA using tar-
geting crRNAs from not only different Cas12a nucleases but also from
Cas9 and Casl2j. The use of crRNAs with distinct repeats from different
types and subtypesis not associated with modern CRISPR-Cas systems
and, at most, was observed with the ancestral Cas9 (ref. 15). ReChb
could also processits own precursor (pre-)crRNA comprising multiple
crRNAsinthe sametranscript (Extended DataFig.4d). The pattern of
cleavage products (65 nt) against asingle customized pre-crRNA tran-
script’ with four repeats matched with the expected length obtained
from cutting the 5’ end of adirect repeat hairpins'. Thus, ReChb can
processits own crRNA guides similar to type V effector nucleases®*”,
and it can share crRNAs with different types of Cas nucleases. This
capability of ReChb should be relevant for multiplexed genome edit-
ing applications that employ customized CRISPR arrays for multi-
site targeting’.

Structure of ReChb ternary complex

To shed light on the mechanism behind the flexibility of PAM and sub-
strate recognition exerted by ReChb, we solved the cryogenicelectron
microscopy (cryo-EM) structure of the nuclease effector bound to a
crRNA and different substrates. The 3.1-A resolution cryo-EM structure
(Protein Data Bank (PDB): 8QWE) captures a ternary complex of ReChb
boundto crRNA and target dsDNA containing a T-rich PAM (Fig. 5, Sup-
plementary Figs. 8 and 9 and Extended Data Table 1). Overall, ReChb
displays abilobed architecture resembling the characteristic oval ‘sea
conch’ shape described for Cas12a (ref. 32). The recognition (REC)
lobe comprises both REC1and REC2 domains, and the nuclease (NUC)
lobe comprises the PAM-interacting (PI), wedge (WED), RuvC, Nuc and
bridge helix (BH) domains (Fig. 5a). The crRNA-target DNA heterodu-
plex (R-loop; Fig. 5b and Extended Data Fig. 5) threads through the
positively charged central channel between the two lobes. The target
strand (TS) hybridizes with the crRNA, and the dissociated non-target
strand (NTS) traces astraight path through the groove of the DNA nucle-
ase site. There is unambiguous cryo-EM density downstream of the
cleaved end of the TS, which we attribute to a post-cleavage product
(Fig.5c,d). Asin Cas12a, the nuclease active site of ReChb liesin a pocket
attheinterface between Nuc and RuvC. The RuvC domain carries the
three (D878, E967 and D1216) highly conserved active site residues
(Extended Data Fig. 6). In contrast to other Cas12a nucleases****, the
nuclease site of ReChb embraces the dissociated NTS through stacking
interactions with W1041and F971residues.
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The tertiary structure also presented an opportunity to under-
stand the basis of flexible PAM recognition. Both WED and Pldomains
grip the PAM region of the target dsDNA in a manner analogous to
FnCasl2abut with notable differences (Fig. 5e,f)*’. FnCasl2a predomi-
nantly recognizes the PAM through multiple interactions between K671
and the minor groove edge of the PAM duplex, employing a mecha-
nism of base and shape readout from both the minor groove and the
major groove®. Notably, in the case of FnCasl12a, only K671 interacts
with the bases in the PAM region, indicating that shape may play a
more pivotal role than direct base readout in PAM recognition®>*. In
contrast, ReChb achieves altered PAM recognition through newly
formed electrostaticinteractions amongresidues K124, K125 and K130
fromthe REC1domainwith the phosphate backbone of the PAM bases
through the minor groove. A similar mechanism was already described
for engineered versions of AsCas12a (RVR and RR), which recognized
TATV and TYCV, respectively*. The structure of these engineered
forms revealed that altered PAM recognition by these variants relies
on newly formed interactions between substituted residues and the
altered PAM-complementary nucleotides®?*. Consequently, these
findings could provide a structural framework for the flexible PAM
readout exhibited by ReChb, reinforcing the notion that amino acid

substitutions strengthening the PAM-binding channel could contribute
tothe alteration of Cas12a nucleases PAM specificity.

