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Abstract 

Cytosine Base Editors (CBEs) enable precise cytosine-to-thymine genetic mutations via 

APOBEC-mediated deamination of CRISPR-targeted cytosines. However, due to the 

natural RNA- and DNA-editing capacity of the APOBEC domains they harbor, CBEs 

possess the ability to create substantial pseudorandom cytosine editing events across 

the genomes and transcriptomes of affected cells in a gRNA-independent manner. These 

events, here termed spurious deamination or spurious editing, may represent a major 

barrier toward adapting CBEs to clinical use, since they create unpredictable and 

potentially deleterious effects on the cells they inhabit. Here, I describe the development 

of a class of CBEs made from split deaminase domains that possess a reduced capacity 

for spurious editing than monomeric CBEs, possibly by increasing the molecularity of 

spurious editing events and thereby decreasing their associated reaction rates. I 

characterize the utility of this novel class of CBEs,and develop a facile in situ experimental 

method called Base Editing at Anchored R-Loop DNA (BE-ARD) to assess their 

capacity for carrying out spurious DNA edits.     

Chapter 1 describes the relevant background of the CRISPR base editor field, 

focusing on Cytosine-to-Thymine base editors (CBEs), as well as my efforts to 

characterize and minimize all dimensions of deleterious effects using split-deaminase 

base editors, and its discussion includes a description of a machine-learning algorithm to 

investigate the biochemical parameters governing observed editing outcomes. 

Chapter 2 describes an attempted genome-scale CRISPR screen using targeted 

integrations to follow the distributions of edits throughout a population of cells. 
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Chapter 1: Characterizing and Reducing Spurious DNA Edits by 

CRISPR Cytosine Base Editors 
 

Introduction 

1.1 CRISPR Base Editor Background 

Cytosine Base Editors (CBEs) are a class of Base Editing (BE) genome editing reagents 

that use a CRISPR-targeting mechanism to localize cytosine deaminases to induce 

precise genetic mutations by converting target cytosines to uracils. In most configurations, 

these enzymes use a rat APOBEC1 (rAPO1) deaminase domain fused to a nicking Cas9 

and at least one UNG inhibitor (UGI) domain [Komor, et al., 2016]. Though dispensable 

for the initial deamination, the UGI domain enables persistence of the uracil by blocking 

the activity of cellular uracil nucleotide glycosylase (UNG) enzymes, which could 

otherwise excise the nascent uracil, while the nickase activity creates a single-stranded 

break on the CRISPR target strand that biases subsequent mismatch repair machinery 

to resolve the G:U mismatch in such a way to permanently encode a C-to-T mutation. 

Importantly, CBEs hold particular promise for performing precise genomic surgery for 

therapeutic purposes, as 911 disease-associated SNPs could conceivably be corrected 

with a C-to-T edit [Komor, et al., 2016]. This goal emphasizes both the need to 

characterize their capacity for stimulating unintended deleterious effects and the need to 

engineer CBEs with minimal off-target effects to ensure a reasonably mitigated degree of 

risk for any future therapeutic applications of CBEs. 
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While the idea of base editing has been a part of the public record since a patent 

describing engineered programmable DNA-binding zinc-finger fusions to a deaminase 

called activity-induced deaminase (AID) was made public in 2011, the first landmark 

paper describing facile use of such enzymes was the 2016 Komor, et al, paper from David 

Liu’s group at the Broad Institute 2011 [G.M. Church and L. Yang, 2011; Komor, et al., 

2016]. In this study, the authors first created a fusion between rAPO1 and a catalytically 

inactivated SpCas9 (dCas9). APOBEC deaminase enzyme primarily act on single-

stranded DNA, so because CRISPR DNA targeting creates a triple-stranded R-loop 

structure in which a target strand DNA is bound by the gRNA and the other DNA strand 

is left as ssDNA, a fortuitous situation arises in which CRISPR-targeting and ssDNA 

substrate formation are linked. This first editor, called BE1, was highly active at 

deaminating target cytosines in vitro, but only showed modest activity in human cells in 

cell culture experiments. The key insights of Komor, et al., then came from the realization 

that cells have a complement natural machinery to deal with spontaneous uracil formation 

in their genomes. Namely, they realized that suppressing the natural ability of cells to 

excise uracils from their genome via UNG (leading to an abasic site that can then be 

repaired by base-excision repair machinery) by fusing a virally-derived UNG inhibitor 

(UGI) to the C-terminal end of the rAPO1-dCas9 fusion, resulting in BE2. Furthermore, 

they realized that creating a U:G mismatch would induce a mismatch repair event after 

re-formation of the dsDNA after the editing had occurred, and that such an event was 

likely to favor the natural guanine nucleotide over the nascent and unnatural uracil. Since 

Cas9 can be programmatically altered to induce double-strand DNA breaks or either of 

the two single strand DNA breaks via mutations to either its RuvC or HNH nucleolytic 
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domains, Komor, et al., further updated their architecture to preferentially nick the 

CRISPR target strand, biasing the subsequent mismatch repair to maintaining the 

sequence of the uracil-containing strand [Jinek, et al., 2012]. The combination rAPO1-

nCas9-UGI fusion protein, known as BE3, was the first BE to show robust activity across 

an array of target sites; however, this editor still showed a substantial capacity to form 

indels and C-to-Purine (C-to-R) edits. 

 

This foundation was further improved with the development of BE4, which included a 

second UGI and led to the reduction of C-to-R and indel formation edits in favor of C-to-

T edits [Komor, et al. 2017]. This development was an important step forward in 

determining that base excision itself was a critical factor in determining the C-to-T product 

purity, thus linking abasic site formation with indel formation and propensity for C-to-R 

formation. One can reasonably infer from this that an abasic site in the presence of nicked 

strand represents a fragile site susceptible to DNA cleavage, possibly through the natural 

fragility of abasic sites or through the action of AP Endonuclease I, which can cleave the 

DNA backbone at abasic sites in ssDNA (as may be experienced in the context of 

CRISPR-targeted R-loops) [Marenstein, et al., 2004]. Another update to the BE4 

architecture came in BE4-Max, which involved optimizing the NLS architecture and codon 

usage of the BE4 expression plasmid, leading to an overall improvement in on-target 

editing rate presumably through an increase in overall nuclear concentration [Koblan, et 

al., 2018].  

 



 

4 
 

Another class of BEs that create adenine-to-guanine mutations (adenine base editors, or 

ABEs) have also been developed by fusing an evolved variant of the E. coli transfer RNA 

adenosine deaminase TadA [Gaudelli, et al. 2017]. Briefly, these have traditionally 

consisted of a fusion protein comprising two TadA domains (one wild-type and one 

engineered to act on ssDNA) and an nCas9 targeting domain. Interestingly, unlike CBEs, 

ABEs do not require any inhibition of native repair machinery, and result in cleaner edits 

than state-of-the-art CBEs. 

 

1.2 Dimensions of Base Editor Specificity 

There are several undesirable editing events that CBEs create. CRISPR-guided off-

target edits (CGOTs), which arise from binding of the nCas9 molecule at sites closely 

but imperfectly matched to the on-target site, are a well-known and well-characterized 

form of off-target edits [Hsu, et al., 2013; Kim, et al., 2015; Tsai, et al., 2015]. Generally, 

the mechanism of action of CGOT editing for Cas9 CGOTs have been largely addressed 

by incorporating a nicking version of a previously-characterized high-fidelity SpCas9 

variant with slower enzymatic kinetics called HF-Cas9 into BE3 (HF-BE3), although this 

solution seems to come at some expense to on-target activity [Kleinstiver, et al., 2016; 

Rees, et al., 2018]. While initially designed with the idea of reducing excess binding 

energy, further biochemical study revealed HF-Cas9 may be operating by slowing down 

the kinetics of nick formation, opening up the possibility that CGOT deamination occurs 

with HF-BE3 but is not often enough accompanied by an ssDNA nick to result in stable 

editing events [Chen, et al., 2017]. 
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On-target C-to-R editing and indel formation, processes that compete with C-to-T 

editing, may also be considered deleterious in some application-dependent scenarios if 

they result in unintended genetic changes that are more consequential or deleterious than 

the existing genotype (e.g. converting a deleterious missense mutation to a disastrous 

nonsense mutation).  C-to-R and indel edits likely arise from instances when the uracil is 

successfully excised in the presence of an opposite-strand nick, as evidenced by their 

relative depletion when using CBEs with a more penetrant UNG-inhibiting capacity (e.g. 

BE4 vs. BE3) or lacking nickase activity altogether (BE1) [Komor, et al., 2016; Komor, et 

al., 2017].  Efforts to reduce these effects generally involve using CBEs with higher 

numbers of UGI domains, such as BE4 or by fusing them to a DSB-binding Mu Gam 

protein (as in BE4-Gam), which specifically eliminates indel formation [Komor, et al., 

2017; Wang, et al., 2017]. Both of these strategies improve product purity of base editing; 

however, the supposed mechanism of action underlying BE4-Gam involves cytotoxicity 

of cells that contain double-stranded breaks. For some in vivo therapeutic applications, 

BE4-Gam is therefore unlikely to be viewed as a viable option, since cytotoxicity of 

sufficient scales may result in adverse clinical outcomes. 

 

Of particular interest to my work are cytosine mutations that arise spontaneously 

throughout the genomes and transcriptomes of cells that have been exposed to CBEs, 

simply by virtue of the natural cytosine targeting capability of the deaminase domain. 

Indeed, several reports have emerged showing the potential for CBEs to mutate both 

RNA (~104-105 edits observed) and gDNA (~102 edits observed) in an unguided manner 

[Grunewald, et al., 2019; Zuo, et al., 2019; Zhou, et al., 2019; Jin, et al., 2019]. I refer to 
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this class of off-target editing events as spurious deamination, which can be subdivided 

into spurious RNA editing and spurious DNA editing. Importantly, while biochemical 

studies have shown that many APOBEC cytosine deaminase domains preferentially act 

on DNA compared to RNA, they seem to be generally inactive on double-stranded DNA 

substrates and strongly prefer single-stranded DNA [Nabel, et al., 2017]. Therefore, the 

genome can be thought of as mostly protected from spurious DNA editing under normal 

conditions, although ssDNA is an inevitable feature of essential cellular processes such 

as transcription, mitosis, and endogenous R-loop formation. Nevertheless, aberrant and 

over-active APOBEC deaminase activity is a known driver of tumorigenic mutagenesis 

and overexpression of hAPOBEC3 has been shown to stimulate genomic cytosine 

hypermutation, thus demonstrating that the genome is, at least in principle, susceptible 

to APOBEC-mediated spurious DNA editing [Rebhandl, et al., 2012; Holtz, et al., 2013; 

Shinohara, et al., 2015]. Therefore, limiting the global capacity of CBEs to engage in 

spurious deamination should be a major goal when moving toward translating BE 

technologies to therapeutic applications.  

 

In addition to genomic modifications, deaminases are known to act on RNA substrates as 

well. Of note, my colleagues Julian Grunewald and Ronghao Zhou have created a new 

class of CBEs termed Selective Curbing of RNA Editing (SECURE) variants that contain 

mutant rAPO1 domains that possess markedly lower capacities to stimulate spurious 

RNA editing via an unknown mechanism [Grunewald, et al., 2019]. First, by using 

fluorescence-assisted cell sorting to select for cells with high levels of BE3 expression, 

they showed that BE3, when present in high concentrations of cells, can induce 
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observable editing at tens of thousands (n>9.0x105) of unique RNA sites in the 

transcriptome by RNA-Seq. By introducing mutations R33A, K34A, and E63Q mutations 

to the rAPO1 domain of BE3, they then showed CBEs with substantially reduced 

capacities for spurious RNA editing; however, these SECURE editors exhibit a substantial 

decrement in on-target editing. A double R33A/K34A mutant shows very few detectable 

spurious RNA editing sites (n<30 detectable sites across 3 replicates), but nearly 

undetectable on-target editing at 4 of 12 tested gRNA sites. Meanwhile, an R33A 

SECURE editor shows higher numbers of detectable spurious RNA edits (n>200) and 

carries an intermediate on-target editing profile between K34A and wildtype BE3, with 

sharp reductions at many on-target sites and editing below 5% at 2 of the 12 tested. 

Similar studies have established the capacity of ABEs to stimulate spurious RNA editing, 

although they have slightly lower numbers of edits than BE3. An updated ABE 

architecture lacking the wildtype TadA domain called miniABE-Max and an ABE-

SECURE variant bearing the V82G mutation lower RNA editing rates substantially but do 

not come close to eliminating the effect [Grunewald, et al., 2019]. 

 

To date, the only published evidence for spurious DNA editing events using CBEs involve 

the creation and genotyping of full organisms, notably rice and mice [Zuo, et al., 2019; 

Jin, et al., 2019]. The need to resort to such laborious experimental measures likely arises 

from the extreme rarity of spurious DNA edits on a per-cytosine basis. Since deaminase 

proteins typically only act on ssDNA substrates, genomic DNA is generally shielded from 

its effects except for rare occasions during endogenous R-loop formation, transcription, 

or cell division. That rarity is compounded by the likely fact that this effect will be 
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distributed pseudorandomly throughout the genome, with only weak preferences given to 

cytosines that more often exist as ssDNA. Therefore, even if spurious DNA editing is a 

ubiquitous and characteristic feature of CBE technology on a per-cell basis, its rarity on 

a per-cytosine basis could render it undetectable by current NGS sequencing technology 

using an unbiased approach. Whole organism strategies overcome this limitation by virtue 

of their clonality - since every cell in the organism is descended from a common ancestor 

cell, rare editing events come to exist in a high proportion of the organisms’ cells and are 

therefore detectable at standard WGS sequencing depths. Nevertheless, spurious DNA 

editing capacity is a critically important parameter for understanding the therapeutic 

viability of any potential clinical translation of BE technology. Interestingly, these studies 

have found no evidence of spurious DNA editing by ABEs, despite their apparent ability 

to spuriously deaminate RNA substrates. 

 

Finally, another proposed dimension of specificity for BEs is bystander editing, or editing 

of bases adjacent to a user-defined desired base. Work by my friend and colleague Jason 

Gehrke in the Joung lab sought to create an APOBEC3A (A3A)-based CBE with a 

reduced capacity for bystander editing by accentuating that enzymes’ natural preference 

for a thymine preceding the edited cytosine, thereby allowing users to more precisely 

create edits in situations where a desired target cytosine exists in this context and nearby 

cytosines do not [Gehrke, et al., 2018]. But since this parameter relies on subjective user-

defined parameters, I was not inclined to study this dimension of specificity. Therefore, 

the five parameters of BE specificity that I sought to evaluate in this thesis are:  

1. CRISPR Guided Off-Targets 
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2. C-to-R Editing 

3. Indel Formation 

4. Spurious RNA editing 

5. Spurious DNA editing 

 

1.3 Base Editing at Anchored R-Loop DNA to Assess Spurious 

DNA Editing Capacity 

 

To enable the rapid and robust comparisons between different kinds of base editors with 

respect to their capacities to stimulate spurious DNA edits, we sought to reduce the 

complexity of the experiments required to study this important parameter. To do so, we 

created an assay in which a catalytically inactivated Cas9 (dCas9) is expressed in cells, 

which creates a long-lived ssDNA substrate at which a co-expressed BE can act. The C-

to-T editing rates observed at these sites is then taken as a reflection of the BE’s capacity 

for spuriously editing DNA. Critically, the dCas9 molecule is targeted via an orthogonal 

gRNA that does not cross-react with the nCas9 domain of the BE, which we achieve here 

by using a dCas9 from Staphylococcus aureus. This assay, which we term Base Editing 

at Anchored R-Loop DNA (BE-ARD), does not claim to reveal any information about the 

frequency of natural spurious DNA editing events. Instead, it allows us to conduct an in 

situ chemistry experiment that closely replicates the chemical conditions required for 

spurious DNA editing occur, and therefore allows us to make informed assertions about 

the relative spurious DNA editing capacities of various BEs. Figure 1 shows a graphical 

representation of this assay. I note that this assay is similar in concept to an experiment 
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previously described in yeast, showing the general ability of untethered PmCDA1 (a 

lamprey-derived deaminase) to stimulate editing at dCas9-induced R-loops [Nishida et 

al., 2016].  

Figure 1. Conceptualization of the Base Editing at Anchored R-loop DNA assay. 

