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A B S T R A C T

CRISPR-Cas has revolutionized molecular biology, offering unparalleled precision and versatility in genome
editing. CRISPR-Cas, originally part of the bacterial immune system, allows for the targeted modification of
specific DNA sequences within living organisms. Of the many CRISPR-Cas systems, Cas9 has been used most
frequently and applications have reached clinical stage in rare diseases. The system uses single guide RNA
molecules to direct the Cas9 enzyme to specific DNA sequences, where it induces double-strand breaks. However,
CRISPR-Cas9 can tolerate single-base mismatches between the sgRNA and the target DNA, potentially leading to
off-target effects and challenges in achieving precision in high fidelity editing. With the evaluation of mismatch
repair activity of wild-type CRISPR-Cas9 using a bioluminescence resonance energy transfer (BRET) based re-
porter system and by leveraging the BRET’s sensitivity, we aim to quantify and characterize the cleavage events
in mismatched sgRNA-Cas9/DNA interactions to predict off-target activity of a given sgRNA. This will improve
the accuracy and reliability of CRISPR-Cas9 based genome editing. The robust reporter platform will enhance the
refinement of CRISPR-Cas9 variants and facilitate the rational design of sgRNAs, ultimately improving the safety
and efficacy of CRISPR-based therapeutic applications.

1. Introduction

The advent of the CRISPR-Cas (Clustered Regularly Interspaced
Short Palindromic Repeats- CRISPR-associated protein) system has
marked a paradigm shift in the field of molecular biology, offering un-
precedented precision and versatility in genome editing. It constitutes a
powerful RNA-guided gene-editing platform that allows the targeted
modification of specific DNA sequences within the genome of living
organisms. Originally discovered as part of the bacterial immune system
with many different classes spread all over the bacterial kingdom,
CRISPR-Cas9 has been the first and most frequently used system adapted
for genome editing purposes, enabling scientists to selectively add,
delete, or alter genetic material with remarkable efficiency [1]. The
system’s simplicity, cost-effectiveness, and applicability across diverse
species have rapidly propelled it to the forefront of genetic engineering
methodologies [2].

The CRISPR-Cas9 system utilizes single guide RNA (sgRNA) mole-
cules to direct Cas9 to specific DNA sequences, where it induces DNA

double-strand breaks (DSBs). The cell’s natural repair mechanisms then
come into play, allowing DSB repair [3]. Among all DSB repair mecha-
nisms Non-Homologous End Joining (NHEJ) and Microhomology-
Mediated End Joining (MMEJ) are responsible for off-target mutagenic
effects. NHEJ can introduce insertions and deletions (indels) at the
repair site, due to its mutagenic nature, which can have significant
biological implications like on- and off-target effects. MMEJ, which is
also inherently error-prone, often leads to larger deletions due to the end
resection process searching for micro-homologous sequences. HR, in
contrast is an error-free repair mechanism that is active primarily in the
S and G2 phases of the cell cycle does not account for off-target effects
[4]. Advancements such as the development of base editing and prime
editing techniques have further enhanced the system’s capabilities,
allowing for more nuanced modifications, including point mutations
and gene insertions that have a dramatically reduced mutagenic indel
formation rate caused due to improper DSB repair [5,6].