Continuing with the catalytic cycle of ReChb, Casl2a structural
studies have suggested a reaction cycle coupled to conformational
changes™*****" The cyclebegins withanapostateatequilibriumbetween
closed and open conformations, where crRNA binding shifts the equi-
libriumtothe closed form, and target dsDNA causes afurther structural
tuning thatincludes the rearrangement of the bridge helix and helix 1 of
the RuvC Il subdomain®*****, These latter changes in RuvC are absent
in the cryo-EM structure of the ReChb ternary complex, likely because
the structure represents a post-cleavage form, and the nuclease might
have reverted to anon-activated state. We note that the 3.3-A resolution
structure ofapoReChb (Supplementary Note 1, Supplementary Figs.10
and 11 and Extended Data Table 1) without a crRNA displays a ring-like
architecture distinct fromthe closed oval ‘sea conch’shape of the ternary
complex (Extended Data Fig. 7) and fromthe open and closed conforma-
tions suggested for Cas12ain the apo state. The REC2 domain closes the
ring by connecting with the RuvC domaininaway that hindersaccessto
the nuclease active site (Supplementary Fig.11), and the central channel
between the recognition and nuclease lobes, where the crRNA-target
DNA heteroduplex threads in the ternary complex, is not formed.
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Structure of ReChb quaternary complex

The 3.0-A resolution cryo-EM structure (PDB: 8QWF) (Fig. 6, Sup-
plementary Figs. 8 and 9 and Extended Data Table 1) of a quaternary
complex of ReChb bound to crRNA, target dsDNA containing a T-rich
PAM and anon-specific collateral dSsSDNA with both strands containing
non-hydrolysable phosphorothioate modifications (Fig. 6a) provides
aframework to understand its collateral nuclease activity. As shown
for Cas12anucleases®, after cleavage, the TS remains hybridized to the
crRNA.However, the cryo-EM density for most of the dissociated NTS is
absent, indicating its displacement from the ternary complex pathway
(Fig. 6b,c), maintaining the ReChb-crRNA complex in the catalytically
activated conformation. Specifically, the structure captures RuvCin
a pre-hydrolysis state, during which the non-hydrolysable collateral
substrate, visible only at low-density thresholds, is attempting to enter
its active site (Fig. 6d). This weak density for the collateral substrate
is consistent with a constant motion of the substrates, aligning with
biochemical data showing dsDNA degradation occurring through

multiple-turnover DNA nicking (Fig. 3d). Therefore, the conforma-
tional arrangements of the complex and the PAM-distal target DNA
displacement increase accessibility to the RuvC active site, enabling
rapid substrate capture and cleavage in trans as measured for ReChb
(Fig. 3). Infact, with the notable exception of Cas12a2, other natural
Casl2 nucleases have difficulties collaterally cleaving dsDNA substrates
atshortincubation times™****, This limitation has been attributed to the
RuvCactivessite not being able to accommodate duplex DNA properly.
Inaddition, the Nuc domain might also act as a physical barrier, limiting
cleavage in trans®. Analogously to Cas12a2 (ref. 21), ReChb can nick,
linearize and degrade supercoiled non-specific plasmid DNA. Using
FnCasl2a as a reference, structures of FnCasl12a post-cleavage state
(PDB: 5MGA)*reveal that the presence of the crRNA-TS complex hin-
ders the path to the catalytic site, creating a narrow pathway to reach
the RuvCactivesite, whichisincompatible with rigid dsDNA substrates
(Extended DataFig. 8). This contrasts with the accessible ReChb RuvC
activesiteinthe post-cleavage state, offering a structural basis for the
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widerange of collateral substrates degraded by ReChb (Extended Data
Fig. 8). In fact, this mechanism resembles that of Cas12a2, where the
absence of Nuc domain and the presence of an exposed RuvC active
site afford high substrate accessibility, enabling the cleavage a wide
range of substrates in trans®. Overall, the structural determination
together with the biochemical assays highlight the versatility of ReChb
for substrate recognition as well as nucleic acid editing.

Discussion

Protein design techniques using computational methods offer an
opportunity to improve and even design catalysts with properties
not found in natural enzymes®. The increasing number of protein
sequences in databases and the advent of methods for sequence
alterations and design, including deep learning methods and lan-
guage models*™*, have the potential to expand the universe of bio-
molecules and revolutionize the fields of biotechnology and synthetic
biology. ASR is rapidly gaining prominence in this context, as it not
only provides important evolutionary information but also is able to
generate protein sequences not found today** *. ASR is arguably the
only technique that can handle non-natural sequences with many
residues (>1,000) and with substantial identity alterations relative
to natural proteins.

We previously established that ASR canbe used to uncoverimpor-
tant aspects of the evolution of CRISPR-Cas systems". Here we demon-
strate thatitis possible to obtain anuclease with aset of properties that
have not, to our knowledge, been found yet in any existing natural Cas
nuclease, surpassing the functionality and versatility of any known Cas
nuclease. As shown previously®”, ancestral proteins display a functional
promiscuity that is present in ReChb perhaps as its most prominent
feature. ReChb can recognize any nucleic acid form as a target and is
able to carry out specific or non-specific cis/trans cleavage. This can
be accomplished without the need for the recognition of a strict PAM
andwith avariety of crRNA guide sequences. ReChb can processits own
crRNA and is proficient atgenome editing in human cells atawide range
of sites. The promiscuity of ReChb toward nucleic acids could lead to
cell toxicity when it is applied as a genome editing tool, although, as
observed with other Casl2a nucleases*®, no signs of cell toxicity were
detected during cell experiments in this study. This suggests that these
promiscuous collateral activities are likely only observed in vitroand do
not negatively impact the protein’s on-targetactivity in vivo. Although
ReChb is capable of collateral cleavage of ssSRNA, our hypothesis is
that, unlike Cas13, ReChb binds to its DNA target, limiting its ability
to freely diffuse and affect surrounding RNA. The cryo-EM structures
provide aframework to understand the differences between synthetic
ReChb and natural Cas nucleases and provide information for future
fine-tuning of the tool.