 
Figure 1. Conceptualization of the Base Editing at Anchored R-loop DNA assay. 
Two orthogonal Cas9 enzymes are used here - one to create an ssDNA substrate, and 
one as part of a BE complex. The ssDNA substrate creates a long-lived substrate on 
which the deaminase domain of the BE can act in an unguided, spurious manner. 
 

1.4 A Split Deaminase Architecture to Limit Spurious DNA Editing 

To impose a stricter requirement for a CBE to act on its target sequence, I created a 

platform of dimeric CBE technologies that make use of a split rAPO1 deaminase (sDA) 

enzymatic domain that require the co-localization of two cognate sDA domains at a target 

site to re-constitute a functional enzyme. In this configuration, it is unlikely that either 

portion of the sDA-base editor (sDA-BE) could induce productive spurious or targeted 

deamination events, since each piece on its own does not contain the full complement of 
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enzymatic machinery necessary to catalyze cytosine deamination (Figure 2A). I initially 

envisioned that such a strategy would require co-localization of both subunits to a target 

site by adjacently-targeted DNA binding domains, ideally only one of which would create 

an R-loop so as to not create competing ssDNA substrates. I pursued such a strategy 

making use of a zinc-finger/nCas9 approach, but then realized that the zinc finger could 

be dispensed with while still achieving dramatic reductions in spurious DNA editing while 

supporting robust on-target editing. This effect may be due to differential changes to the 

molecularities of spurious and on-target editing reactions (Figure 2B).  

 

In effect, spurious editing of RNA or DNA transforms from a bi-molecular reaction (the BE 

and the nucleic acid being the reactants) to a ter-molecular reaction, requiring the 

simultaneous or near-simultaneous collision of both sDA-containing proteins as well as a 

nucleic acid substrate. Meanwhile, on-target editing with such an architecture becomes a 

bi-molecular reaction, since a target-bound substrate can be modeled as one molecule 

waiting for an interaction from a secondary sDA molecule. Since occupancy time of Cas9 

with its target sites can be long lived while the kcat of similar cytosine deamination 

reactions is ~10 min-1, we hypothesized that a sDA-BE will lead to selectively reduced 

levels of global spurious RNA and DNA editing events while having a relatively lesser 

impact on the rates of on-target editing,  thereby creating a CBE platform with much 

improved prospects for use as a therapeutic agent [Sternberg, et al., 2013, Carpenter, et 

al., 2012]. I also envisioned that the sDA-BE platform might decrease the rates of other 

deleterious effects via similar mechanisms.  
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Figure 2A. Conceptual effects of molecularity on various base editing outcomes. 

 

Figure 2A. Conceptual effects of molecularity on various base editing outcomes. | 
Using intact editors, on-target editing can be modeled as a uni-molecular reaction since 
a long lived substrate-enzyme complex is formed, while. Under an sDA-BE regime, on-
target editing can be modeled as a bi-molecular reaction while spurious editing transforms 
to a ter-molecular reaction. Since ter-molecular reactions are generally far rarer than bi-
molecular reactions, it may be that this transformation will result in a differential reduction 
in spurious editing compared to on-target editing using sDA-BEs. 
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Figure 2C. Conceptual effects of molecularity. 

 

Figure 2C. Conceptual effects of molecularity | Given mock editing outcome curves 

as a function of BE concentration, the molecularity effect will result in a greater effect on 

spurious editing due to the differential effect of sDA-BEs on spurious DNA sites. 
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Results 

1.5. Nature of the Data 

In this results section, I am going to characterize the sDA-BEs I developed using a 

standard set of assays and criteria, covering both their on-target activities as well as the 

five dimensions of off-target effects listed in the previous section. All the data shown here 

come from an Illumina amplicon sequencing protocol described in the materials and 

methods. Each editor evaluated here will be described in relation to a BE4-Max standard. 

To facilitate this comparison, I plot the total amount of a given editing outcome (C-to-T 

editing, C-to-R editing, or indel editing) at a target site (gRNA target site, gRNA off-target 

site, RNA editing site, or BE-ARD site) in terms of its editing rate when using BE4-Max or 

the indicated editor. Here is an example comparing an R33A-version of BE4-Max 

(SECURE-Max): 

Figure 3. Exemplary Comparative Editing Plot 
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All the red dots are on-target gRNA sites plotted by their mean total C-to-T editing using 

SECURE-Max on the Y axis and BE4-Max on the X axis. All means are calculated from 

triplicate sequencing data, which will be shown alongside these plots on a site-by-site 

basis. Total editing here is defined as the sum of all the editing rates at all cytosines 

within the gRNA site. Put another way, a target site showing an average total editing rate 

of 500% has an average of 5 C-to-T mutations per allele as revealed by Illumina 

sequencing. The black dots are gRNAs plotted with BE4-Max editing on both axes, while 

blue are a negative control mock transfection. I will also be showing the editing profiles at 

each target site included in these plots.  

 

These plots are particularly useful because they allow us to quantify the relative rates of 

editing across all target sites and quickly compare them across editors. Binomial 

regression lines are shown, which were chosen to reflect the reality that editing rates 

between different editors do not always vary in a proportional manner (e.g., CGOT off 

targets are disproportionately affected by concentration or modifications like HF-Cas9), 

thereby accounting for guide-dependent effects [Kleinstiver, et al., 2016; Rees, et al., 

2018]. The percentage value given in parentheses in the title of the plot reflects the 

proportion of the area under the BE4-Max curve (representing the benchmark amount of 

editing achievable by BE4-Max) that is also under the red curve (the area under the 

negative control curve is removed from both values to account for any background 

sequence variation), giving us a quantitative value describing the relative editing rates 

between the two editors across all examined sites. This kind of analysis can be done for 

every kind of editing assessed in the following experiments. 
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To calculate the relative rates of spurious RNA editing between editors, I isolated RNA 

from cells transfected with my editors and conducted targeted amplicon sequencing of six 

highly edited transcripts in HEK293 cells first described by my colleague Julian 

Grunewald (Table 1). This shallow view differs significantly from the transcriptome-wide 

RNA-seq experiments used by the other published studies that have examined this 

parameter. My reasoning for this is that transcriptome-wide views seem to impose a 

moderately high detection floor (approximately 10% editing rate, depending on the site), 

which arises from the lack of coverage achievable by transcriptome-wide RNA-Seq. 

Because of this, many genuinely edited sites could simply become undetectable in a 

transcriptome-wide RNA-Seq approach (e.g. an RNA target site that BE3 edits at a rate 

of 30% and by SECURE at 5% would appear to be unedited by SECURE in this assay). 

In the Grunewald, et al., for instance, RNA editing is primarily described in terms of 

numbers of observed sites rather than editing rates. By reporting 9.0x104 sites for BE3 

and 300 sites for SECURE, a reader could easily be forgiven if they interpret this to mean 

that SECURE editors have spurious RNA-editing capacities approximately 300-fold less 

than BE3. An alternate reading of the data comparing the per-site rates is, in my scientific 

opinion, more appropriate. Therefore, I chose to use targeted amplicon sequencing, 

which allows a depth of analysis that overcomes this detection floor, albeit at the cost of 

breadth. I also do not have to FACS sort for highly-transfected cells in my transfection 

reactions to see this effect, which is a common criticism I have heard of the SECURE 

approach in personal correspondences and communications and is held as evidence that 

the RNA editing capacity of rAPO1 is lower than reported. Importantly, this shallow 
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approach also enables me to conduct this research in a far more practical manner than 

RNA-seq would allow. 

 

Table 1. RNA Editing Sentinel Sites 

Transcript  Spurious RNA Editing Window 

TMEM183A  GCTCCGGCCGAGTGACCGTGGCGGATT 

XPOT   GAAAAAATTGACTTACGATGAAGAATA 

BLOC1S2  GCCGAGGGCGTACTGGCGACCCGGAGT 

MAP2K4  TGGAGAAATTGGACGAGGAGCTTATGG 

SYNCRIP  CTCCAACAAGAGGTCGAGGGCGTGGAG 

HMGN1  CCCTTCTTGTACAATCCAGAGGAATAT 

 

To assess CGOT editing for all the described editors, I again implemented a shallow 

approach of targeted amplicon sequencing of 5 previously-described off-target sites for 

HEK Site 4 (Table 2) [Tsai, et al., 2015]. Again, this partly for practical reasons. This 

parameter is, of course, extremely gRNA dependent - the RNF2 gRNA site, for instance, 

has been described as having no detectable CGOT sites in the context of Cas9 

nucleases. Therefore, a less biased approach covering more CGOT sites will undoubtedly 

show a more complete, comprehensive picture of this parameter of specificity. 

Nevertheless, these sites provide a qualitative comparison for CGOT specificity using all 

of the editors I describe below. 
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Table 2. HEK Site 4 Guided Off-Target Sites  

(mismatches to gRNA are highlighted) 

 

Transcript  gRNA Binding Site 

HEK Site 4  GGCACTGCGGCTGGAGGTGG 

HS4 - off1  TGCACTGCGGCCGGAGGAGG 

HS4 - off2  GGCTCTGCGGCTGGAGGGGG 

HS4 - off3  GGCACGACGGCTGGAGGTGG 

HS4 - off4  GGCATCACGGCTGGAGGTGG 

HS4 - off5  GGCGCTGCGGCGGGAGGTGG 

 

1.6. Characterization of BE4-Max and an R33A variant of BE4-Max 

In the BE-ARD assay with dSaCas9, BE4-Max can induce spurious DNA edits with peak 

editing rates generally ranging from 10-20% across 4 SaCas9 gRNA sites (Figure 4A). 

Since SECURE editors seem to decrease both on-target editing and spurious RNA 

editing, I wondered whether they would have an effect on spurious DNA editing as well 

via a common underlying mechanism. A BE4-Max variant bearing the R33A SECURE 

mutation (SECURE-Max) can also induce spurious DNA edits in the BE-ARD assay, 

albeit at a rate far lower than BE4-Max, with peak editing rates at top cytosines nearing 

5% while some cytosines spuriously edited by BE4-Max are not edited at all by SECURE-

Max. To ensure that the SpCas9 editors (i.e. BE4-Max and SECURE-Max) cannot be 

targeted to the BE-ARD target site using the SaCas9 gRNA, I included a control lacking 

the dSaCas9 expression plasmid. The lack of editing in the absence of dSaCas9 

demonstrates the inability of the SpCas9-based BEs to cross-react with the SaCas9 
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gRNA and achieve editing at the BE-ARD target sites. On-target editing for BE4-Max and 

SECURE-Max across the 12 gRNA sites is shown in Figure 4B. By comparative total 

editing, we calculate that the overall capacity for spurious DNA editing by SECURE-Max 

is approximately 5.4% that of BE4-Max, while SECURE-Max possesses 57.33% of the 

on-target editing capacity of BE4-Max across the 12 gRNAs used in this study (Figure 

4F). Relative C-to-R and indel editing rates for SECURE-Max (Figures 4C-F). 

Interestingly, 4while spurious RNA, spurious DNA, and CGOT edits are all severely 

reduced while using SECURE-Max, elements of product purity (C-to-R and indel editing) 

appear to be roughly proportional to its on-target editing rate. 
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Figure 4A. | BE-ARD at four SaCas9 sites 

 
Figure 4A. BE-ARD for BE4-Max and SECURE-Max at 4 gRNA sites | Cytosine-to-
thymine BE-ARD editing rates in HEK293TX cells are compared between SECURE-Max 
and BE4-Max, in percent. Replicates are shown as faded circles and standard error from 
the mean is represented as a faded area around each line. BE4-Max co-transfected with 
the SaCas9 gRNAs is used as a negative control. 
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Figure 4B. On-target C-to-T editing of SECURE-Max vs. BE4-Max 

 

Figure 4B.  On-target C-to-T editing of SECURE-Max vs. BE4-Max | Cytosine-to-
thymine editing rates in HEK293T-X cells are compared between SECURE-Max and 
BE4-Max, in percent on the Y-axis. X-axis shows the gRNA sequence, the five 
nucleotides upstream, and the PAM sequence (NGG). For each site, editing rates are 
reduced from BE4-Max to SECURE-Max, although the effects are cytosine dependent. 
For instance, the C3 in RNF2 is more drastically reduced in editing rate than the C6 in the 
same gRNA. Also note that SECURE-Max fails to induce robust editing at any of the 
cytosines at some gRNAs, notably HEK Site 3 and PDCD1. Replicates are shown as 
faded circles and standard error from the mean is represented as a faded area around 
each line, although in many cases these are imperceptibly small. 
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Figure 4C. Spurious RNA editing with SECURE-Max vs. BE4-Max at 6 Sentinel Sites. 

 

Figure 4C. Spurious RNA editing for BE4-Max and SECURE-Max at 6 sentinel sites 
| Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared between 
SECURE-Max and BE4-Max, in percent. These target sites are all mRNA sequences 
identified by previous work by Julian Grunewald in the Joung lab. Replicates are shown 
as faded circles and standard error from the mean is represented as a faded area around 
each line. sDA piece 2 (sDA 2-nCas9-UGI-UGI) is included as a negative transfection 
control. 
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Figure 4D. CGOT editing with SECURE-Max vs. BE4-Max. 

 
 

Figure 4D.  CGOT C-to-T editing of SECURE-Max vs. BE4-Max | Cytosine-to-thymine 
editing rates in HEK293T-X cells are compared between SECURE-Max and BE4-Max, in 
percent on the Y-axis unless otherwise indicated. X-axis shows the off-target gRNA 
binding site sequence , the five nucleotides upstream, and the PAM sequence (NGG), 
unless otherwise indicated. Replicates are shown as faded circles and standard error 
from the mean is represented as a faded area around each line, although in many cases 
these are imperceptibly small. Comparative analysis (bottom right panel) shows 
SECURE-Max to have 10.28% of the capacity to edit at the examined CGOT sites. 
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Figure 4E. On-target C-to-R editing of SECURE-Max vs. BE4-Max 

 

Figure 4E.  On-target C-to-R editing of SECURE-Max vs. BE4-Max | Cytosine-to-
purine editing rates at on-target sites. Data shown are derived from the same sequencing 
experiments as figure 2B. A mock transfection control containing no editor DNA is 
included as a negative control. 
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Figure 4E. Indel editing with SECURE-Max vs. BE4-Max. 

 

Figure 4E.  On-target indel editing of SECURE-Max vs. BE4-Max | Indel editing rates 
at on-target sites. Data shown are derived from the same sequencing experiments as 
figure 2B. A mock transfection control containing no editor DNA is included as a negative 
control. 
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Figure 4F. Comparative Total Editing of SECURE-Max vs. BE4-Max 

 

Figure 4F. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity | Comparative total editing analysis (described above) is 
shown for SECURE-Max and BE4-Max. Percentage values given in the title of the plot 
represent the relative area under the editor curve compared to BE4-Max. Error bars are 
derived from the standard error from the means. 
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1.7. Characterization of a simple split deaminase CBE editor 

Because SECURE editors can carry serious on-target editing penalties (Figure 4B,4F),  

we sought to find an alternate solution to the problem of spurious DNA editing that would 

maintain on-target editing. Inspired by work done by Marc Ostermeier’s lab on split zinc-

finger DNA methyltransferases and a proposal from a paper by George Church’s group, 

I created a split deaminase cytosine BE (sDA-BE) by bifurcating the BE4-Max protein 

between residues T72 and N79 residues of its rAPO1 domain, with the N-terminal piece 

called sDA 1 and C-terminal pieced called sDA 2 [Meister, et al., 2011; Yang, et al. ,2016]. 

Note that both domains end up with one of the two original bipartite NLS domains from 

its parent BE4-Max architecture. We chose this split region because of its apparent lack 

of secondary structure (based on a predicted structure) and its proximity to the active site, 

ensuring that each piece of the enzyme would be unlikely to show activity if separated 

from its cognate piece. We initially envisioned that such an approach would require 

simultaneous adjacent co-localization of the deaminase pieces to function at the on-target 

site; however, we unexpectedly found that simple co-expression of these two pieces 

(sDA-BE4.1) was enough to achieve total on-target C-to-T editing rates 65.76% of the 

activity of BE4-Max by total editing analysis across 12 previously-characterized gRNA 

sites, while possessing only 3.31% of the total spurious editing capacity as assessed by 

total C-to-T editing in the BE-ARD assay (Figure 5A-F). 

 

While sDA-BE4.1 shows similar overall total on-target editing as SECURE-Max and 

similar effects on spurious DNA editing, the manifestation of these effects are different. 

