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ABSTRACT

The clustered regularly interspaced short palin-
dromic repeats (CRISPR) Cas system is a powerful
tool that has the potential to become a therapeu-
tic gene editor in the near future. Cas9 is the best
studied CRISPR system and has been shown to have
problems that restrict its use in therapeutic applica-
tions. Chromatin structure is a known impactor of
Cas9 targeting and there is a gap in knowledge on
Cas9’s efficacy when targeting such locations. To
quantify at a single base pair resolution how chro-
matin inhibits on-target gene editing relative to off-
target editing of exposed mismatching targets, we
developed the gene editor mismatch nucleosome in-
hibition assay (GEMiNI-seq). GEMiNI-seq utilizes a
library of nucleosome sequences to examine all tar-
get locations throughout nucleosomes in a single
assay. The results from GEMiNI-seq revealed that
the location of the protospacer-adjacent motif (PAM)
sequence on the nucleosome edge drives the abil-
ity for Cas9 to access its target sequence. In ad-
dition, Cas9 had a higher affinity for exposed mis-
matched targets than on-target sequences within a
nucleosome. Overall, our results show how chro-
matin structure impacts the fidelity of Cas9 to poten-
tial targets and highlight how targeting sequences
with exposed PAMs could limit off-target gene edit-
ing, with such considerations improving Cas9 effi-
cacy and resolving current limitations.

INTRODUCTION

The specificity and simplicity of the clustered regularly in-
terspersed palindromic repeats (CRISPR) Cas system make
it a prevalent gene-editing tool. The power of the CRISPR
Cas system has excellent therapeutic potential if key detri-
ments can be overcome (1). One aspect limiting CRISPR

Cas applications is the potential for Cas nuclease to cleave
the genome at off-target locations (2,3). Determining the
factors that cause the CRISPR Cas system to perform off-
target modifications and mitigating these unintended re-
sults to produce the desired outcomes is crucial for fur-
ther therapeutic applications. Further elucidating the well-
established inability of the CRISPR Cas system to tar-
get various desirable sites in the genome due to chromatin
structure and the impact on Cas editing fidelity can help ad-
dress this deficiency (4,5).

The CRISPR Cas system evolved in bacteria and ar-
chaea as an adaptive immune system response to bacte-
riophage invasion, forming a family composed of mem-
bers with greatly varying characteristics (6,7). The various
CRISPR Cas systems are divided into Class 1, for systems
that use multiple effector molecules, and Class 2, for sys-
tems that have only one effector molecule (8). Class 2 Cas
systems, given the reduced number of components, have be-
come the focus of engineering and development for use in
gene editing, with the Cas9 nuclease being the first and most
widely adopted (9). A prominently used version of Cas9
evolved in Streptococcus pyogenes, henceforth referred to as
Cas9 (9,10).

The Cas9 system recognizes and cleaves a specific DNA
target sequence through the interaction of a single guide
RNA (sgRNA) with the Cas9 endonuclease. The sgRNA
has two functional units: a scaffold region composed of
three stem loops that complex with the Cas9 endonuclease
and a targeting region containing a 20-nt sequence com-
plementary to the DNA target sequence (11). Upon the
sgRNA complexing with Cas9, the Cas9 endonuclease is re-
ordered into an active conformation that interrogates DNA
sequences (12). Cas9 initially searches the DNA for and
binds the 3-bp NGG protospacer-adjacent motif (PAM)
upstream of the 20-nt target sequence (13). Upon binding
the PAM, the Cas9:sgRNA complex melts the DNA down-
stream of the PAM, and the sgRNA sequence invades, test-
ing the potential DNA target for complementarity (14). If
the DNA sequence has sufficient complementarity with the
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sgRNA sequence, then Cas9 cleaves the DNA target gener-
ating a blunt-ended double-strand break (15).

Previous studies have elucidated many vital factors un-
derlying the Cas9 mechanism, such as the affinity for vary-
ing on-target sequence compositions (16), Cas9’s tolerance
for mismatching sequences between the sgRNA and tar-
get DNA (5,17), and the effect of various eukaryotic chro-
matin states on Cas9 accessibility (18–20). Analyzing the
impact of nucleosomes, the fundamental unit of chromatin,
on Cas9 elucidated the factors impacting the dynamics of
the more complex chromatin system. The nucleosome is
composed of an ∼147-bp DNA sequence wound around a
core histone octamer complex, making the DNA less acces-
sible and thus impacting DNA interactions. To better de-
fine interactions, the locations within the nucleosomal DNA
are defined relative to the center of the DNA wrap around
histone octamer termed the dyad, with superhelical loca-
tions (SHLs) occurring at 10-bp intervals upstream (neg-
ative) and downstream (positive) from the dyad (SHL 0)
(21). The nucleosomal DNA stops winding around the hi-
stone core a few bases after seventh SHL on either side of
the dyad, forming the nucleosome edge. Further research
into the impact of the nucleosome structure on Cas9 ac-
tivity showed that occlusion of the PAM sequence within
the nucleosome significantly increases protection from Cas9
cleavage (22), while exposure of the 20-nt target sequence
beyond the nucleosome edge does not substantially impact
Cas9 efficiency (23). However, these findings are limited to
only a few target locations within a nucleosome and lack
a direct quantification of Cas9’s affinity for occluded on-
target compared to exposed off-target locations. Building
further on these findings, our research utilizes an assay de-
signed to test the impact of chromatin structure on a gene
editor’s efficacy and applies it to determine the chromatin
structure’s effect on Cas9 off-targeting.

