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Abstract

Casl2a is an RNA-guided DNA endonuclease of the type V-A CRISPR-Cas system that has
evolved convergently with the type 11 Cas9 protein. We previously showed that proline
substitutions in the bridge helix (BH) impart target DNA cleavage selectivity in Streptococcus
pyogenes (Spy) Cas9. Here, we examined a BH variant of Cas12a from Francisella novicida
(FnoCas12aKP2P) to test mechanistic conservation. Our results show that for RNA-guided DNA
cleavage (cis-activity), FnoCas12akP2P accumulates nicked products while cleaving supercoiled
DNA substrates with mismatches, with certain mismatch positions being more detrimental for
linearization. FnoCas12akP2P also possess reduced trans-single-stranded DNA cleavage activity.
These results implicate the BH in substrate selectivity in both ¢is- and #rans-cleavages and show its
conserved role in target discrimination among Cas nucleases.
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CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats and CRISPR-
associated proteins) systems are adaptive immune systems present in bacteria and archaea
[1-4]. The CRISPR array contains repeat-spacer units, and spacers are usually derived from
foreign genetic elements [5-7]. The CRISPR arrays are transcribed into pre-CRISPR RNA
and further processed into smaller, mature CRISPR RNAs (crRNA), which guide Cas
nucleases to DNA and/or RNA targets to enable sequence-specific cleavage [2,8-10]. Over
the past decade, the RNA-mediated DNA targeting, and cleavage activities possessed by Cas
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nucleases have been repurposed into powerful gene editing tools [11-16]. Based on their
locus organization and functional mechanisms, CRISPR-Cas systems are classified into two
classes that are further divided into six types and several subtypes [3,17]. Of these, type Il
and type V CRISPR-Cas systems are widely used for gene editing applications due to the
simplicity of RNA-mediated DNA targeting offered by these systems, which can be
attributed to their signature Cas nucleases, which can singly recognize, bind, and cleave
target DNA in a sequence-specific manner [13,15,18,19].

Casl2a (previously known as Cpfl) is the signature protein of type V-A CRISPR-Cas
systems. It is a single polypeptide comprised of multiple domains that are broadly divided
into two structural lobes, the recognition (REC) lobe and the nuclease (NUC) lobe [20-26].
The two lobes are connected by an a-helix called bridge helix (BH) that is indispensable for
the protein’s function [21]. Cas12a binds to crRNA, following which a 20-nucleotide (nt)-
long guide region of the crRNA base pairs with complementary regions of a target DNA that
is flanked by a protospacer adjacent motif (PAM) [21]. Recognition of the PAM and 17-nt of
complementarity in the target DNA are required for a stable R-loop formation, where one of
the strands of the DNA base pairs with the guide region of the crRNA [called the target
strand (TS)] and the other strand is displaced [called the nontarget strand (NTS)] [27-29].
The double-stranded (ds) DNA cleavage is sequential, with NTS cleavage preceding that of
TS. Both strands are cleaved by the endonuclease activity of the RuvC domain, even though
cleavage of TS requires coordination of both the Nuc and RuvC domains [30-32]. The
position of cleavage, as referenced by the PAM location, differs for each of the two strands,
resulting in staggered DNA ends after cleavage [33]. In comparison, Cas9 uses two distinct
domains for dsDNA cleavage, HNH for TS and RuvC for NTS cleavage. Several studies
have shown that efficient cleavage by RuvC is dependent on HNH in Cas9, even though
RuvC has demonstrated the ability to cleave NTS independent of HNH, albeit at a lower
efficiency [34-36].

In addition to the RNA-guided DNA cleavage activity (also called as ciscleavage), Casl2a
possesses the ability to process its own crRNA, which has also been identified in several
type V and type VI CRISPR-Cas systems [37,38]. Recent studies have identified the ability
of Cas12a protein to cleave and degrade single-stranded (ss) DNA, nonsequence specifically
(this activity is called trans-cleavage) [39,40]. The trans-Cleavage is triggered by the binding
of Cas12a-crRNA complex to a complementary DNA strand, referred to as an activator
DNA [39,40]. The base pairing of crRNA guide region with the activator DNA induces
conformational changes, opening the RuvC catalytic pocket to ssDNA [31,32,41]. Previous
reports have shown that both ssSDNA and dsDNA oligonucleotides (oligos) are effective
activators, even though dsDNA has an additional requirement for a cognate PAM [39].
Cas12a can also cause RNA-independent degradation of ssSDNA and non-sequence-specific
nicking of ds plasmid in the presence of specific divalent metal ions [42,43].

One of the major problems associated with CRISPR-Cas-based gene editing is off-target
DNA cleavage, where targets with partial complementarity to the crRNA are also cleaved, in
addition to the on-target DNA, causing unwanted mutations during gene editing [44-47].
Even though Cas9 is most widely used for gene editing, it has been shown to cause
considerable off-target effects [45-47]. Cas12a offers more advantages for gene editing due
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to its ability to cause staggered cleavage that is beneficial for homologous recombination,
[48] the potential for multiplexing where several regions can be targeted simultaneously
since Cas12a can process crRNA by itself, [49,50] and reduced off-target effects compared
to Cas9 based on gene editing experiments [15,51,52]. However, Cas12a has not been used
as widely as Cas9 in gene editing mainly due to limited in-depth mechanistic understanding
when compared to Cas9.

We recently established that in Streptococcus pyogenes (Spy) Cas9, the BH plays a role in
imparting selectivity in target DNA cleavage [53]. Substituting prolines in a region of the
BH that adopts a loop conformation in the apo-SpyCas9 structure (PDB ID: 4CMP) [54]
greatly reduced the cleavage of supercoiled DNAs containing PAM-proximal mismatches
[53]. A recent work showed that other amino acid substitutions (Arg63Ala or Arg66Ala) in
SpyCas9’s BH also created stringent Cas9 variants [55]. Interestingly, BH is conserved in
several Cas9 orthologs and other Cas nucleases across different CRISPR systems including
Casl2a [17]. Based on this, we hypothesized that amino acid substitutions in the BH of large
multidomain Cas nucleases can alter selectivity in substrate cleavage.

In the present work, we analyzed the effect of BH perturbations of Cas12a on DNA
cleavage. We substituted two amino acids, Lys969 and Asp970, in the BH of Francisella
novicida (Fno) Cas12a with prolines (FnoCas12aKP2P). Our results showed that the variant
protein, FnoCas12akP2P discriminates against DNA containing mismatches across several
positions along the target DNA, causing a reduction in dSDNA breaks and an accumulation
of nicked products while performing cis-cleavage. This feature establishes commonalities
between Cas9 and Cas12a. We also observed that BH contributes to efficient cis-cleavage of
different physical states of DNA substrates and that it is essential for frans-DNA cleavage,
implicating BH in different aspects of DNA recognition and cleavage. Altogether, these
results indicate that the role of BH in substrate discrimination is shared among BH-
containing Cas nucleases and lays foundation for a common strategy where target selectivity
of Cas nucleases can be tuned by manipulating BH residues.

