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ABSTRACT 

CRISPR-Cas systems are adaptive immune systems in bacteria and archaea that protect 

these organisms from intruding genetic materials. This process requires a small RNA 

called the crRNA that complexes with Cas proteins, forming an effector complex that is 

guided to foreign DNA and/or RNA based on sequence complementarity of crRNA and 

the target. This is followed by sequence-specific cleavage or degradation of the target 

DNA/RNA. This ability of the system has been remodeled into a powerful gene editing 

tool used successfully in several organisms. The aspect of CRISPR-Cas system that has 

revolutionized gene editing is the ability to target any region of interest by simply changing 

a 20-nt region of crRNA, to be complementary to the region to be targeted, with an 

additional requirement of a very short recognition motif called “PAM”, flanking the 20-nt 

in the target. The RNA-guided DNA cleavage by Cas nucleases result in double strand 

breaks in the target gene, which activate the host repair mechanism, leading to indel 

formation, causing gene knock-outs. One of the main issues associated with CRISPR-

Cas gene editing is their ability to cleave targets that possess a few mismatches to the 

20-nt guide region in the crRNA. This cleavage, called “off-target DNA cleavage,” can 

cause indels at unintended genomic locations, resulting in unwarranted mutations that 

could be deleterious to the cell.  

This study focuses on determining the mechanism of DNA cleavage by two Cas 

nucleases that are widely used in gene editing, Cas9 and Cas12a, in order to modify them 

to become more stringent. Cas9 and Cas12a are the signature nucleases for type II and 

type V CRISPR systems respectively. Cas9 and Cas12a are single, large polypeptides 
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that can recognize, bind, and cleave DNA sequence-specifically upon binding to a guide 

RNA.  

In chapter 2, we describe the discovery of a previously uncharacterized DNase activity of 

several Cas nucleases that occurs in the absence of a guide RNA. We showed that, Cas 

proteins can nick ds plasmids or degrade ss DNA in the presence of specific divalent 

cations such as Mn2+ and Co2+, when guide RNA is absent. Experiments were performed 

to conclusively show that this RNA-independent DNA cleavage is not an artifact due to a 

fortuitously co-purified RNA acting as a guide. Further mechanistic characterization such 

as the ideal DNA substrates, type of divalent metals promoting this cleavage, as well the 

endonuclease site catalyzing this cleavage were determined for three Cas proteins, Cas9 

and Cas12a from Francisella novicida (Fno) and Cas9 from Streptococcus pyogenes 

(Spy). Continuing studies focused on developing Cas protein variants devoid of this 

promiscuous DNA cleavage has identified a SpyCas9 variant that is devoid of RNA-

independent DNA cleavage under in vitro conditions. Molecular dynamics simulations 

with a collaborating lab (Dr. Jin Liu) has determined the molecular mechanisms for 

SpyCas9’s RNA-independent DNA cleavage. 

In chapter 3, we focus on manipulating a specific region of the Cas proteins called the 

bridge helix (BH) that is pivotal for activity of Cas9 and Cas12a. Following our previous 

work on Cas9’s BH contributing towards DNA cleavage selectivity, the BH of FnoCas12a 

protein was modulated by proline substitutions. The Cas12a BH variant demonstrated 

drastic reduction in cleaving mismatch-containing target DNA, while maintaining 

comparable on-target DNA cleavage as the wild-type protein based on in vitro DNA 

cleavage assays. An interesting finding from this study is the ability of BH to drastically 
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reduce trans DNA cleavage, a promiscuous single stranded DNA cleavage exhibited by 

Cas12a family members upon activation by a crRNA. Our study thus showed for the first 

time in the field that BH can be modulated not only to improve off-target DNA cleavage 

but also to remove promiscuous trans cleavage. The combined results from Cas9 and 

Cas12a have established BH modulations as a framework for developing highly stringent 

Cas nucleases for safer genome editing applications. 

Chapter 4 focuses on deciphering the different steps involved in the conformational 

cascade of Cas9 navigating from its apo-form to the sgRNA bound form (binary) to the 

sgRNA-DNA bound ternary form that is essential for DNA cleavage. A specific domain of 

SpyCas9, called the Topo domain, was deleted to understand the role of this domain in 

the conformational cascade. The results show that this domain is needed in supporting 

stabilization of binary and ternary states of SpyCas9 and demonstrated the ability of this 

deletion variant to still catalyze DNA cleavage. Future work including the use of EPR to 

monitor domain movements will provide information on which specific conformation step 

in the wild-type protein is impacted in the deletion variant. 

In conclusion, this thesis describes mechanistic characterization of Cas9 and Cas12a 

proteins that revealed several unknown mechanisms by which Cas proteins cleave DNA. 

We also demonstrate that this mechanistic information can be translated to 

biotechnological tools. 
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CHAPTER 1: INTRODUCTION TO CRISPR-Cas SYSTEMS AND CLASS 2 

EFFECTOR PROTIENS 

1.1.0 Copyright information 

The original version of the some of the work presented in this chapter was published in 

Frontiers Cellular and Infection Microbiology on January 28th, 2021 (1). Copyright © 2021 

Newsom, Parameshwaran, Martin, and Rajan. This is an open access article distributed 

under the terms of the Creative Commons Attribution License (CC BY). The use, 

distribution, or reproduction in other forums is permitted, provided the original author(s) 

and the copyright owner(s) are credited and that the original publication in this journal is 

cited, in accordance with accepted academic practice. No use, distribution, or 

reproduction is permitted which does not comply with these terms. 

1.2.0 Introduction to CRISPR-Cas systems 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and their 

CRISPR- associated (Cas) proteins constitute an adaptive immune system found in 

several bacteria and most archaea (2–5). A CRISPR system is comprised of a CRISPR 

array and the associated Cas genes (Figure 1). The CRISPR array consists of unique 

Figure 1: A cartoon representation of general layout of a CRISPR locus. A CRISPR locus is 

generally composed of a set of cas genes and a leader region that precedes the CRISPR array. The 

CRISPR array is made of repeats and spacers, repeats which are palindromic sequences from the host 

genome and spacer, that are derived from foreign sources like plasmids and viruses upon infection.  
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DNA sequences called spacers, acquired from the intruding genetic materials that act as 

an immunological memory of the previous infections encountered by the organism (6–8). 

The spacers are found interjected between short, conserved palindromic sequences 

called repeats. The cas genes code for the various Cas proteins that aid in different stages 

of attaining CRISPR-mediated immunity. The CRISPR array acts as a template for 

transcription of crRNA (CRISPR RNA), which associates with Cas proteins for sequence-

specific cleavage of the foreign genetic material (9,10,3,11). Over the past decade, this 

RNA-guided DNA cleavage activity has been repurposed into a powerful gene editing tool 

and is currently being used successfully in several genera of species (12–17). 

Additionally, these systems are also involved in other biological roles such has gene 

regulation, transcriptional repression, quorum sensing, and programmed cell death (1). 

1.3.0 History of CRISPR-Cas systems 

CRISPR was first detected over 30 years ago in Escherichia coli  by a group of scientists 

in Japan (18) and was later observed in archaea (19). Originally thought to be a DNA-

repair system (20), the CRISPR array was found to have spacer sequences that are 

complementary to foreign genetic elements like bacteriophages and plasmids, a 

discovery that generated the hypothesis of CRISPR-Cas as an immune system (6,7,21). 

Parallel investigation by other groups led to the recognition of a set of genes that were 

specifically found to be associated with CRISPR and were named cas genes (20,22). 

Genomic analysis and biochemical experimental validation further indicated that CRISPR 

and cas genes work together forming an adaptive immune system that protects 

prokaryotes from foreign DNA (23,5). Later on, discoveries of RNA-dependent DNA 

cleavage by three independent groups led to the development of CRISPR-Cas system as 
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a gene editing tool in mammalian cells (3,11,24). Over the years, several crystal 

structures and biochemical mechanisms have been discovered which has led to 

significant understanding of CRISPR-Cas systems both as a gene editing tool and a 

method of phage defense in bacteria (25,26). 

1.4.0 Classification of CRISPR-Cas systems  

Based on the CRISPR locus architecture and the presence of effector proteins, the 

CRISPR-Cas systems are classified into two broad classes. The current classification has 

2 classes, 6 types and 33 subtypes (4). 

1.4.1 Class 1 CRISPR-Cas systems: Class 1 are the most abundant CRISPR-Cas 

systems since they are found in about 90% of bacteria and archaea (27,25,4). The 

presence of a surveillance complex composed of multiple Cas proteins that are required 

for the recognition, binding, and cleavage of DNA/RNA, distinguishes Class 1 from Class 

2 systems. Class 1 systems are comprised of three types, I, III, IV. Class 1 systems utilize 

Cas1 and Cas2 for their adaptation process. The type I systems utilize an additional 

protein, Cas4, for spacer adaptation. The type I systems are further subdivided into 9 

different subtypes (4). The type I systems use a crRNA-Cas protein complex called 

CASCADE (CRISPR-associated complex for antiviral defense) to sequence-specifically 

bind to foreign DNA in a PAM-dependent manner. Protospacer-adjacent motif (PAM) is a 

2-8 nt long DNA motif that is specifically present in the intruder DNA, helps CRISPR 

systems to discriminate self vs non-self DNA targets, and is crucial in avoiding self-DNA 

cleavage. The cleavage of the target DNA in type I systems is brought about by Cas3 

which is recruited by the CASCADE (26). 
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Type III is an RNA-targeting system with 6 subtypes, which are broadly divided into two 

types, Csm and Cmr (see section 1.5.3 for details). While Cas7 cleaves target RNA, 

Cas10 cleaves ssDNA in the transcription bubble using its HD domain. The Palm domain 

of Cas10 produces cyclic oligo-adenylate (cOA) that activates Csx1 for non-specific RNA 

cleavage. Interestingly, type III systems have a unique feature which is the use of a 

reverse transcriptase for spacer adaptation (1).   

The type IV is a DNA targeting CRISPR-Cas system with 3 subtypes within. It is a newly 

identified type where the nuclease responsible of DNA cleavage is unknown. The effector 

complex is similar to type I systems. Reports suggest the recruitment of an external Cas 

protein identified as DinG that is crucial for type IV mediated plasmid interference (28–

30).  

1.4.2 Class 2 CRISPR-Cas system: Class 2 CRISPR-Cas systems, on the other hand, 

are characterized by the presence of a single, multidomain, signature Cas protein. Similar 

to Class 1, all Class 2 CRISPR-Cas systems also use Cas1 and Cas2 for their adaptation 

process. Class 2 consists of type II, V, and VI which are further composed of several 

subtypes respectively (4). The type II and V CRISPR-Cas systems share several 

commonalities that include the requirement of PAM, and the presence of a large, single 

polypeptide Cas protein, Cas9 and Cas12 respectively, for DNA recognition and 

cleavage. In the type II system, effector protein Cas9 introduces dsDNA breaks in the 

target DNA using two endonuclease domains, HNH and RuvC, which cleave each strand 

of the dsDNA. Type II systems also need an additional accessory non-coding RNA, 

transactivating crRNA (tracrRNA), that base pairs with crRNA for DNA cleavage (11). 

Type II consists of three subtypes (cite). 
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In type V, Cas12 causes staggered, sequence-specific DNA cleavage using its RuvC 

domain, though coordination with another domain, Nuc, is crucial for cleavage of one of 

the strands. Subtype-specific variation of the target (DNA vs. RNA) and guide RNA 

requirements [crRNA or crRNA-tracrRNA or crRNA-scout (short-complementarity 

untranslated)] have also been observed in type V systems for successful RNA-dependent 

DNA cleavage (31–33). Recently, several new subtypes have been identified in type V, 

bringing the total to 17 subtypes under this system(4) .  

The type VI systems are RNA-targeting systems with Cas13 as their signature nuclease 

and require the presence of a protospacer flanking sequence (PFS) for cleavage. Some 

Cas13 nucleases like Cas13a possess both site-specific as well as promiscuous RNA 

cleavage (34). This property has made Cas13 family members a unique biotechnology 

tool in gene inactivation without needing to cleave DNA and are also being used widely 

in SARS-CoV-2 RNA detection tool development (35,36).   

1.5.0 Biology of CRISPR-mediated immunity 

1.5.1 Adaptation: Infection by a foreign invader activates a process wherein a short DNA 

sequence is excised from foreign DNA and inserted into the CRISPR array. This process 

is commonly referred to as adaptation or spacer acquisition. The short DNA sequences 

after insertion are called spacers, which now act as memory of infections for the organism 

(Figure 2). Cas1 and Cas2 proteins are two essential proteins required for adaptation. 

PAM recognition, followed by processing of the intruder DNA to fully remove the PAM 

sequence or only partially retaining the PAM sequence is an important aspect of 

adaptation required to prevent self-targeting (37). Different CRISPR systems use different 

mechanisms for PAM-specific acquirement of spacers. The Cas1-Cas2 complex 
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belonging to type I systems has intrinsic PAM recognition ability, while type II systems 

depend on Cas9’s ability to recognize PAM for PAM-specific spacer acquisition. Detailed 

mechanisms of spacer DNA acquisition are currently lacking for most of the CRISPR 

systems. The spacer DNA is inserted site-specifically into the leader-repeat junction of 

the CRISPR array. Similar to differences in the mechanism for spacer acquisition, this 

process also uses different methods in different CRISPR types. While type II-A Cas1-

Cas2 can sequence-specifically recognize the leader-repeat junction (38,39), type I 

systems depend on host protein factors such as integration host factor (IHF) (40) for this 

specificity. The spacers closest to the leader-repeat junction are from recent infections 

while the spacers farthest are from older infections, so the CRISPR array acts a 

chronological record of infections encountered by the organism (41). Some systems like 

type III also insert spacers from RNA viruses using reverse transcriptase to synthesize a 

DNA sequence for adaptation. Type I, II, and V also require Cas4 or Csn2 along with 

Cas1 and Cas2 for adaptation, with mechanistic details that are not known yet (37,42). 

1.5.2 crRNA biogenesis and processing: In this stage, the entire CRISPR array is 

transcribed into a long pre-crRNA, which is further processed into shorter, mature crRNAs 

(Figure 2). Based on the type of CRISPR-Cas system, the proteins and pattern of pre-

crRNA processing varies. All Class 1 systems only need a crRNA for effective cleavage 

of foreign genetic material. Typically, all Class 1 systems require Cas6 for pre-crRNA 

processing, where it cleaves on both the 5′ and 3′ of pre-crRNA (26). As a general 

mechanism in Class 1 systems, pre-crRNA is cleaved and processed into mature crRNA 

molecules by Cas6 RNase, each having a repeat, a spacer region, and a stem loop 

hairpin, wherein the spacer unit acts as a guide region for cleavage. In types I and IV, the 
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3′ hairpin is retained (28,43), while in type III, the host nucleases cleave the 3′ hairpin to 

varying lengths (44,45).  

In the case of class 2 systems, there are major differences in the mechanism of crRNA 

processing. All class 2 systems require the assistance of their signature effector protein 

for crRNA processing. In type II systems, each of the repeats in the pre-crRNA interacts 

with a tracrRNA, and the pre-crRNA-tracrRNA complexes with Cas9. A host ribonuclease, 

RNaseIII, then cleaves the pre-crRNA to yield a crRNA form that retains 5′- repeat-spacer-

repeat 3′ features. This intermediate is further trimmed down to a mature, spacer-repeat 

crRNA, the mechanisms of which are not completely characterized yet (46,47). Certain 

type-II systems directly transcribe mature crRNAs using individual promoters within the 

CRISPR array (48). While several subtypes of type V systems also require the assistance 

Figure 2: A representative figure of the different phases in CRISPR-mediated immunity. Each 

stage is characterized by a specific set of events which result in successful protection against foreign 

plasmids and viruses upon secondary infection.  
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of a host nuclease for crRNA processing, one specific subtype, V-A, as well as type VI 

CRISPR-Cas systems possess the crRNA processing ability within their large effector 

protein (49–51) which has proven advantageous for multiplexing in biotechnology tool 

development. 

1.5.3 Interference: This stage involves the sequence-specific targeting and cleavage of 

foreign DNA and/or RNA. Structural and mechanistic details of CRISPR interference have 

been recently reviewed (25,26). Interference involves R-loop formation as the crRNA 

guide region hybridizes to target DNA or base-pairing between the crRNA guide region 

and target RNA. This is followed by cleavage/degradation of the target. Cas6, the protein 

required for crRNA processing, may or may not be part of the effector complex in Class I 

systems. 

In of class 1 systems, interference involves a surveillance complex called CASCADE 

which comprises of crRNA and multiple Cas proteins (52,53). The interference complex 

of Type I systems have a cascade of a single Cas8 and Cas5 proteins that cap the 5′ end 

of the crRNA, a single Cas6 that caps the 3′ end and several Cas7 and Cas11 subunits 

that coat the rest of the crRNA (26). As mentioned earlier, the RNA guided, PAM 

dependent dsDNA degradation is brought about by Cas3, a Cas protein recruited by the 

Cascade complex which uses its histidine-aspartate (HD) nuclease domain to nick the 

target DNA, followed by unwinding of the DNA by its helicase domain and long-range 

degradation of DNA by the HD domain (54) (Figure 3).  

The type III systems are similar to type I systems based on their overall architecture of 

the cascade, although the type III systems have several unique features. Cas10 is the 

large subunit of the type III cascasde complex. Type III is essentially an RNA-targeting 
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system with a historical distinction into two groups of effector complexes, “Csm” (Cas 

subtype Mtube, includes subtypes A, D, E and F) and “Cmr” (Cas module RAMP, includes 

subtypes B and C), differentiated based on the sequences of Cas11 subunit, called Csm2 

and Cmr5 in Csm and Cmr complexes respectively (55). The interference complex has 

several copies of Cas7 and Cas11 and a single copy each of Cas5 and Cas10. 

Interestingly, the discrimination against self vs non-self in type III systems is defined by 

the absence of RNA complementarity between the 5′-tag of crRNA and 3′ flank of the 

target RNA (56). For RNA-guided RNA cleavage, Csm3/Cmr4 that is present in the 

complex cleaves target RNA with a 6-nucleotide periodicity (Figure 3) (57–60). The 

binding of the Csm/Cmr complex to target RNA activates the histidine-aspartate (HD) 

nuclease domain of Cas10 causing metal dependent, non-specific ssDNA cleavage of 

the ssDNA that is associated within a transcription bubble (61–63). In addition to cleaving 

ssDNA, the binding of target RNA also activates the Palm domains of Cas10 to synthesize 

cyclic oligoadenylate (cOA) molecules that further bind and activate the RNase activity of 

Csm6/Csx1 leading to processive cleavage of RNA transcripts resulting in cell death (64–

67).  

The type IV interference complex is composed of similar subunits as other Class 1 types, 

Cas5, Cas6, Cas8, and multiple Cas7s, with exact stoichiometry of the complex still not 

known (4). While the specific nuclease responsible for cleavage is unknown, DinG, a 

helicase has been found to be important for plasmid interference in certain type IV 

systems (28–30) (Figure 3).  
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Figure 3: CRISPR-Cas classification, interference complexes, crRNA maturation, and nucleic 

acid targeting of Class 1 system. Type I-E CASCADE from Escherichia coli is shown where the 

complex recruits Cas3, which uses its histidine aspartate (HD) nuclease domain to degrade of DNA. 

Type III is an RNA-targeting system. Type III-B from Pyrococcus furiosus is shown. Type IV is 

represented by subtype A1 from Aromatoleum aromaticum. Question marks and arrows in type IV-A1 

indicate that subunit organization and nuclease identity is unknown. Protein legacy names are given in 

parentheses. Nucleic acids are not to scale with proteins. Target or non-specifically cleaved RNA is in 

purple, crRNA is red, tracrRNA is in black and DNA is blue. Created using BioRender. 
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Class 2 systems are composed of a single Cas protein-containing effector complex with 

the ability to recognize, bind, and cleave DNA and/ RNA. They consist of types II, V, and 

VI. The signature effector protein of type II systems is a multidomain protein, Cas9. The 

binding of crRNA-tracrRNA activates Cas9 for DNA cleavage. For easier handling 

purposes, the two individual RNAs are combined using a tetra loop and used as a single 

guide (sg) RNA for genome editing applications (11). The Cas9-sgRNA complex 

recognizes a PAM sequence in the target DNA, followed by base pairing of the guide 

region of crRNA with target DNA. A 10-12 base pair of RNA-DNA pairing is needed for 

sequence-specific cleavage of dsDNA. Cas9 uses its HNH endonuclease domain to 

cleave the DNA strand hybridized to crRNA (target strand, TS) and its RuvC 

endonuclease domain to cleave the other strand (non-target strand, NTS) (Figure 4). 

Additional details about the structure and mechanism of DNA recognition and cleavage 

by Cas9 are discussed in the later sections (11).  



12 
 

Cas12 is the signature protein of type V systems and its architecture is similar to that of 

Cas9. The RNA guided, PAM-dependent dsDNA cleavage by Cas12 varies with 

guideRNA requirements within subtypes, with the some Cas12 proteins possessing a site 

for pre-crRNA processing (68). Overall, type V systems are also the most evolved having 
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the highest number of subtypes within them, including the newly discovered Cas12e 

(previously called CasX), which is the smallest Cas nuclease discovered that is capable 

of RNA-guided gene editing (69). Cas12a is the best characterized amongst the type V 

effector proteins and is the signature protein of type V-A CRISPR system (Figure 4) (31). 

In addition to sequence-specific dsDNA cleavage, Cas12a possess the ability to cleave 

ssDNA non-specifically once activated for RNA-dependent DNA cleavage. This ss DNase 

activity is referred to as “trans” cleavage (70).  

Type VI CRISPR-Cas systems exclusively cleave RNA in a crRNA-dependent manner. 

They have Cas13 as their signature effector protein which, similar to type V-A Cas12a, 

possess specific site for crRNA processing. Cas13 exclusively cleaves RNA without a 

requirement of tracrRNA or PAM sequence but requires the presence of an exclusive 

sequence called PFS located on the 5′ end of the target RNA (34). Some Cas13 proteins 

like Cas13a, the signature protein of type VI-A CRISPR-Cas systems, uses two higher 

eukaryotes and prokaryotes nucleotide-binding (HEPN) domains to elicit sequence-

specific and collateral (non-specific) cleavage of target RNA (Figure 4) (71). 

1.6.0 Mechanisms of DNA cleavage by Class 2 effector proteins  

The RNA-guided DNA cleavage functionalities of Cas proteins have been repurposed into 

powerful gene editing tools. The Class 2 CRISPR-Cas systems are more preferred 

because they require engineering fewer components than the Class 1 systems. Class 2 

Figure 4: CRISPR-Cas classification, interference complex, crRNA maturation, and nucleic acid 

targeting for each class 2 system is represented by its respective subtype A. Type II systems 

require an RNaseIII is required for crRNA processing. Type V-A Cas12a (previously called Cpf1) uses 

RuvC domain to cleave both strands of the target DNA, even though assistance of the Nuc domain is 

needed to cleave the strand hybridized to crRNA. Type VI-A Cas13a uses two HEPN domains to elicit 

sequence-specific and non-specific cleavage of target RNA. Protein legacy names are given in 

parentheses. Nucleic acids are not to scale with proteins. Target or non-specifically cleaved RNA is in 

purple, crRNA is red, tracrRNA is in black and DNA is blue. Created using BioRender. 
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CRISPR-Cas systems have a wide variety of effector proteins, each with characteristic 

features that can be harnessed for a specific function. The effector proteins of Class 2 

can cleave specific dsDNA, ssDNA, RNA as well as possess other activities like 

processing its crRNA and ability to cleave DNA non-specifically. The diversity is so 

widespread that they vary amongst themselves based on several features like protein 

domain architecture, protein size, flanking sequence requirements, targeting nucleic acid, 

cleavage pattern, requirement of tracrRNA, architecture of crRNA, and ability to process 

their own pre-crRNA. Type II and most of type V cleave DNA (with the exception of 

Cas12g that cleaves RNA) while type VI exclusively cleaves ssRNA (4). In this giant pool 

of proteins, the signature proteins of type II and type V-A CRISPR-Cas systems, Cas9 

and Cas12a respectively, have been used popularly for gene editing and are also the 

focus of my research presented in the later chapters. The following sections entail the 

details of protein architecture and function of Cas9 and Cas12a proteins including their 

use as gene editing tool.  

1.6.1 Cas9: Structure: The effector nuclease of the type II systems, Cas9 is a large, 

bilobed protein composed of multiple domains coming together to form one complex 

protein. The protein has two distinct lobes called the recognition (REC) lobe and nuclease 

(NUC) lobe (72,73) (Figure 5). The REC lobe is composed of the three helical domains 

designated as Helical domain I-III that are responsible for the recognition and interaction 

with the RNA components of the effector complex. The NUC lobe houses the two 

individual endonuclease domains, HNH and RuvC, which are responsible for the 

cleavage of target dsDNA. The strand hybridized to the crRNA is referred to as the target 

strand (TS), while the displaced strand is called non-target strand (NTS) (Figure 6). This 
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RNA-DNA hybrid is referred to as the R-loop and is essential for successful cleavage of 

both strands. The HNH domains adopts a ββα metal-fold that it shares with other HNH 

endonucleases and uses a one-metal catalytic step for target strand cleavage, that is the 

DNA strand that base pairs with the guideRNA (74). The RuvC domain on the other hand 

adopts an RNaseH fold and uses a two-metal catalytic mechanism for cleavage of the 

non-target strand, that is the DNA strand that exists as ssDNA in the R-loop (Figure 6) 

(74,72,75). The NUC domain also houses the PAM-interacting (PI) domain responsible 

for recognition and binding of PAM on target DNA. The REC and NUC lobes are 

connected by an arginine-rich long helix called the bridge helix (BH), which is also 

involved in recognition of RNA component along with REC lobe and is critical for protein 

function and needed for RNA/DNA binding (72,75,76).  