To determine chromatin’s effect on Cas9 efficacy, we de-
veloped the gene editor mismatch nucleosome inhibition as-
say (GEMiNI-seq) as a modification of a transcription fac-
tor nucleosome binding assay (24,25). GEMiNI-seq uses a
library of nucleosomes containing a Cas9 target and mis-
match sequences at 1-bp resolution throughout a nucleo-
some. GEMiNI-seq can examine various factors simulta-
neously, utilizing the same sgRNA sequence to target the
multiple nucleosome locations throughout the nucleosome
structure, generating the most comprehensive mapping of
Cas9 accessibility. In addition, we apply GEMiNI-seq to
compare Cas9’s affinity for on-target and mismatch se-
quences relative to nucleosome structure, providing insight
into the reasons for Cas9 off-targeting.

The results from GEMiNI-seq demonstrate that target
sequences located within the nucleosome are protected from
Cas9 digestion. This protection is dependent on the occlu-
sion of the PAM sequence, with PAM sequences exposed
outside the nucleosome having less protection. In addition,
Cas9 efficacy is impacted by PAM sequence orientation in
relation to the nucleosome. Crucially, our results also deter-
mine that Cas9 will preferentially target and digest a mis-
match sequence with an exposed PAM sequence over an oc-
cluded on-target sequence. This preference for exposed mis-
matches over sterically blocked on-target sequences could
drive the off-targeting prevalent in in vivo applications of

Cas9 gene editing. Thus, our findings point to the impor-
tance of selecting Cas9 targets that are chromatin accessi-
ble and to avoid target sequences with chromatin accessible
mismatches.

MATERIALS AND METHODS

GEMiNI-seq

A nucleosome library containing 7500 230-bp nucleosome
sequences is designed and acquired from Agilent as a cus-
tom oligo library. The DNA sequences were amplified by
PCR, column purified using Qiagen QIAquick PCR Pu-
rification Kit and quantified. Nucleosomes were formed
from H2A/H2B dimer (160 pmol) and H3/H4 tetramer (80
pmol) from New England Biolabs (NEB), combined with
52.5 pmol of DNA, 1.68 M of sodium chloride and 1 �M
of dithiothreitol diluted to 100 �l with TE (pH 8.0). The
reaction is incubated at room temperature for 30 min and
then transferred into a Slide-A-Lyzer MINI Dialysis Unit
(10 000 MWCO, Thermo Scientific No. 69750). The dialysis
unit is then successively placed on top of 1.2 ml of 1.0, 0.8
and 0.6 M sodium chloride for 2 h each at 4◦C. The dialysis
unit is then placed on top of 1.2 ml of TE (pH 8.0) overnight
at 4◦C. The nucleosome sample is collected and then puri-
fied with a sucrose gradient (24,25). Fresh 20% and 7% su-
crose solutions are created and then a 7–20% sucrose gra-
dient is prepared using a gradient mixer. The nucleosome
sample is loaded on top of the sucrose gradient and then
centrifuged on a SW41 rotor at 35 000 rpm for 18 h at 4◦C.
The sucrose gradient is fractionated and a portion of each
fraction is run on a 4% native polyacrylamide gel to deter-
mine which contain properly formed nucleosomes. Nucleo-
some fractions are then concentrated and washed with TE
(pH 8.0) in Amicon Ultra 0.5 ml 30k filters. The concentra-
tion of the nucleosome sample is then determined by qPCR.

sgRNA sequences were designed to target the DNA se-
quences tiled throughout the nucleosomal structure (Sup-
plementary Table S1). The desired 20-nt target was flanked
by the T7 promoter sequence and the 14-nt start for the
RNA scaffold, following NEB protocol for target-specific
oligo design. The DNA oligonucleotides were ordered from
Integrated DNA Technologies, and the sgRNAs were pro-
duced using the NEB EnGen sgRNA Synthesis Kit (NEB
#E3322). To ensure proper formation, the sgRNAs were
run on a 10% denaturing TBE–urea gel, and the concen-
tration of each was quantified. Each sample was diluted
with nuclease-free water to a 300 nM working concentra-
tion. The Cas9 digestion is performed with equal amounts
(300 nM) of CRISPR/Cas9 (NEB) and sgRNA sequences
are incubated together in NEBuffer 3.1 at room temperature
for 10 min. Nucleosomes (30 nM) are added and digested at
37◦C for 30 min and then placed on ice. Proteinase K (20 �g)
is added, and the reaction is incubated at room temperature
for 10 min. The DNA is purified from the reaction and con-
centrated using a Qiagen MiniElute Purification Kit. Each
digestion is replicated three times with an undigested con-
trol.

