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ABSTRACT 

Synthetic biology reprograms organisms to perform non-native functions for beneficial reasons.  An important practice 

in synthetic biology is the ability to edit DNA to change a base pair, disrupt a gene, or insert a new DNA sequence.  

DNA edits are commonly made with the help of homologous recombination, which inserts new DNA flanked by 

sequences homologous to the target region. To increase homologous recombination efficiency, a double stranded 

break is needed in the middle of the target sequence.  Common methods to induce double stranded breaks use nucleases, 

enzymes that cleave ribonucleotides (DNA and RNA).  The most common nucleases are restriction enzymes, which 

recognize a short, fixed, palindromic DNA sequence (4-8 base pairs).  Because of the short and fixed nature of the 

recognition sites, restriction enzymes do not make good candidates to edit large chromosomal DNA.  Alternatively, 

scientists have turned to programmable endonucleases which recognize user-defined DNA sequences, often times 

much larger than the recognition sites of restriction enzymes (15-25 base pairs).  Programmable endonucleases such 

as CRISPR-based systems and prokaryotic Argonautes are found throughout the prokaryotic kingdom and may differ 

significantly in activity and specificity. To compare activity levels among endonuclease enzymes, activity assays are 

needed.  These assays must clearly delineate dynamic activity levels of different endonucleases and work with a wide 

variety of enzymes.  Ideally, the activity assay will also function as a positive selection screen, allowing modifications 

to the enzymes via directed evolution. Here, we develop an in vivo assay for programmable endonuclease activity that 

can also serve as a positive selection screen using two plasmids, a lethal plasmid to cause cell death and a rescue 

plasmid to rescue cell growth.  The lethal plasmid houses the homing endonuclease, I-SceI, which causes a deadly 

double-stranded break at an 18 base pair sequence inserted into an engineered E. coli genome.  The rescue plasmid 

encodes for a chosen endonuclease designed to target and cleave the lethal plasmid, thereby preventing cell death.  

With this, cell growth is directly linked to programmable endonuclease activity.  Three endonucleases were tested, 

SpCas9, eSpCas9, and xCas9, displaying recovered growth of 49.3%, 26.1%, and 16.4% respectively.  These values 

translate to kinetic enzymatic activity and are congruent with current literature findings as reported values find WT-

SpCas9 to have the fastest kinetics cleaving around 95% of substrate within 15 seconds, followed closely by eSpCas9 

cleaving 75% of substrate within 15 seconds and finally trailed by xCas9 cleaving 20% of substrate in about 30 seconds. 

The differences between each endonuclease’s activity is exacerbated in our in vivo system when compared to similar 

in vitro methods with much lower resolution.  Therefore, slight differences in activity between endonucleases within 

the first few minutes in an in vitro assay may be a few percentages different whereas in our in vivo assay, these 

differences in activity result in a more amplified signal.  With the ability to display the dynamic response of enzymes, 

this assay can be used to compare activity levels between endonucleases, give insight into their kinetics, and serve as 

a positive selection screen for use in directed evolution applications.  
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 INTRODUCTION 

1.1 Motivation 

Synthetic biology is a field of biology that engineers organisms to have new abilities, thereby 

redesigning them for useful purposes1.  Through synthetic biology techniques, researchers have 

been able to revolutionize aspects of agriculture, biofuels, and medicine.  For example, scientists 

have created pest-resistant plants that increase crop yields and improve the quality of the crop2, 

they have produced biodiesels from a number of different hosts3, and they have produced and 

harvested human insulin in bacteria for use in diabetic patients,4 which has been widely studied 

and improved over the years5,6. An important technique used in synthetic biology is the ability to 

edit DNA using recombinant DNA technology.  This technology introduces a break in the target 

DNA which can then be recombined with a donor, often foreign, piece of DNA.  The organism 

then treats this foreign DNA as its own and produces the protein for which the DNA codes for.  

However, creating this break can be tricky and depending upon the type of DNA one is working 

with, the technique may be different.  In the Escherichia coli bacterium, there are two main types 

of DNA, chromosomal and plasmid DNA.  Chromosomal DNA is much larger in sequence and 

contains almost all of the genes necessary for an organism to live.  Plasmid DNA, on the other 

hand, is much smaller in terms of nucleotide length, often less than 1500 kilobases (Kb) naturally7 

and often around 3Kb in a laboratory setting8.  Working with either plasmid or chromosomal DNA 

will dictate the techniques used to produce recombinant DNA. 

1.2 Plasmid Vectors 

Plasmid vectors are extremely common for producing recombinant DNA in E. coli for a few 

reasons.   First, plasmids have been shortened to around 3Kb, which is drastically shorter than 

those found naturally in E. coli8.  Because of this, plasmid DNA is easier to purify and many 

plasmids have been designed specifically for molecular cloning purposes.  For example, most 

plasmids incorporate a multiple cloning site (MCS) which includes a large number of different 

restriction sites, recognized by restriction enzymes9.  Restriction enzymes are nucleases which 

recognize a short, palindromic sequence, and induce a double stranded break (DSB) at the 

restriction site.  Many restriction enzymes will make a sticky end for their DSB, which leaves a 
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single-stranded oligonucleotide overhang.  Cutting the plasmid and insert DNA with the same 

restriction enzymes ensures the sticky ends are complimentary and allows for accurate cloning of 

insert DNA. Moreover, the design of the plasmid can ensure only desired restriction sites are 

present and therefore the restriction enzyme will not cut at unintended locations, preventing the 

integration of insert DNA into undesired locations.   

 

Second, plasmids replicate independently from the host chromosome.  When the cell divides, each 

daughter cell usually gets a copy of chromosomal DNA and a copy of plasmid DNA.  This 

independent replication sparked vast interest in studying cellular replication machinery, leading to 

the discovery and development of new origins of replication.  These origins of replication are 

crucial for the independent replication of plasmid DNA as they are each governed by a set of 

replication machinery different from the machinery used to replicate the chromosome9.  However, 

origins of replication fall in groups, and each group is governed by its own replication machinery10.  

The replication machinery must be different in order for the plasmids to be stably inherited 

together10.  Therefore, to have more than one type of plasmid in the cell, the origins of replication 

must be in different incompatibility groups (Figure 1.1).  

 

Figure 1.1. Plasmid inheritance with respect to incompatibility groups, assuming copy number 

for each plasmid is 2. 
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However, during cellular replication, plasmids are not always divided and inherited equally11.  To 

ensure each daughter cell ends up with a plasmid, the plasmid must have a selectable marker which 

allows for artificial selection of cells harboring the plasmid.  One of the most common types of 

selectable markers in bacteria is the use of antibiotic resistance genes12.  Inserting an antibiotic 

resistance gene into a plasmid allows the scientist to select for cells that have the plasmid by simply 

growing the plasmid in the presence of that antibiotic.  Cells not harboring the plasmid will die off, 

while those with the plasmid will live.  Though plasmid vectors are extremely useful, industrial 

applications which grow cultures in large quantities would require a large supply of antibiotics 

which is expensive.  Moreover, each plasmid needs its own selective marker which drastically 

increases the cost for large batches of culture harboring more than one plasmid.  Therefore, 

alternative approaches incorporating recombinant DNA technology are sought after.  

1.3 Chromosomal Integrations 

To avoid plasmid inheritance issues, researchers can integrate the donor DNA into the host 

chromosome.  Because the chromosome is duplicated and each daughter cell receives one copy of 

the chromosome, scientists can ensure the donor DNA is inherited into each daughter cell and 

propagated with each cell division.  Typical chromosomal integrations work by creating a DSB 

and repairing this break with a donor piece of DNA via homologous recombination (Figure 1.2).   
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Figure 1.2. Chromosomal integration.  Target DNA (chromosome) is cut using an endonuclease.  

