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Abstract: Small and robust CRISPR-Cas nucleases are highly desirable for genome editing
applications. Being guided by a RNA to cleave targets near a short sequence termed a
protospacer adjacent motif (PAM), Cas9 and Cas12 offer unprecedented flexibility, however,
smaller more compact versions would simplify delivery and extend application. Recently, a new
class 2 system encoding a miniature (529 amino acids) effector, Cas14al, has been shown to
exclusively function as a PAM-independent single stranded DNA nuclease. Using biochemical
methods, we show that a T-rich PAM sequence triggers Cas14 proteins to also cut double-
stranded DNA generating staggered ends. Finally, we demonstrate the ability of Casl14al to
target and cleave cellular human chromosomal DNA paving the way for genome editing
applications with Casl14s.

Main Text: Clustered regularly interspaced short palindromic repeat (CRISPR) associated (Cas)
microbial defense systems protect against nucleic acid contagions (1). Utilizing small guide
RNAs (gRNAs) transcribed from a CRISPR locus, accessory Cas proteins are directed to silence
invading foreign RNA and DNA (2). Based on the number and composition of proteins involved
in nucleic acid interference, CRISPR-Cas systems are categorized into distinct classes, 1-2, and
types, I-VI (2). Class 2 systems encode a single effector protein for interference and are further
subdivided into types, 11, V, and VI (3). Cas9 (type II) and Cas12 (type V) proteins have been
shown to cleave invading double-stranded (ds) DNA, single-stranded (ss) DNA, and ssRNA (4—
9). To recognize and cleave a dsDNA target, both Cas9 and Cas12 require a short sequence,
termed the protospacer adjacent motif (PAM), in the vicinity of a DNA sequence targeted by the
gRNA (4, 5, 10). Over the past several years, these endonucleases have been adopted as robust
genome editing and transcriptome manipulation tools (11, 12). Although both nucleases have
been widely used, the size of Cas9 and Cas12 provides constraints on cellular delivery that may
limit certain applications including therapeutics (13, 14).

Recently, a new class 2 system with an interference protein nearly half the size of the smallest
Cas9 or Cas12 proteins, termed Cas14, has been described (Fig. 1A) (9, 15). Sharing a C-
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terminal RuvC domain with Cas12 proteins, Cas14s have been classified as type V effectors
(15). Compared to Cas12 orthologs, the N-terminal half of Cas14 differs significantly in length
accounting for most of the size difference between the two families (Fig. 1A and Fig. S1).
Additionally, Cas14 was shown to differ with respect to the types of nucleic acid substrates it
targets. While most Cas12s bind and cut both ssDNA and dsDNA, Cas14 has been reported to
exclusively function as a ssDNA nuclease (15). Directed by its gRNA, it was shown to bind and
cleave a ssDNA target in a PAM-independent manner. Additionally, target binding and cleavage
by Cas14 triggered collateral nuclease activity that manifested as trans-acting non-specific
ssDNA degradation (15). This seems to be a feature largely shared by the type V family although
Casl2g was reported to initially target ssSRNA and then indiscriminately degrade both ssDNA
and ssRNA (8, 9).

Here, we report that Cas14, like Cas9 and most type V (a-e, h, 1) proteins, cleaves dSDNA targets
in the vicinity of a T-rich PAM. Tests were performed using the intact Cas14 CRISPR-Cas
system from Candidatus Micrarchaeota archaeon (CG1_02_47 40) (GeneBank: MK005740.1),
termed Cas14b5 (15). First, spacers capable of targeting a PAM plasmid library (16) were
incorporated into its CRISPR array. The resulting modified CRISPR-Cas14b5 locus was then
synthesized, cloned into a low copy plasmid, and transformed into E. coli. Next, a previously
developed PAM determination assay (16, 17) was adapted to assess the ability of the Cas14b5 to
recognize and cleave a dsDNA target (Fig. 1B). This was accomplished by combining clarified
lysate containing Cas14b5 protein and guide RNAs expressed from the reengineered locus with
the PAM library. Then DNA breaks were captured by double-stranded adapter ligation, enriched
for by PCR, and Illumina deep sequenced as described previously (16, 17). DNA cleavage
occurring in the target sequence was evaluated by scanning regions in the protospacer for
elevated frequencies of adapter ligation relative to negative controls (experiments assembled
with lysate from E. coli not transformed with the Cas14b5 locus). As illustrated in Fig. S2A,
adapters were more likely to be ligated after the 21 protospacer position 3’ of the randomized
PAM. Next, fragments resulting from DNA cleavage in the target region, were evaluated for
PAM preferences. Assuming 5’PAM recognition, a T-rich sequence (5’-TTAT-3") was
recovered in the vicinity of the gRNA target only in the Cas14b5 treated sample (Fig. 1C and
Fig. S2B). To confirm the PAM sequence and dsDNA cleavage position, a plasmid was
constructed containing a target adjacent to the identified 5’-TTAT-3" PAM sequence and
subjected to biochemical cleavage experiments using cell lysate. Also, to increase Cas14b5
concentration, a higher copy number DNA expression plasmid equipped with an inducible T7
promoter was utilized. Sequencing of the target plasmid cleavage products confirmed cleavage at
the 21 position of the target sequence in respect to the PAM, especially, for reactions where
expression of the Cas14b5 locus was regulated by T7 (Fig. S2C). Reactions using deletion
variants further confirmed that Cas14b5 was the sole protein required for the observed dsDNA
target recognition and cleavage activity (Fig. S2C).