Illumina sequencing libraries were generated using two-
step PCR, with 12 cycles of amplification for the first step
using four sets of primers designed to offset sequence reads
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and dephase the libraries during Illumina sequencing (Sup-
plementary Table S2). The second eight-cycle PCR bar-
codes the individual samples using Nextera Index primers
for identification. The concentration of each sample was
determined using the Invitrogen Quant-iT dsDNA Assay
Kit, and equal amounts of each sample were pooled and se-
quenced on an Illumina NextSeq 2 × 150 at UB Genomics
and Bioinformatics Core. The results from the sequencing
were uploaded to the Sequence Read Archive under the ac-
cession number PRJNA868300.

GEMiNI-seq analysis

The Illumina sequence reads were processed with a pipeline
of applications to refine and identify the sequences present
in the sample pool. The low-quality results at the 3′ end
of the Illumina reads were removed by the Cutadapt
tool, using a quality cutoff (−q) of 30 (26). The for-
ward and reverse reads were merged using the Vsearch –
fastq mergepairs, only merging sequences with at least 20
overlapping nucleotides (–fastq minovlen 20) and only al-
lowing a maximum of two mismatches between merged
sequences (–fastq maxdiffs 2) (27). The primer sequences
present at the end of the reads (Supplementary Table
S2) were removed by Cutadapt. Any sequences >220 or
<174 nt were removed, using the Cutadapt –maximum-
length and –minimum-length functions, respectively. The
reads were converted from fastq to fasta format using
the FASTX-Toolkit FASTQ-to-FASTA converter function
(http://hannonlab.cshl.edu/fastx toolkit/index.html) before
using Vsearch to identify each sequence in the nucleosome
library (27). The search was performed by comparing the
processed reads to the fasta formatted nucleosome library
sequences (–dbmatched), rejecting sequence matches that
have alignment lengths <150 nt (–mincols 150) or have
<98.5% similarity (–id 0.985), and only reporting the hit
with the highest percentage of identity (–top hits only).

The number of reads for each sequence present in a sam-
ple is compared relative to a native Widom 601 control se-
quence present within the nucleosome library, thus control-
ling for technical variability introduced by PCR, NGS li-
brary construction and NGS sequencing. ‘Protection from
Cas9’ is defined as

Protection from Cas9

= log2

(
Reads DigestedN/Reads DigestedCON

Reads UndigestedN/Reads UndigestedCON

)
,

where Reads DigestedN is the number of uncleaved reads
for a given nucleosomal target sequence in the sample pool
after Cas9 digestion, Reads DigestedCON is the number of
reads for the native Widom 601 control (Supplementary
Figure S1) in the sample pool after Cas9 digestion, Reads
UndigestedN is the number of reads for a given nucleosomal
target sequence in the undigested sample pool and Reads
UndigestedCON is the number of reads for the native Widom
601 control in the undigested sample pool. Each sample is
then normalized by the Z-score with the mean and stan-
dard deviation defined from the nonspecific background se-
quences.

MNase-seq on nucleosome library digestion

The nucleosome library (0.2 pmol/�l) is digested by MNase
(0.05 U/�l) in nuclease digestion buffer (10 mM Tris–HCl,
pH 8.0, 2 mM CaCl2) for a time course of 0 (no MNase
used), 5 and 10 min at 37◦C. After the defined incubation
time, digestion was stopped (2% SDS, 40 mM EDTA). Pro-
teinase K (16 �g) is added to each sample, and the reaction
is incubated at 55◦C for 1 h. The DNA is purified from the
reaction and concentrated using a Qiagen MiniElute Pu-
rification Kit. The DNA concentration of each sample is
determined by the Invitrogen Quant-iT dsDNA Assay Kit
and equalized. Illumina sequencing libraries were generated
using NEBNext Ultra II DNA library prep kit. Individ-
ual samples are multiplexed and sequenced on an Illumina
MiSeq 2 × 150. MNase-seq sequencing results are qual-
ity filtered (q > 30) and adapter trimmed using Cutadapt
(26). The quality reads are merged and mapped to the 7500
nucleosome library sequences using Vsearch (27). The read
counts and end positions are used to determine MNase pro-
tection, which is a measurement of the percentage of reads
for a specific nucleosome base pair location. MNase protec-
tion is calculated for each base pair as the ratio of base pair
coverage/total reads for that specific nucleosome.