For instance, whereas SECURE-Max seems capable of achieving peak in-window editing 
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rates as BE4-Max, it seems to have difficulty editing other cytosines within the editing 

window. When there is an activity decrement for sDA-BEs, the editing rate across each 

cytosine in the window is more or less proportional to the editing observed in BE4-Max, 

whereas the editing performed by SECURE-Max seems to shift editing toward the 5-7 

positions of the editing window (Figure 5H). I note that, while having similar effects on 

both spurious DNA and RNA edits, sDA-BE4.1 and SECURE-Max seem to differ with 

respect to their effects on other dimensions of specificity. Elements of product purity are 

generally much improved using sDA-BE4.1, with observed C-to-R editing rate of 15.31% 

of BE4-Max. By contrast, sDA-BE4.1 seems to possess a higher capacity for CGOT 

editing than SECURE. Absolute and on-target-normalized total editing analyses of all 

these parameters are given in table 3 at the end of this section.  
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Figure 5A. On-target editing rates of sDA-BE4.1 - A Simple Split Deaminase 
Cytosine Base Editor derived from BE4-Max. 
 

 

Figure 5A.  On-target C-to-T editing of sDA-BE4.1 vs. BE4-Max | Cytosine-to-thymine 
editing rates in HEK293T-X cells are compared between sDA-BE4.1 and BE4-Max, in 
percent on the Y-axis. X-axis shows the gRNA sequence, the five nucleotides upstream, 
and the PAM sequence (NGG). For each site, editing rates are reduced from sDA-BE4.1 
to SECURE-Max to what appears to be a proportional degree to a first approximation. 
Also note that sDA-BE4.1 can access sites inaccessible to SECURE-Max notably HEK 
Site 3 and PDCD1. Replicates are shown as faded circles and standard error from the 
mean is represented as a faded area around each line. sDA piece 2 (sDA 2-nCas9-UGI-
UGI) is included as a negative transfection control. 
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Figure 5B. Spurious DNA Editing with sDA-BE4.1 

 
Figure 5B. Spurious DNA editing as revealed by BE-ARD sDA-BE4.1 as compared 
to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX cells are 
compared between sDA-BE4.1 and BE4-Max, in percent. Replicates are shown as faded 
circles and standard error from the mean is represented as a faded area around each 
line. BE4-Max co-transfected with the SaCas9 gRNAs, but lacking dSaCas9, is used as 
a negative control. 
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Figure 5C. Spurious RNA editing for BE4-Max and sDA-BE4.1 at 6 sentinel sites 

 
Figure 5C. Spurious RNA editing for BE4-Max and sDA-BE4.1 at 6 sentinel sites | 
Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared between sDA-
BE4.1 and BE4-Max, in percent. Replicates are shown as faded circles and standard 
error from the mean is represented as a faded area around each line. sDA piece 2 (sDA 
2-nCas9-UGI-UGI) is included as a negative transfection control. 
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Figure 5D. CRISPR Guided Off Target Editing with sDA-BE4.1 vs BE4-Max at 5 HEK 
Site 4 off-target sites. 

 
Figure 5D. CRISPR Guided Off Target Editing with sDA-BE4.1 vs BE4-Max at 5 sites 
| Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared between sDA-
BE4.1 and BE4-Max, in percent, at 5 previously-characterized CRISPR Guided off-target 
sites. Replicates are shown as faded circles and standard error from the mean is 
represented as a faded area around each line. sDA piece 2 (sDA 2-nCas9-UGI-UGI) is 
included as a negative transfection control and establishes the lack of RNA editing 
capacity of that domain. 
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Figure 5E. On-target C-to-R Editing with sDA-BE4.1 vs BE4-Max at 12 gRNA sites. 

 
 
Figure 5E.  On-target C-to-R editing of sDA-BE4.1 vs. BE4-Max | Cytosine-to-purine 
editing rates at on-target sites. Data shown are derived from the same sequencing 
experiments as figure 5A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-
UGI) DNA is included as a negative control. 
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Figure 5F. On target indel editing with sDA-BE4.1 vs. BE4-Max using 12 gRNAs. 

 
 
 
Figure 5F.  On-target indel editing of sDA-BE4.1 vs. BE4-Max | Indel editing rates at 
on-target sites. Data shown are derived from the same sequencing experiments as figure 
5A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is included as 
a negative control. 
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Figure 5G. Comparative total editing for on-target activity and all dimensions of 
specificity assessed here for sDA-BE4.1 vs. BE4-Max. 

 
 
 
 
Figure 5G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity | Comparative total editing analysis (described above) is 
shown for sDA-BE4.1 and BE4-Max. Percentage values given in the title of the plot 
represent the relative area under the editor curve compared to BE4-Max. Error bars are 
derived from the standard error from the means. 
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Figure 5H. Characteristic on-target editing differences between sDA-BE4.1 and 
SECURE-Max 

 
 
Figure 5H. Characteristic on-target editing differences between sDA-BE4.1 and 
SECURE-Max | On-target editing outcomes for sDA-BE4.1, SECURE-Max, and BE4-Max 
show differential effects of the SECURE mutations and the sDA-BE architecture. 
SECURE BEs appear to favor editing at a preferred cytosine, sDA-BE editors seem to 
have the same editing ratio (editing “shape”) across target cytosines as BE4-Max.  
 

1.8. Updates to the sDA-BE Architecture 

I then sought to continue developing the sDA-BE architecture to improve its on-target 

rates. First, I hypothesized that the chosen truncation region in the rAPO1 domain may 

have resulted in suboptimally expressed protein via decreased stability. In particular, I 

noticed that the two amino-acids immediately following the C-terminal T72 residue in the 

sDA 1 piece were E73 and R74, and hypothesized that including them in the sDA 1 N-
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terminal piece may result in greater stability of that piece, since charged residues at the 

termini of proteins are thought to improve solubility [Paraskevopoulou, et al, 2018]. I also 

noted that these residues appeared to be positioned close to the dimerization interface of 

the sDA in three-dimensional space (Figure 6), so we also supposed that they may aid in 

the stability and activity of the reformed enzyme. Thus, we created split deaminase BE 

containing this -ER extension (sDA-BE4.2). Data characterizing this editor are in Figure 

7. This BE shows improved total on-target editing compared to sDA-BE4.1 (76.32% vs. 

65.76%), though it also triples spurious DNA editing in the BE-ARD assay compared to 

sDA-BE4.1 (10.16% from 3.31%). Comparative rates of spurious RNA editing, CGOT 

editing, all also generally rise compared to sDA-BE4.1, though they are still much 

improved compared to the intact BE4-Max editor. 

 

I also sought to make changes to the dimerization interface to modulate the ability of the 

two rAPO1 pieces to interact. Using a predicted structure  we scanned the rAPO1 enzyme 

and mutated residues we thought may facilitate an interaction between the two pieces of 

the split deaminase domain [Grunewald, et al., 2019]. Of these, S83R was the mutation 

that most consistently improved BE activity, possibly through improvement of the stability 

of the dimerization interface (data not shown). The position of S83R in the 3D structure 

is shown in Figure 6. Incorporating the S83R mutation into the sDA-BE4.1 architecture 

(sDA-BE4.3) resulted in total C-to-T on-target editing rates across the 12 gRNAs 

previously used in this study to 78.93% of BE4-Max, while total spurious DNA editing is 

reduced to 5.65% compared to BE4-Max. Data characterizing sDA-BE4.3 is in Figure 8. 
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Critically, both sDA-BE4.2 and sDA-BE4.3 seems to be able to able to edit at difficult-to-

edit (or, possibly, access) sites such as PDCD1 and HEK Site 3, distinguishing them from 

SECURE editors. An sDA-BE architecture that combines both the -ER extension on its 

sDA 1 piece and bears the S83R was also examined (sDA-BE4.4) and appears to 

possess slight inflations of all types of editing (Figure 9). The S83R mutation also appears 

inert when installed into intact SECURE-Max editors, perhaps indicating its unique effect 

on sDAs, potentially through stabilization of the sDA 1 protein or through modulating the 

dimerization interface of the sDA pieces (Figure 10A). Spider plots showing all five 

dimensions of specificity for sDA-BE4.2, sDA-BE4.3, and sDA-BE4.4 as scored by 

comparative total editing and normalized by total on-target activity are shown in Figure 

10B, revealing that sDA-BE4.1 and sDA-BE-4.3 share similar specificity profiles while 

sDA-BE4.2 shows markedly higher rates of most of these dimensions. Most notably 

spurious DNA editing remains fairly constant between sDA-BE4.1 and sDA-BE4.3 despite 

improved editing rates at sDA-BE4.3. Table 3 contains the values for both absolute and 

on-target normalized comparative total editing scores across all editing dimensions 

considered in this study.  
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Figure 6.  Positions of S83R and the ER Extension in a Predicted rAPO1 structure. 

 

Figure 6.  Positions of S83R and the ER Extension in a Predicted rAPO1 structure. 
| A predicted structure of the sDA domain, with sDA 1 shown in purple and sDA 2 shown 
in yellow, with the residues in between them shown in red. Green residues denote the 
catalytic core. The orange residue is S83R, cyan are the -ER extension. 
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Figure 7A.  On-target C-to-T editing of sDA-BE4.2 vs. BE4-Max.

 

Figure 7A.  On-target C-to-T editing of sDA-BE4.2 vs. BE4-Max | Cytosine-to-thymine 
editing rates in HEK293T-X cells are compared between sDA-BE4.2 and BE4-Max, in 
percent on the Y-axis. X-axis shows the gRNA sequence, the five nucleotides upstream, 
and the PAM sequence (NGG).  
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Figure 7B.  Spurious DNA editing as revealed by BE-ARD sDA-BE4.2 as compared 
to BE4-Max 

 

Figure 7B. Spurious DNA editing as revealed by BE-ARD sDA-BE4.2 as compared 
to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX cells are 
compared between sDA-BE4.2 and BE4-Max, in percent. Replicates are shown as faded 
circles and standard error from the mean is represented as a faded area around each 
line. BE4-Max co-transfected with the SaCas9 gRNAs, but lacking dSaCas9, is used as 
a negative control. X-axis shows the gRNA sequence, the five nucleotides upstream, and 
the PAM sequence (NGG). 
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Figure 7C. Spurious RNA editing for BE4-Max and sDA-BE4.2 at 6 sentinel sites 

 

Figure 7C. Spurious RNA editing for BE4-Max and sDA-BE4.2 at 6 sentinel sites | 
Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared between sDA-
BE4.1 and BE4-Max, in percent. Replicates are shown as faded circles and standard 
error from the mean is represented as a faded area around each line. sDA piece 2 (sDA 
2-nCas9-UGI-UGI) is included as a negative transfection control. 
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Figure 7D. CRISPR Guided Off Target Editing with sDA-BE4.2 vs BE4-Max at 5 HEK 
Site 4 off-target sites. 

 
 

Figure 7D. CRISPR Guided Off Target Editing with sDA-BE4.2 vs BE4-Max at 5 sites 
| Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared between sDA-
BE4.2 and BE4-Max, in percent, at 5 previously-characterized CRISPR Guided off-target 
sites. Replicates are shown as faded circles and standard error from the mean is 
represented as a faded area around each line. sDA piece 2 (sDA 2-nCas9-UGI-UGI) is 
included as a negative transfection control. 
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Figure 7E. On-target C-to-R Editing with sDA-BE4.2 vs BE4-Max at 12 gRNA sites. 

 
 
 
Figure 7E. On-target C-to-R Editing with sDA-BE4.2 vs BE4-Max at 12 gRNA sites. | 
Cytosine-to-purine editing rates at on-target sites. Data shown are derived from the same 
sequencing experiments as Figure 7A. A transfection control containing sDA-2 (sDA 2-
nCas9-UGI-UGI) DNA is included as a negative control. 
 
 
 
 
 
 
 
 
 



 

45 
 

Figure 7F. On target indel editing with sDA-BE4.2 vs. BE4-Max using 12 gRNAs. 
 

 

Figure 7F.  On-target indel editing of SECURE-Max vs. BE4-Max | Indel editing rates 
at on-target sites. Data shown are derived from the same sequencing experiments as 
Figure 7A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is 
included as a negative control. 
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Figure 7G. Comparative total editing for on-target activity and all dimensions of 
specificity assessed here for sDA-BE4.2 vs. BE4-Max. 

 

Figure 7G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity | Comparative total editing analysis (described above) is 
shown for sDA-BE4.2 (R33A) and BE4-Max. Percentage values given in the title of the 
plot represent the relative area under the editor curve compared to BE4-Max. Error bars 
are derived from the standard error from the means. 
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Figure 8A.  On-target C-to-T editing of sDA-BE4.3 vs. BE4-Max. 

  
 
Figure 8A.  On-target C-to-T editing of sDA-BE4.3 vs. BE4-Max | Cytosine-to-thymine 
editing rates in HEK293T-X cells are compared between sDA-BE4.3 and BE4-Max, in 
percent on the Y-axis. X-axis shows the gRNA sequence, the five nucleotides upstream, 
and the PAM sequence (NGG).  
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Figure 8B.  Spurious DNA editing as revealed by BE-ARD sDA-BE4.3 as compared 
to BE4-Max. 

 

Figure 8B. Spurious DNA editing as revealed by BE-ARD sDA-BE4.3 as compared 
to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX cells are 
compared between sDA-BE4.3 and BE4-Max, in percent. Replicates are shown as faded 
circles and standard error from the mean is represented as a faded area around each 
line. BE4-Max co-transfected with the SaCas9 gRNAs, but lacking dSaCas9, is used as 
a negative control. 
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Figure 8C. Spurious RNA editing for BE4-Max and sDA-BE4.3 at 6 sentinel sites 

 

Figure 8C. Spurious RNA editing for BE4-Max and sDA-BE4.3 at 6 sentinel sites | 
Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared between sDA-
BE4.3 and BE4-Max, in percent. Replicates are shown as faded circles and standard 
error from the mean is represented as a faded area around each line. sDA piece 2 (sDA 
2-nCas9-UGI-UGI) is included as a negative transfection control. sDA-BE4.3 shows 
significant reduction of RNA editing compared to BE4-Max. 
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Figure 8D. CRISPR Guided Off Target Editing with sDA-BE4.3 vs BE4-Max at 5 HEK 
Site 4 off-target sites. 

 

Figure 8D. CRISPR Guided Off Target Editing with sDA-BE4.3 vs BE4-Max at 5 sites 
| Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared between sDA-
BE4.3 and BE4-Max, in percent, at 5 previously-characterized CRISPR Guided off-target 
sites. Replicates are shown as faded circles and standard error from the mean is 
represented as a faded area around each line. sDA piece 2 (sDA 2-nCas9-UGI-UGI) is 
included as a negative transfection control. 
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Figure 8E. On-target C-to-R Editing with sDA-BE4.3 vs BE4-Max at 12 gRNA sites. 

 

Figure 8E. On-target C-to-R Editing with sDA-BE4.3 vs BE4-Max at 12 gRNA sites. | 
Cytosine-to-purine editing rates at on-target sites. Data shown are derived from the same 
sequencing experiments as Figure 8A. A transfection control containing sDA-2 (sDA 2-
nCas9-UGI-UGI) DNA is included as a negative control. 
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Figure 8F. On target indel editing with sDA-BE4.3 vs. BE4-Max using 12 gRNAs. 

 

Figure 8F.  On-target indel editing of SECURE-Max vs. BE4-Max | Indel editing rates 
at on-target sites. Data shown are derived from the same sequencing experiments as 
Figure 8A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is 
included as a negative control. 
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Figure 8G. Comparative total editing for on-target activity and all dimensions of 
specificity assessed here for sDA-BE4.3 vs. BE4-Max. 

 

Figure 8G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity | Comparative total editing analysis (described above) is 
shown for sDA-BE4.3 and BE4-Max. Percentage values given in the title of the plot 
represent the relative area under the editor curve compared to BE4-Max. Error bars are 
derived from the standard error from the means. 
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Figure 9A.  On-target C-to-T editing of sDA-BE4.4 vs. BE4-Max. 

 

Figure 9A.  On-target C-to-T editing of sDA-BE4.3 vs. BE4-Max | Cytosine-to-thymine 
editing rates in HEK293T-X cells are compared between sDA-BE4.4 and BE4-Max, in 
percent on the Y-axis. X-axis shows the gRNA sequence, the five nucleotides upstream, 
and the PAM sequence (NGG).  
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Figure 9B.  Spurious DNA editing as revealed by BE-ARD sDA-BE4.4 as compared 
to BE4-Max. 

