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ABSTRACT: CRISPR-Cas systems are RNA-guided nu-
cleases that provide adaptive immune protection for bacteria
and archaea against intruding genomic materials. The
programmable nature of CRISPR-targeting mechanisms has
enabled their adaptation as powerful genome engineering
tools. Cas9, a type II CRISPR effector protein, has been
widely used for gene-editing applications owing to the fact
that a single-guide RNA can direct Cas9 to cleave desired
genomic targets. An understanding of the role of different
domains of the protein and guide RNA-induced conforma-
tional changes of Cas9 in selecting target DNA has been and
continues to enable development of Cas9 variants with
reduced off-targeting effects. It has been previously established
that an arginine-rich bridge helix (BH) present in Cas9 is critical for its activity. In the present study, we show that two proline
substitutions within a loop region of the BH of Streptococcus pyogenes Cas9 impair the DNA cleavage activity by accumulating
nicked products and reducing target DNA linearization. This in turn imparts a higher selectivity in DNA targeting. We discuss
the probable mechanisms by which the BH-loop contributes to target DNA recognition.

CRISPR-Cas (clustered regularly interspaced short palin-
dromic repeats−CRISPR associated) systems are RNA−

protein-based adaptive immune systems present in bacteria
and archaea.1,2 Using an RNA molecule as a guide, the
CRISPR-Cas complexes cleave DNA and/or RNA of the
invading genetic elements that carry a complementary region
corresponding to the guide RNA.3−8 In the most current
classification, CRISPR-Cas systems are organized into two
classes and further into six types (I−VI) and several subtypes
based on the locus organization and the Cas endonuclease that
cleaves the intruding genetic element.8−11

Cas9, the signature protein for the type II CRISPR systems,
requires two native RNA components, CRISPR RNA (crRNA)
and a trans-activating CRISPR RNA (tracrRNA), for its DNA-
targeting activity.12 The crRNA contains the “guide” region
that is used for locating complementarity in the target DNA.
These two RNA molecules can be fused to produce a single-
guide RNA (sgRNA) without affecting the functionality.12 The
ease of using a single Cas9 protein and an sgRNA for DNA
targeting has been monumental for genome editing13−21 and
other applications such as site-specific DNA repression and

activation and proteomic analyses and is being investigated for
use in gene therapy applications.22−24

Cas9 is a multidomain protein. Crystal structures of Cas9
orthologs from different subtypes of type II CRISPR reveal a
common architecture, where the protein folds into a bilobed
architecture consisting of a nuclease (NUC) lobe and a
recognition (REC) lobe.25−33 The NUC and REC lobes are
connected to each other by a long arginine-rich bridge helix
(BH). The NUC lobe consists of two endonuclease domains,
HNH and RuvC, and a domain responsible for recognizing the
DNA protospacer-adjacent motif (PAM), a 2−8 nucleotide
(nt) long region that is essential to discriminate between self
and foreign DNA.4,7,12,34,35 The REC lobe of Cas9 and BH are
involved in subtype-specific tracrRNA−crRNA recogni-
tion.30,31,33

The apo-Cas9 protein undergoes a large conformational
rearrangement upon sgRNA binding to form the binary
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complex, including a 65 Å rigid body movement of the REC III
domain of the REC lobe.28,29 The core region of the sgRNA
makes extensive interactions with REC domains and the BH.
Interestingly, majority of the interactions of Cas9 with the
crRNA guide involves the RNA sugar−phosphate backbone,
resulting in a solvent exposed preordered “seed” region that is
poised to search and locate a target DNA with an
approximately 20 nt complementary segment called “proto-
spacer”.28,31 The first step in DNA targeting by Cas9 is locating
the PAM region in the target and the longevity of the ternary
complex (Cas9−sgRNA−DNA) is enhanced by the presence
of a cognate PAM flanking the protospacer.36 Following PAM
recognition, the crRNA-guide region searches for complemen-
tarity in the flanking DNA by unwinding the DNA duplex
subsequently forming an R-loop between the crRNA-guide and
the protospacer. Once the complementarity between the target
DNA and the RNA guide is established, the target DNA
cleavage is brought about by two independent cleavage
reactions performed by HNH on the strand complementary
to the crRNA-guide and RuvC on the noncomplementary
DNA strand.12,27