All of these features have been achieved using ASR, unlike other
protein design techniques based on rational design where only one
featureisimproved atatime—forexample, inthe effort made toachieve
relaxed recognition of PAM using protein engineering techniques, such
asthat performed for enAsCas12a. Interms of evolution, the different
promiscuous features foundin the ancestors of Cas9 (ref.15) and Cas12
reveal that the exact connections between them are unknown and hid-
den, and surely interconnected mechanisms are yet to be discovered.

ReChb is versatile, as it can be used for both genome editing
and diagnostics based on nucleic acid detection. In recent years,
assays based on the collateral activity of Cas12a and Cas13 have been
developed as diagnostic tools®. Cas12a and Casl3 can be efficiently
activated onlyby DNA and RNA, and, thus, depending on the sequence
to be detected, one enzyme or the other normally must be used.
ReChb is not limited in this way, as it can be activated by any nucleic
acid and is able to identify any type of genetic target. In addition,
we demonstrate that the PAM-flexible recognition ability of ReChb
allows overcoming one of the main limitations of Cas12-based diag-
nostics—recognition of dsDNA targets without the PAM restriction.

To our knowledge, ReChb is the only reported nuclease with such
expanded activities (Supplementary Table 1). A nuclease with these
features might well exist in nature, but searching the natural enzyme
space could prove arduous, costly and time-consuming. Similarly,
machine-learning-based computational methods are still in their
infancy and are not yet capable of designing enzymes with complexand
controlled functions, such as large-scale conformational changes. The
recently developed deep learning methods (OpenCRISPR-1(ref. 49)),
although promising, have not yet demonstrated the ability to design
proteins with new functionalities. These limitations highlight the
ability of ASR to generate complex synthetic enzymes with multiple
and improved properties and open new avenues for its combination
with deep learning and language methods.
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Methods

Engineering of ReChb sequence

ReChb was engineered through computational methodologies, spe-
cifically ASR”. We use the BLAST tool with custom parameters and
criteria—thatis, amaximum of 1,000 hits and minimum identity of 35%
to ensure the selection of Casl2a sequences (individually inspected)
and BLOSUM®62 scoring matrix. E-values were virtually zero for all
sequences. Sixty-three sequences were selected following similar
proportions of sequencesineach phylumasin the database (Extended
DataFig.1). Sequencesbelongtofive bacterial phyla: Pseudomonadota,
Planctomycetota, Spirochaetota, Bacteroidota and Bacillota, as out-
group. Alignment of sequences was performed using MUSCLE software
on the MEGA platform and manually edited to eliminate gaps, poorly
aligned sitesand divergent regions. We inferred the best evolutionary
model using MEGA, resulting inthe JTT with gamma distribution model
(eight categories), Yule model for speciation and length chain of 100
million generations, sampling every 1,000 generations. Phylogeny
was carried out using BEAST version 2.6.6 package software (https://
beast.community/) including the BEAGLE library for parallel process-
ing and based on Bayesian inference using MCMC. Divergence times
were estimated using the RelTime method* implemented in MEGA with
discrete eight-category gamma distribution for evolutionary rates.
We set calibration times using information from the TToL"*' in three
major clades with 95% CI. Finally, ASR was performed by maximum
likelihood using PAML version 4.9 (https://evomics.org/resources/
software/molecular-evolution-software/paml/) with a gamma distri-
bution of eight categories for variable replacement rates across sites.
Posterior probabilities were calculated for all amino acids, and the
residue with highest posterior probability was chosen for each site. The
reconstructed sequence displays average posterior probability of 0.92
and amino acid sequence identities of 52% with respect to FnCas12aand
26% withrespect to SuCas12a2.