Materials and methods

FnoCas12aXP2P construction and purification

The wild-type Frnocas1Zagene cloned into a pET28m vector (His6 of pET28a replaced with
His8-3C protease) with an N-terminal maltose-binding protein (MBP) tag for solubility and
efficient purification (Table S1) was from our previous study [42]. Using this as a template,
site-directed mutagenesis (SDM) was performed to introduce Lys969Pro and Asp970Pro
substitutions to create FnoCas12a<P2P (Table S1) [56]. The purified PCR product (E.Z.N.A.
kit) was treated with a KLD (kinase, ligase, and Dpn1l) enzyme cocktail present in the Q5
site-directed mutagenesis kit and was transformed into Escherichia coli DH5a cells (NEB,
Ipswich, MA, USA). Plasmids were isolated and sequenced to confirm the proline
substitutions and the correctness of the rest of the coding region. The sequence-confirmed
plasmid was transformed into Escherichia coli Rosetta strain 2 (DE3) cells. Both
FnoCas12aWT and FnoCas12aKP2P were expressed and purified using a previously
published protocol (Fig. S1) [42].
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crRNA transcription and purification

The template strand for crRNA containing the T7 promoter region was ordered as an oligo
DNA from Integrated DNA technologies (IDT) (Table S2). The complementary noncoding
strand consisting of the T7 RNA polymerase promoter region was also ordered from IDT
(Table S2). The coding and noncoding strands were annealed in a 1 : 1.5 molar ratio by
heating at 95 °C for 2 min and slowly cooling to room temperature in the presence of 1X
annealing buffer (10 mm Tris/HCI, pH 8, 50 mm NaCl). /n vitro transcription reaction (200
pL) contained ~ 400 ng of annealed dsDNA transcription buffer [1X: 40 mm Tris/HCI, pH
8.0, 1 mm spermidine, 50 ug bovine serum albumin, 20 mm MgCl,, 5 mwm dithiothreitol
(DTT)], nucleotide triphosphates (9 mm GTP, 8 mm ATP, 8 mm CTP, and 8 mm UTP), 50 g
RNasin (Promega, Madison, WI, USA), 1 ug inorganic pyrophosphatase, and 40 ug T7 RNA
polymerase. The reaction was carried out for 3 h at 37 °C. The transcription reaction was
treated with DNasel (NEB) (final: 0.01 mg/mL) in 1X DNase buffer (1X: 10 mm Tris, pH
7.5, 2.5 mm MgCl, and 0.5 mm CaCly) for 30 min at 37 °C to remove the template DNA.
The products were ethanol-precipitated and further purified by extracting the RNA bands
from a 12% urea (8 m)/poly-acrylamide gel. Aliquots of RNA were stored at —20 °C and
were freshly annealed by heating at 95 °C for 2 min followed by slow cooling to room
temperature using the 1X annealing buffer to allow proper secondary structure formation.

Construction of matched and mismatched plasmid DNA substrates

The strands corresponding to the matched DNA substrate were ordered from IDT, and it
consisted of a 31-nt protospacer region, a 3-nt PAM, and ends resembling postcleav-age by
BamHI and EcoRl restriction enzymes (Table S1 and Fig. S2). The DNA oligos were
annealed, phosphorylated, and ligated to linearized and dephosphorylated pUC19. The
corresponding clone was sequence-confirmed and was further used as a template to develop
mismatched DNA substrates. Using SDM, single mismatches were introduced covering
positions 1 to 22 of the protospacer region (Table S1, Fig. S2). The mismatch positions are
numbered following the position downstream of the PAM with respect to NTS.

Supercoiled plasmid cleavage assays

The Casl12a proteins were diluted to the required concentration in 20 mm HEPES, pH 7.5,
150 mm KCI, 2 mm EDTA, 1 mm TCEP. The total reaction volume for all the experiments in
this work was 10 pL, unless mentioned otherwise. This reaction volume of 10 pL includes
1X cleavage buffer (20 mm HEPES, pH 7.5, 150 mm KCI, 5% glycerol, and 0.5 mm DTT), 5
mm MgCl,, desired RNP, and 100 ng of plasmid DNA. The crRNA-Cas12a (RNP) complex
at desired concentrations were preassembled in a 1.2:1 molar ratio in 1X cleavage buffer
containing 5 mm MgCl, by incubating at 37 °C for 10 min. The reaction was initiated by
adding 100 ng (~5 nm) plasmid DNA and further incubated at 37 °C for different time points
as required for the different analyses. The reactions were stopped by adding equal volume of
2X stop dye (1X: 100 mm EDTA, 2% SDS, 20% glycerol, and 0.08% orange G). The
reactions were loaded on a 1% agarose gel, and products were resolved. Gels were
poststained by ethidium bromide and imaged using a Bio-Rad GelDoc. The bands were
quantified using ImageJ software [57]. Background correction was performed using baseline
adjustment.
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To quantify the reactions, the intensities [/] corresponding to nicked (N), linear (L), and
supercoiled (SC) bands were designated respectively as /\, /., and /sc. The background-
corrected fractions of the cleavage products were calculated as:

Nicked In Iy
leked = IN+IL+ISC_ IN+IL+ISCC @
. I I
Llnear_|:IN+IL+ISC_(IN+IL+ISC~)CJ @

where values with the * C" subscript represent the intensities corresponding to the no enzyme
control lane of each gel.

The fraction of total cleavage was then calculated as:

Total cleavage = Nicked + Linear 3)

and the fraction of remaining supercoiled precursor (Frac[P]) was given by:

Frac[P] = 1 — Total cleavage @

Standard deviation (SD) and standard error of mean (SEM) were calculated as reported
previously [42].

Oligo DNA cleavage assays

A 50-nt oligo TS DNA and its complementary 50-nt strand (i.e., NTS), containing the
protospacer and PAM, were independently labeled at their 5" termini with 32P (Table S2).
The labeled strands were further purified through Micro Bio-Spin columns (P-30) from Bio-
Rad (Hercules, CA, USA). In this work, a 100% recovery of the labeled strands was
assumed for calculations in downstream experiments. The strands were then annealed to
excess of unlabeled complementary strand in a 1:1.2 ratio by heating at 95°C for 2 min
followed by slow cooling to room temperature in the presence of 1X annealing buffer (10
mwm Tris/HCI, pH 8, 50 mm NaCl). ~1 nm of duplex DNA was treated with varying
concentrations of preformed RNP complexes (see section Supercoiled plasmid cleavage
assays) ranging from 10 n to 500 nm in a reaction volume of 10 pL. The cleavage reactions
were carried out at 37 °C. The cleavage reaction time was fixed at 45 min for concentration
course, but varied in time-course measurements designed to measure the reaction rate. To
stop the reaction at each desired time, EDTA (final of 11 mm), CaCl, (14 mwm), and
Proteinase K (~1.8 pg/reaction, NEB) were added to the reaction bringing the reaction
volume to ~ 14 L, followed by incubation at 50 °C for 15 min. The reaction mixture was
combined with equal volume of 2X RNA loading dye (1X concentration: 47.5% formamide,
9 mm EDTA, 1% SDS, and 0.0125% bromophenol blue dye), heated at 95 °C for 5 min, and
loaded onto a prewarmed 16% urea/formamide/acrylamide gel. The gels were then exposed
onto a phosphor imaging screen and imaged using a GE Typhoon FLA 7000 imager.
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To quantify the reactions, the intensities of the precursor band and the product bands for
either 32P-labeled TS (/7precursors /7products) OF 32p-Jabeled NTS (INTprecursors /NTproducts)
were measured. The fraction of precursor remaining was calculated as:

_ I T'precursor
Tprecursor -7 Ty ®)
Tprecursor Tproducts
_ I NTprecursor
NTprecursor = (6)

I NTprecursor +1 NTproducts

Linearized ds plasmid cleavage assays

Matched supercoiled plasmid DNA was digested with Scal-HF (NEB) in Cutsmart buffer.
The enzyme was inactivated by heating at 80 °C for 20 min, and the linearized DNA was
purified using the E.Z.N.A Cycle Pure kit. For testing the effect of linear dSDNA on c/s-
cleavage, 25 nm of FnoCas12a was preincubated with 30 nm of crRNA in 1X cleavage buffer
(section Supercoiled plasmid cleavage assays) for 10 min at 37 °C. 100 ng of linearized
matched DNA was added, and the reactions were stopped at indicated time points using the
2X stop dye (section Supercoiled plasmid cleavage assays).