 

Figure 9B. Spurious DNA editing as revealed by BE-ARD sDA-BE4.4 as compared 
to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX cells are 
compared between sDA-BE4.4 and BE4-Max, in percent. Replicates are shown as faded 
circles and standard error from the mean is represented as a faded area around each 
line. BE4-Max co-transfected with the SaCas9 gRNAs, but lacking dSaCas9, is used as 
a negative control. 
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Figure 9C. Spurious RNA editing for BE4-Max and sDA-BE4.4 at 6 sentinel sites 

 

Figure 9C. Spurious RNA editing for BE4-Max and sDA-BE4.2 at 6 sentinel sites | 
Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared between sDA-
BE4.4 and BE4-Max, in percent. Target site sequences are given in terms of the cDNA 
sequence. Replicates are shown as faded circles and standard error from the mean is 
represented as a faded area around each line. sDA piece 2 (sDA 2-nCas9-UGI-UGI) is 
included as a negative transfection control. 
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Figure 9D. CRISPR Guided Off Target Editing with sDA-BE4.4 vs BE4-Max at 5 HEK 
Site 4 off-target sites. 

 

Figure 9D. CRISPR Guided Off Target Editing with sDA-BE4.3-Max vs BE4-Max at 5 
sites | Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared between 
sDA-BE4.4 and BE4-Max, in percent, at 5 previously-characterized CRISPR Guided off-
target sites. Replicates are shown as faded circles and standard error from the mean is 
represented as a faded area around each line. sDA piece 2 (sDA 2-nCas9-UGI-UGI) is 
included as a negative transfection control. 
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Figure 9E. On-target C-to-R Editing with sDA-BE4.4 vs BE4-Max at 12 gRNA sites. 

 
 
Figure 9E. On-target C-to-R Editing with sDA-BE4.4 vs BE4-Max at 12 gRNA sites. | 
Cytosine-to-purine editing rates at on-target sites. Data shown are derived from the same 
sequencing experiments as Figure 9A. A transfection control containing sDA-2 (sDA 2-
nCas9-UGI-UGI) DNA is included as a negative control. 
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Figure 9F. On-target indel Editing with sDA-BE4.4 vs BE4-Max at 12 gRNA sites. 

 

Figure 9F.  On-target indel editing of sDA-BE4.4 vs. BE4-Max | Indel editing rates at 
on-target sites. Data shown are derived from the same sequencing experiments as Figure 
9A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is included as 
a negative control. 
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Figure 9G. Comparative total editing for on-target activity and all dimensions of 
specificity assessed here for sDA-BE4.4 vs. BE4-Max. 

 

Figure 9G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity | Comparative total editing analysis (described above) is 
shown for sDA-BE4.4 and BE4-Max. Percentage values given in the title of the plot 
represent the relative area under the editor curve compared to BE4-Max. Error bars are 
derived from the standard error from the means. 
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Figure 10A. S83R does not seem to rescue SECURE-Max on-target activity.  

 

Figure 10A. S83R does not seem to rescue SECURE-Max on-target activity. | On-
target editing of RNF2 using a SECURE-Max mutant containing the S83R mutation. The 
characteristic editing shape of the SECURE-Max editor is unchanged even upon addition 
of the S83R mutations 
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Figure 10B. On-target Normalized Dimensions of Specificity for sDA-BE4.1, sDA-

BE4.2, sDA-BE4.3, and sDA-BE4.4. 

  

Figure 10B. On-target Normalized Dimensions of Specificity for sDA-BE4.1, sDA-
BE4.2, sDA-BE4.3, and sDA-BE4.4. | Spider plots showing the on-target normalized 
rates of all the dimensions of specificity considered in this study. 
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1.9. Optimizing sDA-BE NLS Architecture (sDA-BE4.3- and sDA-

BE4.4-Max) 

I also made versions of sDA-BE4.3 and sDA-BE4.4 that contain an extra bipartite NLS 

domain in the C-terminal sDA 2 domain, in between its two UGI domains. Increasing CBE 

nuclear localization capacity has been shown in the past to improve editing rates, so I 

reasoned that applying this same principle to sDA-BEs may also improve editing rates 

[Koblan, et al., 2018]. Note that this mimics the NLS architecture of intact BE4-Max, which 

contains two bipartite NLS domains on each terminus but that become separated by the 

sDA bifurcation. I refer to these two editors as sDA-BE4.3-Max and sDA-BE4.4-Max 

(Figures 10 and 11), both of which have further improved rates of on-target total editing 

compared to their parent editors. sDA-BE4.3-Max exhibits 85.27% total on-target editing 

compared to BE4-Max with 7.61% total spurious DNA editing capacity compared to BE4-

Max, while sDA-BE-4.4-Max exhibits 94.12% and 15.46% total on-target editing and 

spurious editing, respectively, compared to BE4-Max. Despite the extremely similar 

editing capacity of sDA-BE4.4-Max and the intact BE4-Max, including at often difficult-to-

edit gRNA sites like PDCD1, the persistent lack of strong spurious DNA editing as 

demonstrated by the BE-ARD assay shows the general robustness for sDA-BEs to 

deaminate locally at their on-target sites, but only in a limited capacity at spurious non-

targeted sites. 
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Figure 11A.  On-target C-to-T editing of sDA-BE4.3-Max vs. BE4-Max. 

 

Figure 11A.  On-target C-to-T editing of sDA-BE4.3-Max vs. BE4-Max | Cytosine-to-
thymine editing rates in HEK293T-X cells are compared between sDA-BE4.3-Max and 
BE4-Max, in percent on the Y-axis. X-axis shows the gRNA sequence, the five 
nucleotides upstream, and the PAM sequence (NGG).  
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Figure 11B.  Spurious DNA editing as revealed by BE-ARD sDA-BE4.3-Max as 
compared to BE4-Max 

 

Figure 11B. Spurious DNA editing as revealed by BE-ARD sDA-BE4.3-Max as 
compared to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX cells 
are compared between sDA-BE4.3-Max and BE4-Max, in percent. Replicates are shown 
as faded circles and standard error from the mean is represented as a faded area around 
each line. BE4-Max co-transfected with the SaCas9 gRNAs, but lacking dSaCas9, is used 
as a negative control. X-axis shows the gRNA sequence, the five nucleotides upstream, 
and the PAM sequence (NGG). 
 

 

 

 

  



 

66 
 

Figure 11C. Spurious RNA editing for BE4-Max and sDA-BE4.3-Max at 6 sentinel 
sites 

 

Figure 11C. Spurious RNA editing for BE4-Max and sDA-BE4.3-Max at 6 sentinel 
sites | Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared between 
sDA-BE4.3-Max and BE4-Max, in percent. Replicates are shown as faded circles and 
standard error from the mean is represented as a faded area around each line. sDA piece 
2 (sDA 2-nCas9-UGI-UGI) is included as a negative transfection control.  
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Figure 11D. CRISPR Guided Off Target Editing with sDA-BE4.3-Max vs BE4-Max at 
5 HEK Site 4 off-target sites. 

 

Figure 11D. CRISPR Guided Off Target Editing with sDA-BE4.3-Max vs BE4-Max at 
5 sites | Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared 
between sDA-BE4.3-Max and BE4-Max, in percent, at 5 previously-characterized 
CRISPR Guided off-target sites. Replicates are shown as faded circles and standard error 
from the mean is represented as a faded area around each line. sDA piece 2 (sDA 2-
nCas9-UGI-UGI) is included as a negative transfection control. 
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Figure 11E. On-target C-to-R Editing with sDA-BE4.3-Max vs BE4-Max at 12 gRNA 
sites. 

 

 
Figure 11E. On-target C-to-R Editing with sDA-BE4.3-Max vs BE4-Max at 12 gRNA 
sites. | Cytosine-to-purine editing rates at on-target sites. Data shown are derived from 
the same sequencing experiments as Figure 11A. A transfection control containing sDA-
2 (sDA 2-nCas9-UGI-UGI) DNA is included as a negative control. 
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Figure 11F. On target indel editing with sDA-BE4.3-Max vs. BE4-Max using 12 
gRNAs. 

 

Figure 11F.  On-target indel editing of sDA-BE4.3-Max vs. BE4-Max | Indel editing 
rates at on-target sites. Data shown are derived from the same sequencing experiments 
as Figure 11A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is 
included as a negative control. 
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Figure 11G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity for sDA-BE4.3-Max 

 

 

Figure 11G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity | Comparative total editing analysis (described above) is 
shown for sDA-BE4.3-Max and BE4-Max. Percentage values given in the title of the plot 
represent the relative area under the editor curve compared to BE4-Max. Error bars are 
derived from the standard error from the means. 
 

 

 

 

  



 

71 
 

Figure 12A.  On-target C-to-T editing of sDA-BE4.4-Max vs. BE4-Max. 

 

Figure 12A.  On-target C-to-T editing of sDA-BE4.4-Max vs. BE4-Max | Cytosine-to-
thymine editing rates in HEK293T-X cells are compared between sDA-BE4.4-Max and 
BE4-Max, in percent on the Y-axis. X-axis shows the gRNA sequence, the five 
nucleotides upstream, and the PAM sequence (NGG).  
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Figure 12B.  Spurious DNA editing as revealed by BE-ARD sDA-BE4.4-Max as 
compared to BE4-Max. 

 
Figure 12B. Spurious DNA editing as revealed by BE-ARD sDA-BE4.4-Max as 
compared to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX cells 
are compared between sDA-BE4.4-Max and BE4-Max, in percent. Replicates are shown 
as faded circles and standard error from the mean is represented as a faded area around 
each line. BE4-Max co-transfected with the SaCas9 gRNAs, but lacking dSaCas9, is used 
as a negative control. X-axis shows the gRNA sequence, the five nucleotides upstream, 
and the PAM sequence (NGG). 
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Figure 12C. Spurious RNA editing for BE4-Max and sDA-BE4.4-Max at 6 sentinel 
sites 

 

Figure 12C. Spurious RNA editing for BE4-Max and sDA-BE4.4-Max at 6 sentinel 
sites | Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared between 
sDA-BE4.4-Max and BE4-Max, in percent. Replicates are shown as faded circles and 
standard error from the mean is represented as a faded area around each line. sDA piece 
2 (sDA 2-nCas9-UGI-UGI) is included as a negative transfection control.  
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Figure 12D. CRISPR Guided Off Target Editing with sDA-BE4.4-Max vs BE4-Max at 

5 HEK Site 4 off-target sites. 

 

Figure 12D. CRISPR Guided Off Target Editing with sDA-BE4.2 vs BE4-Max at 5 
sites | Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared between 
sDA-BE4.4-Max and BE4-Max, in percent, at 5 previously-characterized CRISPR Guided 
off-target sites. Replicates are shown as faded circles and standard error from the mean 
is represented as a faded area around each line. sDA piece 2 (sDA 2-nCas9-UGI-UGI) is 
included as a negative transfection control. 
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Figure 12E. On-target C-to-R Editing with sDA-BE4.4-Max vs BE4-Max at 12 gRNA 
sites. 

 

 
Figure 12E. On-target C-to-R Editing with sDA-BE4.4-Max vs BE4-Max at 12 gRNA 
sites. | Cytosine-to-purine editing rates at on-target sites. Data shown are derived from 
the same sequencing experiments as Figure 12A. A transfection control containing sDA-
2 (sDA 2-nCas9-UGI-UGI) DNA is included as a negative control. 
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Figure 12F. On target indel editing with sDA-BE4.4-Max vs. BE4-Max using 12 
gRNAs. 

 

Figure 12F.  On-target indel editing of sDA-BE4.4-Max vs. BE4-Max | Indel editing 
rates at on-target sites. Data shown are derived from the same sequencing experiments 
as Figure 12A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is 
included as a negative control. 
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Figure 12G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity for sDA-BE4.4-Max 
 

 

Figure 12G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity | Comparative total editing analysis (described above) is 
shown for sDA-BE4.3-Max and BE4-Max. Percentage values given in the title of the plot 
represent the relative area under the editor curve compared to BE4-Max. Error bars are 
derived from the standard error from the means. 
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1.10. sDA-BE SECURE Technology to Eliminate Spurious Editing  

To stamp out the last remnants of spurious DNA editing capacity still present in sDA-BEs, 

I sought to make versions of the sDA-BEs bearing the SECURE mutations. While R33A 

versions of sDA-BE4.4 and sDA-BE4.4-Max accomplish undetectable levels of spurious 

DNA editing via the BE-ARD assay as well as extremely minimized CGOT and spurious 

RNA editing (Figures 12-13), they still fail to edit robustly at two of the gRNA sites tested 

(<5% editing at PDCD1 and HEK Site 3). To attempt to overcome this limitation, I 

imagined that the R33A mutation (or the K34A mutation, as exists in another SECURE 

variant described in Grunewald, et al) represents one of the harshest possible changes 

available at those residue positions. Both arginine and lysine are amino acids with 

charged sidechains, so going from them to an uncharged alanine is a drastic departure 

in both charge and size. I reasoned that other mutations may result in an rAPO1 domain 

with similar characteristics as SECURE but with less extreme effects, such that, when 

coupled with sDA-BE technology, would largely eliminate or attenuate the BE’s capacity 

for spurious editing. I also made several mutations to the E68 residue, which I surmised 

as potentially relating to the interaction interface. I termed such variants SECURE-Like 

Orthologs and screened them for on-target activity at HEK Site 4 (Figure 15).  

 

Of these, I chose to fully characterize K34N, which appeared to have an intermediate 

effect on on-target total editing between sDA-BEs bearing the R33A mutation and those 

using wildtype rAPO1. This result was shown across all gRNAs in this study using a sDA-

BE4.4 architecture, which shows it to have a total on-target editing capacity 71.54% of 

BE4-Max and a spurious DNA editing capacity 4.76% of BE4-Max (Figure 16). An sDA-



 

79 
 

BE4.4-Max version of this editor was also evaluated, showing values of 75.85% on-target 

editing and 7.53% spurious DNA editing as compared to BE4-Max (Figure 17). 

Interestingly, CGOT editing also experiences an intermediate effect from the K34N 

mutation. For instances, by comparative total CGOT editing, sDA-BE4.4-Max (K34N) of 

33.62% compared to BE4-Max, while sDA-BE4.4-Max containing the wildtype rAPO1 

possesses a 81.82% CGOT editing rate compared to BE4-Max, potentially indicating a 

mechanistic link between CGOT and spurious editing rates for the SECURE and 

SECURE-like mutations. 
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Figure 13A.  On-target C-to-T editing of sDA-BE4.4 (R33A) vs. BE4-Max. 

 

Figure 13A.  On-target C-to-T editing of sDA-BE4.4 (R33A) vs. BE4-Max | Cytosine-
to-thymine editing rates in HEK293T-X cells are compared between sDA-BE4.4 (R33A) 
and BE4-Max, in percent on the Y-axis. X-axis shows the gRNA sequence, the five 
nucleotides upstream, and the PAM sequence (NGG).  
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Figure 13B.  Spurious DNA editing as revealed by BE-ARD sDA-BE4.4 (R33A) as 
compared to BE4-Max 

 

Figure 13B. Spurious DNA editing as revealed by BE-ARD sDA-BE4.4 (R33A) as 
compared to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX cells 
are compared between sDA-BE4.2 and BE4-Max, in percent. Replicates are shown as 
faded circles and standard error from the mean is represented as a faded area around 
each line. BE4-Max co-transfected with the SaCas9 gRNAs, but lacking dSaCas9, is used 
as a negative control. X-axis shows the gRNA sequence, the five nucleotides upstream, 
and the PAM sequence (NGG). 
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Figure 13C. Spurious RNA editing for BE4-Max and sDA-BE4.4 (R33A) at 6 sentinel 
sites 

 

Figure 13C. Spurious RNA editing for BE4-Max and sDA-BE4.4 (R33A) at 6 sentinel 
sites | Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared between 
sDA-BE4.4 (R33A) and BE4-Max, in percent. Replicates are shown as faded circles and 
standard error from the mean is represented as a faded area around each line. sDA piece 
2 (sDA 2-nCas9-UGI-UGI) is included as a negative transfection control.  
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Figure 13D. CRISPR Guided Off Target Editing with sDA-BE4.4 (R33A) vs BE4-Max 
at 5 HEK Site 4 off-target sites. 