Invitro characterization

Expression and purification of ReChb. The ReChb gene was synthe-
sized and codon optimized for E. coli cell expression. ReChb was cloned
in pET-28a(+) expression vector and transformed in E. coli BL21 (DE3)
(Life Technologies) for protein expression. Cells wereincubatedin LB
medium at 30 °C at 160 r.p.m. until optical density at 600 nm (ODy,)
reached 0.6,and IPTG (400 pM) was added for proteininduction over-
nightat 18 °C. Cells were pelleted by centrifugation at 5,000g. Pellets
wereresuspended in extraction buffer (Tris 50 mM, NaCI500 mM, pH 8,
imidazole 10 mM) supplemented with EDTA-free protease inhibitor
(Thermo Fisher Scientific). Then, the pellet was sonicated for three
cycles for10 minat30% amplitude. Cell debris was separated by ultra-
centrifugation at 33,000g for 1 h. For purification, the supernatants
were mixed with Ni-NTA agarose beads (Thermo Fisher Scientific)
and incubated for 1 h. Then, the beads were washed with 50 column
volumes with 40 mM imidazole. After that, imidazole concentration
wasreduced to10 mM, and an aliquot of protease 3C was added. After
1hofincubation, protein was eluted in elution buffer (Tris-HCI 50 mM,
NaCl 500 mM, pH 8, imidazole 10 mM). The protein was further puri-
fied by size exclusion chromatography using a Superose 6 10/300 GL
column (GE Healthcare) and eluted in 50 mM Tris, pH 7.5,150 mM NaCl,
2 mM MgCl,. For protein purification verification, SDS-PAGE was used
with 8% gels. The protein concentration was calculated by measuring
the absorbance at 280 nminaNanoDrop 2000C.

crRNA synthesis

crRNA (Supplementary Table 2) was synthesized using a HiScribe T7
High Yield RNA Synthesis Kit (New England Biolabs (NEB)). The DNA
sequencesinclude the T7 promoter at the 5’ end and the sequence from
crRNA with the target sequence at the 3’ end. ssDNA oligos were hybrid-
ized, and thereaction wasincubated overnight. Then, the crRNA was puri-
fied following the protocol of the Monarch RNA Purification ColumnsKit.

Nucleic acid cleavage assays

For analysis of targeted cleavage (Supplementary Table 3) on supercoiled
DNA, 30-plreactions of 170 nM ReChb-crRNA and 100 nM dsDNA target
in1xNEB 3.1buffer (50 mM Tris-HCI, pH 7.9,100 mM NacCl, 10 mM MgCl,,
100 pg mI™ BSA) were incubated at 37 °C for varying incubation times.
In the case of ssSDNA substrate, 30-ul reactions of 80 nM ReChb-crRNA
and 30 nM ssDNA targetin1x NEB 3.1 buffer were incubated at 37 °C for
varyingincubation times. Reactions were stopped by adding 6x loading
dye (NEB) with EDTA and running a 1-2% agarose gel. Gels were dyed
with SYBR Gold (Thermo Fisher Scientific) and imaged with ChemiDoc
XRS+ System (Bio-Rad). Cleavage was quantified by Image]. Finally, for
ssRNA targeted cleavage, 30-pl reactions of 250 nM ReChb-crRNA and
120 nM ssRNA target in 1x NEB 3.1 buffer were incubated at 37 °C for
varying times. Reactions were stopped by adding 2x loading dye (NEB)
with EDTA and running 10% TBE polyacrylamide gels. Gels were dyed
with SYBR Gold (Thermo Fisher Scientific) and imaged with ChemiDoc
XRS+ System (Bio-Rad). Cleavage was quantified by Image).

For analysis of non-targeted (collateral or trans) cleavage (Supple-
mentary Tables 4 and 5), 30-pl reactions of 70 nM ReChb-crRNA, 70 nM
target substrate (AsDNA, ssDNA or ssRNA) and 120 nM collateral sub-
strate (dsDNA, ssDNA or ssRNA) in 1x NEB 3.1were incubated at 37 °C for
varyingincubation times. Reactions were stopped by adding 2x loading
dye (NEB) with EDTA or 6% loading dye (NEB) with EDTA and running
10% TBE polyacrylamide gels or a1-2% agarose gel, respectively. Gels
were dyed with SYBR Gold (Thermo Fisher Scientific) and imaged with
ChemiDoc XRS+ System (Bio-Rad). Cleavage was quantified by Image].

PAM library construction

A DNA library (Supplementary Tables 6 and 7) comprising seven ran-
domnucleotides was created and subsequently cloned into the plasmid
pUCI18 by GenScript. This random library was transformed in XL1-Blue
E. coliand amplified several times to achieve maximal variability in the
PAM sequences. Subsequently, an 855-bp polymerase chain reaction
(PCR) fragment was generated using the primers detailed in Supple-
mentary Table 7 from the DNA library containing the seven random
nucleotides.