Modeling Cas9 on the nucleosome

The structures for the Widom 601 nucleosome (28) and
Cas9 (29) were retrieved from the Protein Data Bank (PDB)
(30) (PDB identifiers 5OXV and 4UN3, respectively). The
ChimeraX software (31) was used to load and edit the
Widom 601 structure to a single nucleosome with 180 bp of
DNA. The mutate bases function in the x3DNA software
package (32) was used to change the Cas9 nontarget DNA
strand (chain D), so the 12 DNA bases matched with the
12 DNA bases in chain J of the Widom 601 nucleosome,
conserving 5′ to 3′ direction for all locations of interest at
SHL 6.6 and SHL 7. The modeling of Cas9 in the opposite
direction modified the nontarget DNA strand (chain D),
so the 12 DNA bases matched with the 12 DNA bases in
chain I of the Widow 601 nucleosome, conserving the 5′ to
3′ direction (SHL 7.4). The modified Cas9 structures were
saved, and each was individually loaded into ChimeraX
with the modified nucleosome structure. The Cas9 structure
was positioned onto the nucleosome by the matchmaker
function aligning the nontarget DNA chain in the nucle-
osome as the reference structure with the nontarget DNA
chain in the Cas9 structure as the match structure, using
the Needleman–Wunsch algorithm for sequence alignment.
Steric hindrance between the Cas9 endonuclease and the
nucleosome model for each location was determined and
depicted by the Clashes function in ChimeraX. The num-
ber of clashes is determined between the Cas9 protein and
the nucleosome structure up to SHL 5, excluding the DNA
sequence being directly bound by Cas9 in quantifying the
steric hindrance.

Each superimposed structure has hydrogen (AddH) and
charges (addcharge) assigned through the Amber Tools
force field within Chimera (33,34). Each structure is min-
imized using 600 steps of steepest descent followed by 60
steps of conjugate gradient, minimizing clashes within the
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structures. The minimized superimposed Cas protein is sep-
arated from the nucleosome, and each is run through BTTR
(r·m·r), with Cas9 as the ligand and the nucleosome as the
receptor, to calculate the favorability for Cas9 interacting at
each location (35). BTTR is a knowledge-based discrimina-
tory function that uses the atomic level radial distribution
averages of all pairwise atom types to determine favorable
interactions from incorrect ones. The BTTR program is run
with the settings of -ref mean, -func radial, -comp reduced
and -cutoff 12 (angstroms).

RESULTS

Nucleosome library design for Cas9 targeting

To address the impact of nucleosome structure on Cas9
accessibility, we modified an approach described by Yu
and Buck (24), to determine the targeting efficacy of the
CRISPR Cas system within chromatin (Figure 1). Our new
GEMiNI-seq methodology utilizes a nucleosome library
with 7500 sequences. Each sequence is unique and allows
the examination of Cas9’s specificity at all nucleosome po-
sitions with various mismatches. The nucleosome library
is formed from the Widom 601 nucleosome positioning
sequence, which is the best characterized nucleosome po-
sitioning sequence and can reproducibly position nucleo-
somes (36). A 23-bp sequence, composed of a 20-bp target
sequence and adjacent 3-bp PAM sequence, is positioned
at every nucleotide base through the nucleosome forming
region and into the linker region until the full motif is ex-
posed outside the histone octamer. Each sequence position
replaces a new length of the Widom 601 sequence, gener-
ating a unique sequence in the nucleosome library. In this
approach, we utilized a forward target sequence with the
20-bp target 5′ of the PAM, a reverse target with the 20-bp
target 3′ of the PAM and a nontarget with a 18-bp target
5′ of the PAM (Supplementary Table S1). The nontarget,
with a lack of sgRNA sequence complementation, acts as a
negative control for Cas9 digestion. Targeting the same se-
quence eliminates any deviation in Cas9 digestion induced
by varying sequence affinities and increases the efficiency of
GEMiNI-seq (37).

The library of 230-bp DNA sequences was purchased
from Agilent, amplified and formed into nucleosomes by
salt gradient dialysis. Two sgRNAs are designed to comple-
ment either a forward or a reverse target sequence. After
digestion, samples and controls are indexed and amplified
by two-step PCR. Sequences undigested by Cas9 have both
primer pairs allowing proper sequencing, while cleaved se-
quences will not have the two primer pairs, so they will not
be present (38). Quantification of each sequence present in
the sample pool creates an in-depth mapping of Cas9 pro-
tection throughout the nucleosome structure.

The library contains two different target sequences indi-
vidually tiled across the Widom 601 nucleosome to eluci-
date any underlying impact of Cas9 orientation on access
to the target sequence (Figure 1B). The forward sequence
has the PAM sequence on the 3′ end (downstream) of the
target sequence, and the reverse sequence has the PAM se-
quence on the 5′ end (upstream) of the target sequence. A
negative control sequence containing a PAM but lacking
a 20-bp target complementary to the sgRNAs is used to

compare Cas9’s affinity for digesting the various target se-
quences. The further elucidation on the fidelity of Cas9 for
mismatches relative to nucleosomal targets is achieved by
designing sgRNAs complementary to the forward sequence
except for alterations in the 19th or 20th base. The correla-
tion of all the replicates shows a high similarity within repli-
cates of the same digestion, and a similarity between diges-
tions of the same substrate with similar sgRNAs (Supple-
mentary Figure S2).