To corroborate our findings, the model Cas14al system was chosen (15). Like Cas14b5
experimentation, E. coli lysate from cells expressing Cas14al was used. However, instead of
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expressing gRNAs from a modified CRISPR-Cas locus, an in vitro transcribed single guide RNA
(sgRNA) capable of targeting the PAM library was included in the reaction mixture. Next,
cleavage products were captured and analyzed as described above (Fig. 1B). Akin to Cas14b5, a
cleavage signal just after the 24™ protospacer position was detected (Fig. S3A) and a T-rich
PAM sequence, 5’-TTTR-3’, immediately 5° of the sgRNA target was recovered (Fig. 1D and
Fig. S3B). Taken together, this shows that like Cas14b5, Cas14al also recognizes and cuts
dsDNA in a PAM-dependent manner.

Next, programmable Casl4al dsDNA cleavage was studied using purified components. First, to
ensure favorable reaction conditions, the effect of sgRNA spacer length, temperature, salt
concentration, and divalent metal ions were evaluated on Casl4al dsDNA cleavage activity (Fig.
S4). Experiments revealed that Casl4al ribonucleoprotein (RNP) complex is a Mg?*-dependent
endonuclease that functions best in low salt concentrations (5-25 mM) and in a temperature
range of ~46-50°C (Fig. S4). Furthermore, sgRNA spacers of around 20 nt supported the most
robust dsDNA cleavage activity (Fig. S4). Under optimized reaction conditions, supercoiled (SC)
plasmid DNA containing a target sequence flanked by a Casl4al PAM, 5’-TTTA-3’ was
completely converted to a linear form (FLL), thus, illustrating the formation of a dsDNA break
(Fig. 2A). Additionally, cleavage of linear DNA resulted in DNA fragments of expected size
further validating Cas14al mediated dsSDNA break formation. Next, we confirmed that Cas14al
requires both PAM and sgRNA recognition to cleave a dsDNA target (Fig. S5). Finally, alanine
substitution of conserved RuvC active site residues abolished cutting activity further confirming
that the RuvC domain is essential for the observed dsDNA cleavage activity (Fig. 2B).

The type of dsSDNA break generated by Cas14al was examined next. Using run-off sequencing,
we observed that Casl4al makes 5’ staggered overhanging DNA cut-sites. Cleavage
predominantly occurred centered around positions 20-24 bp in respect to PAM-sequence (Fig.
2C) independent of spacer length and plasmid topology (Fig. S6). Next, the cleavage pattern of
Casl4al was assessed on synthetic double-stranded oligodeoxynucleotides. As illustrated in Fig.
2D and Fig. S7, a 5’ staggered cut pattern albeit with less strictly defined cleavage positions than
observed with larger DNA fragments was also noted.

Next, we investigated if the non-specific ssDNA degradation activity of Casl4al could be
induced not just by ssDNA targets (15) but also by dsDNA targets. First, the ability of Casl4al
to indiscriminately degrade single-stranded M13 DNA in the presence of a ssDNA target without
a PAM was confirmed. Next, a dsSDNA target containing a 5° PAM and sgRNA target for
Casl4al was also tested for its ability to trigger non-selective ssDNA degradation. As shown in
Fig. 2E, the trans-acting ssDNase activity of Casl14al was activated by both ssDNA and dsDNA
targets, analogous to observations made for Cas12a (8).

Finally, the ability of Cas14al to target and cleave human chromosomal dsDNA in HEK293
cells was examined. First, NLS-tagged Cas14al and sgRNA ribonucleoprotein (RNP) complexes
capable of targeting sites adjacent to a 5 TTTR PAM in the VEGFA2 or 3 loci were prepared.
Next, they were delivered directly into HEK293 cells using cationic lipid-based transfection.
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After 72 hours, VEGFA2 and 3 target sites were assayed by targeted deep sequencing for the
presence of insertion or deletion (indel) mutations indicative of dsSDNA cleavage and cellular
repair. For all Casl4al-sgRNA replicates, indel mutations were recovered within the expected
cleavage window for Cas14al (Fig. 3A and B) and the results were significant relative to the
negative controls (lipofections where the sgRNA was omitted) (Fig. S8).