PAM determination
PAM determination assay was performed incubating of 170 nM
ReChb-crRNA (targeting 23 nt downstream the seven random nucle-
otides) and 100 nM PCR fragment from the DNA library in 1x NEB 3.1
buffer (50 mM Tris-HCI, pH7.9,100 mM NaCl, 10 mM MgCl,, 100 pg ml™*
BSA) for 1h at 37 °C. Reaction was stopped by adding 6x loading dye
(NEB)withEDTA and running a2% agarose gel. Gels were dyed with SYBR
Gold (Thermo Fisher Scientific) and imaged with ChemiDoc XRS+ Sys-
tem (Bio-Rad). Thelonger fragment, which contained the sevenrandom
nucleotides, was purified from the agarose gel with GeneJet Gel Extrac-
tionKit (Thermo Fisher Scientific) and sequenced by lon Torrent, and
the obtained reads were mapped in the reference sequence. Each PAM
sequence was quantified, and its frequency was calculated from the
total PAM previously extracted. From the frequency of each PAM, PAM
wheel was generating, following previously published methodology®™.
For in vitro cleavage of different PAM sequences, different DNA
fragments carrying each PAM (Supplementary Table 8) were cloned
into Zero-Blunt TOPO plasmid. The cleavage assay was performed
under the conditions described previously. For FAM-labeled dsDNA
substrates (Supplementary Table 3), the results were analyzed using a
15% urea-PAGE gel and visualized for fluorescein fluorescence.

Pre-crRNA processing

For pre-crRNA processing, pre-crRNA arrays (Supplementary Tables 9
and 10) were synthesized using the HiScribe T7 High Yield RNA Synthe-
sisKit (NEB). T7 transcription was performed for 16 h,and then RNA was
purified using the Monarch RNA Cleanup Kit (NEB). In vitro cleavage
was performed withthe purified recombinant protein. ReChb (330 mM)
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andinvitro transcribed pre-crRNA arrays (100 nM) were incubated at
37°C 1x NEB 3.1 buffer for 1 h. Reactions were stopped by adding 2x
loading dye (NEB) with EDTA and running 10% TBE polyacrylamide gels.
Gelswere dyed with SYBR Gold (Thermo Fisher Scientific) and imaged
with ChemiDoc XRS+ System (Bio-Rad).

Nucleic acid detection by ReChb

Fornucleicacid detection using fluorescent reporter probes,a70 nM
concentration of the ReChb-crRNA complex was combined with RNase
or DNase Alert (250 nM; Integrated DNA Technologies (IDT)) and a
70 nM concentration of the target substrate (AsDNA, ssDNA or ssRNA)
for2 hand 30 minat37 °C, respectively. The trans-cleavage assay was
performedin100-plreactions, and the resulting endpoint fluorescence
was measured using a multi-mode microplate reader (BioTek Instru-
ments), with excitation/emission wavelengths 0of490/520 nm for RNase
Alertand 500/560 nm for DNase Alert. A negative control was prepared
using nuclease-free water instead of the nucleic acid target.

For ReChb comparisonwith LbCas12a, the wild-type LbCas12awas
purified using pMBP-LbCas12a expression plasmid (pMBP-LbCas12a
was a gift from Jennifer Doudna (Addgene, plasmid 113431; http://n2t.
net/addgene:113431; RRID: Addgene_113431)). Protein purification was
conducted as previously described®, and the protein stocks were diluted
into storage buffer (10 mM Tris-HCI, 300 mM NaCl, 1 mM DTT, 0.1 mM
EDTA, 500 pg mI™BSA, 50% glycerol, pH7.5) at1 uM. For invitro collateral
cleavage assay, purified proteins (ReChb and LbCas12a,100 nM), gRNA
(100 nM), target dsDNA (10, 2,0.2,0.02and 0.002 nM, respectively) and
ssDNAreporter (DNasealert,1,000 nM; IDT) wereaddedinto 1 NEBr2.1
(Supplementary Table11). The trans-cleavage assay was performedin 5-pl
reactions by measuring the fluorescence on a multi-mode microplate
reader (BioTek Instruments) using a 96-well V-bottom plate (Thermo
Fisher Scientific) with excitation/emission wavelengths 500/560 nm.
Timecourses were run for 2 h with an interval of 1 min between reads.
Observed rates were obtained by regression analysis of the linear
regions of the progress curves. A negative control was prepared using
nuclease-free water instead of the nucleic acid target.

For 16S rDNA detection of multiple pathogens related to sepsis,
purified proteins (ReChb and LbCas12a, 100 nM), gRNA (100 nM),
target dsDNA fragments (10 nm) and ssDNA reporter (DNase alert,
1,000 nM; IDT) were added into 1x NEB r2.1 (Supplementary Table 11).