The canonical CRISPR-Cas9 mechanism involves the formation of a
sgRNA-DNA hybrid, guiding the Cas9 nuclease to its target sequence for
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cleavage. However, researchers have demonstrated that CRISPR-Cas9
can tolerate single-base mismatches between the sgRNA and the target
DNA [7]. This mismatch tolerance can lead to unintended off-target
effects thereby raising concerns about the specificity of the system.
The ability of CRISPR-Cas9 to recognize and cleave DNA sequences with
partial homology poses challenges in achieving absolute precision in
genome editing. Understanding the factors influencing mismatch
recognition is crucial for minimizing off-target effects and enhancing the
reliability of CRISPR-Cas9-mediated genome editing [8]. Several factors
contribute to the mismatch tolerance of CRISPR-Cas9, including the
length and structure of the sgRNA, as well as the sequence context
surrounding the target site [9]. The use of truncated or modified sgRNAs
together with Cas9 can overcome unwanted off-target cleavage due to
the decreased mismatch tolerance [10]. Ongoing research aims to
elucidate the intricacies of these factors and develop strategies to miti-
gate the off-target effects, which enhances the fidelity of the CRISPR-
Cas9 system including the engineering of Cas9 variants with reduced
mismatch tolerance. Rational design approaches have focused on
modifying the protein’s structure to improve sgRNA binding specificity
and decrease off-target effects. Researchers have developed high fidelity
Cas9 variants, such as eSpCas9 and HypaCas9 that exhibit reduced off-
target activities compared to their wild-type counterparts [11–13].
Additionally, advanced computational algorithms and bioinformatics
tools have aided in the design of sgRNAs with minimal potential for
mismatches [14].

To assess the fidelity of CRISPR-Cas9 systems, sophisticated methods
were employed for genome-wide profiling of off-target effects [15,16].
While CRISPR RGEN Tools utilize algorithms to predict off-target sites
based on sequence homology, tools like CRISPOR and CHOPCHOP offer
comprehensive databases and scoring systems [17–19]. In-vitro
methods, such as CIRCLE-Seq involve sgRNA-Cas9 digestion and
sequencing of genomic DNA to identify off-target sites with high sensi-
tivity and accuracy [20,21]. In-vivo methods like GUIDE-Seq integrate
oligonucleotides at Cas9-induced breaks in living cells, followed by
sequencing to map off-target activity, while SITE-Seq combines in-vitro
digestion with high-throughput sequencing for potential off-target site
identification [15,22]. High-throughput screening methods like HTGTS
(High-Throughput Genome-wide Translocation Sequencing) detect the
CRISPR-Cas9-induced chromosomal translocations, offering insights
into genome-wide off-target effects [23]. These techniques allow re-
searchers to identify and characterize the potential off-target sites,
facilitating the validation of system improvements and the continuous
refinement of high fidelity platforms.

Bioluminescence resonance energy transfer (BRET)-based reporter
systems have emerged as powerful tools in biological research, offering
real-time, non-invasive monitoring of cellular and molecular processes.
These systems leverage the non-radiative energy transfer between a
bioluminescent donor and a suitable fluorescent acceptor, allowing for
specific detection of molecular interactions and changes in-vitro and in-
vivo [24–26]. BRET is a highly sensitive tool for monitoring molecular
interactions, particularly in dynamic biological processes like pro-
tein–protein interactions or receptor dimerization. Its sensitivity to
proximity makes it ideal for studying subtle molecular changes such as
the binding of compounds like maltose or vascular endothelial growth
factor (VEGF) [24,27–30]. BRET relies on the energy transfer between a
bioluminescent donor and a fluorescent acceptor, using the emission of
light from the donor protein, such as Renilla Reniformis luciferase, con-
verting its substrate coelenterazine, which minimizes interference and
preserves the integrity of live cells during imaging due to its low toxicity
at commonly applied doses [31]. The combination of BRET with
CRISPR/Cas for diagnosis was established during the SARS-CoV 2
pandemic using the so called dead (inactive) but still target binding Cas9
variants. Binding to viral SARS-CoV 2 DNA in sample material was
detected via BRET analysis measured with a simple camera device [32].

In the context of Cas9 genome editing, BRET is still an expanding
niche but has the potential to be established as a powerful tool for
studying DNA repair dynamics. For example, it has been employed to
track Homology-Directed Repair with an acceptor HDR template after
DSB induction mediated by a luciferase tagged Cas9 endonuclease in
both CXCR4 and ß-arrestin 2 loci [33]. The basis of this study described
the assessment of the activity of sgRNA-Cas9 complexes using the
mutagenic effect of NHEJ on shifting the reading frame due to indel
formation in combination with DNA repair pathway engineering,
inhibiting essential repair proteins [34]. A big advantage of BRET based
reporter systems is it is non-invasive character, wherein there is no need
for external light excitation. This feature significantly reduces the risk of
phototoxic effects, that can occur when cells are exposed to high-
intensity light during fluorescence imaging. Phototoxicity can lead to
cellular damage or affect cellular behavior, thus compromising experi-
mental results [35].