The binary complex undergoes a smaller degree of
conformational change upon target DNA binding to form a
ternary complex, mostly involving the HNH domain. Once the
R-loop complementarity reaches 14−17 nt long, the HNH
movement occurs, after which it is positioned ideally to cleave
the complementary strand of DNA.32,37−39 The movement of
HNH to the active position acts as an allosteric switch that
activates the RuvC domain such that the coordinated activities
of both endonuclease sites bring about a concerted DNA
cleavage.27,40 The positioning of, not cleavage by, HNH is
essential for RuvC activity when both endonuclease domains
are present in the protein.40 Interestingly, it was shown that
Campylobacter jejuni Cas9 nicks DNA using RuvC when the
HNH domain is absent, indicating the complexities in the
interplay between the different domains of the protein.33 The
coordinated activity also implements specificity in DNA
cleavage. It was recently reported that the REC-II domain
has to move to facilitate the positioning of the HNH domain.38

Thus, the conformational changes in response to RNA and

DNA binding not only enable ideal binding environments but
also impart fidelity in the cleavage process.
Even though relatively simple to use compared to other

gene-editing techniques, Cas9’s primary drawback is off-target
DNA cleavage, which arises due to the tolerance of Cas9 to
mismatches between the sgRNA-guide and the target DNA.
The stringency of the interdependence between RNA−DNA
complementarity and DNA cleavage efficiency varies along
different regions of the protospacer.12,37 While PAM-proximal
mismatches greatly reduce DNA cleavage, PAM-distal
mismatches are tolerated to varying degrees. Within the
PAM-proximal region, mismatches at different positions have
been observed to differentially affect activity, with nt 3 to 6
having the most detrimental effects on target cleavage as
compared to nt 1 and 2 and others beyond the sixth
nucleotide.37 Interestingly, in Streptococcus pyogenes (Spy)
Cas9, the presence of PAM and at least 9 nt of the perfect
match in the seed region (PAM-proximal region) is sufficient
to produce a protein−RNA−DNA complex that has a similar
stability as that of a complex with fully matched (20 nt) target
DNA,41 indicating that mismatches beyond the 9 nt seed
region affect steps in the mechanism that are subsequent to
stable ternary complex formation.
In this work, we focused on investigating the role of BH in

target DNA cleavage. The BH is an arginine-rich motif (ARM),
and it is a universal feature of Cas9. BH plays a central role in
function as it bridges the NUC and REC lobes and makes
direct and indirect interactions with crRNA, tracrRNA, and
target DNA (Figure 1A,B).27,29−31,33 It was shown in several
Cas9 orthologs that mutating the arginine residues in the BH
significantly reduced its activity.31,37,43 A comparison of apo-,
Cas9−sgRNA, and Cas9−sgRNA−DNA structures of SpyCas9
shows that a short loop in the BH in the apoprotein (residues
Leu64-Thr67, called BH-loop hereafter) is transformed into a
helix in the nucleic acid-bound forms (Figure 1C). To gain
insights into the role of loop-to-helix conversion of the BH-
loop in the SpyCas9 function, we introduced two proline
substitutions at positions L64 and K65 to generate a variant
called SpyCas92Pro. The prolines are expected to interfere with
the transition to the contiguous helix upon interacting with the
sgRNA. Our results reveal that compared to the wild-type

Figure 1. Interactions involving BH in SpyCas9. (A) BH inserted into the nucleic acid interface (B) Interactions of BH with the sgRNA seed region
and the phosphate lock loop (PLL). Dashed lines represent interactions that are within 3.5 Å. (C) Superposition of SpyCas9 BH from different
crystal structures (apo PDB ID 4CMP;29 binary PDB ID 4ZT0;28 ternary PDB ID 5F9R27). SL1: stem loop 1. Figures were made using Pymol.42
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protein (SpyCas9WT), DNA cleavage activity of SpyCas92Pro

decreases substantially against those with PAM-proximal
mismatches. We propose that, in the wild-type SpyCas9, the
full helical conformation of the BH when bound to sgRNA and
the interaction of K65 in the BH-loop with the phosphate lock
loop region promote Cas9−DNA interactions that result in
tolerance to RNA−DNA mismatches. The mechanistic insights
on BH will aid further development of Cas9 variants with a
reduced off-target cleavage.