1.6.2 Conformational activation of Cas9: The Cas9 from Streptococcus pyogenes 

(SpyCas9) is one the most well studied Cas proteins. In the Apo-SpyCas9 the domains 

are not ordered in a manner to promote RNA-dependent DNA cleavage. Sequence-

specific DNA cleavage by Cas9 requires the presence of two RNA components, crRNA 

and tracrRNA, or an sgRNA (11,72). The crRNA consists of a 20-nt spacer region that 

acts as the guiding region for site-specific binding of DNA by Cas9 and a repeat region 

that base pairs with the tracrRNA. Within the 20-nt of the spacer derived sequence of the 

crRNA is a “seed sequence,” a 10-12nt on the 3′ end of the spacer-derived region on the 

crRNA, within which mismatches severely reduce or abolish DNA binding and cleavage 

(11,24,77–79). The tracrRNA is required for Cas9 recruitment (80).  
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The binding of an sgRNA induces large conformational changes in the protein 

transforming the Cas9-sgRNA binary complex into a DNA binding-competent state. The 

most significant change is the ~65 Å movement of the Helical domain-III of the REC lobe 

towards the HNH domain. Interestingly, the DNA binding only initiates local 

Figure 5: An illustration of overall structure of Cas9 from Streptococcus pyogenes (Spy) PDB ID: 

5F9R (73). The domains are indicated in linear polypeptide as well as a ternary structure in the presence 

of a single guide (sg) RNA (red) and a dsDNA substrate (orange). It is interesting to note how the 

domains that are away from each other in the linear form fold together to form a domain. 
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conformational changes to the binary complex. In addition to REC lobe, the sgRNA 

interacts with the BH and PI domain. The PI domain is also pre-ordered for 5′ NGG 3′ 

PAM recognition after sgRNA binding. This further signifies the importance of sgRNA 

binding in activation of Cas9 for site-specific cleavage. Additional details about sgRNA 

induced conformational changes are explained in the section 4.2.0.  

1.6.3 RNA-dependent DNA cleavage by Cas9: The first step in sequence-specific 

cleavage of DNA is recognition of the PAM on the non-target DNA strand by binary Cas9-

sgRNA DNA surveillance complex, initiating the RNA-protein (RNP) complex to probe 

across the target DNA for a complementarity region (2,79). PAM recognition further 

initiates the phosphate lock loop (PLL), a short 3 amino acid loop in Cas9, to mediate 

local unwinding of the ds DNA and initiate the formation of RNA-DNA hybrid (79). This is 

followed by establishment of an “R-loop” formation away from the PAM, wherein one of 

the strands of the DNA is base paired with the guide region of the crRNA while the other 

DNA strand is displaced (81). Mismatches in the seed region significantly reduces Cas9’s 

binding affinity to DNA, while mismatches in the PAM-distal end are generally better 

tolerated in terms of binding and cleavage (82–84). The perfect base-paring between the 

spacer sequence of the crRNA and the target strand of DNA further induces local 

conformational changes specifically in the HNH domain, transforming the Cas9-sgRNA-

DNA complex into a cleavage-competent state (85,86). Interestingly, the conformational 
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changes in the HNH domain also allosterically regulate the cleavage activity of the RuvC 

domain for successful linearization of dsDNA by Cas9 (85).  

The TS is first cleaved 3 nt upstream of the PAM by the HNH nuclease domain followed 

by NTS cleavage by the RuvC nuclease domain at the exact complementary site, 

resulting in a blunt-ended, sequence-specific, concerted DNA cleavage. The cleavage of 

each of the strands is independent of the other since biochemical experiments have 

shown that inactivating one of the nuclease domains renders the Cas9 protein as a 

nickase (11). It is thought that conformational change of HNH leading up to TS cleavage, 

and not actual cleavage of TS, is the requirement for NTS cleavage by RuvC (85). 

1.6.4 Cas12a: Structure: Type V systems encompass some of the most functionally 

diverse CRISPR-Cas types amongst the classification (4). Cas12a, previously known as 

Cpf1, is the effector nuclease of type V-A CRISPR-Cas systems. Cas12a, similar to Cas9, 

is a multidomain protein with a bilobed architecture consisting of the REC and NUC lobes 

(25,87–89) (Figure 7). The REC lobes consists of REC 1 and REC 2 helical domains. It 

is connected to the NUC lobe by the BH (88). The NUC lobe consists of the RuvC 

Figure 6: An illustration of R-loop structure for Cas9: The image shows a Spy matched DNA where 

the sequence denoted in blue is a completely complementary to the guide region of sgRNA denoted in 

red. The PAM is in bold and on the 3′ end of the target DNA of the non-complementary strand.  
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 endonuclease, Nuc, BH, wedge domain (WED) and the PAM-interacting (PI) domains 

(Figure 7). The RNA-guided DNA cleavage by Cas12a requires the presence of only a 

crRNA unlike Cas9, which requires crRNA and tracrRNA (31). As mentioned earlier, 

Cas12a processes its own crRNA using a distinct active site present in the WED-III 

domain (50). The crRNA of Cas12a has a unique structure with its 5′ repeat end folding 

on itself, forming a “pseudoknot” that is stabilized by intramolecular base pairing and 

Figure 7: An illustration of overall structure of Cas12a from Francisella novicida (Fno) PDB ID: 

5NFV (87). The domains are indicated in linear polypeptide as well as a ternary structure in the 

presence of a crRNA (red) and a dsDNA substrate (orange).  
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hydrogen bonding interactions, while the 3′ end has the 20-nt guide region that is 

complementary to target DNA (88). Although there aren’t any apo-Cas12a structures 

available currently, molecular dynamic simulations have disclosed that Cas12a has 

“open” conformation prior to crRNA binding (89). 

Studies indicate major conformational changes upon crRNA binding, resulting in a 

“closed” Cas12a form (88,89,87). The pre-ordered seed sequence of crRNA that lies in 

the first 5-nt of the of the 5′ end of spacer derived region on crRNA enables 

complementary base paring with the target DNA. Additionally, the PAM interacting 

residues (in the WED and PI domains) are also pre-ordered for DNA recognition upon 

crRNA binding. The crRNA guide region base pairs with the TS of the target DNA forming 

a 20-bp heteroduplex complex with the NTS strand present as a ssDNA, with a minimal 

requirement of 17-bp complementarity for stable R-loop formation. The presence of 

conserved tyrosine stacking across the 20th position prevents base pairing of the crRNA 

and TS beyond 20th nucleotide position (88,87). In contrast to Cas9, where binding of 

sgRNA induces a majority of the conformational changes required for the Cas9 protein to 

bind to DNA, Cas12a requires further conformational changes in order to accommodate 

the DNA.  

Structural studies also indicate further conformational changes upon DNA binding for 

Cas12a to be in an active state. Upon recognition of 5′-TTV-3′ PAM, local DNA melting 

occurs via the phosphate lock loop (PLL), causing the movement of REC lobe away from 

the NUC lobe (88). These rearrangements allow for the formation of a cleft due to 
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movement of REC2 away from the NUC lobe resulting in unblocking of the RuvC catalytic 

pocket to accommodate the R-loop structure (87).  

 

1.6.5 RNA-dependent DNA cleavage by Cas12a : The DNA cleavage activity of Cas12a 

is brought about by the single nuclease domain, RuvC (31). Upon formation of the R-loop, 

structural rearrangements allow for the NTS to be placed in the active site pocket of the 

RuvC resulting in cleavage of NTS prior to TS, which is different from the Cas9 cleavage 

mechanism. The cleavage of NTS is a pre-requisite for TS cleavage in Cas12a (Figure 

8) (90). Recent studies have indicated new conformational changes in Cas12a upon R-

loop formation, wherein the REC2 and Nuc domains move closer, allowing for only the 

displaced NTS to fit in the RuvC active site pocket (91). Once the NTS is cleaved at a site 

within the R-loop, the REC2 and Nuc domains move away, allowing the TS to wind back 

and enter the RuvC pocket as a ssDNA strand resulting in its cleavage outside the R-loop 

(Figure 8) (91). The position of the cleavage site differs with PAM across both strands 

causing this sequential cleavage by Cas12a leads to a staggered dsDNA break (31). The 

staggered break produced by Cas12a is considered to be advantageous for gene editing 

compared to Cas9’s blunt ended DNA cleavage, since studies have shown that a 

staggered ds break has a higher chance of activating the homology-directed repair (HDR) 

Figure 8: An illustration of R-loop structure for Cas12a: The image shows a matched DNA where 

the sequence denoted in blue is a completely complementary to the guide region of crRNA denoted in 

red. The PAM is in bold and on the 5’ end of the target DNA and is recognized on both strands of DNA.   
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pathway over the non-homologous end joining (NHEJ) (92). NHEJ results in indel 

formations (insertions and deletions) due to the joining of blunt ends while HDR uses a 

template DNA exchange with a donor DNA at the region of the ds break.  

1.6.6: trans-cleavage activity of Cas12a: Recent studies have also shown that crRNA-

target DNA binding activates a non-specific ss DNase activity in the Cas12a enzymes 

(70). This activity is referred to as “trans” cleavage and occurs either after the RNA-guided 

DNA “cis” cleavage of both strands after release of the PAM-distal DNA cleavage product 

or just by binding of Cas12a-crRNA to a complementary single stranded target DNA 

(70,90). This activity was first documented in Cas12a from Lachnospiraceae bacterium 

(LbCas12a) but was later found in few other Cas12a orthologues as well (70). The trans 

cleavage activity does not require a PAM when there is a ssDNA that is completely 

complementary to the guide region of crRNA whereas a PAM is required when there is a 

dsDNA that is bound to the Cas12a-crRNA complex (70,90). This observation further 

indicates that the binding of crRNA-TS steers the conformational changes required for 

catalytic trans cleavage activation in Cas12a. This activity is the basis of several 

biotechnology tools for nucleic acid detection but can be disadvantageous for gene editing 

(70). 

Features Cas9 Cas12a 

Overall structure Bilobed Bilobed 
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1.7.0 Alternate roles of Cas9  

Cas9 has been implicated in several alternate roles outside the realm of adaptive 

immunity, including bacterial virulence, spore formation, quorum sensing etc. Examples 

guideRNA requirements 
crRNA and 
tracrRNA 

crRNA 

RNA processing 
RNaseIII and other 

unknown factors 
Cas12a 

PAM NGG, NNGRRT TTTV 

Seed region 
~10-nt at the 3′end 
of spacer-derived 
region of crRNA 

~5-6-nt at the 5′ end 
if the spacer-

derived region of 
crRNA 

Nuclease domains required for DNA 
cleavage 

HNH and RuvC RuvC and Nuc 

DNA cleavage mechanism 

Target strand (TS)- 
HNH 

Non-target strand 
(NTS)-RuvC 

TS and NTS 
cleaved by RuvC; 

TS requires 
coordinated activity 
of RuvC and Nuc 

Order of DNA 
cleavage 

TS cleavage 
precedes NTS 

cleavage 
preferentially, even 

though NTS 
cleavage can occur 
without TS cleavage 

NTS cleavage precedes TS cleavage; 
absence of NTS cleavage abolishes TS 

cleavage 

Post cleavage 
Double-stranded 
break (DSB) with 

blunt ends 

DSB with staggered ends with 5′ 
overhangs 

trans-cleavage None Yes, on ssDNA 

Table 1: A table comparing the different features of Cas9 and Cas12a proteins. It is important to 

note that two proteins that co-evolved convergently to perform similar functions also have sizable 

differences in their characteristic features. 
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of Cas9 being directly or indirectly involved in virulence of a bacteria has been 

demonstrated in several Cas9 orthologues. ∆cas9 variants in Streptococcus agalactiae 

GD201008-001 (type II-A) and Riemerella anatipestifer (type II-C) have both shown 

upregulated surface bacterial lipoproteins (93,94). In Streptococcus agalactiae (type II-

A), there exists a regulation mechanism that involves regR mRNA cleavage by a complex 

of Cas9-tracrRNA-crRNA. regR encodes for a master transcriptional regulatory protein 

and has been found to be instrumental in regulating the activity of certain virulence factors 

like hyaluronidase (93) (Figure 9).  

Figure 9: The proposed mechanisms of virulence regulation by Cas9. As observed, Cas9 appears 

to take up a different route for enhancing virulence in pathogenic bacteria. It can be via mRNA 

degradation (left)(93), transcriptional blockage (middle) (97) or by controlling the levels of a master 

regulator protein (right) (98). The illustrations also list the possible outcomes when Cas9 is upregulated 

which is increased virulence. [Mga: Virulence regulator of group A Streptococcus; ScpA: serine 

protease; SIC: streptococcal inhibitor of complement] 
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One of the most well documented examples that demonstrates the direct role of Cas9 in 

virulence is from Francisella tularensis novicida (Fno). Bacterial lipoproteins (BLP) are 

surface markers that are recognized by the host Toll-like receptors (TLR), activating an 

immune response by the host resulting in clearance of invading bacteria. Absence of 

surface BLP would render the invading bacteria unrecognizable by the host immune 

system, resulting in an infection (95). An initial study from the Weiss laboratory suggested 

that the complex of FnoCas9, tracrRNA and scaRNA, a small, transactivating RNA may 

recruit a host RNase for cleavage of blp mRNA transcript (96). More recent reports from 

the same group identified a more elaborate mechanism where it is clarified that BLP 

down-regulation is mediated by transcriptional repression rather than exclusively through 

transcript cleavage (97) (Figure 9). The transcriptional repression occurs via the same 

complex of FnoCas9-tracrRNA-scaRNA, where the scaRNA has complementary 

sequence along the upstream regions of two regulons which enclose the genes encoding 

blp as well as three other genes, all of which contribute to virulence (97) (Figure 9). Cas9 

has also been found to be responsible for the production of a master regulator protein 

Mga, which is responsible for activating the host immune defense in Streptococcus 

pyogenes GAS-M1T1-5448 (98) (Figure 9).  

1.8.0 Cas9 and Cas12a mediated biotechnological tools  

The most revolutionizing aspect of the CRISPR-Cas systems is their use for the 

development of several biotechnological applications that have been achieved using 

several of these Cas nucleases such as Cas9, Cas12a, Cascade, and Cas13. One of the 

main applications of CRISPR-Cas systems is genome editing for which the most widely 

used Cas protein is Cas9 from Streptococcus pyogenes (SpyCas9). SpyCas9 was the 
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first Cas protein to be reprogramed for gene editing outside a bacterial cell in human cells 

(99). The requirement of 5′-NGG-3′ PAM region on target DNA limits the sites within the 

targeting genome, allowing for SpyCas9 to cleave only when there is a PAM and 

considerable complementarity between the target site and the 20-nt spacer region in the 

sgRNA(99).  

The simplicity offered by CRISPR-Cas systems of to change the 20-nt spacer region on 

the sgRNA to allow the effector protein complex to be directed to any gene sequence in 

the human genome with high specificity, has made it a more viable option for genome 

modifications (Table 2). This system is also different from the previously used gene 

editing nucleases such as Zinc finger nucleases (ZFN) and transcription activator-like 

effector nucleases (TALEN) which required the modification of the editing protein itself in 

order to target a different site (100). CRISPR-Cas based eukaryotic gene editing creates 

dsDNA breaks, which can be repaired either by non-homologous end joining (NHEJ) 

repair pathway, enabling creation of gene knock-outs, or by homology-directed repair 

(HDR) pathway by simultaneously providing a donor template during the editing process 

to create gene knock-ins (99).  

 

 

Application  Cas protein, sub type and activity 

1. Gene editing  
1.a SpyCas9 (II-A) for blunt-ended dsDNA cleavage  

1.b Cas12a (V-A) for staggered end dsDNA cleavage 
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Cas9 has been modified to act as a targeted nickase by inactivating one of its nuclease 

domains to enable HDR pathway since this prevents unwarranted mutations in the 

genome (101). Along the same lines, Cas9 has also been fused to base editors to rectify 

single-base pair mutations found in several genetic diseases like sickle-cell anemia 

(102,103). Similarly, Cas12a and CASCADE systems have also been used for gene 

editing across several species since they can induce staggered cleavage, allowing for 

HDR-mediated repair mechanisms, and cause long range deletions respectively (104).  

Beyond gene editing, gene regulation is another aspect where CRISPR has been widely 

used. For example, the use of dead (d)Cas9s that can complex with sgRNA to bind to the 

2. Base editing 

2.a SpyCas9 (II-A) nickase fused to cytidine deaminase 

2.b Nuclease-inactivated(d)SpyCas9 fused to adenosine 

deaminase for conversion of adenosine to inosine 

2.c Nuclease-inactivated(d) Cas12a fused to cytidine 

deaminase 

3. Gene 

repression 

3.a dSpyCas9 mediated sequence-specific DNA binding 

3.b dCas12a for crRNA maturation and sequence-specific 

DNA binding 

4. Gene activation  

4.a dSpyCas9 fused to transactivation domain for sequence-

specific DNA binding  

4.b Cas12a with crRNA maturation fused to transactivating 

domain for sequence-specific binding  

5. Nucleic acid 

detection  

5.a Cas12a (type V-A) trans ssDNase activity upon target 

DNA binding  

5.b Cas13 (type VI) collateral ss RNase activity upon target 

RNA binding 

Table 2: A table compiling the different tools developed from Cas9 and Cas12a. The list includes 

the most commonly used tools developed from the various activities possessed by Cas9 and Cas12a 

proteins. There are several other tools for other purposes which are not included in the current table. 
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promoter region to repress transcriptional expression has been used widely in prokaryotic 

cells and eukaryotic cells and is termed as CRISPR interference (CRISPRi) (105,106). 

Similarly, use of dCas9-sgRNA bound to activators programmed for transcriptional 

activation is termed as CRISPR activation (CRISPRa) which has been successfully used 

to activate reporter genes and endogenous genes in prokaryotes and eukaryotes 

(107,108).  

The diversity in CRISPR-Cas functions has allowed for the development of several 

biotechnological tools used for various purposes from viral nucleic acid detection to gene 

therapy. The ability of Cas12 and Cas13 to cleave non-specific nucleic acids upon 

activation by RNA-mediated target binding has allowed for their use in the development 

of several fluorescent nucleic acid detection kits. For example, applications like 

DETECTR and SHERLOCK (original and advanced versions) use Cas12a’s trans-

cleavage activity while STOP (SHERLOCK testing in one pot) uses Cas13 RNase activity 

for detection of SARS-CoV-2 (109,110,1).  

1.9.0 Problems with CRISPR-Cas gene editing  

The use of CRISPR-Cas systems as a gene editing tool allowing the modification of 

genomes of several organisms across a plethora of species across the living kingdom 

has catapulted its status as one of the best inventions in the field of biotechnology. This 

status earned CRISPR-Cas systems and its role in gene editing the Nobel Prize in 

Chemistry for year of 2020. The simplicity of genome modification using CRISPR-Cas 

systems, along with additional functionalities like transcriptional regulation and nucleic 

acid detection, has transformed this bacterial immune system into a versatile 

biotechnological tool.  
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As is with every technological invention, CRISPR-Cas systems also have several 

drawbacks, which scientists are working to rectify, and are the cause for several 

apprehensions in the use of this technology for gene therapy in humans. Ideally, only the 

presence of a PAM and complete complementarity of the 20-nt guide region of sgRNA 

with a target DNA should activate the Cas nuclease to cleave the target DNA (11). In 

several cases, the presence of PAM and partial complementarity of 10-12 nt activates the 

Cas nuclease for cleavage, resulting in unwarranted cleavages and mutations in 

unintended regions of the DNA. This is referred to as “off-target” cleavage (111,101).  

Removing off-target DNA cleavage has been an important scientific aspect that several 

labs have approached with different strategies. As described below in more detail, these 

include improved methods for sgRNA design, protein engineering to reduce non-specific 

protein-RNA-DNA interactions, modifications in PAM specificity, and timing of the 

expression of the RNP within the cell to name a few. Advances in sequencing techniques 

to accurately measure off-target cleavage have also been a major area that has seen 

great development (101).  

1.9.1 sgRNA design: sgRNA design is the most important aspect for successful and 

efficient gene editing. sgRNA has a seed and a non-seed sequence. Literature in the field 

has shown that the extent of complementarity between the PAM-proximal 10-12 

nucleotides with that of the guide-region of sgRNA (seed sequence) is very critical, with 

mismatches in this region reducing DNA cleavage activity (11,24). In general, 1-5 bp 

mismatches in the 5′ end of the sgRNA (PAM-distal) are more tolerated than the 3′ end 

(PAM-proximal), although the degree of mismatch tolerance changes vastly between 

single vs double vs continuous mismatches across the sgRNA length (11,77,111). 
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Studies have also indicated that when designing the sgRNA for gene editing, a guanine 

is strongly preferred as the first base of the seed sequence in the sgRNA (adjacent to the 

PAM on DNA) while the presence of cytosine is unfavorable (83,112–114). Additionally, 

the 3′ tail end of the tracrRNA has also been found to be critical for successful gene editing 

in vivo (115). The proposed rules correspond to the theory that G-C rich sequences can 

fold to form more stable- structures in vivo resulting in efficient gene editing (116). With 

respect to sgRNA, several strategies have been proposed to reduce off-target cleavage. 

Truncation of the sgRNA at 3′ end to reduce interaction with Cas9 protein, reduction of 

complementarity with target DNA in 5′ end of sgRNA, and introduction of G’s on the 

sgRNA at the beginning of the RNA-DNA complementarity have all led to increased gene 

editing efficiencies and decreased off-target cleavage at several sites according to 

published literature (78,117,118).  

1.9.2 Sequence of PAM: PAM sequence has also been found to influence the amount of 

off-target cleavage (101). Longer PAMs have also been thought to reduce unwarranted 

mutagenesis since the frequency of a longer PAM being present on a target DNA is much 

lower than that of NGG which occurs almost every 10th base (101,119). Several other 

Cas9s, like Staphylococcus aureus (SauCas9) and Streptococcus thermophilus 

(SthCas9) which recognize different PAM sequences (SauCas9 PAM: NNGRRT; 

SthCas9 PAM: NNAGAA), have also been utilized for successful gene editing with 

improved efficiencies (119).  

1.9.3 Modification of Cas nucleases: One of the widely used methods to increase 

specificity is modifying the Cas nuclease responsible for dsDNA cleavage. One of the 

most widely used methods is the use of nickase Cas9, where one of the active sites has 
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been inactivated allowing for single-stranded breaks with one Cas9-sgRNA complex. A 

study showed that the use of two of such complexes targeting the opposite strands of the 

DNA within a short distance enabled an artificial dsDNA break. This reduced off target 

cleavage since single-stranded nicks produced due to off-target cleavage from one of the 

sgRNA-Cas9 complex are more easily repaired by host repair systems than dsDNA 

breaks (118,120,101). This method has successfully reduced off target cleavage by 50-

1000 fold in cell lines without significantly decreasing the on-target gene knock-out ratio 

(121). In addition to creating nickases, researchers have used a combination of methods 

like directed evolution and structure-guided approaches for the construction of variant 

Cas9 nucleases with altered specificities mainly focusing on reducing non-specific 

interactions of Cas9 with sgRNA and DNA. This has led to the development of several 

high fidelity Cas9 variants, like eSpCas9 (1.1)(122), SpCas9-HF1 (123), evo-Cas9 (124), 

Hypa-Cas9 (125) and Sniper-Cas9 (126), each with increased specificity and low off-

target cleavage while still maintaining on-target specificity.  

1.9.4 Tools to detect off targets: Since off-target cleavage can cause deleterious effects 

in a cell, over the past few years several tools have been developed that can help find 

potential off-target sites based on the sequence of the guideRNA. These tools or 

algorithms have pre-defined rules which differ with every tool and lead to results that do 

not always match amongst one another. A combination of techniques that include in silico 

predictions and in vitro and cell-based techniques have been devised in order to detect 

off-target sites within the target genome (101,127). Such approaches are critical 

especially in the process of development of CRISPR-Cas as a clinical therapeutic agent 

since these methods could help in detection of possible rare unknown off-target effects 
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which could lead to potentially harmful side effects such as activation of an oncogene in 

the patient.  

Here is a list of the most widely used tools used to predict and detect off-targets (127): 

 

In silico In vitro Cell-based 

Cas-OFFinder Digenome Sequencing GUIDE-Seq 

CRISPR design tool CIRCLE-Seq LAM-HTGTS 

CasFinder SITE-Seq BLISS 

CHOPCHOP T7 Endonuclease I assay ChIP-Seq 

 

1.10.0 Hypothesis  

The work presented in this study specifically focuses on understanding the mechanism 

of DNA cleavage by the signature proteins of type II and type V CRISPR-Cas systems, 

Cas9 and Cas12a, respectively. Published literature allowed us to further our knowledge 

on the basic mechanism of these Cas nucleases. Based on the evolutionary pathway of 

some of these Cas nucleases, we hypothesized that some Cas nucleases may not require 

the need of an RNA to be activated for DNA cleavage. This hypothesis formed the basis 

of Chapter 2, where we discovered that some Cas nucleases can indeed cleave DNA in 

an RNA-independent manner but only in the presence of certain specific divalent metal 

ions. We discovered the active endonuclease site responsible for this cleavage in 

SpyCas9, FnoCas9, and FnoCas12a. We hypothesized that the active site pocket of 

these Cas proteins may have amino acids which support RNA-independent cleavage 
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activity specifically but without having a greater contribution to RNA-dependent DNA 

cleavage. In the later part of Chapter 2, we discuss the success of this strategy to develop 

a SpyCas9 variant devoid of RNA-independent DNA cleavage, still maintaining 

comparable activity as the wild-type protein in terms of RNA-dependent DNA cleavage.  

The Rajan lab was also the first to discover another interesting aspect in the mechanism 

of SpyCas9 activity. Modulating the BH in SpyCas9 resulted in a variant, SpyCas92Pro, 

that has increased specificity to mismatches at specific positions as well as showed 

reduced off-target cleavage in gene editing when compared to wild-type SpyCas9. This 

discovery formed the basis for Chapter 3, where we hypothesized that since BH is a highly 

conserved region in several Cas nucleases including type V-A, similar specificity and 

selectivity can be translated to a Cas12a nuclease. Our hypothesis was true, results of 

which are discussed in Chapter 3. A surprising discovery in this work is that fact that BH 

also contributes to promiscuous trans ssDNA cleavage, and our Cas12a BH variant 

demonstrates deficiency in cleaving mismatch containing DNA as well as performing 

trans DNA cleavage. 