The aim of this study is to evaluate the mismatch activity of CRISPR-
Cas9/sgRNA complexes using a BRET-based reporter system. By
leveraging the sensitivity of BRET, we intend to precisely quantify and
characterize cleavage events of the mismatched sgRNA-Cas9/DNA hy-
brids. By implementing BRET reporter’s specificity to potential off-
target sites and assessing their activity in a cellular assay, we aim to
enhance the accuracy and reliability of CRISPR-Cas9 genome editing.
This robust platform for detecting unintended genomic alterations
would improve the refinement and optimization of CRISPR-Cas9 vari-
ants and facilitate the rational design of sgRNAs.

2. Material and methods

2.1. BRET reporter plasmids

BRET reporter plasmids were derived from previously described
plasmids [34]. A shuttle cloning box containing AvrII and BsiWI re-
striction sites was introduced between the reading frames of the BRET
donor RLuc8 and the BRET acceptor GFP2, allowing the in-frame
insertion of the CRISPR/Cas9 mismatch target sequences containing
the Protospacer Adjacent Motif (PAM) together with a surrounding
sequence context. For the introduction of Cas9 target sequences into the
BRET reporter, restriction digestion with AvrII and BsiWI (NEB, Frank-
furt, Germany) was carried out overnight at 37 ◦C. Double-stranded
target sequences were generated by the hybridization (98 ◦C, 10 min.
followed by 20 ◦C, 30 min.) of wild-type/mismatch oligonucleotides
(Metabion, Planegg, Germany) with 4 bp overhangs complementary to
the AvrII/BsiWI-digested BRET reporter. After ligation and trans-
formation into E. coli XL1 (Stratagene/Qiagen, Hilden, Germany), in-
dividual clones were further analyzed for the correct integration and
orientation by Sanger sequencing, propagated, and the plasmid DNA
was isolated and purified for mammalian transfection using commercial
kit.

2.2. Cloning and purification of sgRNA-Cas9 plasmid for mammalian
transfection

sgRNA-Cas9 plasmid pSpCas9(BB)-2A-Puro (px459) (addgene:
#62988) was used as Cas9 expressing and sgRNA transcribing plasmid
[36]. Plasmid was digested with BbsI (NEB, Frankfurt, Germany) over-
night at 37 ◦C. Complementary oligonucleotides coding for the sgRNA
sequenced containing 4 bp overhangs for BbsI cloning were hybridized
(98 ◦C; 10 min. followed by 20 ◦C; 30 min.) to form a double stranded
DNA molecule for the ligation with the previously hydrolyzed px459.
After transformation into E. coli XL1, individual clones were analyzed by
sequencing; positive clones were also propagated and the plasmid DNA
was isolated and purified for mammalian transfection using commercial
kit (Qiagen, Hilden, Germany).
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2.3. Cell culture

HEK293-T (Human Embryonic Kidney; ATCC: CRL-3216) cells were
cultured in DMEM (Dulbecco’s modified Eagle’s medium) (Anprotec,
Bruckberg, Germany) supplemented with L-Glutamine (4 mM; PAN
Biotech, Aidenbach, Germany), Penicillin/Streptomycin (100 IU/mL;
0.1 mg/mL; Anprotec, Bruckberg, Germany), and 10 % FBS (Fetal
Bovine Serum; PAN Biotech, Aidenbach, Germany). Incubation was
carried out at 37 ◦C, 5 % CO2, in a humidified incubator. At confluence,
cells were detached using Accutase (Anprotec, Bruckberg, Germany),
diluted (1:10) with supplemented DMEM, and transferred into fresh
culture dishes (Greiner, Frickenhausen, Germany).