To quantify the reactions, the intensities of the precursor linear band and the product bands
were measured. The intensities [/] corresponding to linear precursor (L), cleaved band 1
(B1), and cleaved band 2 (B2) were designated respectively as /, /g1, and /go. The
background-corrected fractions of products were calculated as:

Cleaved band 1 =[ Tp1 —( L ) )
Iy +1g1+1p IL+IBI+IBZC
Ip, ( Ipy )
Cleaved band 2 = - 8
Iy +1g1+1p Ip+1g+1p)c ®)

where values with the * C" subscript represent the intensities corresponding to the no enzyme
control lane of each gel.

The fraction of total cleavage was then calculated as:

Total cleavage = Band 1 + Band 2 9)

and the fraction of remaining precursor (Frac[P]) was calculated using Eqgn (4).

ss plasmid cleavage assays

Supercoiled ss plasmid—M13mp18 circular sSDNA was used for testing the effect of ss
supercoiled plasmid DNA for c/s-cleavage. The substrate and RNP concentration were same
as Section Linearized ds plasmid cleavage assays.
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Linearized ss plasmid—About 1.5 ug of M13mp18 was linearized using 70 units of
EcoRI (NEB) enzyme for 90 min in IX NEB buffer 2.1 at 37 °C. The enzyme was heat-
inactivated, and the DNA was purified using the E.Z.N.A Cycle Pure Kit. Note that sSSDNA
is not a preferred substrate for EcoRI, and control studies showed that the efficiency of
M13mp18 DNA digestion ranged from 50% to 70% of linear form (details in Fig. S8). The
digested M13mp18, containing a mixture of linear and circular forms, was treated with 25
nm RNP for FnoCas12aWT and different RNP concentrations for FnoCas12akP2 jn
cleavage buffer listed in section Supercoiled plasmid cleavage assays. The reaction was
stopped using 2X stop dye (section Supercoiled plasmid cleavage assays), and the products
were resolved on a 1% agarose gel.

Determination of rate constants for precursor cleavage

Time-course measurements using linearized ds plasmid and oligo DNA substrates were fit
[Origin (Pro) Version 2020b (Northampton, MA)] adequately to a single-exponential decay
equation:

y= l-a- [1 - exp(_kobs : t)] (10)

with y being the fraction of precursor of oligo-T strand (Eqn 5), NT strand (Eqn 6), or
linearized plasmid (see Eqns 7-9 and Eqn 4), ks being the reaction rate constants, and a
being the total active fraction.

For cleavage of supercoiled plasmids, a double-exponential decay was required to properly
fit the data:

Frac[P] =1 —al - [1 —exp(—ky - )] — a2 - [1 — exp(—ky - 1)] 1)

with Frac[P] specified by Eqn (4), A1 and &> being the reaction rate constants, and al and &2
being fraction of precursor that reacted respectively with the k1 and &> rate constants. The
total active fraction a= al + a&2.

Electrophoretic mobility shift assay

The TS strands of matched or MMS8 oligos (Table S2) were labeled with 32P on the 5’
termini. The labeled DNA strands were purified and annealed with the NTS oligo as
described earlier (section Oligo DNA cleavage assays). ~1 nm of matched or MM8 TS-
labeled DNA duplex was incubated with desired concentrations (5 nm to 250 nm) of
preformed RNP in the presence of 1X cleavage buffer (section Supercoiled plasmid cleavage
assays). No divalent metal was added in order to prevent DNA cleavage. After a 20-min
incubation at room temperature, a glycerol dye was added to the mixture (final
concentration: 14.3% glycerol, 0.0143 % bromophenol blue, and 0.0143% of xylene cyanol)
and the sample was resolved on a 6% native acrylamide gel using 0.5X Tris borate (0.5X: 45
mm Tris/HCI, 45 mwm boric acid) as the running buffer. The bands were visualized by
exposing onto a phosphor imaging screen and imaged using a GE Typhoon FLA 7000
imager. The intensities of bands corresponding to the unbound DNA (/;nbound) and the
ternary complexes (/omplex) Were measured. The fraction of bound DNA was calculated as:
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I complex
frac[bound] = 12
[ ] Icomplex + Tunbound 2
The data were fit to:
RNP
frac[bound]z—[Rg\IP] +]Kd (13)

with Kj being the dissociation constant between the RNP and the DNA.

trans-cleavage assays

trans-cleavage assays were tested on two different substrates: M13 ss circular DNA (NEB)
and a 54-nt ss linear oligo DNA (Table S2). We also tested the effect of two different
activators: a 20-nt-long ssDNA activator without a PAM and a 24-nt-long dsDNA activator
that contained a PAM (Table S2). The forward and reverse strands of the ds activator (1 : 1
molar ratio) were annealed as previously mentioned (see section Oligo DNA cleavage
assays). The concentrations of the activator DNA and the crRNA were the same in each
reaction.

M13 trans-cleavage: For concentration titration, 100 ng (4.4 nm) of M13 ssDNA and 20-nt
ssDNA or 24-nt dsDNA activator were incubated with preformed RNP at desired
concentrations (5 mm to 500 mm) in the presence of 1X cleavage buffer (20 mm HEPES, pH
7.5, 150 mm KClI, 5% glycerol, and 0.5 mm DTT) and 5 mm MgCl, for 60 min at 37 °C. The
M13 ssDNA time-course reactions contained 25 nm Cas12a, 30 nm crRNA, 30 nm sSDNA
activator, and 100 ng M13 ssDNA. The reactions were incubated for the indicated time
points. All the reactions were stopped by adding an equal volume of 2X stop dye (1X
concentration: 50 mm EDTA, 1% SDS, 10% glycerol, and 0.08% orange G). Reaction
products were resolved on 1% agarose gels and poststained with ethidium bromide. Bands
were quantified using the imaces [57].

To quantify the disappearance of M13 ssDNA, intensity of circular (/) band was quantified
for control lane (/g control) and reaction lane (/cr sample). The remaining in each lane
circular (Icy) was calculated as:

Circular (I¢;) = (14)

Iccontrol

Icsample ]

Oligo trans-cleavage assay: A 54-nt oligo DNA (Table S2) was labeled at the 5” termini with
a 32P label and purified as described (section Oligo DNA cleavage assays). Approximately 1
nm of 32P-labeled ss oligo was incubated with 30 nm FnoCas12a, 36 nm crRNA, and 36 nm
activator DNA (either ssSDNA or dsDNA activator) in the presence of 1X cleavage buffer
(section Supercoiled plasmid cleavage assays) and 10 mm MgCI, for the indicated time
points at 37 °C similar to a previous report [39]. The RNP was preformed, followed by the
addition of activator and substrate to the reaction mix. The reactions were stopped by adding
2X RNA loading dye (1X concentration: 47.5% formamide, 9 mm EDTA, 1% SDS, and
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0.0125% bromophenol blue) at the indicated time points. The samples were heated at 95 °C
for 5 min and resolved using a prewarmed 16% urea/formamide/acrylamide gel. The gels
were then exposed onto a phosphor screen and imaged using a GE Typhoon FLA 7000.