For one single mismatch and two mismatch profiles of ReChb,
purified ReChb (100 nM), gRNA (100 nM), target dsDNA fragments with
one or two mismatches across the target site (10 nm; Supplementary
Table12) and ssDNA reporter (DNase alert, 1,000 nM; IDT) were added
into1x NEBr2.1.

In-cell characterization
Forendogenous gene editingin human cells, cells were maintainedin
DMEM (Gibco) supplemented with 10% heat-inactivated FBS (Gibco) in
anincubator at37 °Cand 5% CO,. For plasmid transfection experiments,
HEK293T cells were seeded onto 24-well plates (Thermo Fisher Scien-
tific) 24 h before transfection. Cells were transfected using jetPRIME
(Polyplus) at 70-80% confluency following the manufacturer’s recom-
mended protocol. For each well of a 24-well plate, a total of 500 ng of
plasmid DNA (humanized version of ReChb cloned into pcDNA3.1,
Addgene plasmid 69976, for FnCas12a (pY004 (pcDNA3.1-hFnCpf1)
was a gift from Feng Zhang (Addgene, plasmid 69976; http://n2t.net/
addgene:69976; RRID: Addgene_69976)) and Addgene plasmid 107941,
for enAsCasl2a (pCAG-enAsCasl12a(E174R/S542R/K548R)-NLS(nuc)-
3xHA (AAS848) was a gift from Keith Joung and Benjamin Kleinstiver
(Addgene, plasmid 107941; http://n2t.net/addgene:107941; RRID:
Addgene_107941))) and 300 ng of PCR amplicons comprising a U6
promoter driving expression of the different crRNA scaffolds and target
sites were used (Supplementary Tables13 and 14).

HEK293T cells were transfected with DNA, as described above.
Cellswereincubated at 37 °C for 48 h after transfection before genomic

DNA extraction. Genomic DNA was extracted using the GenElute
mammalian genomic DNA miniprep kit (Merck) following the manu-
facturer’s protocol. The genomic DNA was PCR amplified, and, after
validating amplification on a1% agarose gel, the amplicon was prepared
for Sanger sequencing with the primer closest to the expected cleav-
agesite. The chromatograms obtained from each sequencing reaction
were analyzed using TIDE analysis”. As an alternative, editing activ-
ity of ReChb was also evaluated using EnGen Mutation Detection Kit
(NEB). Inbrief, the genomicregion flanking the target site for each gene
was PCR amplified (Supplementary Table 13) using Q5 Hot Start High
Fidelity, and PCR products were subjected to a re-annealing process
toenable heteroduplex formation. After re-annealing, products were
treated with T7 Endonuclease 1 and analyzed on 2% agarose gels. Gels
were dyed with SYBR Gold (Thermo Fisher Scientific) and imaged with
ChemiDoc XRS+ System (Bio-Rad). Cleavage was quantified by Image).
Quantification was based onrelative band intensities. Indel percentage
was determined by the following formula:

alndels = 100x(1—. [1— b+0) ’
(@a+b+c)

where aistheintegrated intensity of the undigested PCR productband,
andband caretheintegrated intensities of each cleavage product band.
For RNP experimentsin HeLaand Hs27 fibroblast cells, RNPs were
complexed by mixing 70 pmol of ReChb and 140 pmol of gRNA (Sup-
plementary Table 14) in 50 pl of Opti-MEM at room temperature for
15 min. Then, RNPs were mixed with 4 pl of CRISPRMAX and 2.5 pl of
Cas9 Plusreagent (Invitrogen) and then carefully dropped into existing
cell culture media for transfection. Cells were incubated at 37 °C for
48 hafter transfection before genomic DNA extraction. Genomic DNA
was extracted using the GenElute mammalian genomic DNA miniprep
kit (Merck) following the manufacturer’s protocol. The genomic DNA
was PCR amplified, and, after validating amplification ona1-2%agarose
gel, theampliconwas prepared for Sanger sequencing with the primer
closest to the expected cleavage site. The chromatograms obtained
from each sequencing reaction were analyzed using TIDE analysis®.
For off-target analysis, predicted off-target sites in the genome
using Cas-OFFinder?® were PCR amplified with the primers listed in
Source Data 2, and, after validating amplification on a 1-2% agarose
gel, the amplicon was prepared for Sanger sequencing with the primer
closest to the expected cleavage site. The chromatograms obtained
from each sequencing reaction were analyzed using TIDE analysis®.