2.4. Polyethylenimine (PEI) transfection

One day prior to transfection, cells were detached as described
earlier and seeded at a density of 200,000 cells/well in six-well plates
(Greiner, Frickenhausen, Germany), and incubated for 24 h as
mentioned earlier in the cell culture chapter. On the day of transfection,
the culture media was replaced with 1.5 mL fresh supplemented DMEM.
Plasmid DNA (2.0 µg BRET reporter plasmid ± 2.5 µg sgRNA-Cas9
plasmid) was diluted in 100 µL sterile 150 mM NaCl followed by the
addition of 200 µl of 1.0 mg/mL PEI (MW: 40,000, Polysciences,
Hirschberg, Germany). After 10 min of incubation at room temperature,
the transfection mix was added dropwise to the cells in the six well plate.
To avoid cellular stress, the culture media was replaced 4–6 h post
transfection, after which the cells were incubated for additional 24 h.

2.5. Cell lysis

For cell lysis, the culture media from the transfected cells was
removed, and cells were washed once with sterile 1x PBS (Phosphate-

Buffered Saline). Renilla luciferase assay lysis buffer (100 µL/well;
Promega, Mannheim, Germany) was added, cells were collected with a
cell scraper and resultant cell suspension was transferred into a new tube
for cell lysis in liquid nitrogen with two freeze–thaw cycles. The debris
from the samples were cleared by following centrifugation at 17,986 x g
at 4 ◦C for 10 min. and then transferring the clear solution into a new
tube for storage at − 20 ◦C or until further use.

2.6. BRET reporter assay

5.0 µl of the clarified cell extract was plated per well in 96-well plates
(COSTAR Lumiplates FlatWhite; Corning, NY, USA). Rluc8 substrate
stock (Coelenterazine 400a, Nanolight Inc., Pinetop AZ) (1.0 mg/mL),
was diluted 1:100 in 1x PBS (final conc: 10.0 µg/mL) and allowed to
stabilize under light protection for 20 min. The diluted substrate (100
µl/well) was injected automatically and readings were taken immedi-
ately after substrate injection using the BRET transmission filter set
(blue filter: 370–450 nm; green filter: 510–540 nm) of the plate reader
(Tecan Infinite M1000Pro, Tecan, Groeding, Austria) with an integra-
tion time of 1 s.

2.7. Fluorescence Microscopy

Qualitative GFP2 expression of the BRET reporter was shown using
the Keyence BZ-8000 (Keyence, Neu-Isenburg, Germany) with a
maximal exposure time of 0.5 s.

2.8. Statistics and calculations

2.8.1. Statistics
Unless otherwise stated, each experiment was conducted in tripli-

cate, with quadruple measurements in the BRET assay. For statistical
analysis, the Mean ± SD (Standard Deviation) of the triplicates were
used. To achieve normal distribution, the data were logarithmically
transformed. The normal distribution was verified using the Shapiro-
Wilk test. To determine p-values for comparisons between two groups,
the unpaired Student’s t-test was used when data were normally
distributed. For comparisons among multiple groups, ANOVA was used
if data was normally distributed. P-values < 0.05 (*) were considered as
statistically significant, p-values < 0.01 (**) as highly statistically sig-
nificant and p-values < 0.001 (***) as statistically very high significant.
Means ± SD resulting from the BRET assay were used to calculate the
frameshift rate [%]. The frameshift rate was always defined as ≥ 0 %.
Negative values are caused by measurement fluctuations and were
marked as not detectable (nd).

2.8.2. Calculations
BRET Ratio:
The BRET Ratio [BU] (BRET Units) of each sample was calculated by

dividing the GFP2 (photons/second) by the RLuc8 (photons/second [p/
s]) output.

BRETRatio[BR] =
Int.GFP2[ps]
Int.RLuc8[ps]

Frameshift-Rate:
The conversion of the BRET Ratios [BU] to the Frameshift Rate [%]

was calculated according the following equation [34]

3. Results

Understanding mismatch tolerance and implementing methods to
assess off-target activity is crucial for enhancing the specificity and
safety of CRISPR-based therapeutic approaches. Quantifying the activity
of mismatched sgRNA-Cas9/DNA complexes can provide useful infor-
mation about the position and nucleotide-specific activity to introduce
unwanted mutations within the genome.