Nucleosomes protect target sequences from Cas9 digestion

To determine the protection the histone octamer provides
the Cas9 target sequences, we incubated the nucleosome li-
brary with a Cas9:sgRNA complex complementary to ei-
ther the forward or reverse target sequences. Quantification
of the relative numbers of each undigested sequence gen-
erates a map of protection for the nucleosomal and linker
DNA. The same digestion is performed on the naked DNA
library as a control for sequence position effect. Both naked
targets show substantial digestion, with digestion of the re-
verse target being greater than the forward target (Figure
2A), which may result from the forward and reverse target
sequences having different nucleotide compositions (Sup-
plementary Figure S1) (39,40).

The majority of sequences in our nucleosome library are
nonspecific to these Cas9 digestions and show no cleavage
throughout their entire sequence. Both the forward and re-
verse target sequences show high protection from Cas9 di-
gestion when located within the nucleosome structure. The
amount of protection is equivalent to the protection for the
nontarget and is regardless of the location of the PAM se-
quence or its orientation relative to the histone octamer. The
forward and reverse targets both maintain a high level of
protection until the PAM sequence nears the edge of the
nucleosome, at which point both sequences have a loss in
protection from Cas9 digestion. Protection decreases for
both the forward and reverse target sequences located at
the edge of the nucleosome and within the linker, with the
amount of protection for these targets nearing the values of
naked DNA. The reverse sequence has the PAM sequence
upstream of the target, so the target exits the nucleosome
first, yet the protection only decreases when the PAM se-
quence nears the edge of the nucleosome making the whole
target accessible. The forward sequence has the PAM se-
quence downstream of the target sequence, so the PAM ex-
its the nucleosome first, but the forward target is protected
for an additional 6 bp from where the reverse target protec-
tion decreases (Figure 2A). The reduced accessibility of the
Cas9:sgRNA complex to the entire forward target sequence
compared to the fully exposed reverse target sequence likely
drives this difference in protection.

To determine whether the last local maximum protection
(Figure 2B, SHL 6.6) and the first local minimum protec-
tion (Figure 2B, SHL 7) spanning the drastic change in pro-
tection at the nucleosome edge relate to less or more steri-
cally inhibited orientations of Cas9, we modeled Cas9 ori-
entation when accessing these PAM sequences. The Cas9
structure was superimposed onto both locations at the nu-
cleosome edge, aligning the nontarget DNA strand in both
structures to maintain proper orientation. The superimpo-
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Figure 1. GEMiNI-seq method. (A) A 217-bp DNA library was designed containing a 20-bp target sequence and adjacent 3-bp PAM at every base pair
position. The DNA library was formed into nucleosomes and purified forming a nucleosome library. Both the nucleosome and DNA library were separately
incubated with a Cas9:sgRNA complex complementing the 20-bp target sequence. Samples are then indexed with two-step PCR and sequenced using an
Illumina NextSeq. (B) A 20-bp DNA sequence and 3-bp PAM sequence (23 bp total length) are tiled at every base pair position through the Widom 601
nucleosome positioning sequence and into the linker. The location of the PAM site in the nucleosome is defined by the SHL from the nucleosome dyad.
The PAM and target sequence are tiled in both a forward conformation (with the PAM sequence oriented to the 3′ of the target sequence) and a reverse
conformation (with the PAM oriented to the 5′ of the target sequence).

sition of Cas9 onto the reverse target PAM at SHL 6.6
shows Cas9 being orientated into the nucleosome structure
in an unfavorable conformation, with 4544 clashes occur-
ring between the two structures (Figure 2C and Supplemen-
tary Figure S3). In contrast, 4-nt downstream at SHL 7, the
orientation of Cas9 endonuclease on the reverse target PAM
sequence is positioned opposite to the nucleosome struc-
ture, making the PAM sequence more accessible with only
415 clashes (Figure 2D and Supplementary Figure S3). The
change in the orientation of Cas9 to the nucleosome when
accessing the two various sequences could induce the fluctu-
ations in protection seen once the PAM domain becomes ex-

posed, while PAM sequences located deeper within the nu-
cleosome have Cas9 access blocked by the histone octamer
(22,41).

Nucleosome library accessibility defined with MNase-seq

To determine how the protection supplied by the nucle-
osome from Cas9 targeting compares to the accessibility
of the nucleosome structure, we compared the footprint
of the Widom 601 nucleosome generated by incubation
with the nonspecific endo-exonuclease micrococcal nucle-
ase (MNase) to the protection values for the forward and
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Figure 2. Nucleosomes protect potential targets from Cas9 digestion. (A) Comparison of the protection of a nontarget, forward target and reverse target
at every base pair within the nucleosome structure and the protection for the same forward and reverse targets at every base pair in naked DNA. (B) The
protection of the reverse target sequence, with the last point of maximum protection (SHL 6.6) and the first point of least protection (SHL 7) indicated.
(C) The nucleosome structure has the protection from Cas9 values depicted as a heatmap. Superimposition of the Cas9 endonuclease relative to the target
sequence within the nucleosome structure at (D) SHL 6.6 and (E) SHL 7. The ribbons within the line graphs are error of the mean for protection from
Cas9 values.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/5/2333/7023903 by guest on 03 M

ay 2023



Nucleic Acids Research, 2023, Vol. 51, No. 5 2339

reverse target sequences. Digesting the nucleosome with
MNase removes the accessible DNA, while the inaccessi-
ble DNA regions bound to the histone octamer proteins re-
main intact. A time course of digestion (Figure 3A and C)
shows MNase readily digesting most nucleosomal DNA up
to around SHL 7, at which point ∼55% of the DNA remains
undigested by MNase and a further decrease in DNA diges-
tion at SHL 5.5 with ∼85% of the DNA sequences remain-
ing undigested. The nucleosome footprint corresponds with
the loss of protection observed for both the forward and re-
verse targets immediately downstream of this location.