Cryo-EM structural determination

Cryo-EM data collection. For all specimens (see Supplementary
Note 2 for details on specimen preparation), immediately after add-
ing 0.05% CHAPS, a 4-pl aliquot of the mixture was adsorbed onto a
glow-discharged QUANTIFOIL R 1.2/1.3 300 mesh grid (Quantifoil)
and vitrified in liquid ethane with a Leica EM GP2 cryoplunger (Leica)
using front-side blotting for 2 s at 95% humidity. The vitrified complex
specimens were imaged in-house using a 300-kV Krios G4 (Thermo
Fisher Scientific) equipped with a BioContinuum/K3 camera (Gatan)
operatingin counting mode at a calibrated 0.8238 A per pixel. Employ-
ing a1-1.6-pm underfocus range, we recorded three movies per hole
with atotal accumulated dose of 50 e /A% over 50 frames. Movies were
recorded automatically using EPU 2 (Thermo Fisher Scientific) with
aberration-free image shift (AFIS) and fringe-free imaging (FFI).

Cryo-EM data processing. Initial processing of complex specimen
data followed the same general processing strategy (Supplementary
Figs. 8 and 10). Initial frame alignment and contrast transfer function
(CTF) estimation were performed using cryoSPARC live*, after which
processing steps were carried outin cryoSPARC 4.0 (ref. 53) (see Sup-
plementary Figs. 8-10 and Supplementary Note 2 for details on the
cryo-EM data processing and three-dimensional reconstruction).
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Model building. Initial models were obtained using automated model
building with ModelAngelo** and completed by manualinterventionin
Coot> (see Supplementary Note 2 for details). Toimprove thefitand to
optimize stereochemistry of the atomic model, real-space refinements
with secondary structure and geometry restraints were performed
using Phenix*°.

Statistics and reproducibility. Results are representative of least two
independent experiments. All replication attempts showed similar
results. Analyses were done using GraphPad Prism (GraphPad Software)
andIgor Pro 6.32A.

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

Data availability

Next-generation sequencing datafrom PAM determination were depos-
ited at the National Center for Biotechnology Information’s Sequence
Read Archive under BioSample accessions SAMN38227368 (ref. 57) and
SAMN38227369 (ref. 58) (BioProject: PRINA1168665). The EM maps of
apo ReChb (accession numbers EMD-18691 and EMD-18692) and its
ternary and quaternary complexes (EMD-18693 and EMD-18694) have
been deposited inthe Electron Microscopy Data Bank (http://www.ebi.
ac.uk/pdbe/emdb/). The atomic coordinates of ReChb andits ternary
and quaternary complexes have been deposited in the Protein Data
Bank (https:/www.wwpdb.org/) under PDB ID codes 8QWD (ref. 59),
8QWE (ref. 60) and 8QWF (ref. 61), respectively. Other datasupporting
the findings of this study are available from the corresponding authors
uponreasonable request. Source data are provided with this paper.
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Extended Data Fig. 2| Editing activity of ReChb in human cells. (a) Editing activity in HEK293T cells. T7 endonuclease mismatch assay for genes DNMT1, AAVS1
and EMX1 mediated by ReChb and FnCas12a. (b) Quantification of indel efficiency achieved by ReChb at the target sites. Error bars represent the mean + SD, (n =3,

independent experiments).
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Extended DataFig. 3 | Activities of FnCas12a ortholog. Cleavage activity
of FnCas12a against target (a) dsDNA, (b) ssDNA and (c) ssSRNA. Assays were
repeated three timesindependently with similar results. Collateral cleavage
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activity against non-target (d) dsDNA, (e) ssDNA and (f) ssRNA by an FnCas12a/
crRNA complex activated by target nucleic-acid substrates. Assays were repeated
three times independently with similar results.
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Extended DataFig. 4 | Flexible use of distinct crRNAs by ReChb while
retaining pre-crRNA processing. (a) Target-dependent in vitro activity of
ReChb using target crRNA (T), non-target crRNA (NT) and no-crRNA. Assays
were repeated three times independently with similar results. /n vitro cleavage
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(b) types and (c) species. Assays were repeated three times independently with
similar results. (d) /n vitro processing of FnCas12a pre-crRNA (four repeats, 335 nt)
transcript with purified FnCas12a and ReChb.
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Extended Data Fig. 5| Details of crRNA-DNA interactions. Structures of the crRNA and target dsDNA in the ternary complex.
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Extended DataFig. 6 | Close-up of the ternary complex active site. On the left, the active site and lid-loop residues are shown as sticks and the non-target DNA
strand nucleotides as filled sticks. A circle marks the putative location of the cleaved target strand DNA. On the right, the fitting of the active site region on the cryo-EM
density map.
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Extended Data Fig. 7 | Cryo-EM structure of apo ReChb. Comparison of apo (top) and ternary complex (bottom) structures of ReChb coloured by nucleic acid and
protein domain. Arrows depict the direction of movement of the REC1and REC2 domains upon RNA/DNA binding.
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Extended Data Fig. 8 | Post-cleavage conformation of ReChb (left) and FnCas12a (right; PDB: SMGA). Nucleotides are coloured as in Fig. 5b.
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Extended Data Table 1| Cryo-EM structure determination