3.1. BRET reporter sensitively measures mismatch cleavage effects

The BRET reporter used to assess the cleavage activity of partially
mismatched sgRNA-Cas9/DNA hybrids relies on the disruption of the
reading frame of the BRET acceptor fluorophore GFP2 caused by the
insertion and deletion of nucleotides after a DSB through NHEJ and/or
MMEJ, while the BRET donor RLuc8 remains unaffected (Fig. 1A).
Compared to the non-mismatched WT target and sgRNA-Cas9 binding,
mismatched binding shows higher BRET ratios, leading to lower
frameshift rates. Due to the simple and rapid cloning procedure using
the shuttle box present in the BRET reporter construct, we were able to
test all 60 possible nucleotide substitutions over the 20 bp of the target
DNA sequence hybridized to sgRNA-Cas9 (Fig. 2; Supplement Table 1 for
mismatched DNA target sequences). Compared to the wild-type (WT)
control, which shows the highest reduction of the BRET ratio, mismatch
cleavage activity clustered depending on their position. Mismatches at
the PAM-distal and PAM-proximal regions (positions 18–20 and 1–12)

FrameshiftRate[%] =

(

1 −
(MeanBR± SD(Target + sgRNA − Cas9) − MeanBR± SD(RLuc8 )

(MeanBR± SD(Target) − MeanBR± SD(RLuc8 )

)

x100
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Fig. 1. BRET-Based CRISPR/Cas9 Mismatch Activity Quantification Principle. (A) Residual sgRNA-Cas9 activity on a mismatched target sequence is measured by the
BRET reporter system. The sgRNA-Cas9 complex binds to the target sequence and generates a mismatched sgRNA-DNA heteroduplex located between the BRET
reporters’ reading frames of the energy donor RLuc8 and the energy acceptor GFP2. This induces a DSB at the targeted site upon mismatch activity. Subsequent NHEJ
repair generates indels at the DSB site, shifting the reading frame of the acceptor, which reduces the ratio of IGFP2/IRLuc8. (B) Examples of On-Target and Off-Target
cleavage: On-Target: Perfect binding of sgRNA to genomic DNA, resulting in optimal sgRNA-Cas9 mediated cleavage. Off-Target: Imperfect binding to genomic DNA
with a mismatch at e.g. position 10 leads to reduced cleavage activity compared to a perfect match.

Fig. 2. BRET Measurements. BRET ratios of a perfectly matched sgRNA/DNA duplex (WT (Target [T])/WT (Target + sgRNA-Cas9 [T + G])) compared to all three
possible combinations of mismatches at each position of the 20 bp target sequence. (*p < 0.05; **p < 0.01; ***p < 0.001).
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allowed mismatch cleavage, which led to frameshifting mutations, as
measured by a reduction in the BRET ratio. At positions 13–17, mis-
matched hybrids showed no or only a slight reduction in the BRET ratio,
suggesting low mismatch cleavage activity.

The transformation from BRET ratio to the frameshift rate corrobo-
rated the initial results, clearly showing the reduction of mismatch ac-
tivity between positions 13–17 (Fig. 3A). The frameshift rate heat map
shows a high acceptance of mismatches in the PAM distal and PAM
proximal parts, although at positions 1–7, mismatch cleavage is reduced
compared to positions 19–20. Notably, a conversion to cytosine (C) at
position 1–7 outperformed all other substitutions in terms of reduced
mismatch cleavage activity (Fig. 3B). To further verify the quantified
results from the BRET reporter assay, we qualitatively observed a
reduction in GFP2-positive cells and GFP2 intensity in transfected
HEK293-T cells compared to the negative control (BRET reporter/
–sgRNA-Cas9) (Fig. 4). Consistent with the BRET data, at the far distal
position 20 of the hybrid, almost no GFP2 positive cells with low fluo-
rescence intensities could be detected by fluorescence microscopy while
at position 14, little to no reduction in GFP2 expression was observed. In
line with this, at the closest distal position to PAM (position 1), a
reduced amount and intensity of GFP2 fluorescence was detected,
indicating mismatch cleavage.