The break is repaired using a donor piece of DNA which has sequences on either end that are 

homologous to the target DNA.  Cellular machinery then uses homologous recombination to 

repair the break using the donor DNA.  

 

Cloning a gene into the host chromosome though, is not as simple as a plasmid.  Researchers do 

not have the luxury of using restriction enzymes due to their small recognition sites.  These 

recognition sites, by chance, will show up every so often in the very large sequences of 

chromosomes.  So, if a restriction enzyme is used to cleave the 4.6 mega-base pair sequence of the 

E. coli genome13,  and the restriction site appears every 10,000 base pairs by chance, roughly 463 

fragments will be generated, each of which could bind to the sticky end of the donor DNA.  With 

this many possibilities, finding the correctly assembled clone would be a daunting task.  Thus, 

researchers have turned to different nucleases for chromosomal integrations.  One approach is to 

use a homing endonuclease, which has a much larger recognition site14.  These sites can be 18 base 

pairs or longer and are absent in many bacterial genomes.  However, these homing endonucleases 

still require a specific sequence for cleavage that is not user-defined, which necessitates the 

engineering of the genome to incorporate the long recognition site.  These limitations have led 

researchers to find new approaches to make chromosomal edits. 
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1.4 Programmable Endonucleases 

One prominent solution to increasing the ability to make precise chromosomal edits is the use of 

programmable endonucleases.  These enzymes do not have canonical sequences they cleave like 

restriction enzymes do, but rather can be programmed or targeted to cleave a given sequence.  This 

unique ability allows these enzymes to access a much larger area of the genome and gives the user 

more control over regions they edit.  Scientists have been attempting to discover new 

endonucleases for decades as these enzymes pose to be some of the most powerful tools for genetic 

engineering15.  Some have attempted to synthetically create new endonucleases16, while others 

have relied on nature to provide them.  Current popular programmable endonucleases include 

transcription activator-like effector nucleases (TALENs)17 , Zinc Finger Nucleases (ZFNs)18, 

clustered, regularly interspaced, short, palindromic repeats (CRISPR)/CRISPR-associated (Cas) 

systems19, and prokaryotic Argonautes (pAgos).  Each endonuclease has its advantages and 

limitations (Table 1.1). TALENs work by fusing a transcription activator-like effector DNA 

binding domain to a DNA-cleaving nuclease20.  The binding domain recognizes a single nucleotide, 

and the combination of the binding domain and cleavage domain allows the scientist to direct the 

nuclease to a given location and cleave a specified DNA sequence.  Similarly, ZFNs work by 

fusing a zinc finger domain with a nuclease.  The zinc finger domain recognizes nucleotide 

triplets21 and can be designed to bind specific DNA sequences while the nuclease cleaves the DNA, 

again allowing the scientist to specify the location of DNA cleavage.  CRISPR systems use Cas 

enzymes to first bind guide RNA which then directs the enzyme to a specific DNA location19.  The 

Cas enzyme then cleaves the DNA at that location.  pAgos use two 5’-phosphorylated DNA 

guides22 which targets the enzyme to a specified location and also induces a conformational 

change23, allowing the enzyme to cleave the target DNA.   
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Table 1.1 Generalized comparison of various genome engineering tools. Table and legend 

modified from original source24 under CC BY 4.0 License.  

Nuclease 

platform 

ZFN TALEN CRISPR/Cas pAgo 

Source Bacteria, 

Eukaryotes 

Bacteria 

(Xanthamonas sp.) 

Bacteria 

(Streptococcus sp.)  

Archaea, 

Bacteria 

Number of 

component(s) 

2 2 1–2 (depends)  2 

Type of 

recognition 

Protein-DNA Protein-DNA RNA-DNA RNA-DNA, 

DNA-DNA 

Recognition site 

(bp) 

18–36 24–40 17–23 13-25 

Double strand 

break pattern 

Staggered cut 

(4–5 nt, 5′ 

overhang) 

Staggered cut 

(Heterogeneous 

overhangs) 

SpCas9 creates 

blunt ends 

User-

defined 

Function Nuclease, 

Nickase 

Nuclease, Nickase Nuclease, Nickase Nickase 

Best suited for Gene knockout, 

Transcriptional 

regulation 

Gene knockout, 

Transcriptional 

regulation 

Gene knockout, 

Transcriptional 

regulation, Base 

editing 

Gene 

knockout, 

Gene 

knock-in 

Ease of design Difficult Moderate Easy Easy 

Dimerization 

required 

Yes Yes No Dependsa 

Ease of 

generating large 

scale libraries 

Laborious Moderately 

laborious 

Easy Easy 

Specificity Low–Moderate Moderate Low–Moderate Low-

Moderate 

Improved/other 

versions 

AZP-SNase Tev-mTALEN Cpf1, eSpCas9, 

xCas9 

Many 

Cost (USD)  5–10,000 < 1000 < 100 <100 

Targeting 

constraints 

Non-guanosine 

rich sequence 

hard to target 

5′ targeted base 

must be thymine 

for each TALEN 

monomer 

PAM sequence 

must follow target 

site 

Dependsb 

Methylation 

sensitive 

Yes Yes No No 

First use in 

human cells 

2003 2011 2013 2016c 

*All information for ZFN, TALEN, and CRISPR/Cas in this table is from original source.24 

**CRISPR/Cas information is specific for the most widely used Cas9 nuclease,  SpCas9, from 

Streptococcus pyogenes.  

***pAgo data is for long pAgos involved in nucleic acid-guided host defense mechanisms.  Data 

attempts to generalize for all pAgos though it could be inaccurate for some pAgos due to their 

diverse nature. 
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For pAgo data: Source23, Number of components23,25,26, Type of recognition23,25, Recognition 

site26,27, Double strand break pattern23,28, Function22,26,29,30, Best suited for30,31, Ease of generating 

large scale libraries26, Specificity23,29–31, Methylation sensitive28. 

a. Some pAgos act as nickases which would require two proteins to create a DSB, while other 

pAgo nucleases can act as monomers to create a DSB. 

b. Some pAgos cleave DNA and RNA26, while others only cleave DNA29,30.  Some pAgos display 

bias toward target sequences26. 

c. NgAgo was used to edit genes in human cell lines32, though this study is highly disputed and 

has since been retracted. 

 

Although these powerful tools have widely expanded genomic editing abilities, they are not 

without limitation.  ZFNs and TALENs require difficult and timely engineering of the protein 

complex to properly bind and cleave target sequences.  Moreover, ZFN and TALEN nucleases 

only function as dimers21.  Therefore, two proteins must be designed, one that recognizes the 

sequence upstream of the target and one that recognizes the sequence downstream of the target.  

Cas enzymes, while easier to work with, require protospacer adjacent motifs (PAM) for site 

recognition19.  Therefore, Cas enzymes cannot bind to a sequence unless it is adjacent to a PAM 

site.  pAgos, on the other hand, do not need to be specifically engineered for each target nor do 

they require a PAM site to bind and cleave DNA.  However, most characterized pAgos are 

thermophilic and thus do not function well in temperatures more suitable for biotechnology 

applications26,27,29,33.  Because of these limitations, scientists are still busy trying to discover new 

endonucleases.  However, this discovery process requires an assay that clearly delineates 

endonuclease activity, even at lower levels.  To my knowledge, until now there lacked a simple 

and effective assay that quickly identifies endonuclease activity.   