In Chapter 4, we describe our initial results in identifying the different steps in the 

conformational activation of SpyCas9 upon sgRNA and DNA binding. We focus on 

deleting specific domains in the SpyCas9 protein and observing the resulting change in 

DNA binding and cleavage in order to elucidate their role in SpyCas9 activity.  

1.11.0 Significance 

CRISPR-Cas systems are currently being widely used as a gene editing tool as well as a 

nucleic acid detection tool. Its use as a gene therapy is only just beginning to gain 
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momentum with clinical trials, but the impending dearth in the knowledge of Cas 

nucleases, specifically related to their non-canonical activities has slowed the process. 

The further progression of CRISPR-Cas as a therapeutic medicine requires for us to learn 

the details and mechanisms of DNA recognition and cleavage of each Cas protein in 

question. The results presented here shed light on some previously unknown 

mechanisms of Cas nucleases, including SpyCas9 and Cas12a, which are widely used 

for gene editing. Specifically, the discovery of RNA-independent activities is instrumental, 

since it was believed for a long time that Cas nucleases cannot cleave DNA without a 

guide RNA. Additionally, we also developed a SpyCas9 variant devoid of RNA-

independent DNA cleavage. We also probe deep into recognizing the domains involved 

in conformational activation of the Cas nucleases which is instrumental for understanding 

both RNA-dependent and RNA-independent DNA cleavage. Similarly, translating the 

modulation of BH and its DNA cleavage selectivity into a different Cas protein like Cas12a 

from Cas9 also lays the foundation for a framework that can be used for several BH 

containing nucleases. Altogether, the work presented here improves our knowledge by 

uncovering several new aspects previously unknown to the CRISPR world, paving way 

for the future of CRISPR-Cas systems in the field of gene therapy.  
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Chapter 2: RNA independent DNA cleavage activities of Cas proteins 

 

2.1.0 Copyright information 

The original version of the some of the work presented in this chapter was published in 

Cell Reports on December 26th, 2017 (128). The published work is presented in 

introduction, results, discussion, and materials and methods sections. This article is 

available under the Creative Commons CC-BY-NC-ND license and permits non-

commercial use of the work as published, without adaptation or alteration provided the 

work is fully attributed. 
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2.3.0 Introduction  

As discussed earlier, Cas9 and Cas12a are the most widely used Cas nucleases for gene 

editing since their activities have been deeply studied. Over the years, several new 

activities of Cas9 and Cas12a have been uncovered like the ability of type II-C Cas9 

proteins to cleave ssDNA lacking a PAM using HNH endonuclease domain in the 

presence of crRNA as a guide (129,130), the cleavage of ssRNA by SpyCas9 using a 

PAMmer (131), and “trans” ssDNA cleavage activity of Cas12a (70). These results 

emphasize the need for further characterization of all the possible mechanism by which 

Cas proteins can cleave DNA, particularly in understanding their potential activities and 

effects within the complex cellular environment during gene editing.  

In the first half of this chapter, we demonstrate that Cas9 and Cas12a from Francisella 

novicida (Fno) and Cas9 from Streptococcus pyogenes (Spy) possess RNA-independent, 

non-sequence-specific cleavage activities on dsDNA and ssDNA targets in the presence 

specific divalent metals such as of Mn2+ and Co2+ (128). While FnoCas12a and FnoCas9 

possess an RNA-independent ds plasmid nicking activity, FnoCas12a and SpyCas9 

catalyze ssDNA degradation. In FnoCas9, the HNH domain is responsible for the nicking 



37 
 

activity, while in SpyCas9, the RuvC domain degrades the ssDNA. In FnoCas12a, the 

coordinated activities of the RuvC and the Nuc domains are essential for both DNA 

cleavage activities. These observations emphasize the need for caution in genome 

editing depending on the type of Cas9/Cas12a orthologue that is being used and the 

requirement of detailed analysis of the Cas nucleases prior to their use as therapeutic 

medicine. Towards this goal, our lab has been focusing on developing Cas protein 

variants devoid of promiscuous, RNA-independent (guide-free) DNA cleavage. Progress 

on this aspect is presented in the later sections of the results. Briefly, by combined 

molecular dynamics and biochemical characterizations, we have identified variants in 

SpyCas9 devoid of RNA-independent DNA cleavage activity, under the experimental 

conditions tested. We propose these variants to provide safer genome-editing and gene-

therapy tools. 

2.4.0 Results 

2.4.1: Cas9 Orthologues and Cas12a Possess RNA-Independent DNA Cleavage 

Activities: Our sequence analyses of Cas12a showed similarities to SbcC, a protein that 

belongs to the structural maintenance of chromosomes (SMC) family of proteins essential 

for DNA break repair, cell division, and other pathways. SbcC associates with SbcD, an 

enzyme that possesses ATP-dependent nuclease activity in the presence of Mn2+ (132). 

Our experiments showed that the ds plasmid cleavage requires only Mn2+, not ATP 

(Figure 10). To determine the nature of the DNA cleavage, the plasmid was linearized 

with EcoRI (one site) or nicked with Nt.BspQI (one site) to generate mobility standards. 

The FnoCas12a produced a band that migrated similarly to the nicked plasmid, indicating 

that FnoCas12a can nick dsDNA in the presence of Mn2+ without an added guide RNA 
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(Figure 11A). With this observation, we tested the ability of FnoCas9 and SpyCas9 for 

similar Mn2+-dependent dsDNA cleavage activity in the absence of a guide RNA. We 

found that FnoCas9 nicks ds plasmid DNA (Figure 11B), while SpyCas9 does not (Figure 

11C). We proceeded to analyze whether the RNA-independent, Mn2+-dependent dsDNA 

cleavage extends to ssDNA.  

While FnoCas12a and SpyCas9 degraded circular ssDNA (M13mp18) in an RNA-

independent manner, FnoCas9 showed minimal activity (Figure 12).  

 

Figure 10: FnoCas9 and FnoCas12a RNA-Independent dsDNA Nickase Activity requires the 

presence of only Mn2+, not ATP. Activity assay gel depicting that the RNA-independent DNA nicking 

of dsDNA by FnoCas12a and FnoCas9 only requires the presence of Mn2+ and not both Mn2+ and ATP. 

The experiment was performed by a co-author as part of the published study (128). [Control, condition 

with no protein but Mg2+ added; N: nicked SC: supercoiled] 
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2.4.2: RNA-Independent DNA Cleavage Activities Are Not Due to Co-purified Cellular 

RNAs: To rule out the contribution of fortuitously co-purified RNA in enabling Mn2+-

dependent plasmid cleavage, we analyzed our protein preparations for RNA. Protein, 

RNA, and protein along their cognate CRISPR RNA [ribonucleoprotein (RNP)] samples 

were passed through a size-exclusion column with simultaneous detection of absorbance 

Figure 11: FnoCas9 and FnoCas12a Possess RNA-Independent dsDNA nickase activity while 

SpyCas9 does not nick dsDNA in the presence of Mn2+. (A) dsDNA cleavage by FnoCas12a. (B) 

dsDNA cleavage by FnoCas9. (C) dsDNA cleavage by SpyCas9. FnoCas9 and FnoCas12a nicked 

pUC19 (ds plasmid) in the presence of Mn2+. For comparison, pUC19 was digested with EcoRI 

(linearizes [L]) or Nt.BspQI (nicks [N]). SpyCas9 does not nick or linearize pUC19. The gel presented 

here was used a replication as part of the published study. No crRNA or sgRNA was added in this 

reaction. [Control, condition with no protein but Mg2+ added; None, condition with protein but no external 

metal or EDTA; SC: supercoiled.] 
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at 254, 260, and 280 nm. The required RNAs for this experiment include annealed sgRNA 

for SpyCas9, annealed crRNA with tracrRNA for FnoCas9, and annealed crRNA for 

FnoCas12a (Figure 13). 

Figure 12: SpyCas9 and FnoCas12a Possess RNA-Independent ssDNA degradation activity 

while FnoCas9 has limited ss DNase activity in the presence of Mn2+. (A) ssDNA cleavage by 

FnoCas12a (B) ssDNA cleavage by FnoCas9. (C) ssDNA cleavage by SpyCas9. M13mp18 circular (Cr) 

ssDNA was completely degraded by SpyCas9 and FnoCas12a in the presence of Mn2+. In comparison, 

FnoCas9 has limited ssDNA degradation. The gel presented here was used a replication as part of the 

published study. [Control, condition with no protein but Mg2+ added; None, condition with protein but no 

external metal or EDTA; Cr: circular ssDNA; D, degradation] 
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A constant amount of protein was used in both protein and RNP samples to differentiate 

absorbance changes coming from RNA. The absorbance pattern for protein standards 

and crRNA for FnoCas9 is shown for comparison (Figure 13A). The 260:280 nm ratio for 
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the protein shows no detectable nucleic acid contamination since a value of 0.5-0.6 

indicates a 95% -100% pure protein, while values closer to 1 indicate a nucleic acid 

contamination (Figures 13 and 14A). Absorbance at 254 nm (A254) is more specific for 

nucleic acids. There is a basal level of absorbance at 254 nm in the protein sample that 

increases significantly in the presence of added RNA (Figures 13 and 14B). A smaller 

peak with an absorbance around 40 mAU for all the wavelengths is visible for all the 

samples around the 7 kDa molecular weight range, which may be a smaller protein based 

on the relative absorbance at all the three wavelengths. Together, comparison of the 

260/280 ratios and values from 254 nm absorbance showed an increase in the 260/280 

and 254 only upon addition of external RNA, suggesting that the protein preparations do 

have any detectable co-purifying RNA (Figure 14). 

Figure 14: Values obtained from the UV-Visible spectroscopic analysis of protein and RNP 

samples. (A) Table showing the A260/A280 of protein and protein-RNA complexes. (B) Table showing 

the A254 of protein and protein-RNA complexes.  

Figure 13: Purity of Cas proteins (A) Absorbance of protein standards (top) and RNA (bottom) 

controls. Two standard proteins (Aldolase (158 kDa) and Conalbumin (76 kDa)) were run on the S200 

increase column. These proteins showed basal level absorbance at 254 nm and 260 nm. The 

absorbance of crRNA for FnoCas9 is shown for absorbance pattern for an RNA sample. UV-Visible 

spectrophotometric analysis of Cas proteins. Proteins and RNP complexes were run on an S200 

increase column and absorbance at 254 nm, 260 nm and 280 nm were recorded for (B) SpyCas9, (C) 

FnoCas9 and (D) FnoCas12a. The required RNA included sgRNA for SpyCas9, crRNA-tracrRNA 

complex (gRNA) for FnoCas9, and crRNA for FnoCas12a. The absorbance values were plotted against 

elution volume. The protein and protein-RNA graphs are overlaid to show shifts in elution volume and 

increase in A280, A254 and A260 in the presence of RNA.  
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As an additional test to exclude the possibility of fortuitous RNA contamination, we 

performed 32P-labeling experiments to label any co-purified RNA (Figure 15). We 

hypothesized that treating protein samples with proteinase K would expose protected 

RNA, which can further be detected by a sensitive method like 32P labeling. The protein 

samples were treated with Proteinase K and checked on an SDS gel to confirm complete 

degradation (Figure 15D). Any RNA in the proteinase K treated samples was then labeled 

using 32P. The required RNA-protein (RNP) samples were used a positive control for the 

32P labeling experiment. As shown in Figure 15A, the 32P signal is only detectable when 

external RNA is added to the protein. A gel to show the minimal amount of RNA that can 

be detected by this method demonstrates that 5 ng RNA is detectable (Figure 15B). A 

molarity calculation based on the protein (1 µM) used in the labeling experiment, as well 

as the limit of RNA detection (1 ng), yielded a 500:1 protein to RNA ratio, i.e., >99.8% of 

the protein molecules in our preparation are free of contaminating RNA. This is likely an 

overestimate of contamination by RNAs that could conceivably act as nuclease guides 

because we are considering all RNAs regardless of their complementarity with the DNAs 

that we use as cleavage substrates. Therefore, we conclude that fortuitously 

contaminating RNAs acting as conventional Cas9 or Cas12a guides do not account for 

the Mn2+-dependent DNA cleavage activities observed. 
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Figure 15: RNA-independent DNA-cleavage activity is not due to co-purifying RNA. (A) Analysis 
of co-purified RNA in Cas proteins.  The RNA from Cas-CRISPR related RNA complexes serves as a 
positive control for the experiment for each protein. There was no detectable co-purifying RNA in the 
protein samples compared to the protein-RNA controls. Detectable limit of radiolabeled 32P RNA. (B) 
A 58-nt long RNA was treated with phosphatase followed by phenol-chloroform extraction. The RNA 
was ethanol precipitated and concentration was measured using absorbance at 260 nm. Known 
amounts of this RNA in ng were used in a series of 32P labeling reactions. The gel indicates the lowest 
detectable concentration of 32P labeled RNA to be 5 ng. This also indicates that the amount of any co-
purified RNA in our proteins is below the detectable range. A molarity calculation based on the protein 
(1μM) used in the labeling experiment, as well as the limit of RNA detection (1 ng), yielded an ~500:1 
protein-to-RNA ratio. For molarity calculation, an average RNA length of 124-nt (similar to Cas9 guide 
RNA length) and concentration of 1ng/10 µl were used. (C) A 16% acrylamide-urea gel showing the 
different required RNAs that were used to produce the protein-RNA complexes in 13 (A). (D) A 7.5% 
SDS protein gel showing complete degradation of the proteins upon Proteinase K (PK) treatment. The 

same amount of PK as used in panel A was used in each reaction. 
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2.4.3: RNA-Independent Activity Varies with Substrate Type: To determine the substrate 

selectivity and further analyze the DNA-sequence specificity of RNA-independent DNA 

cleavage activity, we used a 32P-labeled ss 60-mer oligonucleotide (oligo) and a ds 60-

mer oligo as substrates (Figure 16A). A ds 60-mer oligo does not produce visible 
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products with any of the Cas proteins analyzed (Figure 16B). Only FnoCas12a cleaved 

ss oligomer DNA, showing that DNA modifications such a methylation are not driving the 

DNA cleavage in the case of FnoCas12a (Figure 16A). SpyCas9 did not cleave ss or ds 

oligo, which might point to the necessity of DNA methylation or longer DNA pieces for 

SpyCas9 to perform RNA-independent DNA cleavage (Figure 16A).  

Figure 17: RNA-Independent DNA cleavage activity on linear DNA Substrates is not PAM-
dependent. (A) Time course assay monitoring cleavage of 5′-32P-labeled ss oligo DNA was treated 
with FnoCas12a. A specific 44 nt cleavage product observed with increasing time which does not 
correspond to the expected cleavage site that could result from a PAM-dependent cleavage. 
Sequence of the 60-mer used for cleavage with the probable PAMs underlined and in bold for (B) 
FnoCas12a and (C) SpyCas9.  

Figure 16: RNA-Independent DNA cleavage activity on linear DNA substrates. (A) 5′-32P-labeled 
ss oligo DNA was treated with Cas proteins. Only FnoCas12a cleaves ss oligo substrates. (B) 5′-32P 
labeled oligo dsDNA (60-mer) was treated with Cas proteins. None of the Cas proteins cleave ds oligo 
substrates. [Control, condition with no protein but Mg2+ added;, none: reaction with protein without 
added metal, Ol: 60-mer oligo substrate, Cl: cleavage products].  
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The oligo substrates used for the assay have PAMs for both FnoCas12a and SpyCas9. 

During RNA-dependent DNA cleavage, which is used in the phage defense mechanism, 

FnoCas12a cleaves after the 18th nt in the non-target strand and after the 23rd nt on the 

target strand. A cleavage dependent on PAM-recognition should produce a band of ~ 27-

nt (following non-target strand cleavage) or 32-nt (following target strand cleavage).  

Since the major product for FnoCas12a is ~ 44 nt long which is further degraded to smaller 

pieces, the mechanism for RNA-dependent DNA cleavage, especially PAM identification, 

is not being used for RNA-independent DNA cleavage (Figures 17A, B). Similarly, in the 

case of SpyCas9, there are 3 PAM sequence across the oligo DNA indicating the 

possibility of 3 different cleavage products of different sizes using a PAM-based DNA 

cleavage (Figure 17C). Since 

SpyCas9 did not cleave the 

ss or ds oligos, it appears that 

presence of PAMnot 

contributing to RNA-

independent DNA cleavage. It 

is most likely that features 

other than PAM sequences 

contribute to defining sites of 

DNA cleavage. Our 

experiments do not rule out 

the possibility of DNA 

sequence- or structure-

Figure 18: Cartoon representation of the RNA-independent 

DNA cleavage: The figure represents the important conclusions 

reported as part of the study published in Cell reports (128).   
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specific hotspots for the RNA-independent DNA cleavage. Further experiments involving 

deep sequencing approaches may reveal such hotspots. However, while informative, 

such evidence would support a sequence or structural preference rather than strict 

specificity.  

As part of the manuscript, further work was performed by other co-authors that showed 

the active sites involved for RNA-independent DNA cleavage in each of the proteins 

tested, which were RuvC for SpyCas9, HNH for FnoCas9, and a combined active site of 

RuvC and Nuc domains in case of FnoCas12a (Figure 18). We also showed that 

presence of one of the CRISPR RNAs (e.g., crRNA or tracrRNA, instead of the annealed 

crRNA-tracrRNA 

complex) still promotes 

promiscuous cleavage 

emphasizing the need for 

accurate protein designs 

for gene therapy 

applications.  

Our published results 

paved way for several 

other studies, like the 

discovery of RNA-

independent DNA 

cleavage in other Cas12a 

orthologues that occur in 

Figure 19: RuvC pocket of ternary SpyCas9. The amino acids 
forming the active site pocket of the RuvC endonuclease domain in 
SpyCas9 are shown (yellow). This crystal structure only had one 
Mg2+ ion. This structure is a ternary form of SpyCas9 in the presence 
of sgRNA and dsDNA. [PDB ID: 4UN3] (135) 
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the presence of Mg2+ ions (133). One of the most significant results was another study 

which showed that guide-free/RNA-independent DNA cleavage by SpyCas9 and 

Campylobacter jejuni Cas9 (CjeCas9) (134) causes severe cellular damage, further 

signifying the importance of this activity on gene editing. Currently, since SpyCas9 is the 

popular choice for gene editing in human cells and animals and has more information 

available in the form of crystal structures, we proceeded to focus on this protein for the 

remainder of the study. 

2.4.4 Modulation of RuvC 

active site amino acids: Our 

results from the previous 

publication showed that the 

RuvC endonuclease domain 

was responsible for RNA-

independent ssDNA 

cleavage activity of SpyCas9 

(128). The RuvC nuclease 

domain typically cleaves the 

non-target strand in the case 

of RNA-dependent DNA 

cleavage which exists as a 

ssDNA in the R-loop (Figure 

6) (75). The domain in itself is 

a typical ribonuclease H fold 

Figure 20: RuvC pocket of Mn2+-bound apo SpyCas9. The 
amino acids forming the active site pocket of the RuvC 
endonuclease domain in SpyCas9 are shown (yellow) along with 
His982 and Asp986. This shows the coordination of two Mn2+ ions 
with four amino acids: D10, E762, E766 and H983. The amino 
acids we chose to substitute include E766 and H982. [PDB ID: 
4CMQ] (72) 
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(RNase H) and requires two metal Mg2+ ions for nuclease activity, a common feature 

shared among other nucleases of the retroviral integrase superfamily (75). The active site 

pocket is comprised of four essential residues, namely Asp10, Glu762, His983, and 

Asp986 as seen in ternary RNA-DNA bound-SpyCas9 structure (Figure 19) (PDB: 4UN3) 

(135). Mutation of any of the above four amino acids results in loss of function of the RuvC 

endonuclease domain, rendering the Cas9 enzyme a nickase (75). 

We decided to further probe the RuvC pocket of SpyCas9 using molecular dynamic (MD) 

simulations. We hypothesized that there were amino acids in the RuvC pocket which 

could be substituted to lower or completely inhibit RNA-independent activity, without 

severely impacting the RNA-dependent DNA cleavage activity of the protein. Dr. Jin Liu 

at the University of North Texas Health Science Center, an expert in the MD field, 

collaborated with us on this study. Based on the MD simulations performed by the Liu lab, 

they proposed Glu766 involved in stabilizing binding to Mn2+. Interestingly, a Mn2+-bound 

apo-SpyCas9 structure (PDB ID: 4CMQ) (72) shows the Glu766 as one the amino acids 

coordinating the Mn2+ ion, replacing the Asp986 in the ternary SpyCas9 structures (135) 

(Figures 19 and 20). This led us to hypothesize that Glu766 plays a role in binding to 

DNA/Mn2+ in the absence of crRNA. Since activity assays with recombinantly purified 

SpyCas9 Glu766Ala did not support our hypothesis, we analyzed possible amino acids 

in the RuvC catalytic site that may enable divalent metal binding without inhibiting the 

activity of RuvC. This led to the identification His982, which is around 4.5 Å from the 

bound metal. It should be noted that His983 interacts with the active site metal at a 

distance of 2.16 Å and has been shown by previous literature to be an essential amino 

acid for RuvC cleavage (136) (Figure 20).  
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2.4.5 Purification and characterization of SpyCas9E766A variant: The first substitution we 

chose to make was the Glu766Ala in the SpyCas9 bacterial expression plasmid. The 

protein, SpyCas9E766A was purified over three-column chromatography similar to the 

SpyCas9WT(128,137). We performed RNA-dependent and RNA-independent DNA 

cleavage assays to test the ability of variant SpyCas9E766A to cleave DNA under both 

conditions. For the in vitro RNA-dependent DNA cleavage assay, a pUC19 plasmid 

containing a 30-nt protospacer region with a 3-nt PAM was used as a substrate (Spy 

matched DNA) (11,137). The sgRNA used in the assay consists of a 20-nt guide region 

that is complementary to 20-nt of the protospacer region in the plasmid substrate (Figure 

6).  
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The RNA guided activity showed that SpyCas9E766A behaved similar to the SpyCas9WT 

indicating that Glu766Ala substitution does not affect the RNA-dependent DNA cleavage 

activity of the SpyCas9 (Figure 21A and B). Interestingly, we observed that presence of 

Mn2+ in the reaction resulted in increased linearization at lower time points as compared 

to Mg2+ for both wild-type and variant proteins, suggesting metal-induced differences 

(Figure 21B).  

The RNA-independent activity was performed using M13mp18 circular ssDNA as the 

substrate, in the presence of 10mM Mn2+ (Figure 21C). The SpyCas9E766A completely 

cleaved M13mp18 within 30 minutes, indicating that Glu766 does not play an essential 

role in coordinating the metal ion for keeping the RuvC site active for RNA-independent 

DNA cleavage. The higher activity of SpyCas9E766A compared to SpyCas9WT at 1 minute 

can be attributed to the reason that the variant was more recently purified than the 

SpyCas9WT since our previous work has shown that 50% degradation of ssDNA by 

SpyCas9 occurs within one minute (128).  

Figure 21: in vitro cleavage assays of SpyCas9WT and SpyCasE766A. Panels A and B show the RNA-
dependent DNA cleavage activity of SpyCas9WT and SpyCas9E766A in the presence of (A) Mg2+ and (B) 
Mn2+. The linear product is the final product of the assay which indicated RNA-guided ds break in the 
DNA. The RNA-independent DNA cleavage shown in panel (C) indicates that substitution of Glu766 
does not reduce RNA-independent activity of SpyCas9. [Control, condition with no protein but Mg2+ 
added; N: nicked; L: Linear; SC: supercoiled; Cr: circular ssDNA; D: degradation] 
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2.4.6 Purification and characterization of SpyCas9H982A variant: Since the SpyCas9E766A 

variant did not lead to desirable results, we moved on to test the effect of His982Ala 

substitution on RNA-dependent and RNA-independent DNA cleavage. The variant 

SpyCas9H982A was constructed and purified in the same manner as SpyCas9E766A. The 

RNA-dependent DNA cleavage of Spy matched DNA in the presence of 10 mM Mg2+ 

showed that the SpyCas9H982A has a lower linearization capability when compared to 

SpyCas9WT, since there was significant accumulation of nicked product even at the end 

of 60 minutes, which was highest time point tested (Figure 22A). Along the same lines, 

the RNA-dependent DNA cleavage was performed in the presence of 10mM Mn2+. 

SpyCas9H982A completely linearized the Spy matched DNA within first 5 minutes which 

was the lowest time point tested (Figure 22B). Together these results indicate that (i) 
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His982 provides partial stability for the coordinating metal while performing RNA-

dependent DNA cleavage and (ii) coordination of Mn2+ ions make the RuvC pocket more 

stable for DNA cleavage than with Mg2+ ions. It should be mentioned that gene editing 

experiments are conducted for 2-3 days, and this delayed RNA-dependent DNA cleavage 

should not theoretically limit its efficiency in gene editing experiments. We established 

this in section 2.3.7. 

The RNA-independent DNA cleavage activity assay showed that SpyCas9H982A did not 

cleave M13mp18 ssDNA at the end of 60 minutes while SpyCas9WT completely degraded 

M13mp18 ssDNA within the first 5 minutes (Figure 22C). These results indicate that 

coordination of the divalent metal His982 and/or active site stability imparted by H982-

metal interactions are highly essential for RNA-independent DNA cleavage. In the case 

of RNA-dependent DNA cleavage, H982 plays only a partial role, perhaps due to RNA 

and/or DNA providing additional interactions to favor the DNA cleavage competent stage.  