3.2. Mismatch cleavage is position and nucleotide substitution dependent

After evaluating and verifying the acceptance of mismatch cleavage,
we delved deeper to understand how single nucleotide substitutions
affect mismatch cleavage with subsequent DNA repair (Fig. 5). Con-
versions from the wild-type sequence to adenine (A) generally showed
low (< 20 %) acceptance of mismatch cleavage across all positions

tested, with one exception at position 1, where we measured the highest
acceptance of an A, leading to a frameshift rate of > 20 % (Fig. 5A).
Conversions to thymidine (T) from the wild-type sequence presented a
different scenario. Mismatches at positions 19–20 and 1 were highly
accepted, whereas positions 14 and 17 showed only minor acceptance.
All other positions exhibited reduced mismatch activity, ranging from
10-30 % (Fig. 5A). Conversions from the wild-type sequence to cytidine
(C) revealed another pattern. Mismatch cleavage was allowed at the far
PAM distal part at positions 17–20, but greatly reduced at all remaining
PAM proximal and distal positions of the sgRNA-Cas9/DNA hybrids.
Conversions from the wild-type sequence to guanine (G) showed mod-
erate mismatch cleavage activity across the whole sgRNA-Cas9/DNA
hybrid, except at positions 7 and 13–14, where no mismatch cleavage
activity was observed (Fig. 5A).

Subsequently, we grouped the mismatch cleavage activity to the four
nucleotides to eliminate the position dependence. Interestingly, we
found that thymidine as a pyrimidine base and guanine as a purine base
with a mean mismatch activity ranging from 14-16 % frameshift rate
outperformed adenine- (purine) and cytosine-bases (pyrimidine) in
mismatch cleavage activity, which showed a lower mean activity be-
tween 4–6 % (Fig. 5B). To show position dependence, we took our data
on mismatch cleavage and eliminated the nucleotide context. The far
PAM distal and the near PAM proximal region showed the highest
acceptance for mismatch cleavage, ranging between approx. 30–40 %
frameshift rate. Between these regions, mismatch cleavage activity is
reduced to around 20 %. We also could demonstrate with this experi-
ment that mismatched nucleotides at position 6–8 and 14 do not allow
cleavage irrespective of the nucleotide that is being substituted
(Fig. 5C).

Further, we separated our data individually for purine (Pur) and

Fig. 3. Mismatch frameshift rate. (A) Conversion of the BRET ratio to the frameshift rate [%] for all possible mismatch combinations at each position of the target
site. (***p < 0.001) (B) Heat map visualization of mismatch cleavage activity of a given sgRNA-Cas9 complex on a mismatched target sequence in dependence of the
target sequence position.
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pyrimidine (Pyr) base pairings to possibly find a dependence on the
influence of different hydrogen bonding between these two groups of
mismatched nucleotides (Fig. 6). We grouped the mismatch cleavage
activity for Pyr-Pyr, Pur-Pur, Pyr-Pur, and Pur-Pyr nucleotides at
different positions of the sgRNA-Cas9/DNA hybrid (Fig. 6 A). The Pyr-
Pyr (T-U) mismatch pairing showed the typical position-dependent
cleavage activity already seen in previous experiments, at the far
distal region (position 20) with a significant drop with almost no
mismatch cleavage at position 17. On contrary, Pyr-Pyr (C-C) mis-
matches showed almost no or just low cleavage activity over all posi-
tions tested. Between positions 3–15, moderate mismatch cleavage was
observed again. Pur-Pur (G-G) mismatches, in contrast, showed
moderated cleavage activity in the PAM distal region, while cleavage
was increased at distal positions. Pyr-Pur (C-T) mismatches clearly
showed, as the already described Pyr-Pyr combination T-U, the typical
mismatch cleavage pattern where the far distal position 20 allowed high
frequencies of up to ≈ 40 %, followed by a massive drop between po-
sitions 6–15 and a slight increase in mismatch cleavage in the proximal
region. For both Pur-Pyr combinations, A-G and A-C generally exhibited
the lowest mismatch cleavage activity over all positions tested, except
for the nearest proximal position 1 for the A-G mismatch sgRNA-Cas9/
DNA hybrid. To further condense the position-specific data to a more
general bias, we grouped the data as described before using Pyrimidine
and Purine groups. Both Pyr-Pyr and Pur-Pur combinations with