1.5 Directed Evolution and Selection Screens 

An alternative approach to finding new endonucleases is to modify and further develop existing 

endonucleases.  A powerful and common method for engineering proteins is through a process 

called directed evolution.  With this process, scientists have been able to increase protein stability 

in non-native environments34, increase binding affinity of antibodies35, increase substrate 

specificity of enzymes36, among a number of other applications. Directed evolution works by first 

adding mutations to a DNA sequence, and after expression in a host, screening or selecting for the 

mutated protein with desired characteristics (Figure 1.3).  More desirable proteins are recovered 
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while less desirable ones are discarded.  Then, the recovered proteins can be put through the cycle 

again, and eventually, a protein with the ideal phenotype/function will emerge37.   

 

 

Figure 1.3. An example of directed evolution with comparison to natural evolution. The inner 

cycle indicates the 3 stages of the directed evolution cycle with the natural process being 

mimicked in brackets. The outer circle demonstrates steps in a typical experiment. The red 

symbols indicate functional variants, the pale symbols indicate variants with reduced function. 

Reproduced without edit under the Creative Commons license 4.0. 38 

 

While inducing mutations in DNA is rudimentary today, the selection process for recovering 

enzymes with these mutations is more difficult.  Some systems screen for activity using a reporter 

gene, such as a fluorescent protein, while others make use of nuclear magnetic resonance (NMR) 

technology or high-performance liquid chromatography (HPLC)37.  Each of these approaches have 

their benefits, though they all require screening of hundreds to thousands of colonies. In contrast, 

screening approaches that link enzyme activity to cell survival have been developed to decrease 

the total amount of cells needed to be screened.  These techniques are called positive selection 

systems. 



 

 

20 

Positive selection systems are commonly used to select for mutant proteins in a wide variety of 

applications.  Some argue that these systems may be the best option for screening large libraries 

of mutants39, leading to their frenzied development.  In 1998, Reyrat et. al proposed a list of 

counter selectable markers that may make good candidates for selection strategies40, and some 

have been explored extensively.  For example, one selection system employs the tetA gene which 

confers tetracycline resistance (Tcr) to the cells.  The system utilizes the consequences of tetA 

causing hypersensitivity to lipophilic chelating agents, such as fusaric acid 41.  Bochner and 

colleagues used fusaric acid and quinaldic acid to eliminate cells containing Tcr transposons.  This 

same technique was improved a year later by Maloy and Nunn by optimizing the medium to better 

suit E. coli species42.  Years later, Ryu et. al used a similar system to select for successful 

recombinants in E. coli.  However, they used NiCl2 instead of fusaric acid or quinaldic acid to 

select for properly edited genomes via MAGE, ZFNs, or CRISPR43.  Although useful, this system 

requires fine tuning of Tc and NiCl2 concentrations for each host strain44.  Moreover, this fine 

tuning may change as the plasmids within the system change, requiring the user to try different 

concentrations of each chemical for each plasmid tested. 

 

In 2002, Gruen and colleagues created a positive selection system specifically designed to 

highlight endonuclease activity45.  Their system was designed to use two plasmids, one hosting the 

toxin, Barnase, which kills the cell when induced, and the other hosting the endonuclease of 

interest.  The endonuclease was targeted to the Barnase plasmid and cell survival was linked to 

successful endonuclease activity.  While a powerful tool for endonuclease development, the 

system uses suppressor tRNAs to control expression and display activity, and it requires the use 

of two inducer chemicals to induce cell death.  Additionally, this system requires the endonuclease 

to be incorporated as an N-terminal fusion to the suppressor tRNA, which can complicate 

interactions between DNA and protein. 

 

In direct response to Gruen’s Barnase system, Chen et al. used a similar two plasmid strategy using 

a different toxin, CcdB46.  In this system, the suppressor tRNAs were removed and the requirement 

of the endonuclease to be fused to the suppressor tRNA was void.  This modification made the 

system simpler because only one protein needed expression to cause cell death rather than two.  

Guo and colleagues were able to successfully use Chen’s system for directed evolution of Zinc 
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Finger Nucleases47, proving the feasibility of the system.  However, Chen’s system uses CcdB, 

which is extremely toxic to cells even at low levels46.  Therefore, even with a tightly regulated 

promoter, background or leaky expression of CcdB can cause retarded growth and result in much 

lower cell densities.  Moreover, the stringency of the system can result in missed detection of less 

efficient endonucleases.   

1.6 Project Objectives 

 

This project is aimed at creating a new system that has two primary objectives.  First, the system 

must be able to serve as a preliminary screen to test for endonuclease activity.  Ideally, organisms 

will be collected from nature and screened for different endonucleases.  To do this, the organisms’ 

genomes will be sequenced and alignments will be run against known endonuclease classes.  

Potential hits will then be tested in the system for endonuclease activity.  Second, the system must 

be able to serve as a positive selection system for directed evolution applications.  Enzymes with 

endonuclease activity will be put through rounds of directed evolution to increase their 

endonuclease activity.  The system must permit the recovery of these enzymes if successful 

endonuclease activity is detected.   

1.7 Assumptions 

In order for this research to be conducted, some assumptions regarding the basic functionality of 

biological parts as well as scientific processes must be made.  

The assumptions for this research project are as follows: 

1. Cell death is due to I-SceI cleavage of the host genome, and not due to mutation.   

2. Rescued cells are due to functional endonuclease activity and not due to mutation in 

either the genome or I-SceI gene. 

3. Cell growth is pure and not due to contamination.  Suspected contamination will be 

tested. 

4. miRNA or siRNA are not interacting with the I-SceI gene, recognition site, or 

endonuclease of interest.  

 



 

 

22 

 A SENSITIVE IN VIVO ENDONUCLEASE ACTIVITY ASSAY 

This chapter is modified from a paper in preparation by Michael A. Mechikoff, Kok Zhi Lee, Paula 

Pandolfi, Kevin Fitzgerald, Ethan Hillman, and Kevin V. Solomon. 

 

2.1 Background 

Programmable endonucleases are important enzymes for modern biotechnology that can be 

targeted to cleave specific DNA sequences, enabling sequence modification. CRISPR/Cas9 from 

Streptococcus pyogenes (SpCas9) is the most widely used and studied programmable 

endonucleases due to its ease of expression and high activity in a wide variety of hosts. However, 

its use is restricted to regions adjacent to a defined NGG protospacer adjacent motif (PAM), which 

it modifies with variable efficiency dictated by the target sequence. As a result, different variants 

of SpCas9 have been engineered to optimize its properties. For example, xCas9, an engineered 

variant of SpCas9, has been developed to recognize a diversity of PAMs including NG, GAA and 

GAT, as opposed to NGG48. Another variant, eSpCas9, was developed with enhanced specificity, 

eliminating the off-target activity of the wildtype SpCas949. While the availability of these SpCas9 

variants greatly expand our ability to edit varying regions with increasing amounts of specificity, 

the rates, and thus efficiencies, of these enzymes are challenging to measure.  

Current methods of assessing activity rely on in vitro characterization, which involves protein 

expression, purification, and activity assays. This method of in vitro characterization is laborious, 

time-consuming, and not suitable for high-throughput characterization of variants made via 

directed evolution. In addition, in vitro characterization excludes endonucleases that are difficult 

to be isolated with high purity and yield. All these limitations slow down the process of 

characterization of endonuclease variants and newly found endonucleases, impeding the 

development of programmable endonucleases.   