■ MATERIALS AND METHODS
Protein Mutagenesis, Overexpression, and Purifica-

tion. Proline substitutions were introduced at the 64th and
65th amino acid positions of SpyCas9WT plasmid (Addgene-
PMJ806, UniProt protein ID CAS9 Q99ZW2) using a
polymerase chain reaction (PCR) (Table S1). The correctness
of the sequence was confirmed by DNA sequencing covering
the whole reading frame of the gene. Sequence-confirmed
clones were transformed into Escherichia coli Rosetta strain 2
(DE3) for protein expression. Protein purification followed
published protocols12 and is detailed in the supplementary
methods (Supporting Information).
RNA Transcription. This work used two sgRNAs, a full-

length (122 nt, sgRNAFL) and a variant with deletions in the
repeat−antirepeat region (98 nt, sgRNAdel) [Figure S1A and
Table S2A]. These sgRNAs are similar to previous reports12,31

except for the spacer region. The guide region of both the
sgRNAs is 20 nt long. The sequences as shown in Table S2A
were ordered as gBlock gene fragments from Integrated DNA
Technologies (IDT), cloned into the pUC19 vector in
between KpnI and EcoRI sites, and transformed into DH5α
cells [New England Biolabs (catalog no. C2987H), for
sgRNAFL) and E. cloni cells [Lucigen (catalog no. 60106-1),
for sgRNAdel]. E. cloni cells facilitated production of sgRNAdel

without mutations in the gene sequence. To facilitate in vitro
transcription, a T7 promoter sequence was introduced ahead
of the sgRNA sequence, and a BbsI restriction site was placed
to linearize the plasmid at the end of the sgRNA sequence. The
BbsI-linearized plasmids were used as a template for in vitro
transcription. The transcription reaction followed established
protocols and is detailed in the supplementary methods
(Supporting Information).
In Vitro DNA Cleavage Assays. Protospacer strands for

the MM5 DNA (mismatched substrate) were ordered as oligos
from IDT, annealed, and ligated into the pUC19 vector (Table
S1). The oligos contained a 30 nt long protospacer with a 20
nt match to the guide region toward the 3′ end and a PAM
(GGG). The oligo was inserted between BamHI and EcoRI
sites of pUC19. The wild-type substrate and other mismatched
(MM) substrates (MM3, MM7, MM16, MM18, MM19−20,
MM17−20) were generated with mutagenic primers using the
MM5 plasmid following site-directed mutagenesis,44 sequence
and ligation independent cloning (SLIC),45 or the single-
primer reactions in parallel (SPRINP) method46 and trans-
formed into DH5α or E. cloni cells.
For the cleavage assay, protein was diluted to 1 μM in 20

mM HEPES pH 7.5, 150 mM KCl, 2 mM TCEP, and 2 mM
EDTA. The sgRNA was annealed using the following steps:
heat at 95 °C for 2 min, cool at room temperature for 2 min,
add annealing buffer (20 mM TRIS-HCl pH 7.5, 100 mM KCl,
1 mM MgCl2), and transfer it back to the heat block that has
been turned off for slow cooling. The cleavage assays were
carried out in a final volume of 10 μL and typically contained

the following: 20 mM HEPES pH 7.5, 150 mM KCl, 2 mM
TCEP, 100 ng plasmid (substrate DNA). MgCl2 was at 1, 5, or
10 mM concentration. The protein−RNA was at equimolar
ratio, and the concentration varied for the different experi-
ments. There was no preincubation of the protein and RNA;
the protein was added as the last component of the cleavage
reaction. The reaction was carried out at 37 °C for 15 min.
The reaction was stopped using 50 mM EDTA and 1% SDS,
and the products were resolved on a 1% agarose gel. The gel
was poststained with ethidium bromide and imaged using a
BioRad ChemiDoc MP apparatus.
To quantify the cleavage activities, each gel image was

analyzed using the ImageJ software47 to record intensities
corresponding to nicked (N), linear (L), and supercoiled (SC)
bands, which are designated, respectively, as IN, IL, and ISC.
The background-corrected total activity (TA) was calculated
by the following equation:
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representing those calculated with the respective signals
observed at the no enzyme control lane of each gel.
To compare the total activities, TA( )2Pro

WT
, the ratio of the total

activity between SpyCas92Pro and SpyCas9WT, was computed
following eqs 1a−1c.
First, at each enzyme complex concentration, the value

ta( )2Pro
WT

was computed as

=ta
TA(SpyCas9 )
TA(SpyCas9 )( 2Pro

WT )

2Pro

WT
(1a)

Since all measurements showed saturation behaviors at
enzyme complex concentrations above 50 nM (see Results),
ta( )2Pro