RNA-independent DNA cleavage assay

RNA-independent DNA cleavage assay was performed as previously described [42]. The
different substrates tested include M13 ssDNA or pUC19 or a 60-nt ss oligo DNA (Table S2)
that was labeled at its 5" terminus with 32P,

Results

Analysis of interactions of FnoCasl12a BH

To understand the functional role of BH in Cas12a, we analyzed interactions of the BH with
crRNA/DNA and other surrounding domains in the FnoCas12a ternary complex structure
(PDB ID: 5NFV) [20] (Fig. 1 and S3). The BH of FnoCas12a is shorter than that of SpyCas9
and interacts with crRNA and other regions of the protein through its N- and C-terminal
amino acids (Fig. 1 and Table S3). The N terminus of FnoCas12a BH interacts with the
pseudoknot region of the crRNA and its RuvC domain (Figs 1A, S3A, Table S3). The C-
terminal of BH has multiple interactions with crRNA guide region and REC2 domain
through residues 968-970 (Table S3). Arg968, a conserved arginine of BH, interacts with
G11 and U12 of the guide region of crRNA (Fig. 1B and Table S3) [33]. Lys969 interacts
with both guide region (A13, side chain interaction) and REC2 domain (K527, main chain
interaction) (Fig. 1B, Table S3). Asp970 interacts with Lys524 of the REC2 domain (Fig. 1B
and Table S3). Previous studies have shown that Trp971, the residue in the loop following
BH, is highly conserved in Cas12a orthologs and its substitution drastically reduces protein
activity (Fig. 1B) [21]. Trp971 has hydrophobic interactions with Tyr579 and Arg583 of
REC2 domain and acts as a wedge, mediating the movement of the helices in the REC2
domain that are essential for conformational changes during transition from binary to ternary
state (Figs 1B and S3B) [58].

Previous literature has shown a loop-to-helix transition at the C-terminal end of BH during
transformation of the binary structure (Cas12a-crRNA, PDB: 5ID6 [22]) to the ternary state
(Cas12-crRNA-DNA, PDB: 5XUS [58]) in a Casl12a ortholog from Lach-nospiraceae
bacterium (LbCas12a). Similar observations can also be seen in the binary (PDB: 5NG6
[20]) and ternary (PDB: 5SMGA [26]) structures of FnoCas12a. To characterize the effect of
the loop-to-helix transition at the C-terminal end of BH, we introduced amino acids
substitutions. Instead of changing Arg968 that is highly conserved across Cas12a orthologs
[33], we chose to substitute amino acids Lys969 and Asp970 with proline (the variant is
named FnoCas12aXP2P), as proline can not only impact helicity of a helix, enabling testing
of loop-to-helix transition, but has also been shown to have less interactions with nucleic
acids [59]. The substitutions cause the loss of the two side chain interactions, while
maintaining the main chain interaction of the carbonyl oxygen of Pro969 with Lys527 of
REC2 domain (analysis based on PDB ID: 5NFV [20], Fig. 1C). In addition, we hypothesize
that the difference in helicity of BH due to the presence of two tandem prolines may affect
the positioning of Typ971 that acts as a wedge in orchestrating the conformational changes.
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BH variant of FnoCasl12a cleaves matched DNA with a reduced efficiency

We performed /n vitro cleavage assays using supercoiled plasmid substrates that carried a
31-nt-long protospacer and a flanking 3-nt-long PAM (5°-TTA-3") (Fig. S2, Table S1). In
this work, all activity assays involved the use of pre-incubated RNP complex, with RNA at a
slightly higher molar excess than the protein. With a supercoiled plasmid DNA having
complete complementarity with the guide region of the crRNA (matched DNA),
FnoCas12aKP2P reached saturation levels of total cleavage (i.e., total DNA cleaved that
includes both linear and nicked products) at 25 nm RNP (Fig. 2A). At higher RNP
concentrations, total cleavage increased slightly only for FnoCas12aVT (Fig. 2A), and
hence, an RNP concentration of 25 nm was selected for further experiments.

While the total fraction of precursor cleavage at 30 min was comparable between
FnoCas12aWT and FnoCas12aKkP2P for the matched DNA (Fig. 2A), time-course analysis
revealed a clearer deficiency in DNA cleavage rate for FnoCas12akP2P (Fig. 2B,C, Table
S4). For both FnoCas12aWT and FnoCas12aXP2P  the loss of supercoiled precursor can be fit
to a double-exponential decay (Eqn 11, Materials and Methods), with the fast decay
accounting for the majority of the population (Fig. 2B,C). For the fast decay,
FnoCas12aKkP2P showed a significant reduction in the rate constant (k7) as compared to
FnoCas12aWT (4.17 + 0.47 min~! for FnoCas12aXP2P and 12.70 + 3.20 min~1 for
FnoCas12a"V'T), with a corresponding reduction in the fraction of populations (al: 0.55 +
0.02 for FnoCas12aKkP2P vs, 0.72 + 0.02 for FnoCas12aWT) (Table S4). For the slow decay,
both the rate constant (k2) and fraction of population (a2) were comparable between
FnoCas12aVT and FnoCas12aKkP2P (Fig. 2B,C). However, the mechanistic origin of slow
decay is rather unclear, as it may arise from ‘inactive’ RNP due to the preparation or minor
‘alternative’ RNP conformations. Furthermore, analyses validated the use of two-
exponential fit (Egn 11, Materials and Methods) instead of a one-exponential for analyzing
the supercoiled plasmid DNA data (Fig. S4). Overall, the 3.0-fold reduction in kq between
FnoCas12aKkP2P and FnoCas12aWT clearly indicates that proline substitutions in BH
compromised the activity of FnoCas12a<D2P.

FnoCas12aXP2P exhibits selective nicking of supercoiled target DNA with a positional
effect with respect to PAM

Our activity assays with a completely matched supercoiled target DNA showed that
FnoCas12aKkP2P has a lower efficiency to cleave on-target DNA, but proceeded to complete
linearization of the substrate at longer time points. We proceeded to analyze the effect of BH
modulations on cleavage of mismatch containing DNA. We created single mismatches
across each position of the protospacer (Mismatch (MM)1-22) (Fig. S2) embedded in a
supercoiled plasmid and assessed how the BH substitutions affect nicking and dsDNA
cleavage activities of Cas12a.

The supercoiled plasmid DNA substrates were treated with 25 nm RNP complex at 37 °C for
15 min (Fig. S5A-C). Total cleavage, which measured the loss of the supercoiled precursor,
was comparable for FnoCas12aVT and FnoCas12aKkP2P across each mismatched position
tested (Figs 3A, S6A, and S6B). Interestingly, there was a difference in the amount of
nicking (N) and linearization (L) by FnoCas12a"T and FnoCas12aP2P for each of these

FEBS Lett. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Parameshwaran et al.

Page 11

substrates (Figs 3B, S5, S6). In the case of FnoCas12akP2P even though nicked products are
present across mismatches from 1 to 18 (MM1-MM18), positions MM12-17 are the most
impacted with an accumulation of 61-77% nicked product in this region (Fig. S6B). The
linearizing efficiency of FnoCas12aKP2P goes back to similar levels as with matched DNA
for positions MM19-MM22, indicating a clear positional effect of mismatch cleavage
efficiency (Figs 3, S5, S6). Interestingly, FnoCas12aW T also displays a similar pattern of
accumulation of nicked products (3-19%) at mismatch positions MM12-MM17 (Fig. S6A)
indicating higher sensitivity of Cas12a in these mismatch positions. To analyze whether
longer incubations enable linearization of mismatches, we further performed cleavage assays
with matched DNA, MM8, and MM12 substrates at various time points (Fig. S7). While
FnoCas12aWT linearized a majority of the DNA within the first 30 min of the reaction across
all the substrates, the nicked product accumulated at the 30 min time point by
FnoCas12aKkP2P for MM8 and MM 12 was never converted to linear product even after 3
hours (Fig. S7).

The accumulation of nicked product by FnoCas12a<P2P across different positions of
mismatched substrates indicates the inefficiency of FnoCas12aXP2P to cleave both strands of
the DNA when mismatches are present (Figs 3B, S5, S6B). For comparison, FnoCas12a"VT
demonstrated comparable efficiencies to cleave mismatched DNA as that of the matched
DNA (Fig. 3 B). Thus, substitutions in the BH of Cas12a significantly reduce dsSDNA breaks
in mismatched substrates, and the degree of such reduction varies depending on the specific
positions of the target DNA.