2.4.7 Cell-based gene editing using SpyCas9WT and SpyCas9H982A: Since the in vitro DNA 

cleavage assays showed that SpyCas9H982A has no detectable RNA-independent activity 

under the experimental conditions tested, we proceeded to test the variant’s ability to edit 

genomic DNA in an RNA-dependent manner in a cell-based gene editing assay. In this 

experiment, HEK293T cells are transfected with plasmids containing Cas9 and an sgRNA 

holding a 20 nt complementary region to the target site with a flanking PAM (99). Cas9-

sgRNA produced by the cellular machinery will target the complementary regions and 

Figure 22: in vitro cleavage assays of SpyCas9WT and SpyCasH982A. Panels A and B show the RNA-
dependent DNA cleavage activity of SpyCas9WT and SpyCas9H982A in the presence of (A) Mg2+ and (B) 
Mn2+. The linear product is the final product of the assay which indicated RNA-guided ds break in the 
DNA. The RNA-independent DNA cleavage shown in panel (C) indicates that substitution of His982 
completely abolished RNA-independent activity of SpyCas9.. [Control, condition with no protein but 
Mg2+ added; N: nicked; L: Linear; SC: supercoiled; Cr: circular ssDNA; D: degradation] 
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elicit a dsDNA break, which is further repaired by NHEJ to produce indels. The percentage 

of lesions are calculated using a program called Tracking of indels by Decomposition 

(TIDE) (138). This program is a simple and accurate assay to determine the percent of 

targeted mutations from a large pool of PCR product generated from amplifying the gene 

of interest after editing. The PCR product is around 500-700 bp range with the site of 

cleavage within the PCR product. The experimental details are described in detail in the 

methods and materials (section 2.5.9).  

We tested the ability of both SpyCas9WT and SpyCas9H982A to produce indels at four 

different genomic sites, DTS7, DTS55, PRKAB1 (PRK), and ACADVL (ACA) in HEK293T 

cells. Two of these sites, DTS7 and DTS55 were used a part of a previous report 

published by the lab, while the other two sites, PRK and ACA were selected as part of a 

new study in the lab. The His982Ala substitution was made in a mammalian plasmid 

vector containing SpyCas9WT gene that was optimized for mammalian expression and 

transfection. The plasmids encoding the sgRNAs targeting DTS7 and DTS55 were 

adapted from a previous publication from the lab (137). Using the same vector backbone, 

the guide region was replaced to target PRK and ACA sites. All the sgRNA encoding 

plasmids and protein encoding plasmids were sequence confirmed covering the whole 

coding region. It is also important to note that the sgRNAs used in this assay were all 

truncated versions wherein some regions in the repeat:antirepeat region were deleted 

since it represents the shortest sgRNA required for efficient gene editing (75).  

We used a lipofectamine-based transfection protocol for our assay. The Cas9 and sgRNA 

expressing plasmids were combined with Opti-MEM transfection medium and 

lipofectamine 2000 transfection agent for 20 minutes at room temperature. They were 
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added individually into wells containing 0.24 X 106 cells/well. After the 72 hr time point, 

the cells were harvested for genomic DNA which was used as a template for amplifying 

parts of the genome flanking the Cas9 cleavage site on the genes of interest. PCR 

products were sequenced using Sanger sequencing method, and the resulting 

chromatograms were analyzed using the freely available TIDE software (138). This 

software compares the frequency of insertions and deletions (indels) created as part of 

the NHEJ repair pathway between the wild-type unedited sample and the Cas9 edited 

sample.   

The analysis revealed that the SpyCas9H982A maintains reasonable indel percentage in 

all the substrates tested compared to SpyCas9WT across all the four genomic sites tested 

(Figure 23). The highest lesion frequency was observed for DTS7 with a 45% for 

SpyCas9WT and 20% for SpyCas9H982A (Figure 23). The lowest lesion frequency was 

Figure 23: TIDE analysis for lesion frequency in HEK293T cells using SpyCas9WT and 
SpyCasH982A. Graph representing the data obtained from the TIDE analysis of cleavage by SpyCas9WT 
and SpyCas9H982A at the four different genomic loci tested. The data is an average value of three 
independent replications.  
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observed for ACA2 with an average of 6% for both proteins (Figure 23). Since developing 

these results, another lab member has increased the efficiency of SpyCas9WT-DTS7 to 

75%. We believe, protocol standardization will further improve the efficiency of gene 

editing by SpyCas9H982A. Some of the conditions for further optimization of the 

transfection conditions are varying the number of cells used for transfection, total plasmid 

DNA concentration, the ratio of Cas9:sgRNA plasmid, and transfection duration based on 

the increased indel frequency from the other study in our lab.  

It should also be noted that literature shows that wild-type Cas proteins exhibit different 

efficiencies of indel formation in different genes, which is believed to be due to 

accessibility of the gene to the editing machinery (99,137). The fact that SpyCas9H982A 

has comparable indel formation across all the sites tested in an encouraging result 

(Figure 21). 

2.5.0 Discussion  

2.5.1 Contribution of Mn2+ to Diverse Activities in Other DNA Metabolizing Enzymes: 

Several DNA-metabolizing enzymes exhibit differences in catalytic function based on the 

identity of the divalent metal involved in the reaction. For example, DNase I exhibits a 

higher level of activity and simultaneous cleavage of both strands of the DNA in the 

presence of Mn2+ compared to Mg2+ (139). Mn2+ and Co2+ ions have the unique ability to 

bind the DNA strand between a guanine base and an adjacent phosphate, producing a 

local unwinding effect on the DNA. The destabilized DNA is acted upon by multiple DNase 

I molecules, which is not achieved by metals such as Mg2+, Ca2+, and Zn2+ (140). In 

addition to changes in DNA structure, metal binding can promote conformational changes 
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in the protein-DNA complex to position the scissile phosphate closer to the nucleophile in 

the active site. 

Both Mn2+ and Co2+ have a preferred octahedral geometry, and they may bind to the 

protein, the DNA, or both in the complex. Even though Mg2+ can form an octahedral 

coordination sphere, Mn2+ and Co2+ may promote optimal orientation of the DNA in the 

active site to catalyze DNA cleavage in the absence of a guide RNA. 

Comparison of our results with RNA-dependent DNA cleavage from SpyCas9WT and 

SpyCas9H982A also show an increase in the linearized product accumulation in the 

presence of Mn2+ when compared to Mg2+ even in the case of SpyCas9WT, indicating that 

binding of Mn2+ ions provides a more stable coordination than Mg2+ thereby increasing 

the activity of the RuvC endonuclease site. Since in Cas9 the non-target strand cleavage 

by RuvC occurs after target-strand cleavage by HNH domain, we see completely 

linearized product only after successful cleavage by the RuvC domain. The nicked band 

accumulated for RNA-dependent DNA cleavage with Mg2+ should be from the partially 

active RuvC in the presence of Mg2+, compared to full activity with Mn2+, causing complete 

linearization of the target. 

2.5.2 Significance of RNA-Independent Activity in Genome Editing and Bacterial 

Physiology: Our experiments from the published study show that the RNA-independent 

DNA cleavage could occur at Mn2+ concentrations as low as 250 µM, especially in the 

case of ssDNA substrates (128). Mn2+ is essential for the survival of most organisms due 

to its role as an enzyme co-factor, ability to provide protection during oxidative stress, 

contributions to transcriptional control mechanisms, and a host of other cellular roles 

(141). The effective physiological concentration of Mg2+ and Mn2+ varies considerably. 
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For example, intracellular concentrations of Mg2+ can range from 2 to 3 mM of free Mg2+ 

up to 100 mM of bound Mg2+ in E. coli (142,143). Mn2+ can accumulate at millimolar 

concentrations in E. coli and many lactobacilli without deleterious effects to the cell 

(141,144). The concentration of bound Mn2+ can differ from that of free Mn2+, thus 

affecting the net available concentration of Mn2+ to any specific protein (145). Thus, it is 

possible for Cas proteins to encounter effective Mn2+ concentrations required for RNA-

independent DNA cleavage under cellular conditions. Our experiments also show that 

SpyCas9 is superior to both FnoCas9 and FnoCas12a for double-stranded genome 

editing under a broader range of conditions due to the absence of RNA-independent ds 

plasmid nicking activity in SpyCas9 under all divalent metal concentrations tested. 

Since our reported work on RNA-independent DNA cleavage, several other studies have 

reported similar activities in the presence of Mg2+ ions in other Cas12a orthologues (133). 

The most significant of these reports is that of the presence of RNA-independent (called 

guide free in this manuscript) DNA cleavage activity under cellular conditions, when Cas9 

plasmid is introduced into a human cell. The study showed that the BH of SpyCas9 and 

CjeCas9 acts as a nuclear localization signal (NLS) removing the need of an external 

NLS in the Cas9 construct to be transported into the nucleus of human cells. Once Cas9 

devoid of an sgRNA reaches the nucleus, it brings about severe dsDNA damage, 

recruiting DNA damage reporter proteins such as p53 and H2AX (134). It should be 

emphasized that even though in vitro activities showed complete absence of dsDNA 

cleavage, cellular assays showed DNA damage by SpyCas9. This implicates that ssDNA 

regions produced during the cell cycle can be targeted for guide-free DNA cleavage. This 

study concluded that DNA damage is caused by Cas9’s promiscuous DNA cleavage by 



60 
 

inactivation of the RuvC domain, which abolished DNA damage and recruitment of 

H2AX (134). All these experiments were performed in the absence of a guideRNA 

proving our hypothesis that the human cells can indeed reach high enough Mn2+ 

concentrations to perform RNA-independent promiscuous DNA cleavage. Gene editing 

conditions use, in several cases, separate plasmids for Cas9 and sgRNA, which can 

create conditions where a cell may have no sgRNA plasmid or an increased amount of 

Cas9 when compared to sgRNA to make sure all the protein to be bound to sgRNA. Data 

on the half-lives of Cas9 and sgRNA are also not available yet under cellular conditions. 

These results further emphasize the importance of characterizing Cas proteins’ guide-

free DNA cleavage mechanisms, sgRNA design, and the ratios of Cas9 and sgRNA being 

used for a gene editing experiment. 

2.5.3 Mn2+ binding increases stability to RuvC active pocket: Our analysis of the RuvC 

catalytic pocket led to the development of a SpyCas9 variant devoid of RNA-independent 

promiscuous DNA cleavage activity. The results from the RNA-dependent DNA cleavage 

assays further suggested that activity of efficiency of the endonuclease domain differs 

with the metal ions coordinating the amino acids in the RuvC pocket. The ability of Mn2+ 

ions to cause complete linearization of matched DNA, in comparison to that of Mg2+, which 

could not produce the same response, further suggests that binding of Mn2+ stabilizes the 

RuvC active pocket causing more effective DNA cleavage. Promising initial results for 

gene editing with the SpyCas9H982A points to the capabilities of protein engineering to 

develop high-fidelity variants for safe gene editing and gene therapy applications.  

Altogether our results indicate that our approach in determining the amino acids critical 

for RNA-independent DNA cleavage were successful. Currently our lab is in the process 
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of complete characterization of SpyCas9H982A variant for both in vitro, cell-based assays, 

as well as immunocytochemistry experiments to measure DNA damage markers following 

transfection with SpyCas9WT and SpyCas9H982A. The data presented here provides new 

information about the different mechanisms of DNA cleavage possessed by these Cas 

nucleases, which will enable development of safer CRISPR-based biotechnology. 

 

2.6.0 Materials and methods 

2.6.1 Cloning and protein purification: The Fno genomic DNA was obtained from 

Biodefense and Emerging Infections Research Resources Repository (BEI Resources). 

The Fno cas9 and cas12a genes were cloned into a pET28a-based vector (Table S1). 

The protocol for protein expression and purification of all the wild type and mutant proteins 

were developed following previous protocols (11,31). All proteins were expressed in E. 

coli Rosetta 2 (DE3) cells and purified using a three-step chromatography procedure 

involving Ni-NTA, cation exchange SP-HP, and Superdex 300 size-exclusion columns 

(GE Healthcare). SpyCas9 and FnoCas12a both contained MBP tags, which was cleaved 

using TEV protease before being loaded onto the ion exchange column. The FnoCas9 

retained the N-terminal eight His-tag in the protein. The purified proteins were 

concentrated, and aliquots were flash-frozen in liquid nitrogen and stored at -80 °C until 

needed.  

SpyCas9 variant proteins were created using site-directed mutagenesis, and the resulting 

clones were sequence confirmed and transformed into E. coli Rosetta 2 (DE3) cells for 

protein expression. Protein purification was performed using a previously published lab 

protocol (137).  
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2.6.2 Plasmids: The ss circular DNA substrate M13mp18, ds plasmid substrate pUC19, 

restriction enzyme were all purchased from New England Biolabs (NEB). A modified 

version of pET28 (pET28m, the His6-thrombin site of pET28a was replaced by a His8-3C 

protease site) was used for cloning cas9 and cas12a genes. All SpyCas9 expression 

plasmids including wild-type (WT-pMJ806) and mutants (RuvC-pMJ825; HNH-pMJ826, 

and Double mutant-pMJ841) were a gift from Jennifer Doudna (11) (Addgene). 

2.6.3 In vitro transcription: The FnoCas9 tracr RNA gene was amplified from the Fno 

genomic DNA. The gene was cloned into a pUC19 vector with a BbsI site immediately 

following the RNA gene (Table S2). For crRNAs, oligos were used as transcription 

templates (Table S2). The sgRNA for SpyCas9 was produced by combining crRNA and 

tracrRNA with a TAAA tetra loop was a gift from Doudna lab. The crRNAs for FnoCas9 

and FnoCas12a were ordered as oligo DNA strands (Table S2). They were independently 

annealed to a complementary strand having a region encoding the T7 promoter to enable 

in vitro transcription using T7 RNA Polymerase. The required RNA for each Cas protein, 

namely crRNA and tracrRNA for FnoCas9, sgRNA for SpyCas9, and crRNA for 

FnoCas12a respectively, were transcribed in vitro and purified using a polyacrylamide-

8M urea denaturing gel. The purified RNAs were annealed by heating at 95ºC for two 

minutes and cooling slowly to room temperature to enable sufficient secondary structure 

formation. The annealing mixture contained tracr and crRNAs for FnoCas9, sgRNA for 

SpyCas9, and crRNA for FnoCas12a in a buffer containing 10 mM Tris, pH 8, and 50 mM 

NaCl. 

2.6.4 RNA-independent plasmid cleavage assays: The cleavage assay was performed in 

a final volume of 10 μL with 100 ng of plasmid DNA (pUC19 (ds) or M13mp18 (ss)) and 
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100 nM protein in the presence of 10 mM EDTA or MgCl2 or MnCl2 at 37 ºC for 30 min or 

the required incubation time in 1X reaction buffer (1X: 20 mM Hepes, pH 7.5, 150 mM 

KCl, 2 mM TCEP) (Assay was adapted from previous protocol) (11). As a control, the 

reaction was performed without any added metal or EDTA (depicted as none) to account 

for any fortuitous metal associated with the protein preparation. The reactions were 

quenched using by adding equal volume of 2X stop dye (1X: 100 mM EDTA, 2% SDS, 

20% glycerol, and 0.08% orange G) and analyzed on an agarose gel (0.8%). To create 

DNA mobility standards, pUC19 was separately treated with a linearizing enzyme, EcoRI, 

or a nicking enzyme, Nt.BspQI. Both EcoRI and Nt.BspQI have a single site in the pUC19 

plasmid. The divalent metals used in the study were metal salts that possessed more 

than 99.98% purity and were purchased from Alfa Aesar Puratronic. The plasmid 

cleavage activity was high for freshly prepared protein, and there were slight variations in 

the specific activity between protein preparations due to differences in protein handling. 

2.6.5 UV-Visible spectrophotometric analysis of Cas proteins: SpyCas9, FnoCas9, and 

FnoCas12a proteins were independently incubated in a buffer containing 20 mM HEPES, 

pH 7.4, 150 mM KCl, 2 mM MgCl2, 1 mM TCEP and loaded on a 24-mL S200 increase 

column. The absorbance at 254 nm, 260 nm, and 280 nm were recorded for each of the 

proteins. For each set, identical amounts of protein was used for protein and RNP 

chromatogram analysis. Cas proteins were incubated with their required RNAs in an 

equimolar ratio for 30 minutes at room temperature and loaded onto the column. 

Absorbance at 254 nm, 260 nm, and 280 nm were recorded for each of the protein and 

RNP complex. The data were plotted in Excel to produce overlay graphs to show the 

absorbance changes. 
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2.6.6 Quantification of co-purified RNA: SpyCas9, FnoCas9, and FnoCas12a were 

treated with proteinase K for 120 minutes at 60°C to degrade the Cas proteins and expose 

any copurified cellular RNA. All three proteins along with their required RNAs were used 

as a positive control. After incubation of equimolar protein-RNA complex at room 

temperature for 30 minutes, the complexes were subjected to proteinase K treatment to 

degrade Cas proteins, which will expose the cognate CRISPR-RNAs. Proteinase K was 

denatured by heat inactivation at 90°C for 10 minutes. The samples were further treated 

with calf intestinal phosphatase to remove the 5′ phosphate from the RNA followed by 

phenol: chloroform extraction. After an overnight ethanol precipitation, the samples were 

labeled using [ᵞ-32P] ATP. Unlabeled ATP was removed using a Micro Bio-Spin P-30 

column. 32P labeled samples were loaded on a 16% acrylamide-Bisacrylamide-urea gel. 

Gels were exposed onto a phosphor screen, and the bands were analyzed using a GE 

Typhoon FLA 7000. 

2.6.7 Oligonucleotide assays: 12 picomoles of a 60-mer ssDNA strand (197-FR) (Table 

S2) was labeled using [ᵞ-32P] ATP followed by removal of excess unlabeled ATP by Micro 

Bio-Spin P-30 Tris column purification. For ss-oligonucleotide cleavage assay, ~1 ng of 

32P-labeled DNA was incubated with 100 nM protein and 10 mM EDTA/MgCl2/MnCl2. For 

the ds oligonucleotide cleavage assay, 32P-labeled 197-FR DNA was annealed with an 

unlabeled 200-RV DNA in an equimolar ratio. Approximately 2 ng of 32P labeled dsDNA 

was used for the assay. After a 1 hour incubation at 37 °C, the reaction was stopped by 

adding 95% formamide, 0.5% SDS, 0.025% bromophenol blue, 0.025% xylene cyanol, 

18 mM EDTA. The samples were loaded on a 16% acrylamide-Bisacrylamide-formamide 

gel. The gels were exposed onto a phosphor screen and the bands were analyzed using 
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a GE Typhoon FLA 7000. For time course assay, the reactions were stopped at the 

required time points. 

2.6.8 RNA-dependent plasmid cleavage assays: For these assays, matched DNA 

containing a 30-nt protospacer along with a PAM cloned into a pUC19 was used (Table 

S1) (11,137). 100 nM of SpyCas9 protein (wild-type or variants) and 120 nM of sgRNA 

were pre-incubated in 1X reaction buffer in the presence of 10 mM Mg2+ or 10 mM Mn2+ 

for 10 minutes at 37 °C. The reaction was activated by adding 100 ng of matched DNA 

and further incubation for 30 minutes at 37 °C. The reactions were stopped using equal 

volume of 2X stop dye and analyzed as mentioned in section 2.5.4. 

2.6.9 Transfection of HEK293T cells: The SpyCas9H982A used for the cell-based gene 

editing experiments were made in the backbone containing the wild-type encoding gene, 

pCSDest2-SpyCas9-NLS-3XHA-NLS (Addgene no. 69220) (146) using the same method 

to create the substitution as used for bacterial expression SpyCas9H982A. The truncated 

sgRNA backbone (pLKO.1-puro-U6) used for the assays, was also obtained from 

Addgene (50920) (147) by the Sontheimer lab, and the guide regions were added for 

construction of DTS7 and DTS55 sgRNA expressing plasmids. These sgRNA plasmids 

were cloned and sequenced as part of another study in collaboration with the lab of Dr. 

Erik Sontheimer at UMass. For the other two genes, the guide regions were designed 

and added to empty sgRNA truncated backbone by our lab for each of the target sites 

tested (Table S1). The sgRNA plasmids encoding guide regions targeting PRK and ACA 

were constructed, and sequence confirmed by Dr. Kesavan Babu in our lab.  

For our gene editing experiments, we used two separate plasmids for expression of 

SpyCas9 and sgRNA. The protocol used for transfection were adapted from previously 
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published methods (99,137). The HEK923T cells were cultured and maintained in a 

medium containing Dulbecco's Modified Eagle Medium (DMEM), 10% Fetal Bovine 

Serum (FBS), and 1% Penicillin/Streptomycin (Gibco). The cells were grown in a 37 °C 

incubator in the presence of 5% CO2. The cells for transfection were grown for 16-20 

hours prior to transfection in antibiotic-free medium in 12-well plate at a concentration of 

0.24 x 106 cells/ well. 700 ng of SpyCas9-expressing plasmid and 300 ng of sgRNA-

expressing plasmid were combined in the presence of 4 µL of lipofectamine 2000 

transfection agent and 200 µL of Opti-MEM transfection medium and incubated for 20 

minutes at room temperature prior to adding to the cells. The antibiotic-free medium 

(DMEM+10% FBS without antibiotics) was replaced every 24 hours until the 72 hour 

timepoint to prevent death of cells. After the 72-hour time point, the cells were harvested, 

and genomic DNA was isolated using a DNeasy Blood and Tissue kit (Qiagen). 150 ng 

of genomic DNA was then used as a template for the amplification of the gene region 

around the site of Cas9 cleavage using primers specific for each genomic location tested 

(Table S1). The PCR products were purified (PCR clean up kit E.Z.N.A.) before being 

sequenced. The indel analysis was performed using TIDE (138). The trace from 

sequencing were analyzed using TIDE online software (138) (https://tide.deskgen.com).  
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Chapter 3: Bridge helix of Cas12a imparts selectivity for cis-DNA cleavage and 

regulates trans-DNA cleavage 

3.1.0 Copyright information 

The original version of the some of the work presented in this chapter was published in 

FEBS letters on February 1st, 2021 (148) .  All of the work presented in this chapter is 

under copyright with the FEBS letter’s Wiley author services. © 2021 Federation of 

European Biochemical Societies. There should be no public posting of final articles other 

than by agreement with Wiley. 

https://authorservices.wiley.com/asset/Article_Sharing_Guidelines.pdf, says that the 

article can be used in a thesis  “as long as reasonable measures taken not to allow open 

sharing on the internet.” https://authorservices.wiley.com/author-resources/Journal-

Authors/Promotion/article-sharing-policy.html, states that the copyright under Wiley 

author services is valid for a period of 12-months. The thesis will be under Embargo for a 
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3.3.0 Abstract  

Cas12a is an RNA-guided DNA endonuclease of the type V-A CRISPR-Cas system that 

has evolved convergently with the type II 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 (FnoCas12aKD2P) to test mechanistic conservation. Our results show 

that for RNA-guided DNA cleavage (cis-activity), FnoCas12aKD2P accumulates nicked 

products while cleaving supercoiled DNA substrates with mismatches, with certain 

mismatch positions being more detrimental for linearization. FnoCas12aKD2P also possess 

reduced trans-single-stranded DNA cleavage activity. These results implicate the BH in 

substrate selectivity in both cis- and trans-cleavages and show its conserved role in target 

discrimination among Cas nucleases. 
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3.4.0 Introduction: 

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 

(111,101,149,150). Even though Cas9 is most widely used for gene editing, it has been 

shown to cause considerable off-target effects (101,111,149). Cas12a offers more 

advantages for gene editing due to its ability to cause staggered cleavage that is 

beneficial for homologous recombination (92), the potential for multiplexing where several 

regions can be targeted simultaneously since Cas12a can process crRNA by itself 

(151,108), and reduced off-target effects compared to Cas9 as has been observed in 

gene editing experiments (14,152,153). 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 SpyCas9, the BH plays a role in imparting selectivity in 

target DNA cleavage (137). Substituting prolines in a region of the BH that adopts a loop 

conformation in the apo-SpyCas9 structure (PDB ID: 4CMP)(72) greatly reduced the 

cleavage of supercoiled DNAs containing PAM-proximal mismatches (137). A recent work 

showed that other amino acid substitutions (Arg63Ala or Arg66Ala) in SpyCas9’s BH also 

created stringent Cas9 variants(154). Interestingly, BH is conserved in several Cas9 

orthologues and other Cas nucleases across different CRISPR systems including Cas12a 

(155). Based on this, we hypothesized that amino acid substitutions in the BH of large 

multi-domain Cas nucleases can alter selectivity in substrate cleavage. 
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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 FnoCas12a 

with prolines (FnoCas12aKD2P). Our results showed that the variant protein, 

FnoCas12aKD2P, discriminates against DNA containing mismatches across several 

positions along the target DNA, causing a reduction in ds-DNA break 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 trans-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. 

3.5.0 Results 

3.5.1 Analysis of interactions of FnoCas12a BH: To understand the functional role of BH 

in Cas12a, we analyzed interactions of the BH with crRNA/DNA and other surrounding 

domains in FnoCas12a ternary complex structures (PDB ID: 5NFV) (87) (Figures 24 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 (Figure 24). The N-

terminus of FnoCas12a BH interacts with the pseudoknot region of the crRNA and its 

RuvC domain (Figures 24A and S3A). The C-terminal of BH has multiple interactions 

with crRNA guide region and REC2 domain through residues 968-970. Arg968, a 
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conserved arginine of BH, interacts with G11 and U12 of the guide region of crRNA (31) 

(Figure 24B)Lys969 interacts with both guide region (A13, side chain interaction) and 

REC2 domain (K527, main chain interaction) (Figure 24B) Asp970 interacts with Lys524 

of the REC2 domain (Figure 24B). Previous studies have shown that Trp971, the residue 

in the loop following BH, is highly conserved in Cas12a orthologues and its substitution 

drastically reduces protein activity (88) (Figure 24B). 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 (156) (Figures 24B and S3B).  

Previous literature has shown a loop to helix transition at the C-terminal end of BH during 

transformation  of the binary structure (Cas12-crRNA, PDB: 5ID6) (89) to the ternary state 

(Cas12-crRNA-DNA, PDB: 5XUS) (156) in a Cas12a orthologue from Lachnospiraceae 

bacterium (LbCas12a). Similar observations can also be seen in the binary (PDB: 5NG6) 

(87) and ternary (PDB: 5MGA) (157) 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 

orthologues (31), we chose to substitute  
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amino acids Lys969 and Asp970 with proline (the variant is named FnoCas12aKD2P) 

(Figure S1), 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 (158). 