WT
concentration values at 100, 150, and 200 nM protein−

RNA complex were averaged:
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To account for experimental errors, <ta( )2Pro
WT

values from

different replications were averaged and designated as TA( )2Pro
WT

,

which was used to evaluate differences between SpyCas92Pro

and SpyCas9WT:
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with n representing the number of replications (n ≥ 3).
To analyze the effect of BH-loop mutation on the type of

products produced, background-corrected nicked and linear
products were calculated as
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with the values with the “0” subscript representing those

calculated with the respective signals observed at the no

enzyme control lane of each gel. In addition, RL/N, the ratio of

linear vs nicked DNAs, was calculated from the background-

corrected linear and nicked products as follows:
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For each reported data point, average values were obtained
from a minimum of three replications. Standard deviation
(SD) and standard error of mean (SEM) were calculated based
on the number of replications using the following equations:

= Σ − ÷ −R R nSD (( ) ( 1))AV
2

(5)

where R is a data value from each replication, RAV is average of
data values of all of the replications, and n is the number
replications.

Figure 2. Comparison of SpyCas9WTand SpyCas92Pro activities using different DNA substrates. (A) Total activity with a fully matched DNA
substrate at 5 mM Mg2+. Shown on the left is a representative gel presenting the DNA cleavage with varying amounts of protein: sgRNA complex.
Supercoiled (SC), linear (L), and nicked (N) DNA bands are indicated. Shown on the right is a plot of the total activity vs the enzyme complex
concentration. Average values from three replications were plotted against protein concentrations to produce a line graph. (B) Total activity with a
mismatched DNA (MM5) substrate at 5 mM Mg2+. Organization of the panel is the same as that in panel A. (C) The averaged ratio of total DNA
cleavage activities between SpyCas92Pro and SpyCas9WT, TA( )2Pro

WT
, at different Mg2+ concentrations. For all panels, data shown were obtained with a

reaction time of 15 min, and error bars represent standard error mean (SEM). Each experiment was typically conducted in replicates of three, using
proteins from two different batches of purification.
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= ÷ nSEM SD (6)

where n is the number replications.
Electrophoretic Mobility Shift Assay (EMSA). sgRNAdel

was dephosphorylated using alkaline phosphatase (New
England Biolabs) and 5′ end labeled with 32P (γ-32P ATP
purchased from PerkinElmer) using T4 polynucleotide kinase
(New England Biolabs). The labeled sgRNAdel was purified
using BioSpin column P-30 (BioRad), and a 100% recovery
was assumed for calculations. The binding reaction was setup
with increasing concentrations of protein (10−70 nM) at a
constant RNA concentration of ∼50 nM in a buffer containing
20 mM HEPES pH 7.5, 150 mM KCl, 2 mM TCEP, and 1
mM MgCl2. The exact amount of sgRNA may be lower since
the concentration was not measured after the labeling
procedure. After incubation at room temperature for 15 min,
the components were resolved on a 6% native acrylamide gel.
The gel and the running buffer composition included 0.25×
Tris-Borate (TB) buffer pH 8.6 and 1 mM MgCl2. The bands
were visualized by phosphor imaging with a Typhoon FLA
7000 system (GE Life Sciences). Three independent
replications of the assay were performed. The graph was
generated by plotting the average of three replications of the
bound complex over different protein concentrations, and
SEM is shown.
Limited Proteolysis. SpyCas9 (6 μg) with or without

bound sgRNA was digested with 0.0125 μg of trypsin (480:1
mass ratio) in a buffer containing 50 mM Tris-HCl pH 8.0 and

20 mM CaCl2. For the sgRNA-bound reactions, there was a
preincubation of the protein and sgRNAdel or sgRNAFL

(protein to RNA ratio, 1:1.2) for 10 min at room temperature
before the addition of trypsin. The digestion was stopped at 15
min with SDS-PAGE dye, and the samples were resolved on a
10% SDS-PAGE gel. The protein bands were visualized by
Coomassie brilliant blue G-250 staining.