In vivo characterization, however, overcomes the shortcomings of in vitro characterization by 

linking cell phenotypes to endonuclease activity, which allows users to rapidly characterize better 

performing endonucleases variants without tedious protein purification. Ideally, an endonuclease 



 

 

23 

activity assay in vivo would display low levels of endonuclease activity and limit the possibility 

for false negatives. The system should also link a visible phenotype to endonuclease activity, 

allowing for quick identification of activity level. Preferably, the assay would be quick and give 

some insight into the kinetics of the enzymes tested. Moreover, an in vivo system can more easily 

capture the dynamic state of the enzyme compared to an in vitro system. Specifically, quicker 

acting or more efficient enzymes would cause an earlier phenotypic difference. Linking enzymatic 

activity to cell survival amplifies signal from the assay, as bacterial cell growth is exponential, 

better highlighting kinetics differences between enzymes. In contrast, in vitro systems require 

constant monitoring to capture enzyme kinetics and, depending upon the turnover rate of the 

enzyme and amount of substrate, may only be able to identify the steady state response of the 

enzyme, which is likely different in vivo.   

Current in vivo assays are not ideal to assess endonuclease enzymes due to their extreme sensitivity 

to environmental parameters. These assays rely on toxins encoded on a target plasmid that is cured 

by endonuclease activity to rescue growth. Thus, this type of system links cell survival to nuclease 

activity. However, common toxins used, Ccdb46,50,51 and barnase45, are highly lethal and even low 

levels of leaky expression can cause cell death45,46. Tuning the toxins expression to extremely low 

levels is possible but difficult to achieve. Moreover, the extreme toxicity of CcdB and Barnase 

make the systems hard to tune to measure lower levels of endonuclease activity. Endonucleases 

with less activity may not sufficiently cleave the toxin-encoding plasmid, and the small amount of 

highly lethal toxins will kill the cell. Therefore, this system falsely reports a lack of endonuclease 

activity when activity levels are low. For the discovery and comparison of endonucleases that have 

differing levels of activity, a less toxic, yet effective and tunable system is desired.  

 

Here, we develop a novel, in vivo endonuclease activity assay in E. coli that links cell survival to 

programmable endonuclease activity. Endonuclease activity rescues a lethal phenotype induced 

by the homing endonuclease I-SceI. As the assay output is relative growth, small differences in 

endonuclease activity are amplified by exponential cell growth for ease in detection. Moreover, an 

in vivo assay of this nature is faster than conventional in vitro assays, which requires lengthy 

protein expression and purification before evaluation.  As a proof of concept, we validated this 
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assay with wildtype SpCas9, xCas9, and eSpCas9, demonstrating its versatility to work with an 

array of enzymes and rapidly quantify activity.   

2.2 Materials and methods 

2.2.1 Growth Conditions 

For each experiment, KS 165 (MG1655, DE3) E. coli cells were grown in Luria-Bertani medium 

(LB) at 37° C at 250 RPM unless otherwise noted.  Super Optimal broth with Catabolite repression 

(SOC)52 was used to recover cells after transformation.  Antibiotics were introduced at 100 ug/ul 

for ampicillin, 50 ug/ul for kanamycin, and 10 ug/ul for tetracycline.  The inducers, arabinose, 

aTc,and Rhamnose, were added for a final concentration of 10mM, 200 ng/uL, and 0.2% 

respectively.  Tetracycline, kanamycin, aTc, glycerol and LB are from Fisher Bioreagents, 

Fairlawn, NJ.  Rhamnose is from Sigma-Aldrich, St. Louis, MO. Ampicillin and arabinose are 

from Acros Organics, New Jersey. 

2.2.2 Strain Construction 

The in vivo endonuclease activity assays were conducted in E. coli strain KS165, which contains 

a DE3 cassette for T7 induction of endonuclease expression and an I-SceI recognition target 

integrated within the chromosome (Table 1). E. coli MG1655 (DE3) was a gift from Prof. Kristala 

Prather (MIT Chemical Engineering, Cambridge, MA). To generate KS165, I-SceI recognition 

sites were integrated in the genome of MG1655 (DE3) using a standard recombineering protocol 

53. tetA from pTKS/CS was amplified with I-SceI recognition sites and the PCR product was 

integrated at the nth locus. Tetracycline resistant clones were isolated on Luria-Bertani (LB) agar 

plates supplemented with tetracycline. Colonies were then checked via colony PCR and Sanger 

sequenced to confirm correct integration at the nth locus. Strain information can be found in Table 

2.1. 

2.2.3 Plasmid construction 

All plasmid information can be found in Table 2.1. The I-SceI lethal plasmid, pColEI-ISceI, was 

constructed by amplifying I-SceI from pEndoSceWT50 (a gift from Prof. Frederick Gimble, Purdue 
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Biochemistry) and cloned into pBAD-mTagBFP2 (a gift from Prof. Mathew Tantama) at the BglII 

and EcoRI restriction sites (Appendix A, Table A1a).  An inactive I-SceI catalytic mutant, 

pColEI-ISceI-D44S, was constructed with the same primers and restriction sites but used 

pEndoSce-D44S from Frederick Gimble as a template. pFREE was purchased from Addgene 

(Addgene plasmid # 92050)54. The pFREE-xCas9 and pFREE-eSpCas9 plasmids were constructed  

by amplifying the pFREE backbone and the Cas9 mutants from pxCas9CR4 and pJSC114, 

respectively (Appendix A, Table A1c,d). SalI and SpeI (BcuI) restriction sites were added to the 

ends of the backbone and insert (Appendix A, Table 1b).  pJSC114 (Addgene plasmid # 101215)55 

and pxCas9CR4 (Addgene plasmid # 111656) were purchased from Addgene. All plasmid 

constructs were verified via Sanger Sequencing.  

 

Table 2.1  Strains and plasmids. 

Name Relevant Phenotype Plasmid 

Origin of 

Replication 

Source 

Strain    

KS 165 ΔendA, ΔrecA, TetA, I-SceI 

recognition site 

N/A This study 

Plasmids    

pEndoSceWT  AmpR, AraC, PBAD I-SceI p15A (Doyon, 2006)50 

pEndoSce-D44S AmpR, AraC, PBAD I-SceI p15A (Doyon, 2006)50 

PColE1-ISceI AmpR, AraC, PBAD I-SceI ColE1 This study 

pColE1-ISceI-D44S AmpR, AraC, PBAD I-SceI ColE1 This study 

pFREE KanR, PrhamBAD guides, TetR, 

PTet Cas9 

ColA (Lauritsen, 2017)54 

pFREE-xCas9 KanR, PrhamBAD guides, TetR, 

PTet xCas9 

ColA (Hu, 2018)*48 

pFREE-eSpCas9 KanR, PrhamBAD guides, TetR, 

PTet eSpCas9 

ColA (Slaymaker, 2016)*49 

*Source refers to the insert.  
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2.2.4 I-SceI lethality assay 

50ng of pColEI-ISceI or pEndoSceWT were electroporated into E. coli MG1655 (DE3) nth::tetA 

(denoted KS 165) competent cells.  KS 165 was made competent by growing to OD600 0.5 and 

washing with chilled ddH2O twice and once with chilled 10% glycerol, then resuspended in 10% 

glycerol.  Transformed cells were recovered in SOC for one hour at 37°C shaking, then plated on 

LB plates with ampicillin. After 16 hours, a single colony was picked and inoculated into 3mL of 

LB with and without ampicillin and allowed to grow for 4 hours at 37°C shaking.  After 4 hours, 

the cultures were diluted 100x into LB and ampicillin, with and without 10mM arabinose (inducer 

for I-SceI).  The cultures were allowed to grow for 4 hours at 37°C shaking and OD600 was taken 

to determine growth.  The experiment was done in triplicate.  