Substitutions in the BH of FnoCas12a impact both TS and NTS cleavages

Our results with supercoiled plasmids showed accumulation of nicked products when
FnoCas12aKkP2P cleaves both matched and mismatch containing plasmids, indicating that
cleavage of one of the DNA strands is compromised in the BH variant. To identify which
strand cleavage is impacted, we performed cleavage assays using a 50 base pair (bp) linear
dsDNA oligo substrate that contained a 31-nt-long protospacer region and a cognate PAM
(Table S2). For the matched oligo substrate, time-course assays were performed by
incubating 1 nm matched duplex DNA with 25 nm of RNP complex (Fig. 4). FnoCas12aW"
cleaved around 87% of TS and NTS at 1 min, and the cleavage rate constants (Kqps) Were
estimated to be 2.03 + 0.14 min~1 for TS and 2.90 + 0.36 min~1 for NTS (Figs. 4A—C). The
slightly faster kqns for NTS is consistent with previous observations that NTS cleavage
precedes TS cleavage in wild-type Cas12a [31,32].

FnoCas12aKP2P cleaved around 32% TS and 61% NTS of matched duplex oligo at 1 min
and the kqps Was determined to be 0.34 + 0.08 min~! for TS and 1.13 + 0.18 min~1 for NTS
(Figs. 4D-F). NTS cleavage was faster than TS, but cleavage of both TS and NTS was
slower compared with FnoCas12aWT (Table S4). Compared with that of FnoCas12aVT, kgps
was reduced by 6-fold and 3-fold, respectively, for TS and NTS cleavages in
FnoCas12aKkP2P (Table S4). These results suggest that the BH variation in FnoCas12aKP2P
negatively impacts TS cleavage more than NTS cleavage. Consequently, this suggests the
accumulation of nicked population by FnoCas12akP2P in the plasmid cleavage assay (Fig. 2)
is likely due to the impaired TS cleavage.
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Furthermore, cleavage of a 50 bp linear dsSDNA oligo substrate containing an MM8
mismatch was analyzed at increasing RNP concentrations (Fig. 5A,B). FnoCas12aWV'T
cleaved MMB8 oligo to a lower extent when compared to the matched oligo at the different
RNP concentrations tested (Fig. 5C). Interestingly, our results indicate that the NTS cleavage
is more efficient than that of TS, even in the case of cleavage of MM8 oligo by
FnoCas12aWT (Fig. 5C). On the other hand, FnoCas12aP2 did not show any apparent
cleavage under the experimental conditions that were tested (Fig. 5B). Importantly, binding
analysis showed similar dissociation constants (Kq) between FnoCas12a¥T and
FnoCas12aKkP2P with either matched or MMB8 oligo (Kg, ranging from 17 to 32 nwm, Fig. 6),
indicating that deficiency in the cleavage of MM8 does not stem from weaker binding by
FnoCas12aKP2P,

Together, our results show that BH plays a role in the coordinated cleavages of NTS and TS
in FnoCas12a. Further experiments are needed to elucidate the exact mechanism of
coordinated cleavage. Comparison of the rates for cleaving supercoiled and oligo DNA
substrates indicates preferences of Cas12a for different types of DNA and a possible role of
BH in supporting cleavage of such substrates (Table S4).

Superhelicity and strandedness of substrate DNA are sensed by FnoCasl12a BH

Previous research has shown that Cas9 exhibits preferences toward different physical states
of DNA substrates [60]. We analyzed whether FnoCas12a’s BH plays a role in the cleavage
of DNA with different characteristics, such as superhelicity and strandedness. To test the
effect of superhelicity, we measured the efficiency of FnoCas12a"VT and FnoCas12aP2P to
cleave linearized matched DNA plasmid. Time-course measurements were carried out using
25 nm RNP (Fig. 7A,B), and the loss of the linearized substrate was adequately fit to a one-
exponential decay (Eqn 10). The kops Was determined to be 3.12 + 0.24 min~2 for
FnoCas12aVT and 0.35 + 0.03 min~1 for FnoCas12a<P2P| resulting in a 9-fold reduction in
the rate of cleavage of linear substrate by FnoCas12aXP2P (Fig. 7 A,B, Table S4). Even
though both FnoCas12a"T and FnoCas12aP2P had a slower cleavage rate on linearized
plasmid compared with that of supercoiled substrate, the reduction was more drastic in
FnoCas12aKkP2P (Figs 2, 7, Table S4).

To test the effect of strandedness of DNA on cis-cleavage efficiency, circular and linearized
M13 mp18 ssDNA were used as substrates (Fig. S8). FnoCas12aWT at 25 nm RNP was able
to completely degrade the circular M13 ssDNA (Fig. S8B), although the process took
approximately an hour, which was slower than that observed with the supercoiled dsSDNA
substrate under identical conditions (Fig. 2B). It is interesting to note that in addition to
linearization of ssSDNA by ciscleavage, the substrate is being further degraded, due to the
trans-cleavage activity exhibited by Cas12a proteins (discussed later). FnoCas12akP2P had a
significantly lower extent of cleavage of circular M13 DNA as compared to FnoCas12a\VT,
for both c¢/s-and the associated #rans-activities (Fig. S8B).

To test the effect of superhelicity on ssDNA, we linearized M13 ssDNA and performed cis-
cleavage. FnoCas12a"VT displayed a lower efficiency to cleave linear M13 ssDNA compared
with that of circular M13 DNA. This observation is based on the amount of substrate left
after 60 min of incubation with 25 nm RNP complex (0% for circular M13 vs. ~ 40% for
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linear M13, Fig. S8B, S8C). FnoCas12aXP2P displayed further impairment as observed in
reactions with even increasing RNP concentrations (Fig. S8C). Thus, Casl12a does not prefer
sSDNA as a substrate, and superhelical ssSDNA can be tolerated by the wild-type protein. BH
appears to play a role in supporting ssDNA cleavage since both circular and linear M13
ssDNA were cleaved to a much lower extent by FnoCas12aXP2P,

In conclusion, our results clearly establish that FnoCas12a prefers dsDNA substrates over
sSDNA, and supercoiled DNA over linear DNA (Figs 2, 4, 7, S8). With each of these DNA
substrate states, FnoCas12a¥P2P shows reduced cleavage activity when compared to that of
FnoCas12aV'T, with a varied degree of reduction depending on the physical state of the DNA
(Figs 2, 4, 7, S8). These results implicate that BH plays a role in supporting cleavage of
different physical states of DNA.

FnoCasl12a BH perturbations affect trans-cleavage activity

We proceeded to analyze whether BH perturbations affect the frans-ssDNA cleavage
efficiency of FnoCas12a. A PAM-less 20-nt ssDNA activator that is completely
complementary to the guide region of the crRNA was used to initiate frans-cleavage (Table
S2). With FnoCas12a"VT, 25 nm of RNP activator completely degraded an M13 ss circular
DNA substrate by trans<cleavage at 37°C in 60 min, with a 10 nm FnoCas12a"VT RNP
required for initiating trans-cleavage. (Fig. 8A). In the case of FnoCas12a%P2P a minimum
RNP concentration of 25 nm was required for initiating frans-cleavage, with ~ 90% of M13
circular ssDNA left uncut at 60 min (Fig. 8A). At higher concentrations of RNP,
FnoCas12aKP2P degraded M13 ssDNA to completion (Fig. 8A). This indicates that the BH
substitution in FnoCas12a reduces the efficiency of frans-M13 cleavage.

We decided to test whether longer incubation times at 25 nm RNP would enhance trans-
cleavage by FnoCas12akP2P py varying incubation times from 5 min to 2 h (Fig. 8B).
FnoCas12aWT degraded 99% of M13 circular ssDNA within 5 min, the first time point
measured; while FnoCas12aP2P cleaved only around 70% of the circular form of M13
ssDNA after 2 h (Fig. 8B, C). FnoCas12aKP2P also showed a significant accumulation of
linear M13 ssDNA product in contrast to the complete degradation observed for
FnoCas12aVT (Fig. 8B). This suggests that substitution in the BH decreases the ability of
FnoCas12aKkP2P to processively cleave ssDNA.