Apo ReChb Ternary complex  Quaternary complex
(EMD-18691) ReChb -crRNA- ReChb -crRNA-
(PDB 8QWD) target dsSDNA target dsDNA-
collateral dssDNA
(EMD-18693) (EMD-18694)
(PDB 8QWE) (PDB 8QWF)
Data collection and
processing
Magnification 105000 105000 105000
Voltage (kV) 300 300 300
Electron exposure (e—/A?) 50.979 50.979 50.084
Defocus range (pm) 1-1.6 1-1.6 1-1.6
Pixel size (A) 0.8238 0.8238 0.8238
Symmetry imposed Cl Cl Cl
Initial particle images (no.) 3324256 5463714 7589433
Final particle images (no.) 254316 137913 300509
Map resolution (A) 3.33 3.14 3.08
FSC threshold 0.143 0.143 0.143
Map resolution range (A) 2.9-6.5 2.9-6.5 2.9-6.5
Refinement
Initial model used (PDB code) - - -
Model resolution (A) 33 3.1 3.0
FSC threshold 0.143 0.143 0.143
Model resolution range (A) 2.9-6.5 2.9-6.5 2.9-6.5
Map sharpening B factor (A%)  -137.6 -103.2 -124.0
Model composition
Non-hydrogen atoms 9204 11713 11499
Protein residues 1103 1185 1186
Ligands 2 5 6
B factors (A?)
Protein 127.16 101.79 31.38
Nucleotide - 93.27 35.04
Ligand 69.59 28.99 21.31
R.m.s. deviations
Bond lengths (A) 0.002 0.005 0.002
Bond angles (°) 0.507 0.645 0.499
Validation
MolProbity score 1.79 1.63 1.69
Clashscore 8.29 6.94 7.59
Poor rotamers (%) 0.20 0.00 0.00
Ramachandran plot
Favored (%) 95.02 96.33 95.99
Allowed (%) 4.98 3.67 4.01
Disallowed (%) 0.00 0.00 0.00

Cryo-EM data collection, refinement and validation statistics.
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HEK293T (ATCC CRL-1573); Hela (ATCC CRM-CCL-2); Hs27 fibroblast (ATCC CRL-1634)

None of the cell lines used were authenticated

Mycoplasma contamination Cells were confirmed to be free of mycoplasma by analyzing supernatant media monthly using MycoAlertTM PLUS (Lonza).

Commonly misidentified lines ' No commonly misidentified cell lines were used in the study.

(See ICLAC register)

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Describe-any-atithentication-procedtres foreach seed stock-tised-or-novel-genotypegenerated—-Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

-
g
C
=
()

©
O
Et\
o
=
—
™

©
O
E,..
)

Q
wn
C
3
=
Q
>

<




	A resurrected ancestor of Cas12a expands target access and substrate recognition for nucleic acid editing and detection

	Results

	Applying ASR of Cas12a nucleases to generate ReChb

	ReChb efficiently edits human cells

	ReChb exhibits robust PAM-flexible editing in human cells

	ReChb accepts dsDNA, ssDNA and RNA as well as altered crRNAs

	Structure of ReChb ternary complex

	Structure of ReChb quaternary complex


	Discussion

	Online content

	Fig. 1 ASR of Cas12a yields ReChb.
	Fig. 2 ReChb exhibits broad PAM recognition activity in human cells.
	Fig. 3 Characterization ReChb activity in vitro.
	Fig. 4 ReChb as molecular diagnostic tool for PAM-free dsDNA target recognition.
	Fig. 5 Ternary complex among ReChb, crRNA and target dsDNA.
	Fig. 6 Quaternary complex among ReChb, crRNA, target dsDNA and collateral dsDNA.
	Extended Data Fig. 1 Phylogenetic tree of sequences used for ASR of ReChb.
	Extended Data Fig. 2 Editing activity of ReChb in human cells.
	Extended Data Fig. 3 Activities of FnCas12a ortholog.
	Extended Data Fig. 4 Flexible use of distinct crRNAs by ReChb while retaining pre-crRNA processing.
	Extended Data Fig. 5 Details of crRNA-DNA interactions.
	Extended Data Fig. 6 Close-up of the ternary complex active site.
	Extended Data Fig. 7 Cryo-EM structure of apo ReChb.
	Extended Data Fig. 8 Post-cleavage conformation of ReChb (left) and FnCas12a (right PDB: 5MGA).
	Extended Data Table 1 Cryo-EM structure determination.