 

Figure 13D. CRISPR Guided Off Target Editing with sDA-BE4.4 (R33A) vs BE4-Max 
at 5 sites | Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared 
between sDA-BE4.4 (R33A) and BE4-Max, in percent, at 5 previously-characterized 
CRISPR Guided off-target sites. Replicates are shown as faded circles and standard error 
from the mean is represented as a faded area around each line. sDA piece 2 (sDA 2-
nCas9-UGI-UGI) is included as a negative transfection control. 
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Figure 13E. On-target C-to-R Editing with sDA-BE4.4 (R33A) vs BE4-Max at 12 
gRNA sites. 

 

Figure 13E. On-target C-to-R Editing with sDA-BE4.4 (R33A) vs BE4-Max at 12 
gRNA sites. | Cytosine-to-purine editing rates at on-target sites. Data shown are derived 
from the same sequencing experiments as Figure 13A. A transfection control containing 
sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is included as a negative control. 
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Figure 13F. On target indel editing with sDA-BE4.4 (R33A) vs. BE4-Max using 12 
gRNAs. 

 

Figure 13F.  On-target indel editing of sDA-BE4.4 (R33A) vs. BE4-Max | Indel editing 
rates at on-target sites. Data shown are derived from the same sequencing experiments 
as Figure 13A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is 
included as a negative control. 
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Figure 13G. On target indel editing with sDA-BE4.4-Max vs. BE4-Max using 12 
gRNAs. 

 

Figure 13G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity | Comparative total editing analysis (described above) is 
shown for sDA-BE4.4 (R33A) and BE4-Max. Percentage values given in the title of the 
plot represent the relative area under the editor curve compared to BE4-Max. Error bars 
are derived from the standard error from the means. 
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Figure 14A. On-target C-to-T editing of sDA-BE4.4-Max (R33A) vs. BE4-Max. 

 

Figure 14A.  On-target C-to-T editing of sDA-BE4.4-Max (R33A) vs. BE4-Max | 
Cytosine-to-thymine editing rates in HEK293T-X cells are compared between sDA-
BE4.4-Max (R33A) and BE4-Max, in percent on the Y-axis. X-axis shows the gRNA 
sequence, the five nucleotides upstream, and the PAM sequence (NGG).  
 

 

 

 



 

88 
 

Figure 14B.  Spurious DNA editing as revealed by BE-ARD sDA-BE4.4-Max (R33A) 
as compared to BE4-Max 

 

 

Figure 14B. Spurious DNA editing as revealed by BE-ARD sDA-BE4.4-Max (R33A) 
as compared to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX 
cells are compared between sDA-BE4.4-Max (R33A) and BE4-Max, in percent. 
Replicates are shown as faded circles and standard error from the mean is represented 
as a faded area around each line. BE4-Max co-transfected with the SaCas9 gRNAs, but 
lacking dSaCas9, is used as a negative control. X-axis shows the gRNA sequence, the 
five nucleotides upstream, and the PAM sequence (NGG). 
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Figure 14C. Spurious RNA editing for BE4-Max and sDA-BE4.4-Max (R33A) at 6 
sentinel sites. 

 

Figure 14C. Spurious RNA editing for BE4-Max and sDA-BE4.4-Max (R33A) at 6 
sentinel sites | Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared 
between sDA-BE4.4-Max (R33A) and BE4-Max, in percent. Replicates are shown as 
faded circles and standard error from the mean is represented as a faded area around 
each line. sDA piece 2 (sDA 2-nCas9-UGI-UGI) is included as a negative transfection 
control.  
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Figure 14D. CRISPR Guided Off Target Editing with sDA-BE4.4-Max (R33A) vs BE4-
Max at 5 HEK Site 4 off-target sites. 

 

Figure 14D. CRISPR Guided Off Target Editing with sDA-BE4.4-Max (R33A) vs BE4-
Max at 5 sites | Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared 
between sDA-BE4.4-Max (R33A) and BE4-Max, in percent, at 5 previously-characterized 
CRISPR Guided off-target sites. Replicates are shown as faded circles and standard error 
from the mean is represented as a faded area around each line. sDA piece 2 (sDA 2-
nCas9-UGI-UGI) is included as a negative transfection control. 
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Figure 14E. On-target C-to-R Editing with sDA-BE4.4-Max (R33A) vs BE4-Max at 12 
gRNA sites. 

 

Figure 14E. On-target C-to-R Editing with sDA-BE4.4-Max (R33A) vs BE4-Max at 12 
gRNA sites. | Cytosine-to-purine editing rates at on-target sites. Data shown are derived 
from the same sequencing experiments as Figure 14A. A transfection control containing 
sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is included as a negative control. 
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Figure 14F. On target indel editing with sDA-BE4.4-Max (R33A) vs. BE4-Max using 
12 gRNAs. 

 

 

Figure 14F.  On-target indel editing of sDA-BE4.4-Max (R33A) vs. BE4-Max | Indel 
editing rates at on-target sites. Data shown are derived from the same sequencing 
experiments as Figure 14A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-
UGI) DNA is included as a negative control. 
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Figure 14G. Comparative Total Editing for on-target editing and all five 

considered dimensions of specificity for sDA-BE4.4-Max (R33A) 

 

Figure 14G. Comparative Total Editing for on-target editing and all five considered 
dimensions of specificity | Comparative total editing analysis (described above) is 
shown for sDA-BE4.4-Max (R33A) and BE4-Max. Percentage values given in the title of 
the plot represent the relative area under the editor curve compared to BE4-Max. Error 
bars are derived from the standard error from the means. 
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Figure 15. Data from Two Experiments Screening SECURE-Like Orthologs 

 

 

Figure 15.  On-target C-to-T editing of SECURE-Like Orthologs | Cytosine-to-thymine 
editing rates in HEK293T-X cells are compared between SECURE-Like Ortholog sDA-
BE4.4 editors, SECURE-Max, and BE4-Max, on the X-axis. Conversion rate is given as 
a fraction of observed reads. 
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Figure 16A.  On-target C-to-T editing of sDA-BE4.4 (K34N) vs. BE4-Max.  

 

Figure 16A.  On-target C-to-T editing of sDA-BE4.4 (K34N) vs. BE4-Max | Cytosine-
to-thymine editing rates in HEK293T-X cells are compared between sDA-BE4.4-Max and 
BE4-Max, in percent on the Y-axis. X-axis shows the gRNA sequence, the five 
nucleotides upstream, and the PAM sequence (NGG).  
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Figure 16B.  Spurious DNA editing as revealed by BE-ARD sDA-BE4.4 (K34N) as 
compared to BE4-Max 

 
Figure 16B. Spurious DNA editing as revealed by BE-ARD sDA-BE4.4-Max (K34N) 
as compared to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX 
cells are compared between sDA-BE4.4-Max (K34N) and BE4-Max, in percent. 
Replicates are shown as faded circles and standard error from the mean is represented 
as a faded area around each line. BE4-Max co-transfected with the SaCas9 gRNAs, but 
lacking dSaCas9, is used as a negative control. X-axis shows the gRNA sequence, the 
five nucleotides upstream, and the PAM sequence (NGG). 
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Figure 16C.  

 
 

Figure 16C. Spurious RNA editing for BE4-Max and sDA-BE4.4 (K34N) at 6 sentinel 
sites | Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared between 
sDA-BE4.4 (K34N) and BE4-Max, in percent. Replicates are shown as faded circles and 
standard error from the mean is represented as a faded area around each line. sDA piece 
2 (sDA 2-nCas9-UGI-UGI) is included as a negative transfection control.  
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Figure 16D.  

 
Figure 16D. CRISPR Guided Off Target Editing with sDA-BE4.4 (K34N) vs BE4-Max 
at 5 sites | Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared 
between sDA-BE4.4 (K34N) and BE4-Max, in percent, at 5 previously-characterized 
CRISPR Guided off-target sites. Replicates are shown as faded circles and standard error 
from the mean is represented as a faded area around each line. sDA piece 2 (sDA 2-
nCas9-UGI-UGI) is included as a negative transfection control. 
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Figure 16E. 

 
 

Figure 16E. On-target C-to-R Editing with sDA-BE4.4 (K34N) vs BE4-Max at 12 
gRNA sites. | Cytosine-to-purine editing rates at on-target sites. Data shown are derived 
from the same sequencing experiments as Figure 16A. A transfection control containing 
sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is included as a negative control. 
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Figure 16F. 

 
Figure 16F.  On-target indel editing of sDA-BE4.4 (K34N) vs. BE4-Max | Indel editing 
rates at on-target sites. Data shown are derived from the same sequencing experiments 
as Figure 16A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is 
included as a negative control. 
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Figure 16G. 

 

 
Figure 16G. Comparative Total Editing for on-target editing and all five dimensions 

of specificity considered in this study | Comparative total editing analysis (described 

above) is shown for sDA-BE4.4 (K34N) and BE4-Max. Percentage values given in the 

title of the plot represent the relative area under the editor curve compared to BE4-Max. 

Error bars are derived from the standard error from the means. 
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Figure 17A. On-target C-to-T editing of sDA-BE4.4-Max (K34N) vs. BE4-Max 

 

Figure 17A. On-target C-to-T editing of sDA-BE4.4-Max (K34N) vs. BE4-Max | 
Cytosine-to-thymine editing rates in HEK293T-X cells are compared between sDA-
BE4.4-Max and BE4-Max, in percent on the Y-axis. X-axis shows the gRNA sequence, 
the five nucleotides upstream, and the PAM sequence (NGG).  
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Figure 17B.  

 

Figure 17B. Spurious DNA editing as revealed by BE-ARD with sDA-BE4.4-Max 
(K34N) as compared to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in 
HEK293TX cells are compared between sDA-BE4.4-Max (K34N) and BE4-Max, in 
percent. Replicates are shown as faded circles and standard error from the mean is 
represented as a faded area around each line. BE4-Max co-transfected with the SaCas9 
gRNAs, but lacking dSaCas9, is used as a negative control. X-axis shows the gRNA 
sequence, the five nucleotides upstream, and the PAM sequence (NGG). 
 

  



 

104 
 

Figure 17C. Spurious RNA editing for BE4-Max and sDA-BE4.4-Max (K34N) at 6 
sentinel sites. 

 

Figure 17C. Spurious RNA editing for BE4-Max and sDA-BE4.4-Max (K34N) at 6 
sentinel sites | Cytosine-to-uracil RNA editing rates in HEK293TX cells are compared 
between sDA-BE4.4-Max (K34N) and BE4-Max, in percent. Replicates are shown as 
faded circles and standard error from the mean is represented as a faded area around 
each line. sDA piece 2 (sDA 2-nCas9-UGI-UGI) is included as a negative transfection 
control.  
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Figure 17D. CRISPR Guided Off Target Editing with sDA-BE4.4-Max (K34N) vs 

BE4-Max at 5 sites. 

 

 

Figure 17D. CRISPR Guided Off Target Editing with sDA-BE4.4-Max (K34N) vs BE4-
Max at 5 sites | Cytosine-to-thymine DNA editing rates in HEK293TX cells are compared 
between sDA-BE4.4-Max (K34N) and BE4-Max, in percent, at 5 previously-characterized 
CRISPR Guided off-target sites. Replicates are shown as faded circles and standard error 
from the mean is represented as a faded area around each line. sDA piece 2 (sDA 2-
nCas9-UGI-UGI) is included as a negative transfection control. 
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Figure 17E. On-target C-to-R Editing with sDA-BE4.4-Max (K34N) vs BE4-Max at 

12 gRNA sites. 

 
Figure 17E. On-target C-to-R Editing with sDA-BE4.4-Max (K34N) vs BE4-Max at 12 
gRNA sites. | Cytosine-to-purine editing rates at on-target sites. Data shown are derived 
from the same sequencing experiments as Figure 17A. A transfection control containing 
sDA-2 (sDA 2-nCas9-UGI-UGI) DNA is included as a negative control. 
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Figure 17F.  On-target indel editing of sDA-BE4.4-Max (K34N) vs. BE4-Max 

 
 

Figure 17F.  On-target indel editing of sDA-BE4.4-Max (K34N) vs. BE4-Max | Indel 
editing rates at on-target sites. Data shown are derived from the same sequencing 
experiments as Figure 17A. A transfection control containing sDA-2 (sDA 2-nCas9-UGI-
UGI) DNA is included as a negative control. 
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Figure 17G. Comparative Total Editing for on-target editing and all five considered 

dimensions of specificity for sDA-BE4.4-Max (K34N) 

 
Figure 17G. Comparative Total Editing for on-target editing and all five dimensions 

of specificity considered in this study | Comparative total editing analysis (described 

above) is shown for sDA-BE4.4-Max (K34N) and BE4-Max. Percentage values given in 

the title of the plot represent the relative area under the editor curve compared to BE4-

Max. Error bars are derived from the standard error from the means. 
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1.11. Evidence for Spurious DNA Editing by Adenine Base Editors 

Interestingly, ABEs also show A-to-G activity in the BE-ARD assay, though at rates far 

lower than BE4-Max. This revelation comes despite previous studies finding little 

evidence for spurious DNA editing with ABEs, perhaps because of the insensitivity of 

whole organism- and genome-scale studies. In addition, miniABE-Max and a SECURE 

variant of miniABE-Max bearing the V82G mutation that possesses a lowered capacity 

for spurious RNA editing appear to have higher rates of spurious DNA editing, potentially 

indicating an RNA-specific mechanism underlying the effects of those variants. Data 

showing this effect is in Figure 18. 

 

 



 

110 
 

Figure 18A. Evidence for spurious DNA editing with ABE-Max. 

 

Figure 18A. Spurious DNA editing as revealed by BE-ARD with ABE-Max | Adenine-
to-guanine BE-ARD editing rates in HEK293TX with ABE-Max, in percent. Replicates are 
shown as faded circles and standard error from the mean is represented as a faded area 
around each line. ABE-Max co-transfected with the SaCas9 gRNAs, but lacking 
dSaCas9, is used as a negative control. X-axis shows the gRNA sequence, the five 
nucleotides upstream, and the PAM sequence (NGG). 
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Figure 18B. Evidence for spurious DNA editing with miniABE-Max. 

 
Figure 18B. Spurious DNA editing as revealed by BE-ARD with miniABE-Max 
Adenine-to-guanine BE-ARD editing rates in HEK293TX with miniABE-Max, in percent. 
Replicates are shown as faded circles and standard error from the mean is represented 
as a faded area around each line. ABE-Max co-transfected with the SaCas9 gRNAs, but 
lacking dSaCas9, is used as a negative control. X-axis shows the gRNA sequence, the 
five nucleotides upstream, and the PAM sequence (NGG). 
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Figure 18A. Evidence for spurious DNA editing with miniABE-Max V82G 

 

Figure 18C. Spurious DNA editing as revealed by BE-ARD with miniABE-Max V82G 
| Adenine-to-guanine BE-ARD editing rates in HEK293TX with miniABE-Max, in percent. 
Replicates are shown as faded circles and standard error from the mean is represented 
as a faded area around each line. ABE-Max co-transfected with the SaCas9 gRNAs, but 
lacking dSaCas9, is used as a negative control. X-axis shows the gRNA sequence, the 
five nucleotides upstream, and the PAM sequence (NGG). 
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1.12. A UGI is insufficient to show spurious DNA editing by the 

BE-ARD Assay 

Figure 19 shows BE-ARD results showing that the sDA 2 piece (containing part of the 

deaminase domain, an nCas9, and two UGI domains) cannot stimulate spurious DNA 

edits in the BE-ARD assay. 
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Figure 19. BE-ARD assay for spurious DNA editing with sDA 2. 

 

Figure 19. Spurious DNA editing as revealed by BE-ARD with sDA 2 as compared 
to BE4-Max | Cytosine-to-thymine BE-ARD editing rates in HEK293TX cells are 
compared between sDA 2 and BE4-Max, in percent. Replicates are shown as faded 
circles and standard error from the mean is represented as a faded area around each 
line. BE4-Max co-transfected with the SaCas9 gRNAs, but lacking dSaCas9, is used as 
a negative control. X-axis shows the gRNA sequence, the five nucleotides upstream, and 
the PAM sequence (NGG). 
 