The trans-cleavage activity was also tested using a 24-nt PAM containing dsSDNA activator
(Table S2). With FnoCas12aWVT, trans<cleavage activity appeared at RNP activator
concentrations higher than 50 nm, with nearly complete cleavage observed only at
concentrations higher than 100 nm RNP (Fig. 8D). Interestingly, no significant trans-
cleavage was observed in case of FnoCas12aP2P even at the highest concentration tested
(500 nm) (Fig. 8D).

Since results from the c/s-cleavage assay show that DNA substrate lengths and superhelicity
(plasmid vs. oligo) can affect the cleavage efficiency, we tested the frans-cleavage activity on
a 54-nt-long 32P-labeled linear ssDNA substrate that bears no complementarity with the
crRNA or the activator DNA (Fig. S9). Both ssDNA and dsDNA activators (Figs S9A, S9B)
were tested to analyze the efficiency of oligo frans-cleavage. The results showed that
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FnoCas12aWT possessed efficient trans-cleavage with both ssDNA and dsDNA activators
similar to what was observed for a different ortholog (LbCas12a) in a previous study (Fig.
9A,B) [39]. Interestingly, under identical reaction conditions, FnoCas12akP2P-crRNA-
activator showed no trans-cleavage activity on the ss oligo substrate either with the sSDNA
or with dsDNA activator (Fig. 9A,B). The dsDNA activator produced an intermediate
product compared with that of ssSDNA activator in the case of FnoCas12a"T. Together, our
data suggest that perturbations in the BH of FnoCas12a not only affect ciscleavage, but also
impact the trans-cleavage activity.

RNA-independent DNA cleavage activity is insensitive to BH modulations

To test the ability of FnoCas12akP2P to cause RNA-independent DNA cleavage, we
incubated M13 circular ssDNA and supercoiled pUC19 DNA with FnoCas12a"T and
FnoCas12aKkP2P proteins in the presence of 10 mm Mn2* for 30 min at 37 °C [42]. The
FnoCas12aKkP2P protein completely degraded M13 ssDNA and nicked pUC19 DNA to the
same extent as FnoCas12aWT (Fig. 10A,B). Following this, we tested the RNA-independent
activity on a 60-mer ss oligo DNA substrate. With oligo DNA, FnoCas12akP2P had a
reduced efficiency for RNA-independent DNA cleavage compared with FnoCas12a™VT (Fig.
10C), indicating that preferences for DNA physical states are more prominent in
FnoCas12aKkP2P compared with FnoCas12aWT. These results show that features of BH and
its interactions with crRNA impact Cas12a activities that depend on its interactions with
crRNA (cfs-and trans-cleavages), but do not contribute to the RNA-independent DNA
cleavage. The reduction in RNA-independent DNA cleavage by FnoCas12akP2P on oligo
substrate is most probably due to the reduced preference for oligo DNA, similar to what was
observed for c/s-oligo cleavage (Figs 2, 4, Table S4).

Discussion

Casl12a BH contributes to the efficiency and selectivity of target DNA cleavage

With matched DNA protospacers, data obtained from supercoiled plasmid (Fig. 2) indicate
that FnoCas12aP2P cleaved at a slower rate than FnoCas12aVT, but can completely cleave
the precursor when given sufficient time. This reveals the importance of BH in efficient
DNA cleavage. In our studies, when supercoiled plasmid DNA containing mismatches were
treated with FnoCas12aXP2P it resulted in a mixture of linear and nicked products.
Although the total cleavage with FnoCas12aP2P averaged between 65% and 88%, there
was a significant variation in the ratio of nicked and linear products (Figs S5, S6).
Specifically, mismatches at positions 12-17 showed significant accumulation of nicked
products (61-77%), while the corresponding values for FnoCas12a"'T were 3-19% (Fig.
S$6). These results indicate that FnoCas12a<P2P is compromised in cleaving both strands of
the DNA efficiently with mismatches along the first 18 positions of the target DNA and that
the effect is more pronounced in an area covering the middle of the R-loop.

To understand the positional effect, we analyzed the crystal structure (PDB: 5NFV) [20] and
observed several interactions across this region of R-loop, which could contribute to this
effect: (i) interactions of Arg968 and Lys969 with residues G11 to A13 of the guide region
of crRNA (Fig. 1B), and (ii) interactions of the amino acids in REC2 helices (Val576,
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Tyr579, Asn580, and Arg583) with nt 12—15 of crRNA and the corresponding
complementary region of TS (Table S5). It should be noted that the highly conserved Trp971
that acts as a wedge to move REC2 domain in response to DNA binding is very closely
located to Val576, Tyr579, Asn580, and Arg583 (Figs 1B, S3B, Table S3 and S5). The
proline substitutions in our study can potentially impair these interactions. For example,
Lys969Pro removes interaction with A13 nucleotide of crRNA guide (Fig. 1B,C). As
mentioned previously, the C-terminal end has been observed in loop and helical
conformations in several crystal structures (PDB: 5NFV, 5SMGA, 5B43, 5ID6, 611L, 611K,
and 5XUS) [20-22,26,31,58]. It is possible that the proline substitutions that impact the
helicity of the BH may affect the positioning of Trp971 in FnoCas12akP2P, We believe that
a combination of these factors contributes to the position-dependent accumulation of nicked
product on mismatch substrates covering MM12-MM17. The reduction in the accumulation
of nicked product past the 18™ position (MM19-MM22) (Figs 3B, S5, S6) in
FnoCas12aKkP2P further supports these observations.

It was also interesting to note that upon longer incubations, FnoCas12a"VT showed complete
linearization of all the substrates that were tested, while accumulated nicked products were
not linearized in the case of FnoCas12akP2P_ This emphasizes the importance of BH
interactions with the guide region on mismatch sensitivity and its possible role in
contributing to reaction pathways due to trapping of reaction intermediates in
FnoCas12akP2P (Fig. S7). Our results implicate that BH is critical in imparting dsSDNA
breaks in Cas12a. Nicks created in an /7 vivo gene editing setting will be repaired back to
the native genomic content by repair enzymes, while dsSDNA breaks can create indels during
the repair process [61]. Thus, accumulation of nicked products in response to BH variation
has wide range of implications. Similarities between target selectivity by two distinct BH
variants of two different Cas proteins, belonging to two different CRISPR types, indicate
conservations in the mechanism of BH-mediated activation and target DNA cleavage by Cas
proteins.

Previous studies have shown that in several RNA-binding proteins that possess an Arg-rich
BH, the BHs are disordered and unstructured in the absence of RNA [62]. Binding of
specific RNA induces conformational changes in the protein especially in the Arg-rich BH,
which are found to eventually impact protein function [63]. Substitution of specific amino
acid residues in the BH of Cas9 was shown to contribute toward mismatch DNA cleavage
sensitivity [53,55]. Our results with FnoCas12a further strengthen the role of BH in
supporting the wild-type protein to cleave mismatch containing DNA, as demonstrated by
activity assays that showed tolerance of wild-type protein against mismatches in DNA. This
ability to cleave mismatched DNA that is imparted by BH may be advantageous for bacteria,
since a less-stringent Cas nuclease can provide protection against mutated intruders, offering
an enhanced immune protection.