2.2.5 Nuclease activity assay 

The pColEI-ISceI plasmid was transformed into KS 165 competent cells and recovered in 1 mL 

SOC for one hour at 37°C shaking.  The cells were then plated on LB with ampicillin and grown 

for 16 hours.  A single colony was picked and inoculated in LB with ampicillin and allowed to 

grow to OD 0.5.  These cells were then made competent by washing twice with chilled ddH2O and 

once with chilled 10% glycerol. Each Cas9 variant (pFREE, pFREE-xCas9, pFREE-eSpCas9) was 

electroporated into the pColEI-ISceI/KS 165 competent cells and recovered in SOC for one hour 

at 37°C shaking.  The cells were then plated on LB with ampicillin and allowed to grow for 16 

hours at 37°C.  A single colony was picked and grown in 3mL of LB with ampicillin, kanamycin, 

and tetracycline for 3 hours at 37°C shaking.  Cultures were diluted 100x into LB with 100µL 10% 

rhamnose and 10 µL of aTc (inducers for guide and Cas enzyme), and allowed to grow for 4 hours 

at 37°C shaking.  Cultures were then diluted 100x again into LB with 10mM arabinose (inducer 

for I-SceI) and allowed to grow for 4 hours at 37°C shaking.  OD 600 readings were taken before 

and after this final 4-hour growth period (Appendix A, Figure A1).  For each trial with inducer, 

a trial without inducer was run as a negative control. 
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2.2.6 Statistical analysis 

Each experiment was replicated in triplicate. Comparison of recovered growth between induced 

and uninduced endonucleases were done using unpaired t-tests. Data shown are the mean +/- 

standard deviation, except for Fig. 3b which reports mean +/- standard error.  

2.3 Results 

2.3.1 Design and construction of selection system 

Our positive selection system links targeted DNA endonuclease activity to cell survival in a 

quantitative way via a two-plasmid system in a modified E. coli MG1655 (DE3) host strain (Figure 

2.1a). The first plasmid, a lethal plasmid, encodes a homing endonuclease that creates a lethal 

double-stranded DNA break (DSB) at a target site introduced in the chromosome of our modified 

strain (KS 165). The enzyme, I-SceI, targets a large recognition site, 

TAGGGATAACAGGGTAAT, which was integrated at the nth locus via standard recombineering 

approaches 53. The size of this recognition site mitigates accidental cleavage of the host 

chromosome due to the absence of similar, slightly mismatched sequences. Chromosomal double-

stranded DNA breaks are inefficiently repaired in E. coli inhibiting cell replication and growth51. 

Thus, we hypothesize that I-SceI will generate a lethal double-stranded DNA break that inhibits 

cell growth only when induced with arabinose. To prevent unintended cell death via basal 

expression of I-SceI, the tightly controlled, arabinose-inducible ParaBAD promoter 22,56 was chosen 

to regulate expression of I-SceI (Figure 2.1b).  

 

The second plasmid serves as a rescue plasmid that encodes a programmable endonuclease that is 

targeted to the lethal plasmid, linearizing and curing it. The rescue plasmid is derived from a 

pFREE backbone 54, which expresses programmable endonucleases under the control of a PTet 

promoter that is induced by anhydrotetracycline (aTc) (Figure 2.1b). Programmable endonuclease 

cleavage of the lethal plasmid is targeted via rhamnose-inducible guides for the ColE1 origin in 

the lethal plasmid 57. Upon successful cleavage, the linearized lethal plasmid is rapidly degraded, 

rescuing growth58. Partial cleavage of the lethal plasmid would allow for fewer cells to escape cell 

death resulting in slower apparent growth. As cell growth is exponential, however, this growth 

based output amplifies small differences in cleavage activity to give an exponential correlation 
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between endonuclease activity and culture optical densities at later time points (Figure 2.1c). 

While signal amplification increases the sensitivity for detection of activity in low activity 

endonucleases, it can also make it difficult to discriminate between endonucleases with relatively 

high levels of activity due to more rapid signal saturation. As growth rates are finite, there will be 

an upper bound to the endonuclease activity that can be detected. Thus, the rescue plasmid was 

designed to also be self-curing by targeting its ColA origin with a separate rhamnose-inducible 

guide, limiting the amount of endonuclease that is expressed. This self-curing ability maintains 

assay sensitivity at low activity levels (poor endonuclease activity leads to longer expression times 

for endonuclease), while at high endonuclease activity expression is short allowing for detection 

of a wider range of activities. 
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Figure 2.1. Design of selection system. a) Overview of selection system. b) Plasmid designs used 

in the selection system. The lethal plasmid encodes for the homing endonuclease, I-SceI, which 

targets a modified E. coli MG1655 (DE3) genome. I-SceI is under the control of the arabinose-

inducible promoter, araBAD, and the lethal plasmid has an AmpR selectable marker and a ColE1 

origin of replication (~20 copies). The rescue plasmid encodes the endonuclease of choice under 

the control of a PTet promoter, inducible with aTc. The rescue plasmid also has corresponding 

endonuclease guides targeting major origins of replication, under the control of a rhamnose-

inducible rhamBAD promoter. The rescue plasmid has a KanR selectable marker and a ColA 

origin of replication (~20-40 copies). c) The exponential nature of the in vivo system (blue line) 

amplifies the signal of endonuclease activity compared to linear, in vitro activity assays (orange 

line).  Small differences in endonuclease activity will be magnified in an in vivo assay. Cells 

containing the I-SceI plasmid (I-SceI+) will die off, leaving cells without the I-SceI plasmid (I-

SceI-) to live.  Endonuclease activity is linked to cell survival because the endonuclease targets 

and cures the I-SceI plasmid, resulting in I-SceI- cells. 
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2.3.2 Optimization of selection system sensitivity 

We first validated the ability of I-SceI to be conditionally lethal using a pACYC vector with a low 

copy p15A origin of replication for the lethal plasmid. KS165 cells containing plasmid 

pEndoSceWT or pEndoSceD44S were plated on LB agar and induced with arabinose. As I-SceI 

was only induced on the plate with arabinose, cells experienced a brief period of growth before 

sufficient I-SceI had been expressed to arrest growth (Figure 2.2a). This resulted in a noticeable 

phenotypic difference in colony size between the induced and uninduced wild type I-SceI plates, 

indicating some I-SceI activity. Negative controls with a catalytically inactive mutant of I-SceI 

resulted in no phenotypic difference in cell size between the induced and uninduced cells. That is, 

I-SceI was indeed conditionally lethal in our cells. 