relatively high mismatch cleavage activity, ranging from 18-22 %,
outperformed Pyr-Pur and Pur-Pyr with a maximum of allowed
mismatch cleavage of approximately 10 % (Fig. 6B).

To finalize our reporting, we performed two additional experiments
to prove the system’s reliability with an enhanced version of SpCas9
with a reportedly decreased mismatch cleavage activity and the sensi-
tivity with allowance for cleavage with different double mismatches on-
target DNA (Supp.Fig. 1). First, we compared our WT SpCas9 with an
(enhanced) eSpCas9(1.1) version in the BRET assay followed by the
transformation into the frameshift rate (Supp.Fig. 1A). We found a
highly significant (***p < 0.001) increase in the BRET ratio when using
the enhanced Cas9 variant, and subsequent data transformation
confirmed these findings with a high significant reduction (**p < 0.01)
in the frameshift rate. Double sgRNA-Cas9/DNA mismatched hybrids,
compared to single mismatches, showed a highly significant (***p <

0.001) reduction of mismatch tolerance over all positions and combi-
nations tested, not exceeding 10 % of mismatch cleavage activity (Supp.
Fig. 1B).

4. Discussion

BRET based reporter assays are extremely sensitive even though they
require relatively simple assay setups compared to other assays
including fluorescent methods [37]. A low background noise makes

Fig. 4. Qualitative mutagenic frameshift analysis. Fluorescence microscopy of the reduced GFP2 expression of the BRET reporter caused by mutagenic, frameshifting
indel formation upon mismatch sgRNA-Cas9 cleavage, compared to the WT-control.
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these assays ideal for studying processes with low signal output as it is
assumed for an accurate measurement of CRISPR-Cas9 mediated
mismatch cleavage. Typically, they offer a broad dynamic range making
them versatile for both qualitative and quantitative measurements.
Especially the quantitative aspect together with the possibility for real-
time in-vivo monitoring of processes in living organisms without the
need to sacrifice the model organism for subsequent experiments makes

BRET very interesting for researchers in genome editing [33]. Compared
to other methods assessing off-target activity of mismatched DNA/
sgRNA-Cas9 heteroduplexes, the BRET reporter system, even in combi-
nation with a preceded in-silico prediction, can give valuable informa-
tion about mismatch cleavage activity on a selection of off-target
sequences. Although this system is generally capable as a high-
throughput system it only quantifies mismatched target sequences one

Fig. 5. Target sequence position dependent mutations and their influence on sgRNA-CAs9 cleavage activity. (A) Influence of WT to Adenine mutations (blue), WT to
Thymidine mutations (red), WT to Cytosine mutations (brown) and WT to Guanosine mutations (green) on position dependent mismatch sgRNA-Cas9 cleavage
activity. (B) Mean of combined sgRNA-Cas9 cleavage activity from WT sequence to an A, T, C and G. (C) Position dependent combined mismatch cleavage activity
upon imperfect gRNA-DNA binding. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. CRISPR/Cas9 cleavage activity of homologous and heterologous purine and pyrimidine base exchange within the target sequence. (A) Frameshift rates [%]
upon sgRNA-Cas9 mismatch cleavage in dependence of homologous and/or heterologous mismatching bases and position. (B).
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by one while more sophisticated, sequencing based methods like SITE-
Seq or GUIDE-Seq deliver genome wide information with higher sensi-
tivity and accuracy [15,38]. One of the major challenges in CRISPR-Cas9
mediated genome editing is the potential for off-target effects mediated
by high mismatch cleavage activity of gRNAs on genomic DNA off-
targets, which can lead to unintended modifications. Sophisticated
methods like the BRET reporter system for the quantification of
mismatch cleavage as described here in this study can help in under-
standing the factors responsible for mismatch recognition, which are
crucial to minimize off-target effects and enhance the specificity of
CRISPR-Cas9-mediated genome editing [39].