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, Figure. 24C) (87). In addition, we hypothesize that 

the difference in helicity of BH due to the presence of two tandem prolines may affect the 

positioning of Trp971 that acts as a wedge in orchestrating the conformational changes. 

3.5.2 BH variant of FnoCas12a cleaves matched DNA with a reduced efficiency: We 

performed in vitro cleavage assays using supercoiled plasmid substrates that carried a 

31-nt long protospacer and a flanking 3-nt long PAM (5´-TTA-3´) (Figures 8, S2). In this 

work, all activity assays involved the use of pre-incubated RNP complex (crRNA and 

protein incubated in reaction buffer and metal) , 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), FnoCas12aKD2P reached saturation levels 

of total cleavage (i.e., total DNA cleaved that includes both linear and nicked products) at 

25 nM RNP (Figure 25A). At higher RNP concentrations, total cleavage increased slightly 

Figure 24: 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) (87) was used 
for this analysis. (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 FnoCas12aKD2P 

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 orthologues. (C) Interactions of proline substitutions at positions 969 and 970. 
The view is the same as in (B). K969 and D970 were replaced by prolines in PyMol and the close 
interactions are shown. Figures were made using PyMol.   
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only for FnoCas12aWT (Figure 25A), 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 FnoCas12aKD2P for the matched DNA (Figure 25A), time-course 

analysis revealed a clearer deficiency in DNA cleavage rate for FnoCas12aKD2P (Figures 

25B, 25C, Table S4). For both FnoCas12aWT and FnoCas12aKD2P, the loss of supercoiled 

precursor can be fit to a double-exponential decay (eq. 11, Materials and Methods), with 

the fast decay accounting for the majority of the population (Figures 25B, 25C). For the 

fast decay, FnoCas12aKD2P showed a significant reduction in the rate constant (k1) as 
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compared to FnoCas12aWT (4.17 ± 0.47 min-1 for FnoCas12aKD2P and 12.70 ± 3.20 min-1 

for FnoCas12aWT), with a corresponding reduction in the fraction active RNP within the 

populations (a1: 0.55 ± 0.02 for FnoCas12aKD2P 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 FnoCas12aWT and FnoCas12aKD2P (Figures 25B and 25C). 

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 (eq. 11, Materials and 

Methods) instead of a one-exponential for analyzing the supercoiled plasmid DNA data 

(Figure S4). Overall, the 3.0-fold reduction in k1 between FnoCas12aKD2P and 

FnoCas12aWT clearly indicates that proline substitutions in BH compromised the activity 

of FnoCas12aKD2P. 

3.5.3 FnoCas12aKD2P 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 FnoCas12aKD2P 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 

Figure 25: Effect 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 
FnoCas12aKD2P at various RNP concentrations. The corresponding graph on the right shows total 
cleavage for FnoCas12aWT and FnoCas12aKD2P 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 FnoCas12aWT 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 FnoCas12aKD2P 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 (eq. 11). [N: nicked, L: linear, SC: supercoiled, s: sec and m: 
min]. 
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(MM)1-22) (Figure 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 37ºC 

for 15 min (Figures S5 A-C). Total cleavage, which measured the loss of the supercoiled 

precursor, were comparable for FnoCas12aWT and FnoCas12aKD2P across each 

mismatched position tested (Figures 26A, S6A and S6B). Interestingly, there was a 

difference in the amount of nicking (N) and linearization (L) by FnoCas12aWT and 

FnoCas12aKD2P for each of these substrates (Figures 26B, S5, S6). In the case of 
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FnoCas12aKD2P, even though nicked products are present across mismatches from 1-18 

(MM1- MM18), positions MM12-17 are the most impacted with an accumulation of 61%-

77% nicked product in this region (Figure S6B). The linearizing efficiency of 

FnoCas12aKD2P goes back to similar levels as with matched DNA for positions MM19-

Figure 26: cis-cleavage of supercoiled target DNAs containing mismatches. (A) Graphs 

representing the total activity of FnoCas12aWT and FnoCas12aKD2P across all the substrates tested. (B) 

Graphs representing the linear activity of FnoCas12aWT and FnoCas12aKD2P 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 

12-17 lack linearization ability in the presence of an impaired BH. 
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MM22, indicating a clear positional effect of mismatch cleavage efficiency (Figures 26, 

S5, S6). Interestingly, FnoCas12aWT also displays a similar pattern of accumulation of 

nicked products (3-19%) at mismatch positions MM12-MM17 (Figure 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 (Figure 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 timepoint by 

FnoCas12aKD2P for MM8 and MM12 was never converted to linear product even after 3 

hours (Figure S7).  

The accumulation of nicked product by FnoCas12aKD2P across different positions of 

mismatched substrates indicates the inefficiency of FnoCas12aKD2P to cleave both 

strands of the DNA when mismatches are present (Figures 26B, S5, S6B). For 

comparison, FnoCas12aWT demonstrated comparable efficiencies to cleave mismatched 

DNA as that of the matched DNA (Figure 26B). Thus, substitutions in the BH of Cas12a 

significantly reduces dsDNA breaks in mismatched substrates, and the degree of such 

reduction varies depending on the specific positions of the target DNA.  

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

results with supercoiled plasmids showed accumulation of nicked products when 

FnoCas12aKD2P 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) 
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linear dsDNA oligo substrate that contained a 31-nt long protospacer region and a 

required 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 (Figure 

27). FnoCas12aWT cleaved around 87% of TS and NTS at 1 min and the cleavage rate 

constants (kobs) were estimated to be 2.03 ± 0.14 min-1 for TS and 2.90 ± 0.36 min-1 for 

NTS (Figures 27A-C). The slightly faster kobs for NTS is consistent with previous 

observations that NTS cleavage precedes TS cleavage in wild-type Cas12a. 

FnoCas12aKD2P cleaved around 32% TS and 61% NTS of matched duplex oligo at 1 min 

and the kobs were determined to be 0.34 ± 0.08 min-1 for TS and 1.13 ± 0.18 min-1 for NTS 

(Figures 27D-F). NTS cleavage was faster than TS, but cleavage of both the TS and 

NTS were slower compared to FnoCas12aWT (Table S4). Compared to that of 

FnoCas12aWT, kobs was reduced by 6-fold and 3-fold, respectively for TS and NTS 

cleavages in FnoCas12aKD2P (Table S4). These results suggest that the BH variation in 

FnoCas12aKD2P negatively impacts TS cleavage more than NTS cleavage. Consequently, 

this suggests the accumulation of nicked population by FnoCas12aKD2P in the plasmid 

cleavage assay (Figure 25) is likely due to the impaired TS cleavage. 
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Furthermore, cleavage of a 50 bp linear dsDNA oligo substrate containing an MM8 

mismatch was analyzed at increasing RNP concentrations (Figures 28A,B). 

FnoCas12aWT cleaved MM8 oligo to a lower extent when compared to the matched oligo 

at the different RNP concentrations tested (Figure 28C). 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 (Figure 28C). On the other hand, FnoCas12aKD2P did not 

Figure 27: 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 FnoCas12aKD2P. Fitting 

of the disappearance of matched TS oligo precursor (E) and matched NTS oligo precursor (F) by 

FnoCas12aKD2P. 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 

(eq. 10). [P: precursor; TS: target strand; NTS: non-target strand; TS-Cl: TS cleavage products; NTS-

Cl: NTS cleavage products; nt: nucleotides] 
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show any apparent cleavage under the experimental conditions that were tested (Figure 

28B). Importantly, binding analysis showed similar dissociation constants (Kd) between 

FnoCas12aWT and FnoCas12aKD2P with either matched or MM8 oligo (Kd, ranging from 

17 to 32 nM, Figure 29), indicating that deficiency in the cleavage of MM8 does not stem 

from weaker binding by FnoCas12aKD2P. 

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 indica preferences of Cas12a for different types of DNA and a possible role of 

BH in supporting cleavage of such substrates (Table S4). 
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Figure 28: cis-cleavage of MM8 oligo DNA substrate. An RNP concentration course for cleavage of 

MM8 oligo dsDNA by FnoCas12aWT (A) and FnoCas12aKD2P (B). Reaction time was 45 min. [P: 

precursor; TS: target strand; NTS: non-target strand; TS-Cl: TS cleavage products; NTS-Cl: 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 FnoCas12aWT. 
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3.5.5 Superhelicity and strandedness of substrate DNA is sensed by FnoCas12a BH: 

Previous research has shown that Cas9 exhibits preferences towards different physical 

states of DNA substrates (60). We analyzed if 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 FnoCas12aWT and 

FnoCas12aKD2P to cleave linearized matched DNA plasmid. Time course measurements 

were carried out using 25 nM RNP (Figures 30A,B), and the loss of the linearized 

substrate was adequately fit to a one-exponential decay (eq. 10). The kobs was determined 

Figure 29: EMSA of matched and MM8 oligo DNA with FnoCas12aWT and FnoCas12aKD2P. 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 Kd determination is shown on the right. Data were 

obtained from three replications and the error bars represent SEM. (A) FnoCas12aWT binding to 

matched oligo DNA. (B) FnoCas12aKD2P binding to matched oligo DNA. (C) FnoCas12aWT binding to 

MM8 oligo DNA. (D) FnoCas12aKD2P binding to MM8 oligo DNA. [S: unbound substrate; C: ternary 

complex] 
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to be 3.12 ± 0.24 min-1 for FnoCas12aWT and 0.35 ± 0.03 min-1 for FnoCas12aKD2P, 

resulting in a 9-fold reduction in the rate of cleavage of linear substrate by FnoCas12aKD2P 

(Figures 30A, B, Table S4). Even though both FnoCas12aWT and FnoCas12aKD2P had a 

slower cleavage rate on linearized plasmid compared to that of supercoiled substrate, the 

reduction was more drastic in FnoCas12aKD2P (Figures 25, 30, Table S4).  

Figure 30: cis-cleavage of linearized matched ds plasmid by FnoCas12aWT and FnoCas12aKD2P. 

(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 FnoCas12aKD2P 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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To test the effect of strandedness of DNA on cis-cleavage efficiency, circular and 

linearized M13 mp18 ssDNA were used as substrates (Figure S8). FnoCas12aWT at 25 

nM RNP was able to completely degrade the circular M13 ssDNA (Figure S8B), although 

the process took approximately an hour, which was slower than that observed with the 

supercoiled dsDNA substrate under identical conditions (Figure 25B). It is interesting to 

note that in addition to linearization of ssDNA by cis-cleavage, the substrate is being 

further degraded, due to the trans-cleavage activity exhibited by Cas12a proteins 

(discussed later). FnoCas12aKD2P had a significantly lower extent of cleavage of circular 

M13 DNA as compared to FnoCas12aWT, for both cis- and the associated trans- activities 

(Figure S8B).  

To test the effect of superhelicity on ssDNA, we linearized M13 ssDNA and performed 

cis-cleavage. FnoCas12aWT displayed a lower efficiency to cleave linear M13 ssDNA 

compared to 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 linear M13, Figures S8B and S8C). FnoCas12aKD2P displayed further 

impairment as observed in reactions with even increasing RNP concentrations (Figure 

S8C). Thus, Cas12a does not prefer ssDNA as a substrate, and superhelical ssDNA 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 FnoCas12aKD2P. 

In conclusion, our results clearly establish that FnoCas12a prefers dsDNA substrates 

over ssDNA, and supercoiled DNA over linear DNA (Figures 25, 27, 30 and S8). With 

each of these DNA substrate states, FnoCas12aKD2P shows reduced cleavage activity 
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when compared to that of FnoCas12aWT, with a varied degree of reduction depending on 

the physical state of the DNA (Figure 25,27,30 and S8).  These results implicate that BH 

plays a role in supporting cleavage of different physical states of DNA. 

3.5.6 FnoCas12a BH perturbations affect trans-cleavage activity: We proceeded to 

analyze whether BH perturbations affect the trans-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 trans-cleavage (Table S2). With 

FnoCas12aWT, 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 FnoCas12aWT RNP required 

for initiating trans-cleavage. (Figure 31A). In the case of  
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Figure 31: trans-cleavage of FnoCas12aWT and FnoCas12aKD2P 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 trans 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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FnoCas12aKD2P, a minimum RNP concentration of 25 nM was required for initiating trans-

cleavage, with ~90% of M13 circular ssDNA left uncut at 60 min (Figure 31A). At higher 

concentrations of RNP, FnoCas12aKD2P degraded M13 ssDNA to completion (Figure. 

31A). This indicates that the BH substitution in FnoCas12a reduces the efficiency of trans 

M13 cleavage.  

We decided to test if longer incubation times at 25 nM RNP would enhance trans-

cleavage by FnoCas12aKD2P by varying incubation times from 5 min to 2 hours (Figure 

31B). FnoCas12aWT degraded 99 % of M13 circular ssDNA within 5 min, the first time 

point measured; while FnoCas12aKD2P cleaved only around 70% of the circular form of 

M13 ssDNA after 2 hours (Figures 31B,C). FnoCas12aKD2P also showed a significant 

accumulation of linear M13 ssDNA product in contrast to the complete degradation 

observed for FnoCas12aWT (Figure 31B). This suggests that substitution in the BH 

decreases the ability of FnoCas12aKD2P to processively cleave ssDNA.  

The trans-cleavage activity was also tested using a 24-nt PAM containing dsDNA 

activator (Table S2). With FnoCas12aWT, 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 (Figure 31D). Interestingly, no significant 

trans-cleavage was observed in case of FnoCas12aKD2P even at the highest 

concentration tested (500 nM) (Figure. 31D).  

 

Since results from the cis-cleavage assay show that DNA substrate lengths and 

superhelicity (plasmid vs. oligo) can affect the cleavage efficiency, we tested the trans-
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cleavage activity on a 54-nt long 32P labeled linear ssDNA substrate that bears no 

complementarity with the crRNA or the activator DNA (Figure S9).   

Both ssDNA and dsDNA activators (Figures S9A, B) were tested to analyze the efficiency 

of oligo trans-cleavage. The results showed that FnoCas12aWT possessed efficient trans-

cleavage with both ss and ds DNA activators similar to what was observed for a different 

orthologue (LbCas12a) in a previous study (Figures 32A, B) (39). Interestingly, under 

identical reaction conditions, FnoCas12aKD2P-crRNA-activator showed no trans-cleavage 

activity on the ss oligo substrate either with the ssDNA or dsDNA activator (Figures 32A, 

9B). The dsDNA activator produced an intermediate product compared to that of ssDNA 

activator in the case of FnoCas12aWT. Together, our data suggest that perturbations in 

Figure 32: trans-cleavage of oligo DNA. Time course assay showing trans oligo cleavage with a 20-

nt ssDNA-activator (A) and 24 nt dsDNA activator (B).  While FnoCas12aWT exhibits trans-cleavage 

with both ss- and ds- DNA activators, there is an intermediate product being accumulated before 

complete degradation in the case of dsDNA activator. FnoCas12aKD2P did not show any visible cleavage 

even at the end of 2 hours of incubation. Both panels had three independent replications. [S: ss oligo 

DNA substrate; Cl: cleavage products; m: min]. 
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the BH of FnoCas12a not only affect cis-cleavage, but also impact the trans-cleavage 

activity.  

 

3.5.7 RNA-independent DNA cleavage activity is insensitive to BH modulations: To test 

the ability of FnoCas12aKD2P to cause RNA-independent DNA cleavage, we incubated 

M13 circular ssDNA and supercoiled pUC19 DNA with FnoCas12aWT and FnoCas12aKD2P 

proteins in the presence of 10 mM Mn2+ for 30 min at 37°C (128). The FnoCas12aKD2P 

protein completely degraded M13 ssDNA and nicked pUC19 DNA to the same extent as 

FnoCas12aWT (Figures 33A,B). Following this, we tested the RNA-independent activity 

on a 60-mer ss oligo DNA substrate. With oligo DNA, FnoCas12aKD2P had a reduced 

efficiency for RNA-independent DNA cleavage compared to FnoCas12aWT (Figure 33C), 

indicating that preferences for DNA physical states is more prominent in FnoCas12aKD2P 
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compared to FnoCas12aWT. These results show that features of BH and its interactions 

with crRNA impact Cas12a activities that depend on its interactions with crRNA (cis- and 

trans- cleavages), but do not contribute to the RNA-independent DNA cleavage. The 

reduction of RNA-independent DNA cleavage by FnoCas12aKD2P on oligo substrate is 

Figure 33: RNA-independent DNA cleavage activity of FnoCas12aWT and FnoCas12aKD2P. (A) 

Cleavage of M13 circular ssDNA by FnoCas12aWT and FnoCas12aKD2P in the absence of crRNA. 

Representative gel from three replications. (B) Cleavage of supercoiled pUC19 by FnoCas12aWT and 

FnoCas12aKD2P 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 FnoCas12aWT and 

FnoCas12aKD2P in the absence of crRNA. Representative gel from three replications. Total reaction 

time was 1 hour. [None: no added metal, Cr: circular, D: degradation, N: nicked, SC: supercoiled, P: 

precursor, Cl: cleavage; nt: nucleotides]. 
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most probably due to the reduced preference for oligo DNA, similar to what was observed 

for cis- oligo cleavage (Figures 25, 27, Table S4).  

3.6.0 Discussion  

3.6.1 Cas12a BH contributes to efficiency and selectivity of target DNA cleavage:  With 

matched DNA protospacers, data obtained from supercoiled plasmid (Figure 25) 

indicates that FnoCas12aKD2P cleaved with a slower rate than that of FnoCas12aWT, 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 FnoCas12aKD2P, it resulted in a mixture of 

linear and nicked products. Although the total cleavage with FnoCas12aKD2P averaged 

between 65%-88%, there was significant variation in the ratio of nicked and linear 

products (Figures S5, S6). Specifically, mismatches at positions 12-17 showed 

significant accumulation of nicked products (61%-77%), while the corresponding values 

for FnoCas12aWT were 3%-19% (Figure S6). These results indicate that FnoCas12aKD2P 

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) (87) 

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, 

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 
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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 (Figures 24B, 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 (Figures 

24B,C). As mentioned previously, the C-terminal end has been observed in loop and  

helical conformations in several crystal structures (PDB: 5NFV, 5MGA, 5B43, 5ID6, 6I1L, 

6I1K and 5XUS) (88,89,87,156,157,90). It is possible that the proline substitutions that 

impact the helicity of the BH may affect the positioning of Trp971 in FnoCas12aKD2P. 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 18th position (MM19-MM22) 

(Figures 26B, S5 and S6) in FnoCas12aKD2P further supports these observations.  

It was also interesting to note that upon longer incubations, FnoCas12aWT showed 

complete linearization of all the substrates that were tested, while accumulated nicked 

products were not linearized in the case of FnoCas12aKD2P. 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 FnoCas12aKD2P (Figure S7). Our results implicate that BH is critical in imparting dsDNA 

breaks in Cas12a. Nicks created in an in vivo gene-editing setting will be repaired back 

to the native genomic content by repair enzymes, while dsDNA breaks can create indels 

during the repair process (159). 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 
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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 (160). Binding 

of specific RNA induces conformational changes in the protein especially in the Arg-rich 

BH, which are found to eventually impact protein function (161). Substitution of specific 

amino acid residues in the BH of Cas9 was shown to contribute towards mismatch DNA 

cleavage sensitivity (137,154). Our results with FnoCas12a further strengthens the role 

of BH in supporting the wild-type protein to cleave mismatch containing DNA, as 

demonstrated by activity assays that showed tolerance of wildtype protein against 

mismatches in DNA. This ability to cleave mismatched DNA that is imparted by BH maybe 

advantageous for bacteria, since a less-stringent Cas nuclease can provide protection 

against mutated intruders, offering an enhanced immune protection.  

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

analysis of different DNA substrates showed that with the RNA-guided cis-cleavage, 

Cas12a inherently has preferences for DNA substrates with different physical states. 

Those preferences vary between FnoCas12aWT and FnoCas12aKD2P indicating that BH 

plays a role in supporting 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 FnoCas12aKD2P, 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 

to a 4-fold reduction in short oligo dsDNA in FnoCas12aKD2P. This may suggest a role of 
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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 FnoCas12aKD2P 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 to tightly base-paired linear dsDNA. Cas12a’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. 

3.6.3 BH may play a role in coordinating cis- TS and NTS cleavages: The matched and 

mismatched plasmid cis-cleavage assays showed the accumulation of nicked product 

suggesting proline substitutions in the BH affects cleavage of one of the DNA strands 

(Figures 25, 26). Previous literature has shown that the cleavage of NTS precedes TS 

cleavage (162,90). We tracked the strand preference using oligo cleavage assays and 

showed a faster rate of appearance of NTS cleavage products over TS cleavage in 

FnoCas12aKD2P. This indicates that the order of sequential cleavage did not change in 

the variant (Figure 27). 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 FnoCas12aKD2P (Figure 27, Table S4). These results implicate the role of BH in 

coordinating the cleavage of both the DNA strands, especially the TS. Together, our data 
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suggest that the accumulation of nicked products in FnoCas12aKD2P 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 trans- cleavages (90). 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 (163,90). 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 

FnoCas12aKD2P for either strand compared to near complete cleavage by FnoCas12aWT 

(Figure 28A,B), despite there being no apparent deficiency in DNA-binding (Figure 29). 

This 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 FnoCas12aKD2P 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 

guide region and the RNA-DNA hybrid (137,154). Proline substitutions in the BH (i.e., 

FnoCas12aKD2P in this work and SpyCas92Pro reported in our previous work (137)) 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 
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become much more significant with certain mismatch positions, resulting in reduced 

cleavage activities on mismatched DNAs.  

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

cleavage: Cas12a proteins also possess a unique ability to cleave ssDNA (circular and 

oligo) in trans, after activation by RNA-guided DNA cleavage (70,90,164) and this 

property has been repurposed into developing specific tools for viral detection (31,109). 

Our results show a clearly reduced trans-cleavage activity for FnoCas12aKD2P when 

compared to FnoCas12aWT (Figure 31, 32).  

Current understanding indicates that RNA-guided DNA binding or cleavage exposes 

Cas12a’s RuvC nuclease domain, subsequently enabling ssDNA cleavage in a 

sequence-independent manner (90,162). The crystal structures depicting the pre- (PDB: 

5NFV (87)) and post-cleavage (PDB: 5MGA (157)) 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 (90,157). In FnoCas12aKD2P, the BH mutations likely affect the conformational 

changes needed to initiate or maintain this state of RuvC for trans-cleavage.  

Our results also showed that dsDNA activator was less effective in inducing trans-

cleavage in FnoCas12a compared to that with a ssDNA activator (Figure 31). In addition, 

an intermediate product was formed during trans-cleavage of oligo ssDNA with a dsDNA 

activator (Figure 32B). One possible explanation for this is the differences in the 
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conformational states of Lys969 and Asp970 in the ternary structures of FnoCas12a with 

ssDNA activator (PDB: 6I1L) and dsDNA activator (PDB: 6I1K) (90). The conformation of 

BH in the ssDNA activator-ternary complex is similar to that of post-cleavage state (PDB: 

5MGA) with both amino acids in the helical conformation, while in the dsDNA activator-

ternary state, both these amino acids are in a loop conformation (90,157). 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 trans-cleavage activity and what are the effects 

of different activators (ss vs. ds) in promoting trans-cleavage.  

While BH modulations of FnoCas12a cause an overall reduction in both cis- and trans- 

DNA cleavage activities, FnoCas12aKD2P maintains comparable amounts of RNA-

independent DNA cleavage in the presence of Mn2+ on plasmid substrates (Figures 

33A,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 FnoCas12aKD2P is reduced considerably on an oligo DNA, which may be due 

to the reduced preference towards oligo DNA as was observed in oligo ds cis-cleavage 

(Figures 27, 33B, 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 

SpyCas92Pro has established that in vitro DNA cleavage selectivity translates to lower off-

target rates in cell-based gene editing (137). Another study on SpyCas9 BH variations 
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utilizing Arg63 and Arg66 also has shown lower off-targets for gene editing using BH 

variants (154). 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, our studies presented here on FnoCas12aKD2P build upon prior work on 

SpyCas9 (137), and together establish a framework that BH modulations can increase 

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.  

3.7.0 Materials and methods 

3.7.1 FnoCas12aKD2P construction and purification: The wild-type Fnocas12a gene 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 

FnoCas12aKD2P (Table S1)  (165). The purified PCR product (E.Z.N.A. kit) was treated 

with a KLD (Kinase, ligase and Dpn1) enzyme cocktail present in the Q5 site-directed 

mutagenesis kit and was transformed into Escherichia coli DH5α cells (NEB). 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 FnoCas12aKD2P 

were expressed and purified using a previously published protocol (Figure S1) (128) .  
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3.7.2 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 non-coding strand consisting of the T7 RNA polymerase 

promoter region was also ordered from IDT (Table S2). The coding and non-coding 

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-HCl pH 

8, 50 mM NaCl). In vitro transcription reaction (200 µL) contained ~400 ng of annealed 

dsDNA transcription buffer (1X: 40 mM TRIS-HCl pH 8.0, 1 mM spermidine, 50 µg Bovine 

Serum Albumin, 20 mM MgCl2, 5 mM Dithiothreitol (DTT)), nucleotide triphosphates (9 

mM GTP, 8 mM ATP, 8 mM CTP and 8 mM UTP), 50 µg RNasin (Promega), 1 µg 

inorganic pyrophosphatase and 40 µg T7 RNA polymerase . The reaction was carried out 

for 3 hours at 37°C. The transcription reaction was treated with DNaseI (NEB) (final: 0.01 

mg/ mL) in 1X DNase buffer (1X: 10 mM Tris pH 7.5, 2.5 mM MgCl2 and 0.5 mM CaCl2) 

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)-Polyacrylamide 

gel. Aliquots of RNA was stored at -20°C and was 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. 

3.7.3 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 post cleavage by BamHI 

and EcoRI restriction enzymes (Table S1 and Figure S2). The DNA oligos were 

annealed, phosphorylated, and ligated to linearized and dephosphorylated pUC19. The 
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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, Figure S2). The mismatch 

positions are numbered following the position downstream of the PAM with respect to 

NTS. 