1.12 Summary of All Data Shown in this study. 

All data is summarized in the following table (Table 3) and spider plots (Figure 20). Each 

dimension of specificity is considered – first, absolute values of comparative total editing 

is given compared to BE4-Max, and then these same values are normalized by total on-

target editing to give a sense of the on-target:off-target editing ratio for every dimension 

of specificity across all BEs examined in this study 
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116 
 

Table 3. Summary of All Dimensions of Editing Observed in this Study 

Absolute 

On-target 

activity 

Spurious 

DNA 

Spurious 

RNA CGOT C-to-R Indel 

BE4-Max 1 1 1 1 1 1 

SECURE-Max 0.5733 0.0582 0.0735 0.1028 0.6014 0.4696 

sDA-BE4.1 0.6576 0.0329 0.0572 0.2757 0.1537 0.356 

sDA-BE4.2 0.7632 0.1016 0.1384 0.5264 0.2187 0.4144 

sDA-BE4.3 0.7893 0.0571 0.1202 0.3795 0.1694 0.405 

sDA-BE4.4 0.879 0.125 0.2761 0.642 0.2783 0.4358 

sDA-BE4.3-Max 0.8527 0.0761 0.0789 0.5235 0.2718 0.6811 

sDA-BE4.4-Max 0.9412 0.1546 0.2236 0.8182 0.4795 0.6317 

sDA-BE4.4 (K34N) 0.7154 0.0476 0.1631 0.2113 0.1938 0.3241 

sDA-BE4.4 (R33A) 0.4113 -0.0003 -0.0108 0.0281 0.0927 0.5429 

sDA-BE4.4-Max (K34N) 0.7585 0.0753 0.1145 0.3362 0.3474 0.5368 

sDA-BE4.4-MAx (R33A) 0.4616 0.05 -0.0143 0.0551 0.1798 0.9235 

 

On-target normalized 

On-target 

activity 

Spurious 

DNA 

Spurious 

RNA CGOT C-to-R Indel 

BE4-Max 1 1 1 1 1 1 

SECURE-Max 1 0.1015 0.1282 0.1793 1.0490 0.8191 

sDA-BE4.1 1 0.0500 0.0870 0.4193 0.2337 0.5414 

sDA-BE4.2 1 0.1331 0.1813 0.6897 0.2866 0.5430 

sDA-BE4.3 1 0.0723 0.1523 0.4808 0.2146 0.5131 

sDA-BE4.4 1 0.1422 0.3141 0.7304 0.3166 0.4958 

sDA-BE4.3-Max 1 0.0892 0.0925 0.6139 0.3188 0.7988 

sDA-BE4.4-Max 1 0.1643 0.2376 0.8693 0.5095 0.6712 

sDA-BE4.4 (K34N) 1 0.0665 0.2280 0.2954 0.2709 0.4530 

sDA-BE4.4 (R33A) 1 -0.0007 -0.0263 0.0683 0.2254 1.3200 

sDA-BE4.4-Max (K34N) 1 0.0993 0.1510 0.4432 0.4580 0.7077 

sDA-BE4.4-MAx (R33A) 1 0.1083 -0.0310 0.1194 0.3895 2.0006 

Table 3 Summary of Comparative Analysis between CBEs examined in this study. Editing 
rates are normalized relative to BE4-Max. Both absolute values are given (top) and values 
normalized by relative total on-target activity.  
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Figure 20A. Absolute Comparative Rates of Deleterious Editing Events for all BEs 

examined in this study. 

 

Figure 20A. Absolute Comparative Rates of Deleterious Editing Events for all BEs 

examined in this study | Spider plots showing the rates of all the dimensions of 

specificity considered in this study, normalized to BE4-Max. 
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Figure 20B. On-target Normalized Comparative Rates of Deleterious Editing 

Events for all BEs examined in this study. 

 

 
Figure 20B. On-target Normalized Comparative Rates of Deleterious Editing 

Events for all BEs examined in this study | Spider plots showing the rates of all the 

dimensions of specificity considered in this study, normalized to BE4-Max, and then 

normalized by on-target editing rate. 
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Discussion 
Here, I have demonstrated a significant step forward toward the absolute minimization of 

off-target and deleterious editing events using CBEs. I show a novel assay called Base 

Editing at Anchored R-Loop DNA (BE-ARD) for understanding spurious DNA editing, 

which has been difficult to robustly assess outside of the use of laborious experimental 

techniques. I demonstrate that a split deaminase cytosine base editor (sDA-BE) 

architecture can support robust on-target editing while resulting in low rates of spurious 

DNA editing, and that this architecture can be engineered to have rates of on-target 

editing approaching those of the intact BE4-Max enzyme. Furthermore, my results 

indicate that the CBE SECURE mutations have a similar effect on spurious DNA editing, 

and that incorporating SECURE variants and SECURE-Like Orthologs into an sDA-BE 

architecture results in a CBE that possesses near-background rates of spurious DNA 

edits. This work also shows that sDA-BEs have lowered capacities for inducing other 

forms of off-target effects carried out by CBEs, and therefore may represent a significant 

milestone toward the development of maximally safe CRISPR base editors that are fit for 

therapeutic use. 

1.13. Commentary on Spurious DNA Editing 

It is important to note that the BE-ARD assay is not a surrogate for direct observation of 

spurious DNA editing at naturally occurring genomic ssDNA substrates. It is unlikely that 

most cellular ssDNA substrates exist as such for as long as those that occur in a Cas9 R-

loop given their supposedly long lifespan [Sternberg, et al., 2014]. Instead, BE-ARD is an 

in situ chemistry experiment and can be used to rapidly distinguish between the spurious 

DNA editing capacities of different BEs. While it gives a good first approximation as to the 
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nature of this effect, future experiments like those conducted in mice and should confirm 

the validity and applicability of the observations shown in this study rice [Zuo, et al., 2016; 

Jin, et al., 2019]. 

 

I pose that since ter-molecular reactions are in general far rarer than bi-molecular 

reactions, the molecularity effect may be a mechanism by which spurious DNA editing 

could be differentially affected by the sDA-BE technology; however, it is worth noting that 

any evidence of the molecularity effect is not actually present in the results presented 

thus far. It is formally possible that the results observed here are perfectly described by a 

general concentration-dependent model - sDA-BEs could simply be resulting in a lower 

effective concentration of nuclear BE (and rAPO1), and it may be true that this results in 

a BE concentration that still supports on-target editing but is limiting to spurious effects. 

In such a case, simply delivering an equivalent amount of an intact editor would have the 

same outcome. To prove the molecularity effect, one must first establish the editing rates 

as a function of concentration for both spurious DNA edits and on-target edits to verify 

that spurious DNA edits are being affected differentially. However, since the highly active 

sDA-BE4.4-Max retains ~95% of the total on-target editing as BE4-Max while possessing 

only 15% of the spurious DNA editing capacity, it seems likely that the molecularity effect 

is playing a role. Nevertheless, experiments of this nature are a priority for my upcoming 

work in this area. 

 

Even if the molecularity effect is eventually shown to be either incorrect or minimal, I have 

proved the principle that a sDA-BE architecture described here can support robust on-
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target base editing. Unlike SECURE and SECURE-Like Orthologs that possess serious 

on-target penalties at some gRNA sites, sDA-BEs tend to edit at on-target sites in a 

proportional manner regardless of the site. Since some sDA-BEs create on-target edits 

with rates closely approaching those achievable with BE4-Max (such as sDABE4.4-Max), 

this raises the intriguing possibility that sDA-BEs may represent the best possible solution 

toward minimizing off-target effects.  

 

Though sDA-BEs bearing mutations to the R33 and K34 residues appear to dramatically 

minimize both spurious editing and CGOT editing, they also carry the same on-target 

penalties that plague intact SECURE editors. In the future, a better solution to achieve 

absolute minimization of these dimensions of editing may involve an approach that uses 

two separate adjacently-targeting DNA binding domains to localize the two pieces of a 

similar sDA-BE to a target site (e.g. an nCas9 and a zinc finger), a strategy that has been 

employed to success in the past with targeted DNA methyltransferase [Meister, et al., 

2009]. In such a regime, one could then use an sDA in which the two pieces have a high 

enough kd such that their association would be prohibitively unlikely except at the target 

site, where adjacent binding events would sufficiently increase their effective 

concentrations to support dimerization. In addition, the extra bases of target specificity 

conferred by the dual DNA-binding targeting system may improve specificity by virtue of 

a requirement of adjacent binding (a logical AND gate), thereby reducing CGOT editing 

potential as well. 
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Additionally, it is interesting to note that the sDA 2 piece on its own seems incapable of 

stimulating spurious DNA edits in the BE-ARD assay. Since it does not contain the full 

complement of enzymatic deaminase machinery, this is perhaps not surprising; however, 

one might have speculated that the UNG inhibition itself may have been a source of 

significant spurious DNA edits by the action of natural cytosine deaminases in a cellular 

context that lacks the capability to properly repair genomic uracils. My evidence indicates 

that, in HEK293T-X cells at least, UGI is not sufficient to observe significant spurious DNA 

editing. This observation could well be cell-type specific, as it is possible that these cells 

simply lack sufficient nuclear concentrations of cytosine deaminases to observe such a 

UGI-induced effect. 

 

1.14. Commentary on Spurious RNA Editing 

Instead of using transcriptome-wide but low-depth RNA-sequencing to characterize 

spurious RNA editing, I used targeted RNA amplicon sequencing to observe the rates of 

spurious RNA editing of all CBEs at six previously identified highly-edited cytosines in the 

transcriptomes of HEK293T cells. Interestingly, BE4-Max exhibits far lower spurious RNA 

editing than BE3 by comparative total editing at these six sites, despite having 

dramatically improved on-target total editing rates, potentially because the extra nuclear 

localization signal on BE4-Max leads to a lower cytosolic concentration of the deaminase 

domain, thereby decreasing the exposure of mRNA to the active deaminase domain. 

Similarly, sDA-BE4.4-Max shows an analogous reduction in spurious RNA editing 

compared to sDA-BE4.4. Note that we did not need to sort for high-expression 

subpopulations of cells to observe spurious RNA editing, as has previous studies using 



 

123 
 

RNA-Seq have required. We suppose that this discrepancy arises from the detection floor 

involved in RNA-Seq data analysis pipelines, which usually discards editing events that 

are observed at a frequency below 10% due to failure for these to meet statistical 

thresholds. 

 

All sDA-BEs tested here appear to have significantly reduced rates of spurious RNA 

editing compared to BE4-Max, with the highest example of sDA-BE4.4-Max editing at a 

rate of 22.4% of BE4-Max. This information creates a connection between the mechanism 

of action between spurious DNA reduction and spurious RNA reduction for sDA-BEs, 

potentially both relying on the molecularity effect or general reduction in concentration of 

the deaminase to account for this. Interestingly, despite a higher on-target activity and 

expression levels, BE4-Max appears to have lower spurious RNA editing capacity than 

BE3. This is possibly due to its enhanced nuclear localization capacity,  

 

1.15. Commentary on Product Purity 

Interestingly, sDA-BEs appear to have a markedly reduced capacity for creating C-to-R 

and indel edits compared to intact CBEs, including those containing the SECURE 

mutations. Generally, most sDA-BEs possess an on-target normalized C-to-R capacity 

below 50% of BE4-Max’s C-to-R capacity, while SECURE-Max’s normalized C-to-R 

editing capacity is essentially identical to BE4-Max. To speculate, I pose that this may 

have to do with the relative concentrations of the rAPO1 domains and UGI domains. With 

intact editors, the rAPO1:UGI ratio is always 1:2. By contrast, with sDA-BEs, the 

rAPO1:UGI ratio may be substantially lower, depending on the proportion of sDA 2 pieces 
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that are complexed with cognate sDA 1 pieces. This concentration-dependence has been 

observed in a previous study showing that a rAPO1:UGI ratio of 3:1 allows for higher 

fidelity of C-to-T base editing outcomes. That strategy also largely separated these 

domains to different constructs, leaving open the intriguing possibility that a UGI may 

behave differently when it is not directly fused to a deaminase domain (as in singleton 

sDA-2 species) [Wang, et al., 2017]. In addition, because UNG concentration is likely to 

fluctuate between cellular contexts, it is likely that empirical analysis will be needed to 

understand the optimal number of UGIs and fusion architecture required to achieve 

maximally pure editing outcomes using CBEs. 

 

This effect appears to apply to indel editing as well, except for in the cases of sDA-BE 

variants containing the R33A mutation. For instance, the R33A version of sDA-BE4.4.-

Max has a total indel editing capacity 92.35% as strong as BE4-Max whereas the sDA-

BE4.4-Max has an indel editing capacity of 63.17% compared (Table 3). It should be 

noted that the effects of this seem to vary inconsistently across all gRNA target sites 

(Figures 10F-G, 11F-G), possibly indicating that sequence- or site-dependent effects may 

be contributing to this R33A-dependent effect. In all cases, however, on-target indel 

editing rates are generally below 2% and therefore represent only an extremely minor 

proportion of editing outcomes using sDA-BEs, BE4-Max, and SECURE editors. 

 

1.16 Commentary on CRISPR Guided Off-Target Editing 

Interestingly, the one dimension of specificity least affected by sDA-BEs is CRISPR 

Guided off-target editing. Perhaps this is to be expected – if the molecularity effect is 
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correct, target-bound sites are less susceptible to an activity penalty than spurious sites. 

This magnitude of this effect should scale with occupancy time, which predicts that as 

CGOT sites become less and less similar to the on-target site, their ability to be accessed 

by an sDA-BE should become differentially diminished compared to higher-activity CGOT 

sites. Deeper analysis of CGOT sites could reveal interesting insights into this model. 

 

Both intact and sDA CBEs bearing the SECURE or SECURE-Like mutations appear to 

have substantially improved CGOT specificity. Since a generally lowered activity level 

seems to be underlying the CBE SECURE mutations, it may be true that the occupancy 

time of these editors at mismatched sites is simply too short to support robust levels of 

deamination and editing at those sites. 

 

A modified version of BE3 bearing the N497A/R661A/Q695A/Q926A mutations in its 

nCas9 domain (HF-BE3) has been shown to reduce CGOT editing compared to CBEs 

containing wildtype nCas9; however, my reading of the evidence supporting this shows 

that HF-BE3 may carry a significant on-target editing penalty. To attempt to overcome 

this limitation, I began making versions of sDA-BEs containing sub-combinations of these 

four mutations (MidFi CBEs) with the reasoning that these may have less severe on-target 

effects while still improving CGOT specificity. Figure 21 shows data characterizing a MidFi 

(Q695A) version of sDA-BE4.4 in terms of on-target activity and CGOT editing.  
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Figure 21A. MidFi sDA-BE4.4 substantially attenuates CGOT editing. 

 

Figure 21A. MidFi sDA-BE4.4 substantially attenuates CGOT. | Cytosine-to-thymine 
CGOT editing rates in HEK293TX cells are compared between sDA-BE4.4 and a version 
of sDA-BE4.4 bearing the Q695A mutation, in percent. Replicates are shown as faded 
circles and standard error from the mean is represented as a faded area around each 
line. 
 

Figure 21B. Comparative total on-target editing of sDABE4.4 and sDABE4.4 MidFi 

 

Figure 21B. Comparative total editing at on-target sites for an sDA-BE4.4 MidFi 
editor| Comparative total editing for sDA-BE4.4 and sDABE4.4 MidFi compared to BE4-
Max. Despite the dramatic effects on CGOT editing, the MidFi version of sDA-BE4.4 
retains substantial on-target activity (74.12% of BE4-Max) compared to sDA-BE4.4 
(87.9% of BE4-Max). 
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1.17 Mechanistic Insights 

A full biochemical and biophysical understanding of base editing is likely to lead to 

mechanistic insights that will aid in future engineering efforts to maximize CBE specificity. 

For example, in the comparative analysis shown in table 3, sDA-BE1 and SECURE-Max 

show similar effects on spurious DNA and RNA edits, but quite different effects on CGOTs 

and product purity. How can this be? 

 

Inspired by a thermokinetic model for understanding BE editing outcomes first proposed 

in Thuronyi et. al, I recognized the differential on-target editing outcomes of SECURE-

Max and sDA-BE4.1 (Figure 3H) as relating to two different underlying mechanistic 

transformations [Thuronyi, et al., 2019]. In short, the model states that the thermokinetic 

parameters of an enzyme (R-loop occupancy time, kcat, entropic effects, sequence 

context preferences) govern the shape of the editing outcomes, while cellular factors such 

as transfectability and target-site accessibility govern the height.  