Taking into consideration size similarities between Cas14 and type V ancestral TnpB-like
transposon associated proteins (3), it was speculated that Cas14 hadn’t evolved the necessary
structures to facilitate RNA-guided dsDNA target recognition and cleavage (15). Here, using
biochemical approaches, we provided evidence, altogether, demonstrating that Cas14 is a
programmable nuclease capable of introducing targeted dsSDNA breaks similar to much larger
Cas12 proteins. First, we uncovered T-rich PAM recognition that supports dsSDNA cleavage
similar to other type V interference proteins (9, 10, 18) for two Cas14 family members, Cas14al
and Cas14b5. Additionally, using purified protein and sgRNA, we reconstituted dsDNA target
cleavage for Casl4al and confirmed that both 5> PAM and sgRNA recognition are required for
dsDNA cleavage. Despite the small size of Cas14, we also showed PAM-distal dsSDNA
staggered cleavage for Cas14al reminiscent of larger Cas12 proteins (10, 19-22). Moreover, as
described for Cas12a, we identified that both ssDNA as well as PAM containing dsDNA targets
can serve as triggers for Cas14 non-specific ssDNase activity, potentially expanding the utility of
recently developed nucleic acid detection platforms like SHERLOCK and DETECTR (8, 23,
24). Finally, we illustrate that Cas14 is capable of cleaving chromosomal DNA in eukaryotic
cells suggesting that it can be harnessed as a genome editing tool.
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Fig. 1. Detection of dsDNA target recognition and cleavage activity for Cas14 proteins. (A)
Schematic representation of domain architecture for signature class 2 effector nucleases. (B)
Workflow of the biochemical approach used to examine PAM recognition and detect dSDNA
cleavage. WebLogos of enriched PAM sequences for Cas14b5 (C) and Cas14al (D).
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Fig. 2. Cas14al RNP complex is a PAM-dependent dsDNA endonuclease. (A) Casl4al RNP
complex cleaves plasmid DNA targets in vitro in a PAM-dependent manner. (B) Alanine
substitution of two conserved RuvC active site residues completely abolishes Cas14al DNA
cleavage activity. (C) Run-off sequencing of the Casl4al pre-cleaved plasmid DNA indicates
that cleavage is centered around positions 20-24 bp 3’ of the PAM resulting in 5’-overhangs. (D)
Oligoduplex cleavage patterns are consistent with staggered cleavage but differ from
experiments assembled with plasmid DNA (shown in C). (E) Collateral non-specific M13
ssDNA degradation activity by Casl4al triggered by ssDNA and PAM-containing dsDNA. TS —
target strand, NTS — non-target strand, SC — supercoiled, FLL — full length linear, OC — open
circular.
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VEGFA2 Target Site
TGCTTTTGGGGGTGACCGCCGGAGCGCGGCGTGAGCCC
TGCTTTTGGGGGTGACCGCCGGAGCGCGGCGT--GCCC
TGCTTTTGGGGGTGACCGCCGGAGC———=——= TGAGCCC
TGCTTTTGGGGGTGACCGCCGGAGCGCGGCGLTGAGCC
TGCTTTTGGGGGTGACCGCCGGAGCGCG-—~-—-GAGCCC
TGCTTTTGGGGGTGACCGCCGGAGCGCGGC—-—--GCCC
TGCTTTTGGGGGTGACCGCCGGAGCGCG-———— AGCCC

VEGFAS Target Site

Reference CCTCTTTAGCCAGAGCCGGGGTGTGCAGACGGCAGTCA

Indels

CCTCTTTAGCCAGAGCCGGGGTGTGCAGA---CAGTCA
CCTCTTTAGCCAGAGCCGGGGTGTGCA--—-— CAGTCA
CCTCTTTAGCCAGAGCCGGGGTGTGCAGA-———-—— TCA
CCTCTTTAGCCAGAGCCGGGGTGTGCAGAC--CAGTCA
CCTCTTTAGCCAGAGCCGGGGTGTGCAGACGG--GTCA
CCTCTTTAGCCAGAGCCGGGGTGT-—-——--—-— CAGTCA

VEGFA3 (B) target sites in HEK293 cells 72 h post Cas14al RNP treatment. Dashes represent
deletions and gray shaded box indicates expected cleavage window for Cas14al.
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