3.7.4 Supercoiled plasmid cleavage assays: The Cas12a proteins were diluted to the 

required concentration in 20 mM HEPES pH 7.5, 150 mM KCl, 2 mM EDTA, 1 mM TCEP. 

The total reaction volume for all the experiments in this work was 10 µL, unless mentioned 

otherwise. This reaction volume of 10 µL includes 1X cleavage buffer (20 mM HEPES pH 

7.5, 150 mM KCl, 5% glycerol and 0.5 mM DTT), 5 mM MgCl2, 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 MgCl2 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 post-stained by 

ethidium bromide and imaged using a Bio-Rad GelDoc. The bands were quantified using 

Image J software (57). Background correction was performed using baseline adjustment. 

To quantify the reactions, the intensities [I] corresponding to nicked (N), linear (L), and 

supercoiled (SC) bands were designated respectively as IN, IL and ISC. The background-

corrected fractions of the cleavage products were calculated as: 
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Nicked = [
𝐼𝑁

𝐼𝑁+𝐼𝐿+𝐼𝑆𝐶
− (

𝐼𝑁

𝐼𝑁+𝐼𝐿+𝐼𝑆𝐶
)

𝐶
]                                                                            (1) 

 

Linear = [
𝐼𝐿

𝐼𝑁+𝐼𝐿+𝐼𝑆𝐶
− (

𝐼𝐿

𝐼𝑁+𝐼𝐿+𝐼𝑆𝐶
)𝐶]                                                           (2) 

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: 

Frac[P] = 1- Total cleavage                                                                               (4) 

 

Standard deviation (SD) and standard error of mean (SEM) were calculated as reported 

previously (128) .   

3.7.5 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 labelled at 

their 5′ termini with 32P (Table S2). The labelled strands were further purified through 

Micro-bio spin columns (P-30) from Bio-Rad. 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 mM TRIS-HCl, pH 8, 50 mM NaCl). ~1 nM of duplex DNA was treated 

with varying concentrations of pre-formed RNP complexes (see section Plasmid cleavage 

assays) ranging from 10 nM to 500 nM in a reaction volume of 10 µL. The cleavage 
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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), CaCl2 (14 

mM) and Proteinase K (~1.8 µg/reaction, NEB) was added to the reaction bringing the 

reaction volume to ~14 µL 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, 0.0125% bromophenol blue dye), heated at 95°C for 

5 min and loaded onto a pre-warmed 16% Urea-formamide-acrylamide gel. The gels were 

then exposed onto a phosphor imaging screen and imaged using a GE Typhoon FLA7000 

imager.  

To quantify the reactions, the intensities of the precursor band and the product bands for 

either 32P-labeled TS (ITprecursor, ITproducts) or 32P-labeled NTS (INTprecursor, INTproducts) were 

measured. The fraction of precursor remaining was calculated as: 

 

𝑇𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 =
𝐼𝑇𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟

𝐼𝑇𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟+𝐼𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
                                                                                  (5) 

𝑁𝑇𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 =
𝐼𝑁𝑇𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟

𝐼𝑁𝑇𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟+𝐼𝑁𝑇𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
                                                                                 (6) 

 

3.7.6 Linearized ds plasmid cleavage assays: Matched supercoiled plasmid DNA was 

digested with ScaI-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 cis-cleavage, 25 nM of FnoCas12a was pre-

incubated with 30 nM of crRNA in 1X cleavage buffer for 10 min at 37°C. 100 ng of 
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linearized matched DNA was added, and the reactions were stopped at indicated time 

points using the 2X stop dye. 

To quantify the reactions, the intensities of the precursor linear band and the product 

bands were measured. The intensities [I] corresponding to linear precursor (L), cleaved 

band 1 (B1) and cleaved band 2 (B2) were designated respectively as IL, IB1 and IB2. The 

background-corrected fractions of products were calculated as: 

Cleaved band 1 = [
𝐼𝐵1

𝐼𝐿+𝐼𝐵1+𝐼𝐵2
− (

𝐼𝐵1

𝐼𝐿+𝐼𝐵1+𝐼𝐵2
)

𝐶
]                                                                            (7) 

 

Cleaved band 2 = [
𝐼𝐵2

𝐼𝐿+𝐼𝐵1+𝐼𝐵2
− (

𝐼𝐵2

𝐼𝐿+𝐼𝐵1+𝐼𝐵2
)

𝐶
]                                                                           (8) 

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 equation (4). 

3.7.7 ss plasmid cleavage assays: 

Supercoiled ss plasmid: M13mp18 circular ssDNA was used for testing the effect of ss 

supercoiled plasmid DNA for cis-cleavage. The substrate and RNP concentration were 

same as section 2.6.  
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Linearized ss plasmid: 1.5 µg 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 ssDNA 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 FnoCas12aKD2P in reaction buffer 

listed in section 3.6.4. The reaction was stopped using 2X stop dye (section 3.6.4) and 

the products were resolved on a 1% agarose gel. 

3.7.8 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 = 1 − 𝑎 ∙ [1 − exp  ( − 𝑘𝑜𝑏𝑠 ∙  𝑡)]                                                                                 (10) 

 

with y being the fraction of precursor of oligo T-strand (eq. (5)) ,NT-strand (eq. (6)) or 

linearized plasmid (see eq. (7-9) & eq. (4)), kobs 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 − 𝑎1 ∙ [1 − exp  ( − 𝑘1 ∙  𝑡)] − 𝑎2 ∙ [1 − exp  ( − 𝑘2 ∙  𝑡)]                         (11) 
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with Frac[P] specified by eq. (4), k1 and k2 being the reaction rate constants, and a1 and 

a2 being fraction of precursor that reacted respectively with the k1 and k2 rate constants. 

The total active fraction a = a1 + a2. 

 

3.7.9 Electrophoretic Mobility Shift Assay (EMSA): The TS strands of matched or MM8 

oligos (Table S2) was labeled with 32P on the 5′ termini. The labeled DNA strands were 

purified and annealed with the NTS oligo as described earlier (section 3.6.5). ~1 nM of 

matched or MM8 TS-labeled DNA duplex was incubated with desired concentrations (5 

nM to 500 nM) of pre-formed RNP in the presence of 1X cleavage buffer (section 3.6.4). 

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- HCl, 

45 mM 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 (Iunbound) and the ternary 

complexes (Icomplex) were measured. The fraction of bound DNA was calculated as: 

𝑓𝑟𝑎𝑐[𝑏𝑜𝑢𝑛𝑑] =
𝐼𝑐𝑜𝑚𝑝𝑙𝑒𝑥

𝐼𝑐𝑜𝑚𝑝𝑙𝑒𝑥+𝐼𝑢𝑛𝑏𝑜𝑢𝑛𝑑
                                                                               (12) 

The data was fit to: 

𝑓𝑟𝑎𝑐[𝑏𝑜𝑢𝑛𝑑] =
[𝑅𝑁𝑃]

[𝑅𝑁𝑃]+𝐾𝑑
                                                                                          (13) 

with Kd being the dissociation constant between the RNP and the DNA. 
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3.7.10 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 3.6.5). 

The concentrations of the activator DNA and the crRNA were 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 pre-formed RNP at desired 

concentrations (5 mM to 500 mM) in the presence of 1X cleavage buffer (20 mM HEPES, 

pH 7.5, 150 mM KCl, 5% glycerol and 0.5 mM DTT) and 5 mM MgCl2 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 post-stained with ethidium bromide. 

Bands were quantified using Image J (57). 

To quantify the disappearance of M13 ssDNA, intensity of circular (ICr) band was 

quantified for control lane (ICr control) and reaction lane (ICr sample). The fraction of 

precursor remaining was calculated as: 

Circular (𝐼𝐶𝑟) = [
𝐼𝐶𝑟 𝑠𝑎𝑚𝑝𝑙𝑒

𝐼𝐶𝑟 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 ]                                                                                                   (14) 
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Oligo trans-cleavage assay: A 54-nt oligo DNA (Table S2) was labelled at the 5´ termini 

with a 32P label and purified as described (section 3.6.5). Approximately 1 nM of 32P-

labeled ss oligo was incubated with 30 nM FnoCas12a, 36 nM crRNA and 36 nM activator 

DNA (either ssDNA or dsDNA activator) in the presence of 1X cleavage buffer (section 

3.6.4)  and 10 mM MgCl2 for the indicated timepoints at 37°C similar to a previous report 

(39). The RNP was pre-formed, 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, 0.0125% bromophenol blue) at 

the indicated time points. The samples were heated at 95°C for 5 min and resolved onto 

a pre-warmed 16% Urea-formamide-acrylamide gel. The gels were then exposed onto a 

phosphor screen and imaged using a GE Typhoon FLA7000.  

3.7.11 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.  
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Chapter 4: Elucidating the role of Topo domain in RNA-induced conformational 

changes in SpyCas9 
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4.2.0 Introduction 

The structure and mechanism of RNA-dependent DNA cleavage has been studied in 

great detail in type II-A SpyCas9, details of which are in Chapter 1. Cas9 in general is a 

large, bilobed multidomain protein that undergoes a series of conformational changes to 

bring about sequence-specific DNA cleavage (72). Crystal structures and biochemical 

experiments performed with SpyCas9 have provided detailed information about the 

domains and the mechanisms involved in the activation of Cas9 for successful DNA 
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cleavage. Site-specific DNA cleavage by Cas9 requires it to be in complex with a guide 

RNA (native crRNA-tracrRNA or sgRNA, where crRNA is fused with tracrRNA) wherein 

the 20-nt guide region of the crRNA imparts DNA cleavage specificity while tracrRNA with 

its three stem-loops (SL) is required for Cas9 activation (11,72,80). The activation 

cascade, referring to Cas9 being activated to cleave DNA, begins with the binding of an 

sgRNA to the Cas9 (binary complex), inducing a large conformational changes 

particularly in the Helical Domain-III of the REC lobe, which moves ~65 Å towards the 

HNH domain. Interestingly, binding of DNA to the binary complex only causes local 

conformational changes in comparison to the sgRNA binding event, which further 

emphasizes the importance of sgRNA binding as a critical component in the 

transformation of the apo Cas9  complex from an inactive conformation to an DNA 

recognition and cleavage competent conformation (76).  

Cas9 has several interactions with sgRNA via different regions including direct contacts 

to the stem loop (SL) 1, repeat-antirepeat region, arginine-rich BH as well as the C-

terminal domain (CTD) (Figure 34). Biochemical in vitro studies have also projected that 

absence of linker region between SL1 and SL2 or deletion of SL2 or SL3 decreases 

cleavage efficiency while absence of SL1 completely abolishes nuclease activity by Cas9 

(11).  In vivo studies further confirmed that SL2 and SL3 are essential for robust gene 

editing by Cas9 (75). Altogether, the previous literature suggests that presence of repeat-

antirepeat and SL1 are critical for Cas9-sgRNA complex formation and function. The 

presence of linker region, SL2 and SL3 is not vital for function in vitro but contributes 

towards increased cleavage efficiency in vivo (24,166,167,75).  
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Another region of Cas9 that undergoes important conformational changes upon sgRNA 

binding is the PI domain (Figure 34). Shortly after Cas9 structure determination in, the PI 

domain was referred to as having two separate domains, the Topo domain, and the C-

terminal domain (CTD), due to the similarity of the Topo domain to topoisomerase 

proteins (135). Following the determination of several structures of Cas9 from different 
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orthologues that showed similar function of these two domains in interacting with the PAM 

in a sequence-specific manner, it is now referred to as a single PI domain (75). sgRNA 

binding brings about the movement of both Topo and CTD towards the center of the 

protein. The CTD houses the conserved amino acids Arg1333 and Arg1335 that are 

responsible for recognition of the 5′ NGG 3′ PAM on the target DNA. 

The Topo region containing the phosphate lock loop (PLL) has been specifically found to 

be disordered in the apo structures, while the binary structure shows that the domain is 

ordered and pre-positioned for DNA recognition (76). We hypothesize that deletion of the 

Topo domain will in turn affect the movement of the CTD to be pre-positioned for PAM 

recognition thereby allowing us to capture an intermediate state in the activation cascade 

that takes apo-Cas9 to a DNA recognition competent binary complex.   

4.3.0 Results 

 4.3.1 Deletion strategy: The Topo domain in SpyCas9 spans ~ 100 amino acids and is 

embedded in the interior of the protein. Since deletion of large domains regions within the 

protein can be detrimental, our design strategy was focused on selecting regions to delete 

that may cause minimal hurdles in the protein folding process. Gly-rich linkers are 

naturally found in multidomain proteins forming loops to connect domains (168). Gly, Ser, 

Thr and Ala have also been shown to be preferred in natural linkers (169). Based on these 

Figure 34: Crystal structures of (A) apo and (B) binary forms of SpyCas9. (A) The apo form of 
SpyCas9 is an inactive, open state wherein there is no binding channel for sgRNA or DNA. The Topo-
PLL region (black) is disordered and hence cannot be observed in the apo-structure. The binding of 
sgRNA induces large conformational changes in Cas9, depicted by black arrows in the apo-SpyCas9. 
(B) The binary-SpyCas9 is a DNA-binding competent state with all the domains pre-ordered for DNA 
binding. The sgRNA and its stem loops (SL) are also labeled since they are critical for activation of 
Cas9. For our study, we look at the conformational changes impacted upon Topo domain (cyan+ black). 
Apo-SpyCas9 PDB ID: 4CMQ (72). Binary SpyCas9 PDB ID: 4UN3 (76).  



113 
 

reports, we proceeded to use a four amino acid Gly-Ser-Gly-Ser linker region to join the 

RuvC-III motif and the CTD in the SpyCas9 protein to delete Topo domain.  

The Topo domain of SpyCas9 houses a critical component for the cleavage of dsDNA, 

called the PLL. PLL is a small loop composed of three amino acids, Lys1107, Glu1108 

and Ser1109 that interacts with the +1 phosphate group of the DNA, initiating strand 

switching between the DNA to DNA-RNA, that is required for formation of stable R-loop 

(135). This knowledge led us to construct two Topo deletions variants, SpyCas9∆Topo, 

where the whole Topo domain (1100-1200) has been deleted and SpyCas9∆Topo-PLL, 

where a region of the Topo domain along with the PLL is retained (1100-1138) and the 

remaining region is deleted (1139-1200) (Figure 35). The region to be deleted was 

decided based on the distance between the ends of the both the domains so that the four 

amino acid Gly-Ser-Gly-Ser linker could join the ends without disturbing the fold. Primers 

were designed carefully after factoring in these details.  

Figure 35: Construction of SpyCas9 Topo deletion variants. Crystal structures representing the two 

versions of Topo deletions we developed for this study. Region in cyan has been deleted in (A) 

SpyCas9∆Topo and (B) SpyCas9∆Topo-PLL. SpyCas9∆Topo-PLL retained the phosphate-lock-loop (PLL) along 

with a region of Topo (black). The black arrows in (A) and (B) indicate the points of insertion of Gly-Ser-

Gly-Ser linker region. Ternary state of SpyCas9 was used to represent these deletions. (PDB:5F9R) 

(73). 
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4.3.2 Construction of deletion variant and purification: The two Topo deletion variants 

were constructed using two different type of site-directed mutagenesis (SDM) protocols.  

4.3.2.1 Cloning of SpyCas9 Topo deletion variants: For the SpyCas9∆Topo, the strategy 

we used overlap SDM PCR method that uses Recombinase A (RecA) to make crossover 

structures at the two ends of the PCR product, enabling closing of the fragment to be 

efficiently transformed. This method has been successfully in the lab previously for large 

deletions. The PCR products obtained were pooled and digested with Dpn1 enzyme. The 

purified PCR product was treated with RecA, prior to transformation.  

For the SpyCas9∆Topo-PLL variant, we used a kit from New England Biolabs (NEB) called 

the Q5 Site-directed mutagenesis kit. This protocol requires the use of a free NEB primer 

design tool for the construction of the primers. The primers are designed to have the 

desired deletion ends and linkers and also to have blunt ends post PCR. The PCR product 

is then treated to a KLD mix which consists of a Kinase, Ligase and Dpn1 to join the ends. 

The mix is added to competent cells and transformed. The clones from both SpyCas9∆Topo 

and SpyCas9∆Topo-PLL were sequence confirmed before being transformed into 

Escherichia coli  Rosetta strain 2 (DE3) cells for further expression and purification. 
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4.3.2.2 Purification of SpyCas9 Topo deletion variants: The two constructs were purified 

independently using the previously established SpyCas9WT purification protocol in the lab 

with no modifications (137). The final size-exclusion column (SEC) chromatogram 

showed two peaks for each of these proteins indicating differences in the size of the 

protein eluted. The fractions corresponding to two peaks were run on an SDS gel to 

confirm the purity of the protein (Figure 36). Peak 1 was the considered as the purest 

since its fractions did not have any contaminating lower bands and the intact band 

corresponded to the correct size with the SpyCas9∆Topo 147 kDa and SpyCas9∆Topo-PLL at 

152 kDa. Peak 2 had degraded protein bands below the right size. We concentrated and 

stored these peaks separately, with the pure protein to be used for activity assays. Topo-

deletion seems to be very unstable due to degradation bands for both versions of the 

Topo-deletion. The yield of the deletion variants was also reduced, implicating the role of 

this domain not only in sgRNA binding, but also in stable protein folding. 

Figure 36: 10% SEC gels showing the purity of fractions from the size exclusion column for (A) 

SpyCas9∆Topo and (B) SpyCas9∆Topo-PLL. Both the proteins were purified independently over a course 

of three columns. Both proteins has two peaks on the chromatogram after the final size exclusion 

column. The fractions corresponding to both the peaks were loaded on a 10% SDS gel to check for 

purity. In case of both proteins, the fractions corresponding to each peak were concentrated separately, 

with the pure peak 1 protein used for activity assays.  
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4.3.3 Deletion does not cause misfolding in Topo deletion variants: Our study required 

large deletions (100 amino acids in SpyCas9∆Topo and 61 amino acids in SpyCas9∆Topo-

PLL) within the SpyCas9 protein, which could result in a misfolded protein even though we 

designed strategies that will reduce folding impact. In order to analyze if our strategy 

caused any misfolding, we proceeded to analyze the secondary structure formation using 

a technique called Fourier-transform infrared spectroscopy (FTIR). FTIR is a technique 

that utilizes the infrared spectrum to measure vibrational modes of different types of 

bonds, including those comprising unique secondary structure alpha helices or beta 

sheets, and from these the secondary structure content information of the protein can be 

inferred (170) . FTIR measured the % of alpha helices and beta sheets for the wild-type 

and Topo deletion variants, allowing us to infer the differences in the folding of the 

proteins. Our FTIR results showed that the there was an overall reduction in the percent 

of alpha helices in the both the Topo deletion variants which is consistent with the fact 

that Topo domain is predominantly composed of alpha helices. Since the overall percent 

of each type of secondary structure is calculated based on the amount present in the total 

Figure 37: Table representing the values from FTIR of WT and Topo deletion variants. Table 

showing the % of alpha helices and beta sheets for all three protein samples as deduced from the FTIR 

experiment.  
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protein structure, we observed a slight increase in percent of beta sheets. Overall, our 

results from FTIR suggest that both the SpyCas9∆Topo and SpyCas9∆Topo-PLL variant 

proteins were folded correctly (Figure 37). 

4.3.4 Topo deletion variant proteins possess DNA cleavage activity: Activity assays were 

performed with a matched DNA (Spy matched DNA) substrate that has a 30 nt 

protospacer region of which 20 nt is complementary to the guide region of the sgRNA and 

a GGG PAM (Figure 6) and a 124 nt sgRNA. The protein and sgRNA were always pre-

incubated in a 1:1.2 molar ratio in 1X reaction buffer and appropriate metal, prior to 

addition of matched DNA. In order to find the reaction condition with higher activity, we 

performed DNA cleavage assays with two different reaction buffers. The details of the 

buffer composition are in the section 4.5.4.  

4.3.4.1 Mg2+ can activate DNA cleavage by Topo deletion retaining PLL: The first activity 

assay was performed at constant protein concentration of 100 nM and incubation time 

(30 min) but varied in the metal (10 mM Mg2+ vs 10 mM Mn2+) and the reaction buffer 

(Reaction Buffer 1 vs Reaction Buffer 2) (section 4.5.3). After pre-incubation of 

Cas9:sgRNA, the reaction was activated by adding 100 ng of Spy matched DNA and 

stopped after 30 minutes. 

The SpyCas9WT completely linearized the matched DNA while SpyCas9∆Topo did not 

cleave the DNA under all the conditions tested (Figure 38). Interestingly, SpyCas9∆Topo-

PLL showed slight linearization with buffer 2 and 10mM Mg2+ suggesting this condition to 

be suitable for our future assays (Figure 38). 
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5.3.4.2. Cas9-Topo deletion retaining PLL can cleave DNA at higher concentrations 

indicating effects of deletion in DNA binding rather than DNA cleavage mechanism:  To 

analyze if the activity deficiency of the deletion variants is from an impaired DNA cleavage 

mechanism or binding deficiencies, we further tested DNA cleavage with higher protein 

concentrations. In addition to using reaction buffer 2, we also increased the incubation 

time from 30 minutes to 60 minutes to observe cleavage. We performed DNA cleavage 

assay with protein titration for SpyCas9∆Topo and SpyCas9∆Topo-PLL with protein 

concentrations ranging from 100 nM to 1 µM along with increasing sgRNA concentration 

(120 nM- 1.2 µM)  in reaction buffer 2 in the presence of 10 mM Mg2+ (Figure 39). At 

protein concentrations starting at 250 nM, we observed appearance of linear product for 

both proteins. SpyCas9∆Topo-PLL appears to have a significantly higher linearization at 250 

nM with ~80% linearization observed at 1 µM than SpyCas9∆Topo further signifying the role 

of PLL in DNA cleavage (Figure 39). The appearance of linear band also corresponds 

Figure 38: Effect of buffer and metal on DNA cleavage assay. Gel representing the effect of reaction 

buffer and metal on cleavage of matched DNA. The reaction was performed at constant Cas9 

concentration and varied on the metal and reaction buffer. While the SpyCas9WT completely linearized 

matched DNA, SpyCas9∆Topo has no detectable cleavage. SpyCas9∆Topo-PLL showed slight linearization 

(shown in the box)  with buffer 2 and 10 mM Mg2+. [WTP: SpyCas9WT; ∆Topo: SpyCas9∆Topo; ∆Topo-

PLL: SpyCas9∆Topo-PLL; N: nicked; L: linear; SC: supercoiled]  
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with disappearance of supercoiled DNA and the EcoRI control sample which suggests 

that it is indeed a linearized product. Interestingly, we also observed the formation of 

nicked product for both Topo deletion variants starting at 100 nM, suggesting that 

cleavage of one of the strands is initiated even at lower protein concentrations (Figure 

39).  

4.3.5 Topo deletion variants possess differences in sgRNA binding: The results from FTIR 

suggests that the folding in both SpyCas9∆Topo and SpyCas9∆Topo-PLL is relatively 

unimpacted after deletions. Our activity assays with matched DNA also indicate that the 

proteins can indeed cleave DNA but at higher protein concentrations. We hypothesized 

that the reason for this reduced activity could be due to differences in binding to sgRNA. 

We proceeded to test the ability of the proteins to bind to the sgRNA using gel shift 

assays. We tested all the proteins: SpyCas9WT, SpyCas9∆Topo and SpyCas9∆Topo-PLL. With 

Figure 39: Effect of protein titration on cleavage of matched DNA. Gel representing the cleavage 

of matched DNA with increasing RNP concentrations. SpyCas9∆Topo shows minimal linearization at the 

highest concentration tested while and SpyCas9∆Topo-PLL  shows ~80% cleavage under the same 

condition (shown in blue box). Both the proteins also produced some nicked DNA population and nicking 

is more effective than linearization as it can be seen at lower protein concentrations as well (shown in 

red box). [WTP: SpyCas9WT; ∆Topo: SpyCas9∆Topo; ∆Topo-PLL: SpyCas9∆Topo-PLL; N: nicked; L: linear; 

SC: supercoiled]  
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constant sgRNA concentration of 500 nM and increasing the protein concentration (250 

nM [0.5]) – 2500 nM [5]), we observed that both topo deletion variants showed no specific 

binding at the usual 1:1 molar ratio that shows a specific complex formation with 

SpyCas9WT (Figure 40). In the case of SpyCas9WT, a visible shift with a tight single band 

starts at 1:0.5 ratio of sgRNA:Cas9, with almost complete shift observed at the 1:1 molar 

ratio. Interestingly, at 1:2.5 ratio, SpyCas9WT does not show this complex band, but 

instead shows complete disappearance of sgRNA indicating non-specific protein-RNA 

complex formation/aggregation. In the case of topo-deletions, a slight amount of specific 

protein-sgRNA complex is visible at higher protein concentration, while free sgRNA 

Figure 40: Gel-shift assay showing the binding of proteins to sgRNA. Gel-shift assay representing 

the ability of the proteins to bind to sgRNA. The sgRNA-protein complex is a tight bad in case of 

SpyCas9WT, while very slight in case of both the Topo deletion variants (red box) [WTP: SpyCas9WT; 

∆Topo: SpyCas9∆Topo; ∆Topo-PLL: SpyCas9∆Topo-PLL].  
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completely disappears at higher protein concentration implicating non-specific complex 

formation. Together, our results suggests that absence of sgRNA biding at equimolar 

protein-RNA concentrations for the Topo deletion variants combined with the observation 

of non-specific biding at higher protein concentrations indicates that sgRNA binding is 

hindered in the absence of a fully intact Topo domain.    

4.4.0 Discussion  

SpyCas9 is one of the most widely used Cas proteins for gene editing since it the most 

studied amongst the various Cas proteins available (171). Crystal structure of apo-

SpyCas9 show that, in the absence of sgRNA, the protein is in an inactive conformation, 

with all the domains in an “open” state, where the nuclease domains are distant from each 

other and from DNA binding pockets (11,72). The addition of an sgRNA induces large 

conformational changes across several domains of the protein, transforming it into to an 

active, “closed” conformation that is capable of recognizing and binding target DNA (76). 