 

Thuronyi, et al, showed that high-activity editors such as evoBE4 often appear to edit 

equally well at cytosines across the binding site [Thuronyi, et al., 2019]. Such an outcome 

is what one would expect if the occupancy time of the BE at the target site is long enough 

for maximal editing to occur at both favored and disfavored cytosines. Disfavored 

cytosines, even if edited at marginal rates, have enough time to “catch up” to preferred 

ones, so the observed editing rates between different cytosines within the same window 

will be equalized even if they are edited at very different rates. By analogy, slower 

deaminase enzymes will have the opposite characteristic, with a sharper differential 
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between the favored and disfavored cytosines in the editing window. This is the pattern 

we observe with SECURE BEs, establishing that the likely mechanism of action 

explaining SECURE editor’s decrement in observed on-target editing outcomes has to do 

with a reduction in enzymatic velocity. This also explains why SECURE CBEs possess 

lower rates of spurious DNA and spurious RNA editing, as a lowering of enzymatic 

velocity could feasibly apply to all kinds of substrates. Since the outcomes between 

editors of different speeds appear to emanate upward and outward from the preferred 

cytosine as deaminase velocity increases, we refer to this kind of transformation in 

outcomes as a radiant transformation, the magnitude of which can be expressed in 

terms of the ratio of enzymatic cycles during which the BE is bound to its target site 

compared to a standard BE (in our case, this would be BE4-Max). Figure 22 shows 

characteristic radiant editing transformations between sDA-BE4.4-Max editors containing 

R33A or K34N mutations. 
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Figure 22. Characteristic Radiant Transformations in Observed Data 

 

Figure 22. Characteristic Radiant Transformations in Observed Data | Versions of 
sDA-BE4.4-Max are assessed at the indicated on-target sites. In each case, the R33A 
mutation appears severely limited to preferred cytosines compared to a wild-type editor, 
with K34N having an intermediate effect. 
 

By contrast, the vertical transformations that we observe between different kinds of 

sDA-BEs can be explained by this model as arising from cellular effects such as 

transfectability, cytotoxicity of the BE, target site chromatinization, and so on. In my 

estimation, such parameters are gRNA-dependent and distill down to effective 

concentration of the deaminase at the on-target site. For instance, previous studies have 

established that Cas9 preferentially samples DNA in open chromatin over closed 

chromatin [Knight, et al., 2015]. Thus, at heavily chromatinized sites, limited accessibility 

negatively impacts the effective deaminase concentration experienced by the on-target 

site as would be experienced by more open sites at the same nuclear BE concentration. 

By this mechanism, even if the nuclear concentration of BE remains constant across 
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experiments, different target sites will experience different effective concentrations of 

editors depending on the accessibility of the target site. In this light, BE experiments can 

be understood as a mixture of two sub-populations of cells - one in which the alleles 

receive adequate concentrations of the deaminase to induce editing, and one in which 

the concentration at those alleles does not support base editing (Figure 23A). The 

magnitude of a vertical transformation can be expressed as a proportion of alleles that 

experience adequate concentrations of BE to get editing between an editor a standard. It 

seems likely that this mechanism explains the bulk of the on-target editing decrement 

observed when going from intact CBEs to sDA-BEs, since these editors appear to 

gradually increase in a stepwise manner as their activity improves, with the ratios of 

editing between the cytosines appears consistent (Figure 23B). 

Figure 23A. Effect of Concentration on Editing Outcomes 

 

Figure 23A. Effect of Concentration on Editing Outcomes | Graphical summary 
describing the effect of BE concentration on observed editing outcomes. Note that the 
shape of the editing outcome is transformed vertically, but the shape of the editor (that is, 
the relative rates of editing across the target site) are governed by cytosine-specific 
catalytic rates.  
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Figure 23B. Examples of Vertical Transformations in Observed Data 

 

Figure 23B. Examples of Vertical Transformations in Observed Data | Differences 
between all sDA-BEs from sDA-BE4.1 to sDA-BE4.4-Max, showing the general 
conservation of the shape of the editing outcomes. 
 

1.18 Predictive CRISPR in silico Editor 

I realized that if one could know the factors governing a target cytosine’s editing potential, 

one could back-calculate the amount of time a BE was bound to its target site - not in 

terms of absolute time, but in terms of catalytic cycles (1/kcat - itself in units of time, but 

the magnitudes of which are unknown). And if one could know that, one could calculate 

the radiant transformations between different editors and make informed inferences about 

the velocities of the enzymes involved. I therefore created a machine-learning algorithm 

to calculate each cytosine’s editing potential, which I intended to use to make quantitative 

inferences about the radiant transformations (in terms of their relative occupancy times, 

in terms of kcat) that the editors characterized in this study are undergoing. Based on 
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previous studies, I recognized that a cytosine’s editing potential was largely influenced by 

its position in the gRNA site, with the canonical editing window considered to be from the 

4th to 8th nucleotides in the ssDNA R-loop substrate. Therefore, each cytosine within an 

editing window can be thought of as having its own editing potential that is influenced 

by its own unique set of contextual and positional parameters. 

 

I will define an editing potential of 1 as the kcat of BE4-Max when confronted with a 

theoretically ideal cytosine - one that occurs in the optimal position and the optimal 

context. If a target cytosine possesses an editing potential of 1, 100% of the alleles bound 

by a standard base editor (BE4-Max) will be edited in one kcat’s worth of binding time 

(1/kcat). A cytosine with an editing potential of 0.5 will be edited to 50% in the same amount 

of time, and so on. In figure x below, I illustrate the effect of time on a target site containing 

cytosines of different editing potentials using mock values for the underlying positional 

and contextual effects (each NCN trinucleotide is considered) as inferred qualitatively by 

me using an intuitive reading of the in vitro data from Komor, et al [Komor, et al.., 2016]. 

Editing potential here is the thought of as a statistical process, and therefore is 

represented as a product between two probabilities - e.g., if a cytosine in the ACA context 

is edited at a rate 50% of the rate of a cytosine in the ideal context, and a cytosine at 

position 10 in the editing window is edited at 20% of the rate of a cytosine in the ideal 

position, an ACA cytosine in position 10 will be edited at 10% of the ideal cytosine. Such 

a cytosine would have an editing potential of 0.1. 
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Figure 24. Radiant Editing Over Time Given A Mock Set of Positional and 

Contextual Effects 

 
 

Figure 24. Radiant Editing Over Time Given A Mock Set of Positional and 

Contextual Effects. | Using a mock set of values for the positional and contextual effects, 

these are the editing outcomes one would expect to observe at the FANCF and VEGFA 

target sites across the indicated occupancy lifetimes. 

 

Even though these are just mock values, one can see how the shape of the editing in this 

model seems to grow proportionally upward across all cytosines at first, but then seems 

to radiate outward as some cytosines become maximally edited. One can easily see the 

differential editing outcomes observed between SECURE editors vs. BE4-Max as arising 

from two editors with similar substrate preferences but occurring for a shorter amount of 

time. If one considers that the absolute nCas9-determined occupancy time of the BE is 
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likely the same between SECURE-Max and BE4-Max - which seems fair given that these 

two 1854 amino-acid long proteins differ by a single mutation (R33A) - this can then be 

understood as not a difference in binding time, but more precisely as a difference in   

cycles experienced, or enzymatic speed. Note that a slower deaminase must involve a 

radiant transformation in comparison to its parent enzyme as long as there are contextual 

effects and positional effects that modify editing potential and that BE occupancy time is 

at least long enough such that one cytosine reaches maximal editing (before this, radiant 

transformations are indistinguishable from vertical ones, since the ratios of editing 

between cytosines remains the same). 

 

This is, of course, just a model. I am openly making assumptions - namely, that the R33A 

and wildtype versions of rAPO1 do not have different sequence preferences and do not 

access the R-loop in fundamentally different ways. It is possible that the SECURE 

mutations are simply affecting the stability of the enzyme, or its cellular concentration in 

some way - even though enzyme concentration should largely affect the shape of editing 

outcomes in a vertical way, as previously discussed, if the rAPO1 enzyme operates as a 

dimer, an on-target binding event would require a second rAPO1 binding partner from 

solution to edit, so it would appear to be slower in instances of limiting nuclear 

concentration of the BE. However, the observations that different sDA-BEs respond by 

transforming vertically is suggestive that such a dimerization mechanism is not required 

for editing - the radical shift in concentration of the rAPO1 enzyme associated with splitting 

the deaminase would be expected to change the shape of the editing more drastically 

between the different sDA-BEs. 
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I set out to use the data shown in this chapter to create a quantitative metric describing 

the degrees to which each editor is radiantly transformed, thereby giving a determination 

of their relative speeds. Since we know that the editing outcomes must be the products 

of editors bound to sites for discrete and knowable amounts of time, and  we can 

reasonably assume that for every target site and editor there exists a time at which the 

set of positional and contextual effects will predict the observed editing outcomes, I 

decided to build a Darwinian machine learning algorithm to back-calculate the likely 

contextual and positional values governing CBE editing. Once these values are known, I 

can then use them to calculate the radiant transformations of the editing events observed 

in my experiments.  

 

The algorithm I made, called predictive CRISPR in silico editing (preCISE) works by 

taking sets of contextual and positional modifiers (like those shown in Figure 24) to create 

predicted editing outcomes at all 12 on-target sites used in this study from 0.01 kcat’s 

worth of binding time to 40 kcat’s worth of time. The resulting predicted editing outcomes 

are checked against known editing outcomes to find the occupancy time at which the 

distance between the predicted outcomes and the observed data is at a minimum. If the 

total minimum distance between the predicted and observed outcomes across all sites is 

smaller than previous tries (regardless of binding time - we know that the binding time is 

discrete, but we don’t know what it is), the algorithm saves the contextual and positional 

parameters and adds them to a growing list of such vectors.  
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In the subsequent rounds, the averages of the n-most-recent sets of parameters are used 

as a baseline from which to determine the new sets of parameters. Each round, the values 

of each of the parameters are varied slightly in an informed way - most of the time, the 

new parameter is within 5% of the weighted mean of the most recent values (more 

recently-added vectors are prioritized over older ones), but the algorithm also sometimes 

varies them by a larger amount and occasionally uses random values to hasten the 

discovery of difficult-to-find solutions. At some frequency, it also re-combines previously 

discovered sets of parameters with a brand new contextual or positional vector to see if 

holding one vector constant while varying the other can produce a better outcome. If the 

program stalls, it contains mechanisms to reverse slightly to see if it can find better 

outcomes. At the outset, each positional and contextual modifier is set to 0.1, but this 

value in theory could fluctuate without affecting the outcomes. Figure 25 shows the 

general logic of preCISE. This process is an example of genetic programming [Koza, 

2007]. 
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Figure 25. The General Logic of preCISE 

 
 

Figure 25. The General Logic of preCISE. | The logic is described in this graphic. 
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A preliminary solution (the thesis solution) to the positional and contextual vectors is 

shown in Figure 26. It was found by applying the preCISE algorithm to the BE4-Max, 

SECURE-Max, and sDA-BE4.1 on-target editing data shown earlier in this study. Using 

this solution, I calculated that the radiant transformation going from BE4-Max to SECURE-

Max is 0.314, while going from BE4-Max to sDA-BE4.1 gives a radiant transformation of 

0.814 (Figure 27). This calculation assumes, though, that SECURE-Max and BE4-Max 

exist at equivalent concentrations at the on-target site. Because the editing ratio between 

all cytosines in a gRNA remains constant until one cytosine is maximally edited, preCISE 

cannot differentiate between vertical and radiant transformations until this point; however, 

even if we conservatively estimate that all SECURE-Max sites are subjected to a 

combination of vertical and radiant transformations (this is referred to as self-normalized), 

the relative velocity of R33A is still calculated to be 0.460 of wildtype rAPO1 (Figure 27). 

This indicates it is possible that sDA-BEs are operating by a combination of the 

molecularity effect and a modest decrease in enzyme velocity, while the mechanism 

underlying SECURE editors likely has to do with enzyme velocity exclusively. 
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Figure 26. Preliminary Solutions by PreCISE. 

 

Figure 26. Preliminary Solutions by preCISE | “Thesis Solutions” from the preCISE 
algorithm, found using data for BE4-Max, SECURE-Max, and sDA-BE4.1 using the 12 
gRNAs used in this study  
 

Figure 27. Radiant transformations of sDA-BE4.1 and SECURE-Max with respect 

to BE4-Max. 

 

Figure 27. Radiant transformations of sDA-BE4.1 and SECURE-Max with respect to 
BE4-Max. | Radiant transformations per gRNA as determined by preCISE using a 
solution derived from data from all 12 gRNAs examined in this study, in terms of relative 
catalytic lifespans available to each editor compared to BE4-Max (set to 1). In the first 
panel, if at least one cytosine is maximally edited, editing rates are normalized to self 
(peak cytosines are set to 1), otherwise they are normalized to BE4-Max on the 
assumption that no concurrent vertical transformation is taking place (no accompanying 
change in editor concentration). In the second panel, if no cytosine is maximally edited 
catalytic lifespan is taken as the longest possible duration given the shape of the editing. 
Cytosines that deviate sharply from the mean of a set, HEK Site 4 and PPP1R12C 2, tend 
to have only one highly edited cytosine using SECURE editors, which may explain why 
they can drift from the dataset’s mean (dashed line). Standard error from the mean is 
shown as a shaded area around the mean. 
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Finally, I used the thesis solution to calculate the radiant transformations of all the sDA-

BEs used in this study, except for -Max versions containing an extra NLS (Figure 26 and 

Table 4). I also found three additional solutions (not shown) using datasets lacking the 

FANCF gRNA (“No FANCF” solution), lacking HEK Site 2, HEK Site 3, and HEK Site 3 

gRNAs (“No HEK” solution), or lacking the PDCD1 gRNA (No PDCD1), establishing the 

robustness of the preCISE method. This analysis reveals that sDA-BE4.1 and sDABE4.3 

share a related common radiant transformation (p = 0.69 for the thesis solution), while 

sDA-BE4.2 and sDA-BE4.4 share another (p = 0.79 for the thesis solution), and these 

relationships are distinct (p = 0.055 between sDA-BE4.3 and sDA-BE4.4, for example). 

This seems to indicate that in the context of sDA-BEs, the -ER extension shared by sDA-

BE4.2 and sDA-BE4.4 is causing them to have an increased velocity, which may explain 

why these editors possess greater rates of spurious editing and CGOT editing. 

Meanwhile, the S83R mutation appears to not modify the velocity, meaning its 

mechanism of action may have more to do with stabilizing some or part of the sDA-BE 

architecture in some way. The effects of the velocities of the R33A and K34N mutations 

can be observed here as well. 
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Figure 28. Radiant transformations of sDA-BE4.1 and SECURE-Max with respect 

to BE4-Max. 

 

 

 

 

Table 4. Radiant Transformations using the thesis solution 

Editor Radiant Transform 

sDA-BE4.1 0.8144 

sDA-BE4.2 0.9088 

sDA-BE4.3 0.7850 

sDA-BE4.4 0.9189 

sDA-BE4.4 (K34N) 0.4643 

sDA-BE4.4 (R33A) 0.1820 
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Chapter 2: CLEAN-Screens: Tracking dsODN Integration Events to 

Improve Efficacy of Drop-Out CRISPR Library Screening  

 

2.1 Introduction 
 

Traditional CRISPR screens make use of a library of gRNAs targeting tens of thousands 

of genes in an attempt to discover novel logical connections between a genotype and a 

given phenotype [Fellman, et al., 2016; Joung, et al., 2016]. Generally, a lentivirally-

expressed gRNA library targeting genes of interest (generally on a genomic scale) is 

produced and integrated into a population of cells. The gRNAs are co-expressed with a 

Cas9 (either integrated or not) and the cells are allowed to undergo NHEJ-mediated 

mutagenesis to create a polygenic population containing genetic knockouts of all the 

genes targeted in the library. The newly heterogeneous population of cells is then 

subjected to a selective pressure that interacts with a phenotype of interest. Since the 

presence of a gRNA in a cell is correlated with knockout of its target gene, assessing the 

distribution of gRNAs in the population before and after the phenotypic screen allows 

researchers to draw novel logical connections between genes and phenotypes. If, for 

instance, a gRNA decreases in frequency in a population under selective pressure, it 

stands to reason that the gene targeted by that gRNA is likely to be required for cell 

survival in the context of that phenotypic challenge. Of particular importance, this enables 

novel therapeutic targets to be discovered under a given disease state, thus potentially 

hastening drug discovery and design. 