Cas9 is able to access the reverse target sequence at SHL
7 and the forward target at SHL 7.6 (Figure 3A and C).
The location and orientation of the target sequence rela-
tive to the nucleosome structure appear to drive the ob-
served change in Cas9 accessibility. The 20-nt reverse tar-
get sequence located downstream of the PAM sequence al-
lows Cas9 to readily target the complete sequence when the
PAM is located in a more accessible region of the nucleo-
some. When the PAM of the reverse target is located at SHL
7, there is a drop in the amount of protection from Cas9
(−14.49). The drop in the value of protection from Cas9 is
located at the edge of the MNase footprint for the nucleo-
some and is 15 nt downstream of the stronger MNase bar-
rier around SHL 5.5 (Figure 3A). In comparison, there is
higher protection of the forward target from Cas9 digestion
when the PAM is located at SHL 7 (−3.85), showing that
the target sequence orientation upstream or downstream of
the PAM sequence is impacting Cas9 digestion. To deter-
mine the amount of steric hindrance Cas9 would encounter
while accessing this location, we imposed the Cas9 structure
over the reverse target sequence based on PAM location at
SHL 7, which results in 415 clashes occurring between the
two structures (Figure 3B and Supplementary Figure S3).
Imposing Cas9 onto another reverse target location 10 bp
closer to the dyad at SHL 6 results in 2484 clashes (Supple-
mentary Figure S3), indicating that the reverse targets closer
to the dyad are also unfavorable. Imposing the Cas9 struc-
ture onto the forward target sequence at SHL 7 results in
9581 clashes (Supplementary Figure S3), showing the unfa-
vorable orientation of Cas9 for the forward target at SHL 7.

When the forward target PAM is located at SHL 7.6,
there is a drop in the value of protection from Cas9
(−10.07), 6 nt downstream of the nucleosome barrier
around SHL 7 (Figure 3C and Supplementary Figure S3).
With the center of the PAM motif at SHL 7.6, the 20-
nt forward target sequence extends to SHL 5.5, where the
stronger MNase barrier also resides. Forward target se-
quences located closer to the nucleosome dyad will have
the targeting sequence obscured within the more inaccessi-
ble nucleosomal location. Imposing the Cas9 structure onto
the PAM location at SHL 7.6 and oriented with the forward
target sequence shows a high number of clashes (7409) (Fig-
ure 3D and Supplementary Figure S3). The increased num-
ber of clashes for the forward target sequence at SHL 7.6
(7409) compared to the number of clashes for the reverse
target sequence at SHL 7 (415) matches the higher protec-
tion from Cas9 value the forward target sequence has at
SHL 7.6 (−10.07) compared to the reverse target sequence’s
lower protection from Cas9 value (−14.49) at SHL 7 (Fig-
ure 3). To further investigate the structural interactions of

Cas9 with the nucleosome, we imposed only Cas9’s PAM in-
terfacing (PI) domain onto the reverse target PAM at SHL
7 and onto the forward target at SHL 7.6. The PI domain
had minimal clashes with the nucleosome structure when
accessing the reverse target PAM at SHL 7 (0 clashes) or
the forward target PAM at SHL 7.6 (119 clashes), showing
that both PAM locations are relatively accessible (Supple-
mentary Figure S3).

The difference in Cas9 access to the forward and re-
verse targets is thus from target sequence orientation vary-
ing Cas9’s interaction with the nucleosome structure. While
Cas9 is being more hindered in accessing the complete for-
ward target within the nucleosome, Cas9 is still accessing
and digesting the full target sequence, possibly through a
combination of nucleosome breathing and Cas9 acting as
a Brownian ratchet to compete the DNA off from the nu-
cleosome (42,43). When the forward sgRNA target is fur-
ther upstream, with the PAM at SHL 7, the stronger bind-
ing of the DNA to the nucleosome, around SHL 5.5, blocks
Cas9 from accessing the complete forward target. In com-
parison, the reverse sgRNA target with the PAM sequence
at the same position is accessed and digested Cas9 showing
that the impact is not driven by PAM accessibility.