 

To improve parallelizability and ease of detection we tested conditional lethality in liquid media 

by measuring the optical density of growing cultures (Figure 2.2b). We grew cultures for 24 h, to 

simulate potential endonuclease induction and expression from the rescue plasmid before diluting 

the cultures, and inducing I-SceI for 4 h before measuring the optical density. In the presence of 

ampicillin, cell numbers (or OD 600) were reduced by 64.3% by I-SceI from pEndoSceWT, 

confirming the conditional lethality observed on plate-based assays. When fully implemented, the 

activity assay rescues cell growth by curing the I-SceI plasmid and its selection marker. That is, 

the cell will lose its ampicillin resistance. Thus, to prevent systematic bias in assay output, 

conditional lethality must also function in the absence of any antibiotic. We tested the 

pEndoSceWT plasmid’s ability to reduce cell growth in the absence of antibiotic for 24 hours and 

found it only reduced growth by 31.8% (Figure 2.2b). Because the pEndoSceWT plasmid has a 

low copy, p15A origin of replication (~10-12 copies/cell)10, we hypothesized that the cells were 

spontaneously curing themselves of the plasmid over the 24 hour time period in the absence of any 

selection pressure. We then decided to decrease the growth time from 24 hours to 4 hours, which 

should allow for ample expression and cleavage via any tested endonucleases, and test whether the 

cells would retain the conditionally lethal phenotype (Figure 2.2c). The cultures with and without 

selective pressure (ampicillin) were able to reduce cell growth to a similar extent, 69.7% and 68.6%, 

respectively. This result suggests that a 4 hour growth period prior to I-SceI induction is sufficient 

to preserve plasmid retention within the cells.  
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To increase the sensitivity of the assay we increased the copy number of the lethal plasmid. 

However, this copy number must be lower than that of the rescue plasmid to ensure sufficient 

endonuclease for activity detection. As the rescue plasmid has a ColA origin of replication which 

generates 20-40 plasmid copies per cell 10, we chose a pET vector with a ColE1 origin of 

replication (~15-20 copies/cell)10, which is compatible with ColA 10,59. The generated pColE1-

ISceI lethal plasmid significantly reduced cell growth by 84.1% (Figure 2.2d), increasing the 

sensitivity of the system due to the higher copy number, as designed. 
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Figure 2.2. I-SceI is lethal in engineered KS 165. a) E. coli MG1655 (DE3) nth::tetA (KS 165) 

was transformed with the wild type I-SceI plasmid, pEndoSceWT, or the catalytic mutant, 

pEndoSceD44S. Cultures were grown with either 0 or 10mM arabinose for induction of wild 

type and mutant I-SceI. All cultures were able to form healthy colonies after 16 hours at 37°C 

although those with the induced wild type I-SceI plasmid were observably smaller, suggesting I-

SceI on the pEndoSceWT plasmid induces some cell death via a DSB in the host genome. b-c) 

Cells harbouring the pEndoSceWT plasmid were allowed to grow for 24 hours (b) or 4 hours (c), 

followed by a 4 hour I-SceI induction period. Cultures were grown with and without ampicillin 

to test plasmid retention in the presence (or absence) of a selective pressure. Cells grown for 24 

hours without the selective pressure lost some of the plasmid whereas cells grown for 4 hours 

without selective pressure did not lose the plasmid. d) Cells harbouring the higher copy number 

plasmid, pColE1-ISceI, were allowed to grow for 4 hours, followed by a 4 hour I-SceI induction 

period. pColE1-ISceI was able to reduce cellular growth by 84.1%. 
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2.3.3 Validation of targeted endonuclease activity 

The ability of the system to function as an activity assay for endonuclease activity was validated 

using the popular wild type SpCas9 enzyme19. Cells harbouring both the rescue and lethal plasmids 

were grown without any inducer to establish a baseline optical density without induced lethality. 

The cells were grown for four hours, diluted 100x, then grown for another four hours, resulting in 

an optical density of 0.682 ± 0.04. Expression of SpCas9 did not have a statistically significant 

effect on cell growth (OD = 0.666 ± 0.04).  In the presence of uninduced rescue plasmid, I-SceI 

induction resulted in conditional lethality, reducing optical density by 68%, in agreement with our 

earlier studies. However, preexpression of SpCas9 targeted to the I-SceI plasmid resulted in optical 

densities of 0.446± 0.07, rescuing 49.3% of wildtype growth. This result validates the efficacy of 

the system to display endonuclease activity as cells with induced SpCas9 and I-SceI showed an 

increase in cellular growth compared to the growth of cells with only I-SceI induction.  A final 

control was added which only included the host strain, void of any plasmid, to test the effect of 

metabolic burden due to plasmid maintenance and heterologous gene expression. These cultures 

grew to an optical density 0.735± 0.02, demonstrating no significant metabolic burden effects that 

would decrease growth (Figure 2.3a, Appendix A, Figure A1,2). 

 

To compare and rank the activity of each endonuclease, growth recovery percentages were 

calculated. Endonuclease activity was quantified by dividing the difference between the uninduced 

control and the I-SceI/endonuclease induced treatments by the difference between the uninduced 

control and I-SceI-only induced control (Equation 1). By doing so, the ability of the endonuclease 

to prevent I-SceI-mediated cell death is calculated and can be used as a way to quantify 

endonuclease activity.  Thus, higher growth recovery correlates to higher endonuclease activity 

while less growth recovery results in lower endonuclease activity (Figure 2.1c). With this system, 

and under the conditions tested, wild type Cas9 had the greatest growth recovery at 49.3%, 

followed by eSpCas9 at 26.1%, and xCas9 at 16.4%. (Figure 2.3b). Each endonuclease displayed 

activity by significantly recovering cell growth (unpaired t-test, p<0.05, n=3). 

   Equation 1. Equation to determine endonuclease activity. 

𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒈𝒆 𝒈𝒓𝒐𝒘𝒕𝒉 𝒓𝒆𝒄𝒐𝒗𝒆𝒓𝒚

=  
𝑂𝐷600𝐼𝑆𝑐𝑒𝐼−𝐸𝑛𝑑𝑜𝑛𝑢𝑐𝑙𝑒𝑎𝑠𝑒− −  𝑂𝐷600𝐼𝑆𝑐𝑒𝐼+𝐸𝑛𝑑𝑜𝑛𝑢𝑐𝑙𝑒𝑎𝑠𝑒+

𝑂𝐷600𝐼𝑆𝑐𝑒𝐼−𝐸𝑛𝑑𝑜𝑛𝑢𝑐𝑙𝑒𝑎𝑠𝑒− −  𝑂𝐷600𝐼𝑆𝑐𝑒𝐼+𝐸𝑛𝑑𝑜𝑛𝑢𝑐𝑙𝑒𝑎𝑠𝑒−
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Figure 2.3. Endonuclease activity recovers growth. a) Cell growth was recovered using wild 

type SpCas9 enzyme. b) Comparison of commonly used endonucleases. Each endonuclease was 

given four hours of induction and targeted toward the lethal plasmid, after which I-SceI of the 

lethal plasmid was induced to cause cell death. Each endonuclease significantly rescued cell 

growth (unpaired t-test, p<0.05, standard error, n=3). 
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2.4 Discussion 

We have developed an in vivo endonuclease activity assay designed to identify and compare 

enzymes for DNA-cleavage activity. Our system makes use of the homing endonuclease, I-SceI, 

which recognizes and cleaves an engineered site in a modified E. coli genome, causing cell death. 

I-SceI was chosen as a lethal factor due to its low toxicity when uninduced. In contrast, previous 

attempts to develop an endonuclease activity assay used the toxic proteins barnase and CcdB as 

their lethal factors.  Basal expression of barnase in a low-copy plasmid with a p15A origin was 

reportedly lethal in E. coli cells, even under the tight regulation of the araBAD promoter45.  