Cell-Based Activity Assay. The SpyCas92Pro construct
used for the genome-editing study was made from the wild-
type gene backbone, pCSDest2-SpyCas9-NLS-3XHA-NLS
(Addgene no. 69220),48 following the same method that was
used to generate the bacterial SpyCas92Pro variants (Table S1).
The sgRNAdel backbone (pLKO.1-puro-U6) was obtained
from Addgene (50920),49 and the guide region was replaced
for the different target sites that were tested (Tables S2B and
S3). Full-length sgRNA for the cell-based study was
constructed by the Gibson assembly method using the
pLKO.1-puro-U6 backbone (Table S2B).50

We used separate pCSDest2-SpyCas9-NLS-3XHA-NLS
(driven by the CMV IE94 promoter) and pLKO.1-puro-
U6sgRNA (driven by the U6 promoter) plasmids for the
expression of SpyCas9 and its sgRNA (Table S4). Cell-based
assays followed previously published protocols.51 The culturing
medium for HEK293T cells contained DMEM with 10% FBS
and 1% Penicillin/Streptomycin (Gibco), and the cells were
grown in a 37 °C incubator supplemented with 5% CO2. Then,
200 ng of Cas9-expressing plasmid, 200 ng of sgRNA-

Figure 3. Comparison of SpyCas9WT and SpyCas92Pro activities using sgRNAdel on different DNA substrates at 5 mM Mg2+ ions. (A) Sequences of
DNA substrates (the sequence of the noncomplementary DNA strand is shown) used in this study. Bold and underlined sequences are mismatches
in the protospacer while annealing to sgRNA. (B) Graph shows the total activity with separate regions indicating the percentage of nicked (red
shaded region) and linear products. The enzyme concentration was at 50 nM. For matched DNA and MM5 DNA, there are nine and six
replications, respectively, while for the rest there are three replications. Error bars represent SEM.
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expressing plasmid, and 10 ng of mCherry plasmid were
transfected into ∼1.5 × 105 cells using Polyfect transfection
reagent (Qiagen) in a 24-well plate, following the manufac-
turer’s protocol. The mCherry plasmid was used to analyze the
quality of transfection. The genomic DNA was extracted using
a DNeasy Blood and Tissue kit (Qiagen) after 72 h of
transfection. PCR amplification was carried out using 50 ng of
genomic DNA and primers specific for each genomic site
(Table S5) with a High Fidelity 2× PCR Master Mix (New
England Biolabs). Indel analysis was performed by TIDE
(tracking of indels by decomposition)52 using 20 ng of purified
PCR product (Zymo Research). The trace files were analyzed
using the TIDE web tool (https://tide.deskgen.com). For
T7E1 analysis, 0.5 μL of T7 endonuclease I (10 U/μL, New
England Biolabs) was added to 10 μL of preannealed PCR
product in 1× NEB buffer 2 for 1 h. The bands were resolved
on a 2.5% agarose gel and visualized using SYBR-safe stain
(ThermoFisher Scientific).
Off-Target Analysis by Targeted DNA Deep Sequenc-

ing. For off-target DNA cleavage analysis, we used sites that
were identified as off-targets for DTS7 editing through
GUIDE-seq analysis.51 The genomic DNA following trans-
fection was used for deep sequencing. We used two-step PCR
amplification to produce DNA fragments for on-target and off-
target sites following previous protocols.48 The first step used
locus-specific primers containing universal overhangs with
complementary ends to the TruSeq adaptor sequences (Table
S6), while the second step used a universal forward primer and
an indexed reverse primer to introduce the TruSeq adaptors
(Table S7). The PCR program is as per published protocols.51

Equal amounts of the products from each treatment group
were mixed and purified using a DNA Clean & Concentrator
kit (Zymo Research). The library was deep sequenced using a
paired-end 150 bp MiSeq run. The sequencing results and
statistical analysis were done using R as described before.48,53

■ RESULTS
Proline Substitutions in the BH-Loop Affect Total

Activity on DNA Targets. To investigate the role of the BH-
loop in Cas9 activity, we substituted two amino acids in this
loop of SpyCas9 (L64 and K65) to prolines (SpyCas92Pro).
DNA cleavage activity assays were performed at different Mg2+

concentrations using varying concentrations of an enzyme
complex containing equimolar Cas9 and sgRNA. Figure 2
shows data obtained with an sgRNA having deletions in the
repeat and tracrRNA regions (designated as sgRNAdel in the
current study, Figure S1A). At a total reaction time of 15 min,
for each concentration of the enzyme−RNA complex tested,
SpyCas9WT and SpyCas92Pro gave a similar total activity (sum
of linear and nicked products, eq 1) with a DNA substrate
containing a 20 nt target sequence complementary to the guide
region of the sgRNAdel (matched DNA, Figure S1B) at 5 mM
Mg2+ (Figure 2A). Very similar data were obtained at 10 mM
Mg2+ (Figure S2A). The total activity of both SpyCas92Pro