Protection of off-target sequences from Cas9 digestion

To elucidate the impact of targeting a mismatching se-
quence throughout the nucleosomal structure, we designed
sgRNA sequences with mismatching nucleotides in the 20th
and 19th bases, distal to the PAM, of the forward target
sequence. Six mismatch sgRNAs were generated, with all
three alternative nucleotide bases substituted into both lo-
cations (Figure 4A). The impact of the nucleosome struc-
ture on the protection for the mismatching sequences is sim-
ilar to the on-target sequences, with both on-target and mis-
matching targets located in the nucleosome being highly
protected from Cas9 digestion and targets located outside
the nucleosome structure having substantially lower protec-
tion from Cas9 values (Figure 4B). The location of the mis-
match within the target sequence impacts Cas9’s affinity for
the given sequence, with the mismatch at the 19th base offer-
ing more protection from Cas9 digestion than the mismatch
at the 20th base, which is more protected than the on-target
sequence (Figure 4C). The impact of mismatches is seen
both in the linker region and within the nucleosome, show-
ing that Cas9 is digesting nucleosomal DNA and this diges-
tion is impacted by sequence fidelity (Supplementary Fig-
ure S4). Our results corroborate previous findings that mis-
matches closer to the PAM sequence decrease Cas9 affin-
ity and digestion of the target (44). All mismatch targets
located within the linker have protection from Cas9 values
below the on-target sequence located within the nucleosome
(Figure 4C). The lower protection of the exposed mismatch
target sequences shows that Cas9 can better access and di-
gest the exposed mismatch targets, and this direct compar-
ison shows that Cas9 will more readily digest an exposed
mismatch over an on-target sequence obscured within a nu-
cleosome. The mismatching targets show decreased diges-
tion at the nucleosome edges relative to the on-target (Fig-
ure 4D–J), showing a compounding impact on Cas9 diges-
tion similar to previously reported results (20). The target
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C D

A B

Figure 3. MNase accessibility of nucleosome library compared to Cas9 accessibility. (A) Protection of the reverse target sequence compared with the
MNase accessibility. The ‘�’ indicates the first substantial drop in target sequence protection from Cas9 digestion (SHL 7). (B) The Cas9 endonuclease
structure is imposed onto nucleosome structure at the ‘�’ position in panel (A). (C) Protection of the forward target sequence with the MNase time course.
The ‘�’ indicates the first substantial drop in target sequence protection from Cas9 digestion (SHL 7.6). (D) The Cas9 endonuclease structure is imposed
onto the nucleosome structure at the ‘�’ position in panel (C). In panels (B) and (D), the green indicates the Cas9 PI domain, purple is the remaining Cas9
structure and the black shading indicates clashes between the PI domain and the nucleosome structure. For panels (A) and (C), the ribbons within the line
graphs are standard error of the mean for protection from Cas9 values.

locations within the linker region also have a similar pat-
tern of protection from Cas9, with high and low protection
values appearing in the same structural locations for both
the forward target and the mismatches (Figure 4D–J). This
observed patterning may result from the steric hindrance
between Cas9 and the nucleosome as observed in a previ-
ous study by Makasheva et al. (22). Target locations dis-
tal to the nucleosome structure have the lowest protection
from Cas9, showing that Cas9 accessibility to targets nearby
nucleosomes can still be impacted by the nucleosome
structure.

DISCUSSION

To determine how chromatin structure impacts the efficacy
of gene editors, we developed the GEMiNI-seq technique to
compare target accessibility within nucleosomes and naked
DNA. GEMiNI-seq allowed for a direct comparison of
Cas9 accessibility and digestion of a target sequence at ev-
ery position within a nucleosome in a single experiment
with the same guide RNA eliminating guide-specific effects.
Previous research has shown that nucleosomes hinder large
molecular machinery from accessing DNA, such as with
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Nuc Mis 20G>A

Nuc Mis 20G>C

Nuc Mis 20G>T

A

C Forward Target NucD

H Nuc Mis 19C>A

F Nuc Mis 19C>GI

G Nuc Mis 19C>TJ

E

B

Figure 4. Protection of mismatch target sequences from Cas9 digestion. (A) The sgRNAs designed to mismatch at the 20th and 19th bases in the forward
target sequence. (B) Comparison of the protection for the nontarget, forward target and the various mismatches for the forward target sequence throughout
the whole nucleosome. (C) Box and whisker plot comparing the amount of protection for the forward target and nontarget to the mismatch targets in both
the nucleosome (SHL-5 to edge) and the linker (edge to end). (D–J) On the left is a nucleosome structure with the amount of protection from Cas9 depicted
as a heatmap on the Watson strand. On the right is a line graph comparing the Cas9 protection for the nontarget and forward target (D) compared to
mismatches for the 20th (E–G) and 19th (H–J) bases centered on the nucleosome’s edge. The ribbons within the line graphs are error of the mean for
protection from Cas9 values.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/5/2333/7023903 by guest on 03 M

ay 2023



2342 Nucleic Acids Research, 2023, Vol. 51, No. 5

base excision repair (45–47). This problem is present in the
therapeutic application of Cas9 for accessing and digesting
targets within eukaryotic organisms (18–19,22–23,48). Our
experiments support these results, with the nucleosome pro-
tecting target sequences from Cas9 endonuclease digestion
with a level of nucleosome protection similar to a nontarget
sequence lacking any sgRNA complementation.