In this study, we were able to show that cleavage activity is clustered
in defined areas upon their mismatch position within the sgRNA/DNA
hybrid. Our data provide evidence that in the far distal region (position
20) mismatch cleavage is accepted at high frequencies. To overcome this
effect, shorter, so-called truncated sgRNA (tru-sgRNA) have been
described to decrease off-target cleavage activity. Interestingly on-target
activity like the NHEJs indel formation and also HDR was influenced
negatively [40]. Moreover, 5́-truncated sgRNA-Cas9 complexes have
been shown to reduce mismatch tolerance by negative selection in
bacterial genomes [10]. Another possible method to minimize off-target
effects would be to chemically modify terminal and/or internal nucle-
otides of the sgRNA with 2′-O-methyl or phosphorothioate groups. It has
been reported that these modifications reduce off-target effects while
maintaining the original on-target activity. These sgRNA modifications
can only be attached in-vitro to the previously transcribed sgRNA, with a
subsequent complexing reaction with the Cas9 protein. This allows the
use of alternative transfer methods like e.g. nanoparticle instead of
adeno-associated virus (AAV) transduction [41]. Also, in the nearest
PAM proximal position 1, mismatch cleavage is highly accepted
depending on the mismatched nucleotide. This off-target activity
already has been reported by several other groups, but depends on the
general sgRNA sequence, the surrounding sequence and target PAM
context [42–44]. PAM sliding from e.g. GGG to NGG resulted in an
increased sgRNA-Cas9 specificity [43]. In general, we had observed a
higher mismatch tolerances in the complete PAM proximal region from
position 2–12. This cluster also covers the seed region which is usually
the first 5 bp next to the PAM where a decrease of mismatch cleavage
was reported in dependence of the sequence context [45].

Recent studies on the kinetics of sgRNA-Cas9 binding to off-target
DNA sequences with a single molecule resolution focused on the struc-
tural changes of Cas9 in dependence of the position and type of nucle-
otide exchange compared to an on-target binding. For the binding of
sgRNA-Cas9 to its target sequence a series of well-defined conforma-
tional rearrangement checkpoints takes place ensuring proper binding,
moving catalytic domains to the correct position for cleavage or active
pocket opening for DNA substrate binding. The target DNA itself acts as
the determinant for these processes. Interestingly, mismatches had just a
minor influence on these structural changes, enabling off-target cleav-
age activity [46]. Non-canonical purine and/or pyrimidine base pairings
like wooble (G-U/T or A-C) or hoogsteen (A-G or G-G) nucleotide pair-
ings due to the formation of hydrogen bonds can explain the relative
high mismatch cleavage activity when separating the data to these
nucleotide pairings [47]. High fidelity Cas9 variants, such as eSpCas9 or
HypaCas9, that are protein engineered to improve the precision and
specificity of CRISPR-Cas9 genome editing and exhibit reduced off-
target activities compared to their wild-type counterparts. The devel-
opment process involves several steps, including rational design,
mutagenesis, and thorough validation. Typically, these residues interact
with the DNA backbone or regions outside the PAM and guide RNA
recognition site [48].

5. Conclusion

Various methods have been described that allow researchers to
identify and characterize potential off-target sites, facilitating the

validation of system improvements and the continuous refinement of
high-fidelity platforms. Here, we provide an evidence that a BRET based
sensor is sensitive enough to evaluate and quantify CRISPR-Cas9 off-
target mismatch cleavage activity in a cellular context and with a single
nucleotide resolution. Hence, a combination of in-silico, in-vitro, and in-
vivo methods, along with improved Cas9 variants and sgRNA designs,
can effectively assess and mitigate off-target effects. These advance-
ments are crucial for the safe and accurate application of the CRISPR
technology in research and in a therapeutic context.
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