BH is essential to support cis-cleavage of different types of DNA substrates

Our analysis of different DNA substrates showed that for ciscleavage, Casl2a inherently
has preferences for DNA substrates with different physical states. Those preferences vary
between FnoCas12a"T and FnoCas12aP2P indicating that BH plays a role in supporting
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cleavage of DNA substrates in different physical states. In the case of FnoCas12aWT, both
helicity and strandedness contribute to efficient DNA cleavage, while length of the dsDNA
did not change the efficiency. In FnoCas12akP2P  all the factors tested, superhelicity,
strandedness, and length, contribute to DNA cleavage. It is interesting to notice the 12-fold
reduction in cleaving long linearized dsDNA compared with a 4-fold reduction in short oligo
dsDNA in FnoCas12akP2P. This may suggest a role of BH in supporting unwinding of the
dsDNA during R-loop formation, as it may be more efficient to unwind a short oligo DNA
compared to a fully base-paired long dsDNA. Interestingly, a comparison between both the
proteins also shows the highest impairment occurs for FnoCas12akP2P on linearized
dsDNA, further supporting this observation (Table S4). Together, our results may suggest
that unwinding of DNA to form an R-loop is more efficient in negatively supercoiled DNA
containing single-stranded regions, compared with tightly base-paired linear dsSDNA.
Casl12a’s discretion against SSDNA substrate indicates that the additional stability of the
complex provided by the NTS in the ternary complex may also contribute to the efficiency
of cleavage. Interestingly, a wild-type BH allows Cas12a to accommodate several of these
substrates to perform cleavage at variable efficiencies, while this ability is highly reduced in
the presence of an impaired BH.

BH may play a role in coordinating cis-TS and NTS cleavages

The matched and mismatched plasmid c/s-cleavage assays showed the accumulation of
nicked product suggesting proline substitutions in the BH affects cleavage of one of the
DNA strands (Figs 2 and 3). Previous literature has shown that the cleavage of NTS precedes
TS cleavage [31,32]. We tracked the strand preference using oligo cleavage assays and
showed a faster rate of appearance of NTS cleavage products over TS cleavage in
FnoCas12aKkP2P. This indicates that the order of sequential cleavage did not change in the
variant (Fig. 4). Interestingly, upon comparison of both the proteins, there is a 6-fold
reduction in the observed rate for TS cleavage and a 3-fold reduction in NTS cleavage by
FnoCas12aKkP2P (Fig. 4, Table S4). These results implicate the role of BH in coordinating
the cleavage of both the DNA strands, especially the TS. Together, our data suggest that the
accumulation of nicked products in FnoCas12akP2P may be the result of inefficient cleavage
of TS.

It was previously established that the movement of REC2 domain away from the RuvC
pocket is a pre-requisite for both cis- and frans-cleavages [31]. Recent molecular dynamics
simulation studies showed that upon initial cleavage of NTS at the RuvC catalytic site, the
REC2 and Nuc domains move closer to each other, enabling the approach of TS closer to
RuvC site for cleavage [64]. Even though cleavage of TS is through the RuvC domain, based
on the crystal structures of Cas12b, it is speculated that a combined path created by residues
from both RuvC and Nuc domains is essential for TS cleavage [31,65]. These observations
indicate that proline substitutions in the BH may impact the movement of REC2, thus
hindering cleavage of TS.

Cleavage assays with mismatched MM8 oligo dsDNA resulted in negligible cleavage by
FnoCas12aKkP2P for either strand compared with near-complete cleavage by FnoCas12aWV'’
(Fig. 5A,B), despite there being no apparent deficiency in DNA binding (Fig. 6). This
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further supports the notion that BH is essential for Cas12a to tolerate mismatches and
activate conformational changes essential for DNA cleavage. The proline substitutions in
FnoCas12aKkP2P does not impact DNA binding, but rather may be impacting BH-mediated
conformational changes essential for DNA cleavage.

Overall, in both Cas9 and Cas12a, studies have shown that BH interacts with the crRNA and
the RNA-DNA hybrid [53,55]. Proline substitutions in the BH (i.e., FnoCas12akP2P in this
work and SpyCas92P" reported in our previous work [53]) may affect these interactions,
which in turn appears to perturb the communications that are essential for interdependent
cleavage of TS and NTS of target DNA. Such perturbations become much more significant
with certain mismatch positions, resulting in reduced cleavage activities on mismatched
DNA:s.

BH regulates trans-cleavage activity of Cas12a but not RNA-independent DNA cleavage

Casl2a proteins also possess a unique ability to cleave ssDNA (circular and oligo) in trans,
after activation by RNA-guided DNA cleavage [31,39,40], and this property has been
repurposed into developing specific tools for viral detection [39,66]. Our results show a
clearly reduced trans-cleavage activity for FnoCas12aP2P when compared to FnoCas12aVT
(Figs 8 and 9).

Current understanding indicates that RNA-guided DNA binding or cleavage exposes
Casl2a’s RuvC nuclease domain, subsequently enabling ssSDNA cleavage in a sequence-
independent manner [31,32]. The crystal structures depicting the pre- (PDB: 5NFV [20])
and post-cleavage (PDB: 5SMGA [26]) ternary states of FnoCas12a show differences in the
conformation of Lys969 and Asp970, the two amino acids that were substituted to proline in
the present study. In the pre-cleavage state, Lys969 is in the helical form and Asp970 is in
the loop, while in the post-cleavage structure, both the amino acids are in a helix. The post-
cleavage state will have an unblocked RuvC active site following the release of PAM-distal
DNA product from cis-cleavage and can enable trans-cleavage [26,31]. In FnoCas12aKkP2P,
the BH mutations likely affect the conformational changes needed to initiate or maintain this
state of RuvC for frans-cleavage.

Our results also showed that dsDNA activator was less effective in inducing trans-cleavage
in FnoCas12a compared with that of a sSDNA activator (Fig. 8). In addition, an intermediate
product was formed during frans-cleavage of oligo ssDNA with a dsDNA activator (Fig.
9B). One possible explanation for this is the differences in the conformational states of
Lys969 and Asp970 in the ternary structures of FnoCas12a with ssDNA activator (PDB:
611L) and dsDNA activator (PDB: 611K) [31]. The conformation of BH in the SSDNA
activator-ternary complex is similar to that of post-cleavage state (PDB: 5SMGA) with both
amino acids in the helical conformation, while in the dsSDNA activator-ternary state, both
these amino acids are in a loop conformation [26,31]. This indicates that dSDNA activator
might need to induce additional conformational changes to effectively activate FnoCas12a
for trans-cleavage. Further detailed experiments are needed to identify how BH contributes
to frans-cleavage activity and what are the effects of different activators (ss vs. ds) in
promoting frans-cleavage.
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While BH modulations of FnoCas12a cause an overall reduction in both ¢/s-and trans-DNA
cleavage activities, FnoCas12aP2P maintains comparable amounts of RNA-independent
DNA cleavage in the presence of Mn2* on plasmid substrates (Fig. 10A,B). The possible
explanation for this is that BH modulations are impairing only crRNA-mediated protein
interactions, and since RNA-independent DNA cleavage does not require these interactions,
it stays intact. The efficiency of RNA-independent DNA cleavage by FnoCas12aXP2P js
reduced considerably on an oligo DNA, which may be due to the reduced preference toward
oligo DNA as was observed in oligo ds ciscleavage (Figs 4, 10C, Table S4).

The in vitro data presented here show that a strong parallel can be drawn between SpyCas9
and FnoCas12a, regarding a similar mechanistic role for the BH in imparting target DNA
selectivity and coordination of TS and NTS cleavages. Our previous work with SpyCas92P™
has established that /n vitro DNA cleavage selectivity translates to lower off-target rates in
cell-based gene editing [53]. Another study on SpyCas9 BH variations utilizing Arg63 and
Arg66 also has shown lower off-targets for gene editing using BH variants [55]. These
previous results suggest a possibility of Cas12a BH variants to elicit lower off-target effects
in gene editing, though further studies are required to conclusively establish this.