Therefore, the authors introduced amber nonsense codons to control the toxicity of barnase.  While 

successful, this technique necessitates the use of amber suppressor tRNAs for proper functionality, 

which requires another inducer. To combat this, a CcdB version of an endonuclease activity assay 

was created, nullifying the suppressor tRNA requirement.  However, CcdB was also reported to 

be toxic under basal expression from the same araBAD promoter, though the copy number was 

much higher (100-300 copies per cell)46.  Therefore, the authors engineered the ribosome binding 

site for the ccdB gene to thwart some of its toxicity.  Unlike barnase and CcdB, we did not 

experience any overt toxicity issues employing I-SceI as our lethal factor.   

 

Originally in a pACYC vector with a low copy p15A origin of replication, I-SceI was able to 

reduce cell growth by 64.3% after a 24 hour growth period, in the presence of a selective pressure 

to retain the plasmid (Figure 2b). However, the assay accounts for a growth period to induce the 

endonuclease, at which time selective pressures cannot be incorporated. After a 24 hour growth 

period without selective pressure, the cells were unable to fully retain the plasmid and less lethality 

was observed (Figure 2b). To mitigate this issue, we decreased the growth time to 4 hours and 

saw similar reductions in growth regardless of the presence of selection pressure (Figure 2c). We 

also sought to increase the sensitivity of the assay by increasing the plasmid copy number from 

10-12 to 15-20 copies per cell. This new plasmid, pColE1-ISceI, was able to reduce cell growth 

by 84.1% after a 4 hour growth period (Figure 2d). In the pColE1-ISceI plasmid, I-SceI is under 

the control of the tightly regulated PBAD promoter. This strict regulation alleviated leaky expression 

and prevented unwanted cell death. To demonstrate this, uninduced cells harbouring the pColE1-

ISceI plasmid had similar growth rates to cells not harbouring the plasmid (Figure 3a).  
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With the lethal plasmid properly inducing cell death, we next had to design the rescue plasmid. 

Fortunately, Lauritsen and colleagues previously designed a plasmid denoted pFREE which was 

used for plasmid curing. We modified this plasmid by flanking the Cas9 enzyme with SalI and 

SpeI restriction sites to allow for easy swapping of the endonuclease. We chose the pFREE plasmid 

as a host for endonuclease expression because of its SpCas9 RNA guides and unique origin of 

replication. The guides are targeted toward a sequence shared by the vast majority of bacterial 

cloning and expression vectors54, allowing SpCas9 and derivatives to target a wide selection of 

plasmid vectors, including the pET vector of the lethal plasmid. Meanwhile, the origin, ColA, is 

in a class of its own allowing it to stably coexist with a wide variety of origins of replication, 

including ColE1. Critically, the copy number for ColA is higher than the copy number for ColE1, 

which allows for enough expression of endonuclease to sufficiently cleave each copy of lethal 

plasmid. If the rescue plasmid’s copy number were lower than the lethal plasmid’s, less efficient 

endonucleases would likely fail to cleave every copy of lethal plasmid, which would lead to cell 

death. By selecting a plasmid that has a higher copy number origin than the lethal plasmid, we 

ensure that we do not miss low levels of endonuclease activity that could result from novel 

endonuclease enzymes or imperfect conditions.  

 

To confirm our system was robust with respect to a number of endonucleases and could distinguish 

between differing activity levels, we tested our system with three endonucleases, Cas9, xCas9, and 

eSpCas9. Of the three, wild-type Cas9 displayed the highest level of endonuclease activity, 

followed by eSpCas9 and xCas9. We hypothesize that the mutations made to develop eSpCas9 

and xCas9 affect the kinetics of the enzymes, slowing their activity levels, congruent with 

published findings60. This idea is corroborated in literature as one study found eSpCas9 to cleave 

75% of substrate within 15 seconds and 90% within 30 seconds using a substrate to guide/Cas9 

molar ratio of 1:100 55.  Meanwhile wild-type Cas9 cleaved about 95% of substrate within the first 

15 seconds.  Another study found xCas9 to cleave around 20% of substrate at around 30 seconds 

and 60% at 5 minutes using a substrate to guide/Cas9 molar ratio of 1:2 61.  These findings support 

our results as wild-type Cas9 has the highest activity in each study, followed by eSpCas9 and 

xCas9.  However, over time, these enzymes may reach the same steady state as wild-type Cas9.  

Therefore, in vitro assays require constant monitoring, especially at very short time intervals, to 

detect kinetic differences in enzymatic activity.  Because our system is performed in vivo in liquid 
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culture, kinetics of enzymes play a large role in comparing endonuclease activity. Cellular growth 

is exponential and thus slight changes in kinetics will result in large differences in total growth 

over time.  For example, the difference between eSpCas9 and wild-type Cas9 activity levels in 

vitro may only be a percentage or two after 1 minute, but would be far greater in an in vivo assay 

(Figure 3b).  Therefore, differences in activity levels between endonucleases that would otherwise 

resolve themselves are amplified and obvious over time.   

 

Moreover, in vivo activity assays require much less time than traditional in vitro methods.  For 

example, in vitro assays require cell transformation and long growth periods followed by cell lysis, 

protein purification, protein quantification, activity assays, and finally gel electrophoresis.  In vivo 

systems, on the other hand, negate cell lysis, protein purification/quantification, and gel 

electrophoresis.  Instead, in vivo assays can skip from cell transformation to the activity assay 

directly. Typically, in vivo systems can be performed within 24 hours start to finish while in vitro 

methods take days.  

 

With removal of the ColA Cas9 guide RNA from the pFREE plasmid, our system may also be 

used as a positive selection screen in directed evolution approaches to enhance enzymatic activity 

of endonucleases. With the pFREE plasmid no longer targeting itself, endonuclease activity will 

still be retained when the endonuclease cleaves the lethal plasmid and rescues cell growth. 

However, as more active mutants result in faster growth, those high performing variants will begin 

to dominate mixed cultures of endonuclease variants facilitating recovery, characterization and 

subsequent round of  directed evolution  

 

In conclusion, our novel endonuclease activity assay can identify and rank endonuclease activity. 

By using a tightly controlled two-plasmid system, our assay positively links cell growth to 

endonuclease activity and serves as a ranking system among different endonucleases.  The in vivo 

nature of our system drastically decreases the time required to identify endonuclease activity 

compared to in vitro methods.  Moreover, the endonuclease activity signal is amplified in our in 

vivo assay compared to in vitro methods, facilitating the clear discrimination between 

endonuclease activity levels.   
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 CONCLUSIONS AND FUTURE DIRECTIONS 

3.1 Summary of Current Progress 

During the span of this project, a novel system was created that can serve to detect endonuclease 

activity and function as a positive selection screen for directed evolution applications.  This system 

built upon the successes of two previous positive selection screens whose foundations paved the 

way for this research45,46.  The system incorporates two plasmids, a lethal plasmid that induces cell 

death and a rescue plasmid that rescues cell growth.  With this system, endonuclease activity is 

positively linked to cell survival, and thus higher cell growth indicates more endonuclease activity. 

 

Due to our desire to create a system that not only functions as a positive selection screen but also 

as a preliminary screen for endonuclease activity, we designed our system to display less-efficient 

endonuclease activity while retaining the stringency needed for directed evolution applications.  