This active, closed conformation has a binding channel for sgRNA and DNA with the 

guide region pre-positioned for DNA complementarity search and the endonuclease 

domains pre-positioned for cleavage (135). DNA binding further induces local 

conformational changes in the HNH domain that enables successful concerted ds DNA 

cleavage by HNH and RuvC (76).   

Part of the sgRNA binding-induced conformational change is movement of the PI domain 

from an inactive state into a state ready for PAM recognition. The PAM-interacting 

residues Arg1333 and Arg1335 are positioned for the recognition of the guanine 

nucleotides in the NGG PAM (75,135). Successful recognition and binding of PAM is the 

essential for RNA-guided sequence-specific DNA cleavage. The topo domain houses the 
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PLL which is critical for DNA strand switching that is required for efficient DNA cleavage 

(135) . We hypothesized that deletion of the Topo region would allow us to monitor its 

role in the sgRNA induced SpyCas9 activation cascade. We constructed and purified two 

different versions of the Topo deletion variant, SpyCas9∆Topo and SpyCas9∆Topo-PLL using 

Gly-Ser linkers to join the deleted regions. Our results from FTIR indicate that the deletion 

has not caused severe folding issues. These results were further corroborated with DNA 

cleavage assays which shows that proteins can indeed cleave DNA. Interestingly, the 

SpyCas9∆Topo-PLL variant cleaved matched DNA more efficiently than SpyCas9∆Topo, which 

only cleaved marginally at the highest 1 µM concentration tested. Some of these 

differences in activities between the Topo variants can be attributed to the presence of 

PLL and a part of the Topo domain retained in the SpyCas9∆Topo-PLL variant. Since PLL is 

important for initiating the formation of the RNA-DNA hybrid and complete absence of 

Topo caused reduced cleavage efficiency, together these suggest that presence of a 

Topo domain in part appears to facilitate stable complex formation. The EMSA studies 

also indicate that the stoichiometry of the binary complex of SpyCas9-sgRNA varies 

between the wild-type and topo deletion variant proteins, which suggests that it is the 

differences in the binary conformation which impacts the binary and further ternary 

complex formation and activity.  

Studies have shown that in addition to sgRNA binding-induced conformational changes, 

target DNA binding also induces smaller, local conformational changes especially in the 

HNH domain (135). Cas9 initiates target DNA search by probing for the correct PAM 

before searching for regions of complementarity. The recognition of the right PAM induces 

local DNA melting, which is followed by initiation of DNA strand switching by PLL and 
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formation of RNA-DNA hybrid (Figure 41) (79). Our results from the binding and cleavage 

assays suggests that in addition to providing the PLL for RNA-DNA hybrid initiation, the 

Topo domain also plays a role in stabilizing the binary and ternary forms of Cas9. The 

fact that Cas9 containing PLL but missing the complete Topo-domain was partially active 

shows that the assistance of PLL in R-loop formation and presence of an incomplete Topo 
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domain partially supports the conformational cascade to protein function, perhaps by 

enabling partial stabilization of the ternary complex (Figure 41).   

Based on the results so far, we hypothesize that the Topo-domain is important in 

stabilizing some intermediate conformations in the cascade of activities from apo to binary 

complex formation to enable DNA binding and cleavage. This will impact the binding and 

stabilization of the binary complex and will significantly reduce the pre-ordered ternary 

complex competent for DNA binding and cleavage.  We speculate that the binary and 

ternary complexes are still sampling the whole conformational cascade involved in Cas9 

activity at a low efficiency, since protein is producing DNA cleavage at higher protein 

concentrations. Higher protein concentrations increase the chances of an active 

conformation interacting with the DNA substrate, enabling DNA cleavage. These results 

are supporting our initial hypothesis during the domain deletion strategy that Topo-domain 

is supporting discrete conformational states in the conformational cascade from apo to 

ternary complex. Having this established by activity and binding assays, the next step in 

this project is to perform Electron Paramagnetic resonance (EPR) studies with our 

collaborator, Dr. Peter Qin at the University of Southern California to identify the trapped 

state in the conformational states. We have already preformed EPR studies to identify 

distinct states for wild-type protein (172). We will compare spectra from the Topo-deletion 

variants with that of wild-type to identify the conformational differences.  

Figure 41: Crystal structures of binary and ternary states of SpyCas9. The crystal strictures of 

SpyCas9 shows the Topo-PLL (black) and remaining Topo region (cyan) along with sgRNA (red) and 

DNA (orange). For clarity, the remaining of the protein is represented in gray. In the binary state, CTD 

is pre-positioned for PAM interaction, while Topo along with PLL is in transit to be positioned for DNA 

strand switching. In the ternary state, the CTD interaction with the PAM, signals the PLL containing 

Topo to make way for DNA binding. The PLL initiates DNA strand switching to bring about RNA-DNA 

hybridization for successful cleavage [PDB:4ZT0 (binary) (76) and 5F9R (ternary) (73)].  
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4.5.0 Methods and materials 

4.5.1 Primer design and cloning of SpyCas9 Topo deletion variants: For SpyCas9∆Topo, 

we used an overlap SDM PCR method where the primers were designed with Gly-Ser-

Gly-Ser coding nucleotides in the center of the primer, a long region overlapping with the 

gene at the end of the deletion region on 3′ side of the primer and a shorter overlap region 

on the 5′ end at the other end of the deletion (Table S1). Four PCR reactions were set 

using KOD Hot start DNA Polymerase (Millipore Sigma) that tested four different 

annealing temperatures. Since all of the conditions resulted in a single product at the right 

size, they were pooled and treated with Dpn1 enzyme and later purified (E.Z.N.A PCR 

purification kit). 100 ng of PCR product were combined with 1X RecA buffer and RecA 

enzyme in a total reaction volume of 10 µL for 30 minutes at 37°C. The mix was 

transformed into DH5α competent cells.  

For the SpyCas9∆Topo-PLL, we used a KLD mix from NEB. The primers were designed to 

produce PCR products with no overlapping regions, but possessing blunt ends. Primers 

were designed using an online primer design software called NEB base changer. After 

providing the region to be deleted and the sequence to be replaced with, the program 

gives an output with the best set of primers (Table S1). The PCR was performed using 

the same protocol as SpyCas9∆Topo. The PCR products were pooled, and gel extracted 

since there were other contaminating bands. 100 ng of gel extracted PCR product was 

treated with 1X KLD enzyme mix in 1X KLD buffer in a total reaction volume of 10 µL for 

5 minutes at room temperature. 5 µL of the mix was transformed into 50 µL of DH5α 

competent cells.  
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4.5.2 sgRNA construction, transcription, and purification: sgRNA used for the study is 

same is as one used in section 2.4.5 (Table S2). The sgRNA was aliquoted and stored 

in -20°C. sgRNA was freshly spun down and annealed using the protocol stated 2.5.3 for 

each experiment.  

4.5.3 FTIR: For the method, since all the proteins were purified using the same buffer, the 

SEC buffer was used as the blanking buffer for the process. The composition of 1X SEC 

buffer is 20 mM HEPES, pH 7.5, 150 mM KCl, 2 mM TCEP. The protein samples were 

diluted to similar concentration of ~2 mg/mL. The program provides output in terms of the 

percent of alpha helices and beta sheets.  

4.5.4 DNA cleavage assays: The cleavage assays were performed using the matched 

DNA substrate which is the same substrate used in section 2.4.5 (Table S1). The 1X 

composition of reaction buffer 1 is 20 mM Hepes, pH 7.5, 150 mM KCl, 2 mM TCEP and 

1X composition for buffer 2 is 20 mM Hepes, pH 7.5, 100 mM KCl, 5% (v/v) glycerol and 

0.5 mM TCEP. For the first DNA cleavage assay with variation in metal, and reaction 

buffer, 100 nM of Cas9 was incubated with 120 nM annealed sgRNA in 1X reaction buffer 

(1 or 2) in the presence of 10 mM Mg2+ for 10 minutes at 37°C for the formation of binary 

RNP complex. The reaction was activated by the addition of 100 ng of matched DNA and 

further incubation for 30 minutes at 37°C. For the protein titration experiment, desired 

protein and sgRNA concentrations (Cas9: sgRNA in 1:1.2 ratio) ranging from 100 nM - 

1µM, were incubated in 1X reaction buffer 2 in the presence of 10 mM Mg2+ for 10 minutes 

at 37°C. After the addition of 100 ng matched DNA, the reaction was further incubated for 

60 minutes at 37°C. All the DNA cleavage reactions were stopped using equal volume of 

2X stop dye (1X: 100 mM EDTA, 2% SDS, 20% glycerol, and 0.08% orange G). The 
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reaction products were resolved on 1% agarose gels. Gels were post-stained with 

ethidium bromide and imaged using a Bio-Rad ChemiDoc.  

4.5.5 EMSA studies: For the EMSA to monitor formation of binary RNP complex, we used 

a constant sgRNA concentration of 500 nM per reaction with increasing ratio of Cas9 

protein. For SpyCas9WT ratios from 1:0.5 to 1:2.5 of sgRNA:Cas9 were tested while for 

both SpyCas9∆Topo and SpyCas9∆Topo-PLL, ratios from 1:1 to 1:5 were tested. The desired 

protein and sgRNA were incubated for 10 minutes at room temperature in presence of 1X 

reaction buffer 1 and 5 mM Mg2+. The samples were mixed with a glycerol dye (final 

concentration: 14.3% glycerol, 0.0143 % bromophenol blue and 0.0143% of xylene 

cyanol). The samples were resolved on a 6% native acrylamide gel using 0.5X TRIS 

Borate (0.5X: 45 mM TRIS- HCl, 45 mM Boric acid) as the running buffer. The gel was 

post-stained with SyberGreen RNA stain II and imaged using a Bio-Rad GelDoc.  
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Chapter 5: Outlook 

The data presented in this thesis provide insights on previously unknown mechanisms of 

different Cas protein families that perform RNA-dependent DNA cleavage. It also reports 

they discovered of novel DNA cleavage activities of Cas proteins, the characterization of 

which are important to improve the safety of CRISPR therapeutics.  Since its discovery, 

Cas proteins were only known to perform DNA cleavage, only when activated by a 

cognate CRISPR RNA serving as the guide. These observations were further supported 

by the data obtained from the crystal structures of SpyCas9 in its apo, binary and ternary 

states, which validated the theory that binding to guide RNA was imperative for organizing 

the Cas proteins to place the endonuclease sites in ideal positions to cleave DNA. The 

data presented in the Chapter 2 provides evidence that the presence of specific divalent 

cations like Mn2+ and Co2+ induces non-specific DNA cleavage activity of Cas nucleases 

in the absence of a guide RNA. We reported for the first time that in the absence of a 

guide RNA and the presence of specific divalent metals, some Cas nucleases such as 

SpyCas9, FnoCas9 and FnoCas12a can cleave DNA non-specifically (128) . We showed 

that RNA-independent activity possessed by these Cas proteins occurred without the 

presence of any co-purified RNA and that the preferred substrate DNA and active site 

involved in this activity varied among the different Cas proteins that were tested (128). 

We refer to this activity as RNA-independent (R-I) DNA cleavage to emphasize the 

absolute absence of any RNA, including non-specific RNA in this process. Later studies 

have reported R-I activity in other Cas12a orthologues (133) , with a cell-based study that 

implicated R-I DNA cleavage as the cause for several uncharacterized ds DNA breaks in 

human cells that were transfected with SpyCas9 or CjeCas9 in the absence of guide RNA 

(134) . The occurrence of R-I cleavage under cellular conditions emphasizes the need for 



129 
 

further characterization of R-I DNA cleavage to remove promiscuous DNA cleavage while 

gene-editing. Towards this goal, we have developed a SpyCas9 variant, SpyCas9H982A, 

that is devoid of any detectable RNA-independent DNA cleavage activity under our 

experimental conditions. Cell-based gene editing results indicate that SpyCas9H982A can 

perform gene editing, even though not at a similar efficiency as the wild-type protein.  

Another undesirable aspect of Cas protein based gene editing is off-target DNA cleavage 

where genomic regions possessing partial complementarity with the guide RNA are 

cleaved by Cas proteins, which can cause unintended genomic changes following gene 

editing/gene therapy applications. Chapter 3 focusses on creating of stringent Cas 

proteins for gene editing mainly emphasizing the removal of off-target DNA cleavage 

activity. A previous work published by the lab showed that amino acid substitutions in the 

BH of SpyCas9 enabled increased selectivity in DNA cleavage. This BH variant, 

SpyCas92Pro, lost the ability to cleave mismatched DNA substrates that were efficiently 

cleaved by the wild-type protein (137) . Associated gene editing with SpyCas92Pro and 

DNA sequencing demonstrated reduced off-target cleavage, showing feasibility of BH 

variation as an approach to improve stringency of Cas proteins. We hypothesized that 

since BH is a conserved feature in several Cas nucleases including Cas12a, a similar 

impact would be mimicked in Cas12a as well. Chapter 3 reports that FnoCas12aKD2P, the 

BH variant of FnoCas12a, possessed selective nicking of mismatch containing DNA as 

opposed to the linearization observed in case of FnoCas12aWT (148) . Interestingly, we 

also observed that this variant not only impacts RNA-guided “cis” DNA cleavage, but also 

has severe reduction in “ trans” ss DNA cleavage, a promiscuous DNA cleavage 

performed by Cas12a members (148). Additionally, our data also implicated the role of 
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BH in enabling cleavage of a variety of DNA substrates such as plasmids (ss vs. ds), 

linear DNA, and oligo DNA by FnoCas12aWT, with FnoCas12aKD2P having a reduced 

efficiency to cleave ss or shorter DNA substrates (148).  Altogether, our data not only 

substantiates that modulation of BH can be used a framework to improve DNA cleavage 

specificity, but also demonstrates previously unknown roles of BH in coordinating 

conformational changes and communication between the endonuclease sites as well as 

contributing towards DNA substrate preferences.  

Another aspect of our study is to identify the different steps in the conformational 

activation of SpyCas9. Earlier reports suggest that the binding of guide RNA induces large 

conformational changes in SpyCas9, which transforms it from an “inactive” state to a DNA 

recognition and binding competent “active state” (72). As part of these conformational 

changes is the movement of two domains, Topo domain and CTD which are together now 

referred to as PI domain, into specific positions, ready for target DNA recognition (135). 

We hypothesized that Topo domain is essential in supporting an intermediate stage in the 

conformational cycle and to understand this, we created domain deletions that included 

deletion of the entire Topo domain (SpyCas9∆Topo) as well as retaining a small region of 

Topo which houses PLL (SpyCas9∆Topo-PLL), an important region to enable DNA strand 

switching with the guide RNA. Chapter 4 reports our results so far showing successful 

creation of these large domain deletions and functional characterization of these deletion 

variants. Our results showed that even though both variants possessed RNA-dependent 

DNA cleavage activities, SpyCas9∆Topo-PLL has a better efficiency than SpyCas9∆Topo. This 

indicates that PLL and the partial regions of Topo that were retained in this variant is 

providing partial support for the binary and ternary conformations and that these regions 
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are not directly related to DNA cleavage catalysis, but purely for conformational 

transitions between apo, binary and ternary forms. Having this data, we are set for further 

studies to delineate the specific stages in the conformational cascade of Cas9 that are 

associated with the Topo domain.  

Altogether, data presented in this dissertation signifies the need to characterize all 

mechanisms causing DNA cleavage by Cas proteins, both specific and non-specific, in 

order to successfully use them as therapeutics. The results presented have opened new 

research directions for the Rajan lab, some of which include: 

➢ Creation of Cas protein variants devoid of R-I DNA cleavage: SpyCas9H982A variant 

will be tested to measure the amount of dsDNA breaks that are induced under guide-

free conditions in comparison to SpyCas9WT. Collaboration with Dr. Jin Liu from the 

University of North Texas Health Science Center is ongoing to develop new variants 

based on computational predictions, which will be further characterized by 

biochemical, gene editing, and immunocytochemistry assays. 

➢ Off-target DNA cleavage remediation in Cas protein families: Potential amino acid(s) 

along the length of BH have been identified in FnoCas12a and an orthologue 

[Acidaminococcus sp (As)] that is more efficient in human-cell gene editing. 

Preliminary studies with one such BH variant of FnoCas12a has shown higher 

selectivity to mismatches than FnoCas12aKD2P, and also implicated that different 

positions in the BH and the type of amino acid substitution being introduced can 

provide variabilities in DNA cleavage efficiency, which is being further pursued in the 

Rajan laboratory.  
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➢ Elucidating specific conformational steps related to Topo domain: The Topo deletion 

variants will be used to perform Site-directed spin labeling (SDSL) Electron 

paramagnetic resonance (EPR) studies in collaboration with Dr. Peter Qin at the 

University of Southern California. Briefly, specific labels will be introduced as a pair 

into SpyCas9 domains, sgRNA/DNA to track positions of the components, along with 

the use of apo, binary and ternary stages. Previously published protocols will be used 

for this method (172). This will enable identifying the role of Topo domain as the 

protein transitions across the different conformational steps needed for DNA cleavage. 
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FnoCas12aWT and FnoCas12aKD2P 
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Figure. S9. Constructs used to test trans-cleavage of ss oligonucleotide DNA. 
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Table S4: The compilation of the rate constants calculated for different physical states of 

dsDNA substrates in the study and respective fold changes for FnoCas12aWT and 

FnoCas12aKD2P 
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Figure. S1. Analysis of protein purity. A 10% SDS gel showing the purity of the 
FnoCas12aWT and FnoCas12aKD2P proteins after a three-step purification protocol. The 
protein ladder shows the protein to be the correct size at ~152 kDa.  
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Figure. S2. Illustration of R-loop formation with matched DNA. The image shows the 
organization of R-loop formed by Cas12a. The PAM sequence is in bold. The sequence 
in red corresponds to the guide region of the crRNA that hybridizes with the target strand 

(TS, blue) of the DNA. The 5 terminus of the crRNA forms the pseudoknot. A 3 nt addition 

(GGG) was introduced to the crRNA sequence at the 5 terminus to increase the efficiency 
of in vitro transcription. The numbering scheme for mismatches is relative to position of 
PAM on the NTS and a few mismatch positions are labeled for clarity. The red arrows 
represent the cleavage sites on TS (23rd downstream of PAM)  and NTS (18th downstream 
of PAM)  of target DNA producing a staggered product after Cas12a cleavage.   
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Figure S3. Interactions of BH with crRNA and REC2 domain. (A) A zoomed-in 
representation of the interactions of N-terminal BH residues with the pseudoknot region 
of the crRNA. Y953 interacts with A(-11), while K956 interacts with both C(-10) and A(-
11) of the crRNA pseudoknot. Negative numbers of crRNA represent nt in the repeat 
region of crRNA, while nt in guide region are represented with positive numbers.  (B) 
Figure representing the positioning of W971 with respect to the K969 and D970. The 
indole ring of W971 is wedged between two helices (comprising residues 523-587) of the 
REC2 domain.  
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Figure. S4: Analysis of one vs. two exponential fit for supercoiled plasmid 

cleavage data 

Figure S4 shows one-exponential fit (eq. 10, main text) for the loss of supercoiled plasmid 

DNA precursor. To analyze the one-exponential vs. two-exponential fit, the two-

exponential fit of loss of supercoiled plasmid DNA precursor (eq.11 in main text, 

designated as the “Full” model) was compared to the one-exponential fit (designated as 

the “Reduced” model). The error sum of the squares for the Full model (SSE(F)) and the 

reduced model (SSE(R)) were computed as:  

𝑆𝑆𝐸(𝐹) = ∑ [𝑃𝑖(𝑜𝑏𝑠) − 𝑃𝑖(𝐹)]212
𝑖=0                                                                   (15) 

𝑆𝑆𝐸(𝑅) = ∑ [𝑃𝑖(𝑜𝑏𝑠) − 𝑃𝑖(𝑅)]212
𝑖=0                                                                   (16) 

where Pi(obs) represents the observed experimental value of the supercoiled precursor 

(i.e., Frac[P]) at a given time point, Pi(F) and Pi(R) represent, respectively, the 

corresponding values computed using parameters obtained from the Full and Reduced 

models. 

The F* value was then computed according to: 

𝐹𝑑𝐹,𝑑𝐹(𝐹)
∗ =

[𝑆𝑆𝐸(𝑅)−𝑆𝑆𝐸(𝐹)]/𝑑𝐹

𝑆𝑆𝐸(𝐹)/𝑑𝐹(𝐹)
                                     (17) 

where dF(F) = 8 is the degree of freedom of the Full model (i.e., 12 data points and 4 

fitting parameters), dF(R) = 10 is the degree of freedom of the Reduced model (i.e., 12 

data points and 2 fitting parameters), and dF = dF(R) - dF(R) = 2. The p value was then 

obtained based on the F* using an ANOVA (Analysis of Variance) calculator. 

The F-test yielded F*2,8 = 20.5 and p = 7.1  10-4 for the FnoCas12aWT dataset and F*2,8 

= 18.6 and p = 9.8  10-4 for the FnoCas12aKD2P dataset. Since both p values are less 

than 0.01, the analyses indicate that with a Significance Level of 0.01, the Full model (i.e., 

two-exponential fit) can be accepted over the Reduced model (i.e., single-exponential fit). 

In addition, note that with the single-exponential fit, kobs of FnoCas12aKD2P (2.93  0.36 

min-1) is 2.7 fold smaller than that of FnoCas12aWT (7.90  1.63 min-1) (Figure S4). This 

is very similar to the 3-fold reduction of k1 from the two-exponential fit (see Figure 2). 
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Figure. S4. Analysis of one vs. two exponential fit for supercoiled plasmid cleavage 
data. Our data shows that two-exponential fit for the loss of supercoiled plasmid DNA 
precursor was better suited than one-exponential. This figure shows fit from one-
exponential model. In each panel the average fraction of precursor (Frac[P]) was plotted 
vs. time, with the error bars representing the SEM of different replications. The data were 
fit to a single-exponential decay, 𝐹𝑟𝑎𝑐[𝑃] = 1 − 𝑎 ∙ [1 − exp( − 𝑘𝑜𝑏𝑠 ∙ 𝑡)] (eq. 10, main 
text), with “kobs” being the reaction rate constant and “𝑎” being the total active fraction. (A) 

FnoCas12aWT cleavage. The parameters obtained were kobs = 7.90  1.63 min-1 and a = 

0.79  0.01. (B) FnoCas12aKD2P cleavage. The parameters obtained were kobs = 2.93  

0.36 min-1 and a = 0.64  0.01. 
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Figure. S5. Representative gel images comparing the activities of FnoCas12aWT and 

FnoCas12aKD2P on different mismatch-containing plasmid substrates. (A-C) 25 nM 

RNP was incubated with substrate for 15 min at 37°C. [N: nicked, L: linear, SC: 

supercoiled, WTP: FnoCas12aWT, KD2P: FnoCas12aKD2P, MM: mismatch and the 

number indicates the mismatch position on the NTS with respect to PAM]. A total of three 

replications were performed for each reaction. 
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Figure. S6. Tables depicting the values of nicked, linear and total cleavage for (A) 
FnoCas12aWT and (B) FnoCas12aKD2P. The negative values for nicked DNA indicate that 
nicked population present in the substrate is being cleaved by FnoCas12a. Note that the 
presence of nicked band in the plasmid preparation tends to reduce the total activity 
compared to the amount of linear activity (example: see FnoCas12aWT activity with 
matched DNA). Nevertheless, the table gives an indication of the total activity and ability 
of the proteins to linearize and nick different DNA substrates and can clearly relay the 
efficiency to cleave different mismatch positions and the role of BH in mismatch 
discrimination. 
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Figure. S7. Gels showing the effect of longer incubation times on cleavage of 

matched DNA, MM8 DNA and MM12 DNA by (A) FnoCas12aWT and (B) 

FnoCas12aKD2P. [N: nicked, L: linear, SC: supercoiled, MM: mismatch and the number 

indicates the mismatch position on the NTS with respect to PAM, m: min, h: hours]. 

Representative gels from two replications.  
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Figure. S8: Analysis of FnoCas12a RNA-dependent cis-cleavage of circular and 

linear M13mp18 ssDNA. For linearizing M13 circular ssDNA, we used EcoRI restriction 

enzyme in NEB buffer 2.1. The reaction details are in section 2.7 of the main text. It 

should be noted that the high-fidelity EcoRI and the Cutsmart buffer composition 

significantly impaired ssDNA cleavage by this enzyme and that the use of the EcoRI 

version that is not engineered to have high fidelity was crucial to obtain the observed 

linearization amounts. 

Using data presented in Figs. 2, 4, 7 and S8, one can rank the preferred DNA substrates 

for FnoCas12a. For FnoCas12aWT, it is ds supercoiled substrate > oligo dsDNA = 

linearized dsDNA > supercoiled ssDNA plasmid > linearized ssDNA. For FnoCas12aKD2P, 

it is ds supercoiled substrate > oligo dsDNA > linearized dsDNA > supercoiled ssDNA 

plasmid > linearized ssDNA. To rank dsDNA oligo, we used the cleavage rate of NTS, 

since this strand is cut first. The further reduction in TS cleavage for both proteins may 

relate to impairment of conformational changes essential for coordinated strand 

cleavages rather than preference of the DNA substrate type. We have not calculated rates 

for ssDNA cleavage due to the severe deficiencies in cleaving these substrates. Instead, 

the amount of substrate that was remaining for M13 ssDNA was compared to what was 

left over for other DNA substrates. 
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Figure. S8. Analysis of FnoCas12a cis-cleavage of circular and linear M13mp18 

ssDNA (A) Gels showing the efficiency of linearization of M13 ssDNA on a native (left) 

and an alkaline (right)  gel. The alkaline gel, which can give molecular weight 

corresponding to ssDNA shows a linearized M13 ssDNA at 7 kilobases (kb) and the uncut 

circular M13 above the linear band. Our preparations gave 50-70% linearization of M13 

circular ssDNA with EcoRI.  (B) Gel showing the  cis-cleavage of circular M13 ssDNA by 

FnoCas12aWT and FnoCas12aKD2P. At 25 nM RNP, FnoCas12aWT completely degrades 

M13 DNA by a combinational effect of cis- and trans- activities, while FnoCas12aKD2P 

shows reduced cleavge abilities even after 2 hours. (C)  Efficiency of cis-cleavage by 

FnoCas12a on linear M13 ssDNA. FnoCas12aWT degraded the linear M13 ssDNA  with 

a moderate efficiency  compared to that of  FnoCas12KD2P, which did not cleave even at 

the highest concentration tested. Reactions with linear M13 ssDNA were for 60 min. 