 

Since these traditional CRISPR screens rely on the assumption that a gRNA is tightly 

correlated with its target gene’s knockout, a problem emerges if a research group wishes 
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to conduct a CRISPR screen in a cell line that does not support robust, high-activity 

CRISPR knockouts. If such is the case, the correlation between the presence of the gRNA 

and gene knockout can theoretically be sufficiently low that the false negatives can 

survive a selection - that is, that genes which are genuinely important for survival under 

a given phenotype will be missed because their associated gRNAs are not sufficiently 

active to connect the two events logically. Therefore, scientists at Takeda 

Pharmaceuticals devised a potential strategy to overcome this limitation. Data 

establishing the extent of this problem or the validity of this claim has never been made 

available to me. 

 

The strategy involved leveraging the amplification/integration scheme described in a 

previous project published by the Joung lab called GUIDE-Seq (Genome-wide, Unbiased 

Identification of DSBs Enabled by Sequencing), which itself relies on a nested PCR 

strategy called AMP (Anchored Multiplex PCR) [Tsai, et al., 2015; Zheng, et al., 2014]. 

Since (double-stranded DNA oligonucleotides) dsODNs are preferentially integrated into 

DSBs, CRISPR/Cas9 can be used to localize dsODN integration to CRISPR target sites. 

GUIDE-Seq then relies on the use of integrated dsODNs as affinity handles to selectively 

amplify CRISPR target sites without having to know their surrounding sequences a priori. 

The basis of GUIDE-Seq is that genomic DNA from cells exposed to a genome editing 

reagent and a dsODN is sheared randomly by sonication, after which the free ends are 

ligated to an asymmetrical Y-adapter that can serve as a universal primer. Nested PCR 

is then conducted using a primer targeting the dsODN along with a primer targeting the 

Y-adapter (the Y-adapter cannot be primed off of in the first round of PCR, thus imposing 
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a requirement for dsODN amplification first). This strategy has been used to discover 

novel CRISPR off-target sites in GUIDE-Seq, but Takeda sought to adapt the strategy to 

amplify the distribution of edits in a CRISPR library as opposed to the distribution of 

gRNAs in a CRISPR library. In such an approach, a lentiviral gRNA library would still be 

produced and integrated into a population of cells, but the Cas9 and dsODN would be co-

delivered by transfection to properly time the DSB formation to coincide with the presence 

of the dsODN. The distribution of edits would be assessed by GUIDE-Seq before and 

after a phenotypic screen, thereby tightly correlating the genotypes and phenotypes within 

the library of cells. We came to call this approach CLEAN-Screens. 

 

2.2 Necessary Parameters and Forethought 

 

There were a number of hurdles to overcome to realize this goal. First, I identified that 

there was a significant problem with accurately sampling a library like this. Proper 

sampling is a consideration for any CRISPR library of sufficient diversity, but that problem 

is compounded in this case because of the unique mode of genotyping we were aiming 

to employ.  
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In pilot experiments, I showed that I showed that gRNA integration rates determined that 

a reasonable dsODN integration rate using lentivirally-expressed gRNAs was likely to be 

~20% for high-editing gRNAs, but mock-library experiments showed that over time 

integrations were likely to diminish quickly and drastically, perhaps due to cytotoxicity of 

dsODN delivery (cells that were edited but lacked integrations were less likely to diminish 

in proportion over time  (Figure 27). Even if we were able to achieve a stable integration 

rate of 10%, for a library size of ~6.0x104 gRNAs (a typical number for a genome-wide 

CRISPR screen, with ~3 gRNAs per gene), this would result in ~1.67x10-4 % effective 

integration rate per gRNA. The 400ng of input material that goes into a GUIDE-Seq 

reaction will contain only ~6.2x104 genomes’ worth of DNA, so each GUIDE-Seq reaction 

would only result in approximately ~10.3% of sites being observed (assuming perfect 

detection). Under these conditions, it would take 10 full GUIDE-Seq reactions to sample 

a sufficiently large number of cells such that, on average, each target site would be 

sampled once. 
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Figure 29. Lentiviral integration rate pilot experiment 

 

Figure 29. Lentiviral integration rate pilot experiment 
Data showing the expected dsODN integration rates when using lentivirally expressed 
gRNAs when delivering 100pmol or 200pmol to 2.0x105

 U2OS cells by nucleofection. 
 
Figure 30. Lentiviral Integration time course  

 
Figure 30. Lentiviral Integration time course. | Time course showing the survivability 
of cells containing dsODN integrations in a mock-library setting in which NHPH1 gRNA is 
co-delivered with a mixture of other lentiviral plasmids. GSO refers to the GUIDE-Seq 
dsODN as previously described, TO2.0 is a custom-made dsODN designed specifically 
for the purposes of this screen. Both are 36bps long and contain phosphothioate-
protected 3’ ends. These graphs show the low viability of cells containing dsODN 
integrations over time. By contrast, cells that bear simple indel mutations survive for a 
longer duration. 
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Complicating this issue is that an average of 1 sampling per gRNA is not adequate to 

correctly determine the distribution of integration events in a library of this nature. For this 

strategy to work, each integration site must be reliably observable both before and after 

phenotypic selection so that one can correctly determine the distribution of genotypes so 

as to draw statistically significant logical connections between a given genotype and the 

phenotype of interest.  That is, the detection rate of integration before and after a selection 

must be robustly ascertainable - if either of those values readily fluctuates from sampling 

issues, the CRISPR library will not reliably reveal anything about the phenotype of 

interest. In CLEAN-Screens, we imagined that each dsODN would have its own unique 

molecular index (UMI) sequence barcode so that it could be tracked throughout the 

course of the experiment. With an average of 1 sampling per integration site, a Poisson 

distribution dictates that there will be a ~36% chance that the integration event will not be 

sampled at all (that is, the genomic DNA containing the integration event simply will not 

be represented in any of the 4 micrograms of DNA input into the 10 GUIDE-Seq reactions) 

and a ~26% chance that it will be sampled more than once. Clearly, 10 GUIDE-Seq 

reactions would not be enough to reliably detect the distribution of integrations in such a 

library - if 36% of integrations are not observable, those sites will be left out of that time-

point’s distribution. How would we deal with the integrations that would appear to be 

absent pre-selection, but then suddenly appear in multiple numbers post-selection? For 

integration events that have no phenotypic effect, a full ~9% of sites would appear this 

way (or the reverse - appearing in multiple copies before selection but zero afterward) 

despite remaining at a stable proportion in the population, thus potentially leading to 
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confusion when attempting to make logical inferences. Clearly, we would need to develop 

a strategy to sample deeper to get an accurate picture of any time-point. 

 

One such solution would be to simply sample the library more deeply. If, for instance, we 

expanded to 50 GUIDE-Seq reactions, or ~1.0x109 Illumina reads (for an average 

expected per-integration sampling number of 5), the chances that any site would not be 

represented in the input DNA for its time-point’s experiment would fall to ~0.674%; 

however, the chances that any given gRNA target would be sampled less than three times 

(low) or more than 6 times (high) are around ~12.5% (Plow = 0.125) or ~23.8% (Phigh = 

0.238) by Poisson, respectively. This would result in a ~3.3% of genes being observed at 

a low frequency at the pre-selection time-point and a high frequency at the post-selection 

time point (Plow-then-high = 0.125 x 0.238 = 0.033), and ~3.3% of genes being observed at a 

high frequency at the before-selection time-point and a low frequency at the post-

selection time-point (Phigh-then-low = 0.125 x 0.238 = 0.033), for a total of ~6.6% (Pfluctuation = 

0.066) of gRNA sites (~3.96x103 sites) fluctuating in observed frequency from 2 or below 

to 6 or above between time-points even if they were stably represented in the population 

throughout the course of the experiment. That value is only for fluctuations from 2 to 6, 

the odds of any gRNA exhibiting a 3-fold fluctuation between time-points when the 

expected per-gRNA sampling rate is 5 is approximately 10% (Figure 31).  
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Figure 31. Relevant Poisson Outcomes 

 

Figure 31. Relevant Poisson Outcomes | This plot shows two Poisson-derived 
parameters - the fraction of gRNA sites that would be sampled zero times, and the fraction 
of gRNAs that would fluctuate between samplings, given a sampling depth (in terms of 
the average number of expected samplings per gRNA in the library). 
 

Of course, we could just sample even deeper, but first I will explicitly address why this is 

a problem. How would we deal with such an observation? Assuming that a far smaller 

percent of genes actually impinge on the phenotype of interest, how would we distinguish 

between sites that fluctuate due to a genuine change in frequency and those that fluctuate 

because of sampling? This problem is hypothetically mitigated by gRNA redundancy with 

3 gRNAs targeting each gene - if only one gRNA site targeting a given gene fluctuates 

between time points and they all genuinely create a knockout, then it is unlikely that the 

fluctuation is due to phenotypic consequences (the chances that the observed integration 

rates at all 3 sites fluctuate by at least a factor of 3 and in the same direction are 

(Pfluctuation/2)3, or 3.60x10-5). But the supposed basis for this project is that many gRNAs 

lack activity in genetically-intractable-yet-scientifically-important cell-lines of interest. As 
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evidence supporting this claim has not been shown to me, I cannot make a claim of 

knowledge regarding the expected failure frequency in such hypothetical cell lines, but if 

activity in a cell-line was sufficiently high, one would simply perform a traditional CRISPR 

screen. At what point is the activity sufficiently high such that gRNA redundancy could be 

reliably used to distinguish signal from noise, but sufficiently low to necessitate doing a 

CRISPR dsODN integration screen? Are we confident enough that the eventual CLEAN-

Screen experiments conducted will occupy whatever “sweet spot” that is (if it even exists) 

such that we are willing to spend years of time optimizing the parameters of a CLEAN-

Screen?  

Clearly, we would need to sample this library deeper than an average of 5 sites per 

gRNA. The sampling point at which a 3x fluctuation in observed frequency between 

time-points becomes less than 0.5% is an average of 19 expected samplings per gRNA. 

For a genome-wide library with an observed integration rate of ~10%, this would involve 

sampling 1.14x108 cells, and would result in an expected 294 genes fluctuating by 

a factor of 3 between time-points. 

 

Further complicating this issue is that the published sensitivity of GUIDE-Seq itself is only 

around 0.1%, meaning that a given integration must occur at a rate at or above that to be 

observable using GUIDE-Seq. The reasons for this are probably technical. First, a large 

number of Illumina sequencing reads from a GUIDE-Seq run are telomeric or repetitive 

DNA, possibly signifying that the background integration rates at these sites are high, 

thus limiting the number of reads available for genuine sites. This also complicates the 

chemistry of the AMP PCR reaction, as rare on-target CRISPR library integration sites 
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will have to compete with high-efficiency integrations at fragile repetitive or telomeric sites, 

despite the fact the PCR in AMP is nested. Indeed, it appears that the background 

integration rate when delivering dsODNs to a population sells is quite high, with an 

estimated ~10-50 DSBs occurring per cell division. Conservatively estimating that only 10 

Cas9-independent integrations occur per cell, a 10% on-target integration rate would 

mean that for every 100 random integrations for each on-target integration. In addition, 

mis-priming events are also known to result in a loss of sequencing space in GUIDE-Seq. 

Though these can be dispensed with bioinformatically, they cannot be dealt with 

technically during the PCR of GUIDE-Seq. PCR stochasticity is a major source of 

variance in any PCR reaction, particularly in cases where target amplicons exist in low 

copy numbers. On a per-PCR basis, each integration event will exist in the sampled 

population according to a Poisson distribution centered around a mean determined by its 

gRNA-specific integration rate divided by the library size, which would likely never amount 

to more than 10 copies per reaction given an integration rate of 10%, a library size of 

6.0x104, and 400ng input DNA. In addition, since each on-target integration would 

represent only 1% of the total integrations, genuine on-target integration would have to 

physically compete for primer binding with undesired sequences, making their 

amplification less likely. 

2.3 Ending Point and Future Directions 

For these reasons, we found continued effort spent on this project unlikely to yield fruitful 

results. In the future, arrayed gRNA screens coupled with single-cell genotyping (possibly 

by 10X RNA-Sequencing) may enable the sampling resolution required to conduct such 

a screen. 
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Materials and Methods 
 
Molecular Cloning 

All sDA-BE and BE constructs were made by subcloning BE genes into a pCAG vector 

backbone derived from a Cas9 expression plasmid (SQT817 digested with AgeI, NotI, 

and EcoRV) via Gibson assembly. Site-directed mutagenesis was carried out using PCR 

with Phusion polymerase and re-assembled by Gibson assembly into the pCAG vector. 

Plasmids preparations were carried out using a custom protocol carried out using 96-well 

fiberglass filter blocks (Seahorse Bio) on a Biomek FXp robot, generally following the 

Qiagen protocol but with modifications to fit the required hardware adjustments. This 

protocol is available upon request. 

 

Human Cell Culture and Transfection  

HEK293T-LentiX cells (referred to as HEK293T-X in this manuscript, a subclone of 

HEK293 cells - Clontech) were cultured in DMEM supplemented with 10% heat-

inactivated fetal bovine serum, 2 mM GlutaMax, penicillin and streptomycin at 37 °C with 

5% CO2. For base-editing experiments, 1.7x105 cells were seeded in each well of 24-well 

plates (Fisher) 18-hours prior to transfection to achieve 80% confluency at the time of 

transfection. Cells were transfected with Transit X2 according to the manufacturer’s 

protocol (Mirus). Except for BE-ARD experiments, each transfection contained 175ng of 

the vector containing the nCas9 piece (e.g. BE4-Max or the sDA 2 vector), 175ng of the 

sDA 2 vector or an empty pCAG vector, and 50ng of a U6-promoted gRNA expression 

plasmid. For BE-ARD experiments, each transfection contained 125ng of the vector 

containing the nCas9 piece (e.g. BE4-Max or the sDA 2 vector), 125ng of the sDA 2 vector 
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or an empty pCAG vector, 50ng of a U6-promoted gRNA expression plasmid, and 100ng 

of a dSaCas9 expression plasmid. For targeted integration experiments, U2OS cells were 

nucleofected with kit SE (program DN-100). 

 

RNA Isolation and cDNA Conversion 

For spurious RNA editing Experiments, RNA was harvested 48 hours post-transfection 

using the NucleoSpin RNA Plus kit (Machery Nagel) according to the manufacturer’s 

protocol. RNA was then converted to cDNA using the High-Capacity RNA-to-cDNA Kit 

(ThermoFisher) according to the manufacturer’s protocol.  

 

gDNA Purification 

Cells were lysed 72 hours post-transfection by incubating with a lysis buffer containing 

100 mM Tris-HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, and 0.05% SDS, supplemented 

with 50mM DTT and 8 units of proteinase K (NEB) at 55° with gentle shaking at 250 RPM 

overnight. Lysate was then purified using a custom magnetic SPRI-bead (Sera-Mag 

Magnetic Speed-beads resuspended in 2.5 M NaCl and 18% PEG-6000) method on a 

Biomek FXp robot involving three successive 70% ethanol washes, which is available 

upon request. 

 

Next Generation Sequencing 

Each target site was amplified using a two-step PCR-based library preparation method 

based on the sequences given in the NEB Dual Index system (NEB). At each target site, 

each primer pair contains 5’ tails containing both either 5’-
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GACTGGAGTTCAGACGTGTGCTCTTCCGATCT or 5’-

ACACTCTTTCCCTACACGACGCTCTTCCGATCT. Each PCR reaction was conducted 

with Q5 polymerase according to the manufacturers protocol, supplemented with 1 M 

betaine, for 35 cycles with an annealing temperature of 67. A second PCR using custom 

versions of the NEB Dual Index primers for 5 rounds according to the manufacturer’s 

protocol. PCRs were purified using a size-selective custom magnetic SPRI-bead (Sera-

Mag Magnetic Speed-beads resuspended in 2.5 M NaCl and 18% PEG-6000) method on 

a Biomek FXp robot involving three successive 70% ethanol washes, which is available 

upon request. 

 

Data Analysis 

Next-gen sequencing data was aligned with CRISPRESSO [Clement, et al., 2018] and 

further analyzed and parsed with a custom analysis python script called CRISParser, 

which is available on request. CRISParser uses the CRISPRESSO nucleotide frequency 

and holds data as objects that is compatible with input into the PreCISE algorithm.  
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