In summary, the studies presented here on FnoCas12aP2P build upon our prior work on
SpyCas9 [53], and together establish a framework indicating that BH modulations can
increase the stringency of target DNA cleavage in Cas proteins. This aids in further
deciphering the DNA recognition and cleavage mechanisms of various BH-containing Cas
proteins.
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Interactions of FnoCas12a BH (residues Y953 to D970) with crRNA and REC domain.
Crystal structure of FnoCas12a complexed to crRNA and dsDNA target (PDB ID: 5NFV)
was used for this analysis [18]. (A) Representative figure showing orientation of BH and its

interactions in FnoCas12a. The residues at the N-terminal end of BH interact with the
pseudoknot of crRNA, while the residues at the C-terminal end interact with the guide
region of crRNA and the residues K524 and K527 of the REC2 domain. The residues

highlighted in green are substituted with prolines in the FnoCas12aP2P variant. In this
structure that represents pre-cleavage state, K969 is in helical conformation, while D970 is
in a loop. (B) The zoomed-in figure shows the native interactions of residues K969, D970,
and W971 with the crRNA guide and REC2 domain. W971 is present in the loop following
the BH and is highly conserved in Cas12a orthologs. (C) Interactions of proline substitutions
at positions 969 and 970. The view is the same as in (B). K969 and D970 were replaced by
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prolines in PyMOL, and the close interactions are shown. Figures were made using PyMOL
[67].
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Fig. 2.

Efgfect of BH mutations on cis-cleavage of matched plasmid DNA substrate. (A) A
representative gel showing cleavages of the matched DNA substrate with FnoCas12aWT and
FnoCas12aKkP2P at various RNP concentrations. The corresponding graph on the right shows
total cleavage for FnoCas12a"T and FnoCas12a<P2P plotted against increasing RNP
concentration. Total reaction time was 30 min. Data were obtained from six replications, and
the error bars represent SEM. (B) A representative gel from time-course assays of cleavage
by 25 nm RNP of FnoCas12aVT and the plot of the average fraction of precursor (Frac[P])
vs. time. (C) Representative gel from time-course assays of cleavage by 25 nm RNP of
FnoCas12aKkP2P and the plot of the average fraction of precursor (Frac[P]) vs. time. The
error bars represent the SEM of three different replications. As shown, the data were fit to a
double-exponential decay (Egn 11). [N: nicked, L: linear, SC: supercoiled, s: sec and m:
min].
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Fig. 3.

cis-cleavage of supercoiled target DNASs containing mismatches. (A) Graphs representing
the total activity of FnoCas12a"T and FnoCas12aKP2P across all the substrates tested. (B)
Graphs representing the linear activity of FnoCas12aWT and FnoCas12aP2P across all the
substrates tested. Data were obtained from three replications, and the error bars represent
SEM. [MM: mismatch and the number indicate the mismatch position on the NTS with
respect to PAM]. Note that the positions 12-18 lack linearization ability in the presence of
an impaired BH.
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Kinetic analyses of matched oligo DNA cleavage. (A) A representative gel for the time-
course assay with matched oligo DNA duplex and FnoCas12aWT. Fitting of the
disappearance of matched TS oligo precursor (B) and matched NTS oligo precursor (C) by
FnoCas12aWT. (D) A representative gel for the time-course assay with matched oligo DNA
duplex and FnoCas12aP2P_ Fitting of the disappearance of matched TS oligo precursor (E)
and matched NTS oligo precursor (F) by FnoCas12aP2P_ In each panel, the average
fraction of precursor (Frac[P]) is plotted vs. time, with the error bars representing the SEM
of four replications. The data were fit to a single-exponential decay (Eqn 10). [P: precursor;
TS: target strand; NTS: nontarget strand; TS-CI: TS cleavage products; NTS-CI: NTS

cleavage pro

ducts; nt: nucleotides].
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Fig. 5.

cis-cleavage of MM8 oligo DNA substrate. An RNP concentration course for cleavage of
MMS8 oligo dsDNA by FnoCas12aWT (A) and FnoCas12aXP2P (B). Reaction time was 45
min. [P: precursor; TS: target strand; NTS: nontarget strand; TS-CI: TS cleavage products;
NTS-CI: NTS cleavage products]. Representative gels from two replications. (C) Graph
showing the disappearance of TS and NTS precursors of matched and MM8 oligo DNA for
FnoCas12aV'T.
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Fig. 6.

Elgctrophoretic mobility shift assay of matched and MM8 oligo DNA with FnoCas12aWT
and FnoCas12aKkP2P In each panel, a representative gel is shown on the left (only the TS of
the duplex is labeled for visualization), and a fitting of average fraction of bound DNA for
Kq determination is shown on the right. Data were obtained from three replications, and the
error bars represent SEM. (A) FnoCas12a™VT binding to matched oligo DNA. (B)
FnoCas12akP2P pinding to matched oligo DNA. (C) FnoCas12a"VT binding to MMB8 oligo
DNA. (D) FnoCas12aKkP2P binding to MMB8 oligo DNA. [S: unbound substrate; C: ternary
complex].
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Fig. 7.

cigcleavage of linearized matched ds plasmid by FnoCas12a"T and FnoCas12akP2F, (A) A
representative gel showing the time-dependent cleavage of linear DNA by 25 nm RNP of
FnoCas12aWT and the plot of the average fraction of precursor (Frac[P]) vs. time. (B) A
representative gel showing the time-dependent cleavage of linear DNA by 25 nm RNP of
FnoCas12akP2P RNP and the plot of the average fraction of precursor (Frac[P]) vs. time.
Data were obtained from three replications, and the error bars represent SEM. [L: linear, B1:
cleaved band 1; B2: cleaved band 2; s: sec and m: min].
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Fig. 8.

trsns-cleavage of FnoCas12a"T and FnoCas12a%P2P on circular M13 ssDNA. (A) Gel
showing trans-cleavage of circular M13 ssDNA with increasing RNP and ssDNA activator
concentrations. Total reaction time was 60 min. Representative gel from four replications.
(B) Time course of frans-cleavage of circular M13 ssDNA by 25 nm RNP-ssDNA activator.
Representative gel from three replications. (C) Graph tracking the disappearance of circular
form of M13 ssDNA over time. The error bars represent the SEM of three replications. (D)
Gel showing trans-cleavage of circular M13 ssDNA with increasing RNP and dsDNA
activator concentrations. Total reaction time was 60 min. Representative gel from three
replications. [Cr: circular; L: linear; D: degradation; m: min].
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Page 32
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trans-cleavage of oligo DNA. Time-course assay showing #rans-oligo cleavage with a 20-nt
ssDNA activator (A) and 24-nt dsDNA activator (B). While FnoCas12aW" exhibits frans-
cleavage with both ssDNA and dsDNA activators, there is an intermediate product being
accumulated before complete degradation in the case of dsSDNA activator. FnoCas12aD2P
did not show any visible cleavage even at the end of 2 h of incubation. Both panels had three
independent replications. [S: ss oligo DNA substrate; Cl: cleavage products; m: min].
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Fig. 10.
RNA-independent DNA cleavage activity of FnoCas12aWT and FnoCas12aP2P_ (A)

Cleavage of M13 circular ssDNA by FnoCas12a"T and FnoCas12aKP2F in the absence of
crRNA. Representative gel from three replications. (B) Cleavage of supercoiled pUC19 by
FnoCas12aWT and FnoCas12aKkP2P in the absence of crRNA. Representative gel from three
replications is shown. Total reaction time was 30 min for (A) and (B). (C) Cleavage of ss
oligo DNA (60-mer) by FnoCas12a"T and FnoCas12aXP2P in the absence of crRNA.
Representative gel from three replications. Total reaction time was 1 h. [None: no added
metal, Cr: circular, D: degradation, N: nicked, SC: supercoiled, P: precursor, Cl: cleavage;
nt: nucleotides].
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