Representative gels from two replications. [Cr: circular, L: linear, D: degradation, m: min]. 
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Figure. S9. Constructs used to test trans-cleavage of ss oligonucleotide DNA. (A) 

DNA and RNA components for ssDNA activator mediated trans-cleavage of ss oligo DNA. 

The 20 nt ss activator does not contain PAM and is completely complementary to the 

guide region of crRNA. (B) DNA and RNA components for dsDNA activator-mediated 

trans-cleavage of ss oligo DNA. The 24 nt dsDNA activator has a region complementary 

to the crRNA guide along with a PAM (underlined). The ssDNA 20 nt activator and the 

dsDNA 24 nt activator indicated here were also used for M13 ssDNA trans cleavage 

assay. The ss oligo DNA substrate used for trans-cleavage  did not possess 

complementarity with either crRNA or activator DNAs.  
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Table S1: 

Primers used Construct 

FnoCas9 NCBI Reference Sequence WP_003038941.1 
 
FnoCas9-WT-F: 
5′ 
CGGAATTCCATATGAATTTCAAAATATTGCCAATAGCAATAG 
ATTTAGGT 3′ 
 
FnoCas9-WT-R: 
5′ 
CGGAATTCTTACTAATTATTAGATGTTTCATTATAAATACCTG 
CTAATTTCA 3′ 

FnoCas9 in 
pET28m [His8-
3C-Cas9] 

FnoCas12a NCBI Reference Sequence: WP_003040289.1 
 
FnoCas12a in pET28m [His8-3C-His6-MBP-TEV- FnoCas12a] 
FnoCas12a-WT-F: 
5′ 
CGGAATTCCATATGTCAATTTATCAAGAATTTGTTAATAAATA 
TAGTTTAAGT 3′ 
 
FnoCas12a-WT-R: 
5′ 
CGGAATTCTTATTAGTTATTCCTATTCTGCACGAACTCAAAAT 
AC 3′ 
 
FnoCas12a-MBP-F: 
5′ GGAATTCCATATGCATCACCATCACCATCACCATGG 3′ 
 
FnoCas12a-MBP-R: 
5′ GGAATTCCATATGCGAGGCTGCTCCCTGGAAATAC 3′ 

FnoCas12a in 
pET28m [His8-
3C-His6-MBP-
TEV- 
FnoCas12a] 

FnoCas12a RuvC-M  (E1006A) 
 
FnoCas12a RuvC-M FP: 
5′ GCTATTGTGGTTTTTGCGGATTTAAATTTTGGA 3′ 
 
FnoCas12a RuvC-M RP: 
5′ TCCAAAATTTAAATCCGCAAAAACCACAATAGC 3′ 

FnoCas12a 
RuvC-M 

FnoCas12a Nuc-M (R1218A-S1220A-D1227A) 
 
FnoCas12a Nuc-M FP: 
5′CTATCTTACAAATGGCTAACGCAAAAACAGGTACTGAGTT 
AGCTTATCTAATTTCACC 3′ 

FnoCas12a 
Nuc-M 
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FnoCas12a Nuc-M RP: 
5′GGTGAAATTAGATAAGCTAACTCAGTACCTGTTTTTGCGT 
TAGCCATTTGTAAGATAG 3′ 

SpyCas9-E766A- FP: 
5′TATTGAAATGGCACGTGCAAATCAGACAACTCAAA 3′ 
 
 
SpyCas9-E766A- RP 
5′ TTTGAGTTGTCTGATTTGCACGTGCCATTTCAATA 3′ 

SpyCas9E766A  

SpyCas9-H982A- FP 
5′ TGAGATTAACAATTACGCTCATGCCCATGATGCGT 3′ 
 
SpyCas9-H982A- RP 
5′ACGCATCATGGGCATGAGCGTAATTGTTAATCTCA 3′ 

SpyCas9H982A 

Spy matched DNA 
 
FP: 5’GATTTCTTCTTGCGCTTTTTGGGGAATTCAC 3′  
 
RP: 5’ GTGAATTCCCCAAAAAGCGCAAGAAGAAATC 3′  

SpyCas9 DNA 
substrate  for 
RNA-dependent 
DNA cleavage 
(Matched DNA) 

DTS7 sgRNA primers 
 
FP: 5′ ACCGGCACCCTCCATG TACCCAG 3′ 
 
RP: 5′ AAACCTGGGTACATGGA GGGTGCC 3′ 

DTS7 sgRNA 
cloning [Adapted 
from (137)] 

DTS55 sgRNA primers  
 
FP: 5′ ACCGCTGGATTACTGT GTGGTAGAGGG 3′ 
 
RP: 5′ CAACCCCTCTACCACAC AGTAATCCAG 3′ 

DTS55 sgRNA 
cloning [Adapted 
from (137)] 

ACA sgRNA primers 
   
FP: 5′ accgCCTCCAGTACGCCCGTTTGG 3′   
 
RP: 5′ aaacCCAAACGGGCGTACTGGAGG 3′ 

ACA sgRNA 
cloning  

PRK sgRNA primers  
 
FP: 5′ accgACGGTGTTTCGATGGACGGG 3′ 
 
RP: 5′ aaacCCCGTCCATCGAAACACCGT 3′  

PRK sgRNA 
cloning  

DTS7 TIDE assay  
 
FP: 5′ AGGACTGCTCTCAGCTACCG 3′  
 
RP: 5′ AAGGGCAGAGAGGCTAAAG G 3′ 

DTS7 TIDE 
analysis 
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DTS55 TIDE assay 
 
FP:  5′ AAAGATCACTATGGAGCTGAAGG 3′ 
 
RP:  5′ AACCTCTCCACCCTGTGTTG 3′ 

DTS55 TIDE 
analysis 

ACA  TIDE assay 
 
FP: 5′ CCCACACTCTCCTGTTAAGGTC 3′ 
 
RP: 5′ TAAGTGCCAACTGGCCTAATCT 3′ 

ACA TIDE 
analysis 

PRK  TIDE assay 
 
FP: 5′ CTTCTAGGCACCAGAGAAGGAG 3′ 
RP:  5′ TTTTCCACTAGGCATCCATTTT 3′ 

PRK TIDE 
analysis 

FnoCas12aKD2P-FP: 
5′TTCAGCTAGGCCACCCTGGAAAAAGATAAATAACATCAAAG 
3′ 
 
FnoCas12aKD2P-RP: 
5′ TCCCTATCTTTCTCTATTG 3′ 

FnoCas12aKD2P 
in pET28m 
[His8-3C-His6-
MBP-TEV- 
FnoCas12a] 

FnoCas12a-DNA-matched-FP: 
5′ gatccTTTAGAGAAGTCATTTAATAAGGCCACTGTTAAAAg 3′ 
 
FnoCas12a-DNA-matched-RP: 
5′ aattcTTTTAACAGTGGCCTTATTAAATGACTTCTCTAAAg 3′ 

Matched DNA 
plasmid in 
pUC19 

FnoCas12a-MM1-FP:  
5′ CTAGAggatccTTTATAGAAGTCATTTAATAA 3′ 
 
FnoCas12a-MM1-RP:  
5′ TTATTAAATGACTTCTATAAAggatccTCTAG 3′ 

Mismatched 
DNA position 1 
(MM1) in pUC19 

FnoCas12a-MM2-FP:  
5′CTAGAggatccTTTAGCGAAGTCATTTAATAA 3′ 
 
FnoCas12a-MM2-RP:  
5′ TTATTAAATGACTTCGCTAAAggatccTCTAG 3′ 

Mismatched 
DNA position 2 
(MM2) in pUC19 

FnoCas12a-MM3-FP:  
5′AGAggatccTTTAGATAAGTCATTTAATAAG 3′ 
 
FnoCas12a-MM3-RP:  
5′CTTATTAAATGACTTATCTAAAggatccTCT 3′ 

Mismatched 
DNA position 3 
(MM3) in pUC19 

FnoCas12a-MM4-FP:  
5′AGAggatccTTTAGAGCAGTCATTTAATAAG 3′ 
 
FnoCas12a-MM4-RP:  
5′CTTATTAAATGACTGCTCTAAAggatccTCT 3′ 

Mismatched 
DNA position 4 
(MM4) in pUC19 
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FnoCas12a-MM5-FP: 
5′AggatccTTTAGAGACGTCATTTAATAAGGC 3′ 
 
FnoCas12a-MM5-RP:  
5′GCCTTATTAAATGACGTCTCTAAAggatccT 3′ 

Mismatched 
DNA position 5 
(MM5) in pUC19 

FnoCas12a-MM6-FP:  
5′AggatccTTTAGAGAATTCATTTAATAAGGC 3′ 
 
FnoCas12a-MM6-RP: 
5′GCCTTATTAAATGAATTCTCTAAAggatccT 3′ 

Mismatched 
DNA position 6 
(MM6) in pUC19 

FnoCas12a-MM7-FP:  
5′AggatccTTTAGAGAAGGCATTTAATAAGGC 3′ 
 
FnoCas12a-MM7-RP:  
5′GCCTTATTAAATGCCTTCTCTAAAggatccT 3′ 

Mismatched 
DNA position 7 
(MM7) in pUC19 

FnoCas12a-MM8- FP:  
5′gatccTTTAGAGAAGTAATTTAATAAGGCCAC 3′ 
          
FnoCas12a-MP8- RP:  
5′GTGGCCTTATTAAATTACTTCTCTAAAggatc 3′          

Mismatched 
DNA position 8 
(MM8) in pUC19 

FnoCas12a-MM9-FP:  
5′atccTTTAGAGAAGTCCTTTAATAAGGCCAC 3′ 
 
FnoCas12a-MM9-RP:  
5′GTGGCCTTATTAAAGGACTTCTCTAAAggat 3′ 

Mismatched 
DNA position 9 
(MM9) in pUC19 

FnoCas12a-MM10- FP:  
5′cTTTAGAGAAGTCAGTTAATAAGGCCACTGT 3′ 
        
FnoCas12a-MP10- RP:  
5′ACAGTGGCCTTATTAACTGACTTCTCTAAAg 3′          

Mismatched 
DNA position 10 
(MM10) in 
pUC19 

FnoCas12a-MM11-FP:  
5′cTTTAGAGAAGTCATGTAATAAGGCCACTGT 3′ 
 
FnoCas12a-MM11-RP:  
5′ACAGTGGCCTTATTACATGACTTCTCTAAAg 3′ 

Mismatched 
DNA position 11 
(MM11) in 
pUC19 

FnoCas12a MM12-FP:  
5′cTTTAGAGAAGTCATTGAATAAGGCCACTGT 3′ 
 
FnoCas12a-MM12-RP:  
5′ACAGTGGCCTTATTCAATGACTTCTCTAAAg 3′  

Mismatched 
DNA position 12 
(MM12) in 
pUC19 

FnoCas12a-MM13-FP:  
5′TTAGAGAAGTCATTTCATAAGGCCACTGTTA 3′ 
 
FnoCas12a-MM13-RP:  
5′TAACAGTGGCCTTATGAAATGACTTCTCTAA 3′ 

Mismatched 
DNA position 13 
(MM13) in 
pUC19 
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FnoCas12a-MM14-FP:  
5′TTAGAGAAGTCATTTACTAAGGCCACTGTTA 3′ 
 
FnoCas12a-MM14-RP:  
5′TAACAGTGGCCTTAGTAAATGACTTCTCTAA 3′ 

Mismatched 
DNA position 14 
(MM14) in 
pUC19 

FnoCas12a-MM15-FP:  
5′TTAGAGAAGTCATTTAAGAAGGCCACTGTTAAAAg 3′ 
 
FnoCas12a-MM15-RP:  
5′cTTTTAACAGTGGCCTTCTTAAATGACTTCTCTAA 3′ 

Mismatched 
DNA position 15 
(MM15) in 
pUC19 

FnoCas12a-MM16-FP:  
5′TTAGAGAAGTCATTTAATCAGGCCACTGTTAAAAg 3′ 
 
FnoCas12a-MM16-RP:  
5′cTTTTAACAGTGGCCTGATTAAATGACTTCTCTAA 3′ 

Mismatched 
DNA position 16 
(MM16) in 
pUC19 

FnoCas12a-MM17-FP:  
5′GAGAAGTCATTTAATACGGCCACTGTTAAAAg 3′ 
 
FnoCas12a-MM17-RP:  
5′cTTTTAACAGTGGCCGTATTAAATGACTTCTC 3′ 

Mismatched 
DNA position 17 
(MM17) in 
pUC19 

FnoCas12a-MM18-FP:  
5′GAGAAGTCATTTAATAATGCCACTGTTAAAAg 3′ 
 
FnoCas12a-MM18-RP:  
5′cTTTTAACAGTGGCATTATTAAATGACTTCTC  3′ 

Mismatched 
DNA position 18 
(MM18) in 
pUC19 

FnoCas12a-MM19-FP:  
5′AAGTCATTTAATAAGTCCACTGTTAAAAgaa 3′ 
 
FnoCas12a-MM19-RP:  
5′ttcTTTTAACAGTGGACTTATTAAATGACTT 3′ 

Mismatched 
DNA position 19 
(MM19) in 
pUC19 

FnoCas12a-MM20-FP:  
5′AAGTCATTTAATAAGGACACTGTTAAAAgaa 3′ 
 
FnoCas12a-MM20-RP:  
5′ttcTTTTAACAGTGTCCTTATTAAATGACTT 3′ 

Mismatched 
DNA position 20 
(MM20) in 
pUC19 

FnoCas12a-MM21-FP:  
5′GTCATTTAATAAGGCAACTGTTAAAAgaatt 3′ 
 
FnoCas12a-MM21-RP:  
5′aattcTTTTAACAGTTGCCTTATTAAATGAC 3′ 

Mismatched 
DNA position 21 
(MM21) in 
pUC19 

FnoCas12a-MM22-FP:  
5′GTCATTTAATAAGGCCCCTGTTAAAAgaatt 3′ 
 
FnoCas12a-MM22-RP: 
5′aattcTTTTAACAGGGGCCTTATTAAATGAC 3′ 

Mismatched 
DNA position 22 
(MM22) in 
pUC19 
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Table S1: Primers used in this study. The table includes the various primers used for 
cloning. The DNA sequence coding for single mutants. proline substitutions, linker regions 
are in bold. The primers used to create substrate plasmids are shown. The PAM region 
is underlined, nucleotide mismatch position is shown in red and restriction enzyme sites 
used for cloning are shown in small letters. 
 

SpyCas9-TopoDel-FP: 
5′ACAGAAGGTTCTGGtAGTCTTTTTGAGTTAGAAAACGGTCGT 
3′ 
 
SpyCas9-TopoDel-RP: 
5′AAGACTACCAGAACCTTCTGTTTTCTTGACAATATTGACTTG 
3′ 
 

SpyCas9 
∆Topo-Deletion 

SpyCas9_∆Topo-PLL FP: 
5′GGTTCTTATAGTCTTTTTGAGTTAGAAAAC 3′ 
 
SpyCas9_∆Topo-PLL RP: 
5′ AGAACCCGTTGGACTATCAAAACC 3′ 

SpyCas9 
∆Topo-PLL 
Deletion 
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Table S2:  

DNA oligos 
Purpose 

197-FR: 
AGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATAC 
CGCACAGATGCGTAAGGA 
 
200-RV: 
TCCTTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCAC 
TCTCAGTACAATCTGCT 

Oligonucleotide
s for RNA-

independent 
DNA cleavage 

assays 

SpyCas9 
 
GAAATTAATACGACTCACTATAGGGATTTCTTCTTGCGCTTT 
TTGTTTTAGAGCTATGCTGTTTTGGAAACAAAACAGCATAGC 
AAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGG 
CACCGAGTCGGTGCTTTTTT 

SpyCas9-
guideRNA 
[Adapted from 
(11)] 

 

FnoCas9 tracrRNA template  
 
TAATACGACTCACTATAGGGCCAAATAATTAATGCTCTGTA 
ATCATTTAAAAGTATTTTGAACGGACCTCTGTTTGACACGTCT 
GAATAACTAAAAAGCAAAAATTTGCCACCTAAGTGGCTTTTT 
TT 

FnoCas9 
tracrRNA 
[Protocol 
adapted from 
(50)] 

FnoCas9 crRNA template strand  
 
GTTTACCAAATAATTCAGCAACTGAAACTTTTTTACAAATTGA 
GTTATCCCTATAGTGAGTCGTATTAATTTC 

FnoCas9 crRNA 
[Protocol 
adapted from 
(50)] 

FnoCas12a crRNA-template strand for matched plasmid and oligo 
assays: 
5′AGTGGCCTTATTAAATGACTTCTCATCTACAACAG 
TAGAAATTCCCTATAGTGAGTCGTATTAATTTC 3′ 
 
T7 promoter top strand: 
5′GAAATTAATACGACTCACTATAGGG 3′ 

FnoCas12a- 
matched DNA 
crRNA 
transcription 
oligos  
[Protocol 
adapted 
From (31)] 

FnoCas12a crRNA-template strand for M13 mp18 ssDNA cis-
cleavage assays: 
5′ GCGGATAACAATTTCACACAGATCTACAACAGTAG 
AAATTCCCTATAGTGAGTCGTATTAATTTC 3′ 
 
T7 promoter top strand: 
5′ GAAATTAATACGACTCACTATAGGG3′ 

FnoCas12a- 
M13 crRNA 
transcription 
oligos  
[Protocol 
adapted 
From (31)] 

 
5′GCGGATAACAATTTCACACAGGAAA 3′  

Protospacer 
sequence in 
M13 ssDNA 
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Table S2: DNA substrates used in this study. This table includes the DNA templates 
for in vitro transcription of crRNAs, oligo cleavage substrates (both cis- and trans-), 
activators for trans-cleavage and DNA ladders used in study. T7 promoter region is 
italicized, PAM is underlined, and mismatches are in red. 
 

5′ GCCTTATTAAATGACTTCTC 3′ 
ssDNA (20-nt) 

activator 
 

TS: 5′ GCCTTATTAAATGACTTCTCTAAA 3′ 
NTS: 5′ TTTAGAGAAGTCATTTAATAAGGC 3′ 

dsDNA (24-nt) 
activator 

TS: 
5′ GTCAATTCTTTTAACAGTGGCCTTAT 
TAAATGACTTCTCTAAAGGATCAT 3′ 
 
NTS: 
5′ ATGATCCTTTAGAGAAGTCATTTAATA 
AGGCCACTGTTAAAAGAATTGAC 3′ 

Matched dsDNA 
oligo for 
cleavage assay 
and EMSA.  

TS: 
5′ GTCAATTCTTTTAACAGTGGCCTTAT 
TAAATTACTTCTCTAAAGGATCAT 3′ 
 
NTS: 
5′ ATGATCCTTTAGAGAAGTAATTTAATA 
AGGCCACTGTTAAAAGAATTGAC-3′ 

MM8 dsDNA 
oligo with 
mismatch at 
position 8 for 
cleavage assay 
and EMSA.  

17 nt marker: 
5′ GTCAATTCTTTTAACAG 3′ 
 
29 nt marker: 
 5′ ATGATCCTTTAGAGAAGTCATTTAATAAG 3′ 

ssDNA ladder 
for oligo 
cleavage 
products 

5′ CGACGGCCAGTGAATTCCCCAAAAAGCGC 
AAGAAGAAATCAACCAGCGCAGGAT 3′ 

ssDNA 
substrate for 
trans-cleavage 

5′AGCAGATTGTACTGAGAGTGCACCATATGCGGTGTGAAATA
C CGCACAGATGCGTAAGGA 3′ 

ssDNA 
substrate for 

RNA-
independent 

DNA cleavage 
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Table S3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3: List of interactions of FnoCas12a BH with crRNA and different protein 
domains. The BH has several interactions with the REC2 domain, RuvC-I and II motifs 
and crRNA. The interactions in bold are all within the 2-4 Å range. The list shows the type 
of molecule (protein/RNA/DNA), type of interaction, as well as the distance for each 
interaction. Although W971 is not part of the BH, we included it on the list since it is the 
first amino acid after BH and has multiple interactions with the REC2 domain. The 
interaction details were prepared using PyMol and Arpeggio (173,174).  

 

  

BH amino 
acid 

Interacting partner Distance 
(Å) 

Type of interaction 

Y953 I944 of RuvC-I motif 4.0 Hydrophobic 

T951  of RuvC-I motif 3.7 Hydrophobic 

Y984  of RuvC-II motif 3.3 Hydrophobic 

A(-11) of pseudoknot 3.8 Hydrogen bond 

H954 N942  of RuvC-I motif 4.4 Hydrophobic 

K956 C(-10) of pseudoknot 2.6 Ionic through 
phosphate 

A(-11) of pseudoknot  2.9 Ionic through sugar 

L957 L923  of RuvC-I motif 4.2 Hydrophobic 

K981  of RuvC-II motif 3.3 Hydrophobic 

I960 M980  of RuvC-II motif 3.6 Hydrophobic 

I977 of RuvC-II motif 3.0 Hydrophobic 

E961 V1019 of RuvC-II motif 4.4 Hydrophobic 

D963 K972  of RuvC-II motif 3.7 Ionic 

R964 I974 & I977  of RuvC-II 
motif 

4.2 & 4.2 Hydrophobic 

R968 G11 of guide 3.0 Ionic through sugar 

U12 of guide 3.2 Ionic through sugar 

K969 A13 of guide 4.0 Ionic through 
phosphate 

K527  of REC2 motif 2.8 Hydrogen bond 

D970 K524  of REC2 motif 3.8 Ionic 

W971 R583  of REC2 motif 3.6 Hydrophobic 

Y579  of REC2 motif 3.7 Hydrophobic 

L530  of REC2 motif 4.1 Hydrophobic 

I582  of REC2 motif 4.1 Hydrophobic 

V523  of REC2 motif 4.5 Hydrophobic 

I586  of REC2 motif 4.4 Hydrophobic 

T587 of REC2 motif 4.2 Hydrophobic 
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Table S4: 

 

Type of 
substrate 

Rate 
constants 

for 
FnoCas12a

WT 

(min-1) 

Fold 
change for 
FnoCas12a

WT 
compared 

to 
supercoile
d dsDNA 

Rate 
constants 

for 
FnoCas12aK

D2P 

(min-1) 

Fold change 
for 

FnoCas12aK

D2P 
compared 

to 
supercoiled 

dsDNA 

Fold change 
FnoCas12aW

T/ 
FnoCas12aK

D2P for each 
substrate 

Supercoil
ed dsDNA 

k1 =12.7 
±3.2 

k2 =0.08 
±0.04 

NA 

k1 =4.17 ± 
0.42 

k2 =0.14 ± 
0.05 

NA 3 

Oligo 
dsDNA 

(TS) 

kobs = 2.03 
± 0.14 

 
6 

kobs = 0.34 ± 
0.08 

 
12 6 

Oligo 
dsDNA 
(NTS) 

kobs = 2.90± 
0.36 

 
4 

kobs = 1.13± 
0.18 

 
4 3 

Linearize
d plasmid 

dsDNA 

kobs = 3.12± 
0.24 

 
4  

kobs = 0.35 ± 
0.03 

 
12 9  

 

Table S4: The compilation of the rate constants calculated for different physical 

states of dsDNA substrates in the study and respective fold changes for 

FnoCas12aWT and FnoCas12aKD2P. In the column adjacent to the individual rates for 

each protein, we have included the fold change of rates relative to that of the supercoiled 

dsDNA substrate (k1), since it was the most preferred among all the DNA substrates that 

we tested. The last column has respective fold changes for each substrate type between 

FnoCas12aWT and FnoCas12aKD2P. [NA: Not applicable]. 
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Table S5: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S5: List of interactions of crRNA and DNA with REC2 and RuvC domains (only 

interactions closer to the mismatch positions shown). All DNA bases are denoted by a “d” 

ahead of the nucleotide base. For TS DNA, a negative sign (for example, dA (-base 

number)) refers to bases in the protospacer region after the PAM. A positive number 

refers to protospacer region after the PAM in the case of NTS DNA. The interaction details 

were prepared using PyMol and Arpeggio (173,174).  

 

 

 

 

 

Amino acid Interacting partner 

K341 of REC2  dC (-11) of TS 

D396 of REC2 C17 of crRNA guide 

T400 of REC2 dA (-20) of TS 

Q404 of REC2 dA (-20) and dC -21 of TS 

D408 of REC2   dC (24) of NTS 

Y410 of REC2 dA (-20) of TS       

N534 of REC2 U (15) and A (14) of crRNA guide 

H538 of REC2 interacts with Water 1503, which in turn 
interacts with U (16), U (15) of crRNA guide 

K541 of REC2 interacts with Water 1503, which in turns 
interacts with U (16) of crRNA guide 

V576 of REC2 U (15) and A (14) of crRNA guide 

Y579 of REC2 A (13) and A (14) of crRNA guide and W971 of 
RuvC-II motif 

N580 of REC2 A (14) of crRNA guide 

R583 of REC2 A (14) and A (13) of crRNA guide, dA (-12) of 
TS and W971 of RuvC-II motif 

N584 of REC2 dC (-11) and dA (-12) of TS 

I586 of REC2 W971 and K972 of RuvC-II motif  

T587 of REC2 dC (-11) and dC (-10) of TS and W971 of 
RuvC-II motif 

Q588 of REC2 dC (-11) and dC (-10) of TS and K972 of 
RuvC-II motif 

K589 of REC2 dC (-10), dT (-9) and dC (-11) of TS 

K978 of RuvC-II dT (-8) of TS 