A previous study by Hinz et al. (23) shows that PAM ex-
posure is critical to Cas9 accessing its target sequence. Our
results expanded on these findings by examining all possible
variations in PAM sequence exposure relative to the nucleo-
some edge, adding substantial detail to the impact of PAM
exposure. As seen with the forward target, when the PAM
sequence is located at the edge of the nucleosome, Cas9 can
digest the targeting sequence, even while it is buried within
the nucleosome. However, the drop in the protection from
Cas9 value for the forward target at SHL 7.6 is both higher
and further downstream than the drop for the reverse tar-
get value at SHL 7. Previous studies show that both access
to the PAM sequence and completion of R-loop formation
are necessary for target digestion (22). The drop in protec-
tion from Cas9 for the forward and reverse targets at SHLs
7.6 and 7, respectively, occurs when both PAM accessibility
and further R-loop formation are able to proceed. Since the
reverse target is downstream of the PAM sequence, there is
less inhibition to R-loop formation and digestion once the
PAM sequence is accessible. The forward target positioned
upstream of the PAM makes Cas9 contend with hindrance
from the nucleosome while proceeding through R-loop for-
mation, and thus decreases the digestion of the forward tar-
get. Cas9 is able to compete with the nucleosome for ac-
cess to the forward target, possibly by acting as a Brownian
ratchet (14).

Several studies show that Cas9 has less tolerance for
DNA sequences with mismatches compared to sequence
with complete complementarity (on-target sequences) and
the mismatching base was best tolerated distal to the PAM,
with decreasing tolerance as the mismatching base ap-
proached the PAM sequence (20,22,17,49,50). Our results
showing a reduced tolerance for mismatches at base 19 com-
pared to mismatches at base 20 in the exposed linker region
are consistent with these findings. The protection offered by
mismatches in the linker region, though variable, is less than
the amount of protection the nucleosome provided to both
the mismatches and the on-target sequences from Cas9 di-
gestion. The difference in protection shows that when a mis-
match sequence has an accessible PAM sequence, it is more
likely to be targeted by Cas9 than a completely complemen-
tary sequence with a PAM sequence occluded within the
nucleosome. This preference for exposed mismatches over
sterically blocked on-target sequences could drive the off-
targeting prevalent in applications of Cas9 gene editing. A
previous study by Hinz et al. (20) shows that single-base
mismatches have a greater impact on decreasing Cas9 diges-
tion within the nucleosome than in naked DNA, with this
impact increasing as the mismatch approaches the PAM.
GEMiNI-seq corroborates mismatches decreasing Cas9 di-
gestion within the nucleosome and into the linker.

Cas9’s preference for exposed mismatching targets over
on-target sequences buried within nucleosomes clearly

shows the impact of chromatin structure on the fidelity of
Cas9 gene editing. Over 90% of the eukaryotic genome is in-
accessible, with only a low percentage being in an active and
open state (51). Our results show that it is crucial to target
Cas9 gene editing to regions with open chromatin locations
to optimize the desired result and reduce the possibility of
undesirable off-targeting. The accessible regions within the
genome are dynamic and cell type dependent (52). Map-
ping the chromatin structures of the desired cell popula-
tion is possible with various techniques, such as MNase-
seq, DNase-seq and ATAC-seq, and should be a prerequi-
site for future therapeutic gene editing. Gene editing is cur-
rently limited in the scope of therapeutic applications, but
the proper selection of targets within accessible regions of
the genome will improve the application of Cas9 editing,
making the potential for therapeutic applications safer and
more attainable.

Previous research shows that Cas9 targeting is impacted
by chromatin structures in vivo (4–5,53). Our current re-
sults utilize the Widom 601 nucleosome positioning se-
quence (Supplementary Figure S1) to take advantage of
the well-characterized positioning, stability and structural
data available for this nucleosome. Widom 601 binds firmly
around the histone octamer, and thus may not accurately
represent the plasticity present in all nucleosomes. Incorpo-
rating other nucleosome sequences into future library de-
signs will allow for further elucidation of how Cas9 inter-
acts with chromatin structure for various in vivo applica-
tions and generate further understanding and guidance in
applying Cas9 as a gene-editing therapeutic.

Cas9 experimental design has been informed through
tools that select the optimal sequence to be used. The tools
are designed to select ideal targets based on the aggregation
of Cas9 digestion results from a multitude of studies show-
ing ideal sgRNA sequence composition, RNA secondary
structure and the impact of potential target mismatches to
reduce off-targeting (16,54–57). The number of tools for
sgRNA design is diverse and expanding, each with different
algorithm designs for addressing the selection of Cas9 tar-
gets and different data points informing the tool selection
(54,58). The impact of chromatin on the efficacy of vari-
ous sgRNAs has been assessed within tool design, though
chromatin state remains a nebulous aspect in target selec-
tion (16,56,58). The results from GEMiNI-seq may be used
to inform tools on the selection of targets. Supplying tools
with the quantified target digestion given chromatin struc-
ture, mismatch tolerance and sequence can yield a general-
izable rule set that could select sgRNA targets based on the
knowledge of these characteristics.
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