Our lethal plasmid induces cell death using the homing endonuclease, I-SceI, which targets an 18 

base pair recognition site, engineered into an E. coli, MG1655 (DE3) genome. Due to insufficient 

repair mechanisms found in the E. coli MG1655 (DE3) strain, the DSB caused by I-SceI becomes 

deadly and thus prevents cell growth.  The I-SceI enzyme is under the tight control of the araBAD 

promoter, inducible with arabinose.  This tight regulation helps mitigate the leaky expression of I-

SceI and therefore prevents unwanted cell death.  Using a lethal plasmid with a pACYC vector 

(10-12 copies per cell), our system was able to reduce cell growth by 69.7%.  However, we sought 

to increase this number and cloned the I-SceI enzyme into a pET vector (15-20 copies).  This 

increase in plasmid copy number helped reduce cell growth by 84.1%.  Moreover, the system is 

designed so that selective markers cannot be used to retain plasmids.  Using our pET plasmid, 

denoted pColE1-ISceI, we do not see curing of this plasmid from dilution due to growth regardless 

of the presence of a selection pressure, indicating that the copy number and the system run time 

are a good combination.   

 

To test the efficacy of the system to identify endonuclease activity, we tested three endonuclease 

enzymes, wild type-SpCas9, xCas9, and eSpCas9.  Endonuclease activity was dictated by recovery 

of cellular growth.  While each enzyme displayed activity levels that were significant (p<0.05), 
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wild type-SpCas9 had the highest activity level with 49.3%, followed by eSpCas9 at 26.1%, and 

xCas9 at 16.4%.  However, these enzymes were removed from their host vectors and placed into 

our rescue plasmid, which may not serve as the ideal vector for each endonuclease enzyme.  A 

system that compares enzymes in their host vectors would be highly beneficial to scientists who 

want to commercially buy an endonuclease without having to clone it into a different expression 

vector. 

3.2 Modification of the system to rank commercially available plasmids 

While our system can positively identify endonuclease activity, it removes external influence on 

endonuclease activity that may be different in non-identical host plasmids by expressing each 

endonuclease enzyme in the same host vector.  Thus, the enzymes are tested in a commensurable 

environment which only allows for the comparison of the endonuclease enzymes, not the 

commercially available vectors.  To compare commercially available plasmids, the lethal plasmid 

would need to be modified to be compatible with each commercial plasmid, which would take the 

place of the rescue plasmid.  As discussed previously (section 1.1.1), the lethal plasmid and 

commercially available endonuclease plasmid would need to have different origins of replication 

and different selectable markers.  However, the ColE1 origin and ampicillin resistance marker of 

the lethal plasmid are not uncommon.  To accommodate for a wide selection of commercially 

available plasmids to serve as the rescue plasmid, the lethal plasmid would need to have a rarer 

origin of replication and a less common selectable marker.  With these two modifications, the 

system should be able to test endonuclease activity using commercially available vectors.  This 

would alleviate the need for researchers to clone the endonuclease into our rescue plasmid to test 

its activity.  Moreover, it is likely that the commercial vectors housing the endonuclease enzymes 

have been optimized for their specific enzymes.  Some enzymes may work better under higher or 

lower expression levels and under different conditions.  Therefore, we are currently modifying our 

system to incorporate these changes, allowing us to test endonuclease activity of commercially 

available vectors. 
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3.3 Application of NgAgo for Future Work 

One of our main goals for this project was creating a positive selection system for directed 

evolution applications of endonucleases.  One endonuclease, the Argonaute from 

Natronobacterium gregoryi (NgAgo), has been studied extensively by our lab and others. Unlike 

other pAgos, NgAgo has been shown to work at mesophilic conditions, making it a better candidate 

as a gene-editing tool in conditions more relevant to biotechnology30,31.  Moreover, a recent paper 

showed that NgAgo has gene-editing potential by enhancing homologous recombination31 while 

our lab showed that it does this via endonuclease activity (Figure 3.1). 

 

Figure 3.1.  Modified with permission30. NgAgo cuts DNA in vitro.  Soluble NgAgo (sNgAgo) 

nicks and cuts plasmid DNA nonspecifically without the presence of guide (FW-green and RV-

green), as indicated by the open circular and linear DNA (OC/LN).  Without the presence of 

NgAgo, plasmid DNA remains in its supercoiled form (SC).   

 

However, NgAgo poses certain challenges as an effective gene-editing tool.  For example, 

Natronobacterium gregoryi is halophilic and thus NgAgo expression in common, low-salt 

conditions is poor30, a common challenge among halophilic proteins 62,63.  Poor expression of 

NgAgo results in less soluble protein, and because only soluble NgAgo cuts DNA30, the ability for 

NgAgo to serve as a gene-editing tool is limited.  Moreover, NgAgo displays some non-specific 

DNA cleavage30, further reducing its capacity to function in gene-editing applications.  Non-

specific cleavage, or off-target activity, is when the endonuclease cuts a piece of DNA at a location 
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other than its targeted site.  Ideally, endonucleases will have limited to no off-target activity, giving 

the researcher precise control over where they cut DNA.  To address these issues, our lab is 

applying directed evolution techniques to modify NgAgo, increasing its solubility and decreasing 

its off-target activity.  The directed evolution cycles will utilize the positive selection system 

developed in this project. 
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APPENDIX A 

Table A1.Oligonucleotides used. Restriction sites are in upper case.  

 Name Sequence 5’ → 3’ 

a pColE1-ISceI Construction  

 pColE1-ISceI Fwd ttttagatctATGAAAaacatcaaaaaaaaccaggtaatgaacctgg 

 pColE1-ISceI Rev ttttGAATTCttatttcaggaaagtttcggaggagatagtgttc 

c pFREE-xCas9 Construction  

 pFREE-xCas9 Backbone Fwd tggtACTAGTgatcccatgttaccggtatccaag 

 pFREE-xCas9 Backbone Rev tggtGTCGACctatcactgatagtgctcagtatttcttatc 

 pFREE-xCas9 Insert Fwd GTCGACagatactgagcacagaaggagatatacatatggataagaaa

tactcaataggctt  pFREE-xCas9 Insert Rev ACTAGTttagtcacctcctagctgactca 

d pFREE-eSpCas9 

Construction 

 

 pFREE-eSpCas9 Backbone 

Fwd 

tggtACTAGTgatcccatgttaccggtatccaag 

 pFREE-eSpCas9 Backbone 

Rev 

tggtGTCGACctatcactgatagtgctcagtatttcttatc 

 pFREE-eSpCas9 Insert Fwd GTCGACagatactgagcacagaaggagatatacatatggataagaaa

tactcaataggctt  pFREE-eSpCas9 Insert Rev ACTAGTttagtcacctcctagctgactca 

f KS 165 Construction  

 nth TetA Fwd ctgctttccgctcaggcgaccgatgtcagtgttaataaggcgacggcgaata

cggccccaaggtc  nth TetA Rev cggaaaatgtgcgtgtcgacagcaatagtcggccagccgaatgcagtgttc

ctaggtctagggcggc  

Table A2.Values for paired Student’s T-Test comparing endonucleases when induced (total 

rescue) and uninduced (total death). 

Endonuclease % Growth Recovered Standard 

Error 

Total Replicates p value (one-tail) 

WT SpCas9 49.3 13.7 3 0.019 

xCas9 16.4 10.5 3 0.013 

eSpCas9 26.1 5.6 3 0.0049 
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Figure A1. Timeline for endonuclease activity assay. 

 

 

 

 

Figure A2. eSpCas9 was used to rescue cell growth in our endonuclease activity assay.  Cas 

refers to the endonuclease.  + and – indicate induced and uninduced conditions, respectively.  

Data displayed is the mean of 3 replicates, error represented as standard error. 
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Figure A3. xCas9 was used to rescue cell growth in our endonuclease activity assay.  Cas refers 

to the endonuclease.  + and – indicate induced and uninduced conditions, respectively.  Data 

displayed is the mean of 3 replicates, error represented as standard error. 
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