(43%) and SpyCas9WT (59%) was diminished at 1 mM Mg2+

compared to that at 5 and 10 mM Mg2+, and the reduction was
more pronounced for SpyCas92Pro (Figure S2B). In addition,
experiments with a full-length sgRNA (sgRNAFL) that contains
the full repeat−antirepeat regions showed similar activity for
both SpyCas92Pro and SpyCas9WT at 10 mM (∼80% for both)
and a lower activity at 1 mM Mg2+ (∼54% and ∼67%,
respectively) (Figure S3). This indicates that the extra regions
present in sgRNAFL slightly enhance the cleavage activity

under low Mg2+ concentrations, but do not provide significant
favorable interactions that may impact functional studies of the
BH-loop substitutions.
We further tested the effect of the BH-loop mutation on a

DNA target containing mismatches (MM) to the sgRNA guide
(Figure 3A). At a 15 min reaction time, with a substrate
containing a mismatch at the fifth nt from the PAM-proximal
side (MM5) and at 1 mM Mg2+ concentration, SpyCas92Pro

exhibited very minimal total activity (∼5%), while SpyCas9WT

showed ∼50% DNA cleavage (Figure S4A). At 5 mM Mg2+,
SpyCas92Pro regained ∼40% total cleavage with MM5, while
the total activity of SpyCas9WT increased to ∼80% (Figure
2B). The total activity at 10 mM Mg2+ increased to ∼60% for
SpyCas92Pro and to ∼85% for SpyCas9WT (Figure S4B),
indicating that a higher Mg2+ concentration can only partially
compensate the effect caused by the BH-loop mutation.
We note that repetitions for each of the DNA cleavage

experiments gave characteristically very similar behaviors on
the dependence of enzyme concentrations, although the
absolute values of the activities show some variations,
presumably reflecting variability in the amount of active
enzyme complex in the different preparations. In addition, all
measurements showed saturation behaviors at enzyme complex
concentrations above 50 nM (Figure 2A,B; Figures S2 and S4).
Therefore, to quantitatively evaluate differences between
SpyCas92Pro and SpyCas9WT, the ratio of the total activity
between SpyCas92Pro and SpyCas9WT, TA( )2Pro

WT
was calculated

at saturating enzyme concentrations from multiple repetitions
(see eqs 1a−1c). The analyses show that with the matched
DNA substrate, TA( )2Pro

WT
is close to 1 at all three Mg2+

concentrations tested (Figure 2C). For the mismatched
substrate MM5, TA( )2Pro

WT
values are all significantly less than

1, increasing from 0.1 at 1 mM Mg2+ to 0.7 at 10 mM Mg2+

(Figure 2C). Together with the results from varying protein−
RNA concentrations (Figure 2B), the data indicate that the
total activity of SpyCas92Pro is compromised against the MM5
substrate, although the activity can be partially restored at
higher Mg2+ concentrations.

Effects of BH-Loop Proline Substitution on the Total
Activity Vary Depending on the Mismatch Positions.
Expanding on the finding that the total activity of SpyCas92Pro

is compromised against the MM5 mismatched substrate, we
investigated how the positioning of the mismatch affects
SpyCas92Pro activity. Studies on the matched and MM5
substrates have shown that the activity levels plateau at a
protein−RNA concentration of 50 nM and above and that the
activity levels vary depending on Mg2+ concentrations (Figure
2A,B, Figures S2 and S4). On the basis of these results, we
chose an enzyme complex concentration of 50 nM and Mg2+

concentrations of 1 mM and 5 mM to conduct a detailed
analysis of the effect of mismatch positions on DNA cleavage
with the BH-loop substitution.
It was recently established that positions 3−6 at the PAM-

proximal side are more crucial than positions 1−2 for target
DNA cleavage by SpyCas9.37 We tested the effect of
mismatches at the third and seventh nt positions (MM3 and
MM7, Figure 3A) on target DNA cleavage and compared it
with that of MM5. Even though the total activity of both
SpyCas92Pro and SpyCas9WT was reduced on MM3 (26% and
33%, respectively) and MM5 (13% and 50%, respectively),
SpyCas92Pro has a greater reduction compared to SpyCas9WT

(Figure 3B and Figure S5). The most significant difference was
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found for the MM7 substrate, where SpyCas9WT showed a
cleavage of 66%, while SpyCas92Pro possessed only 3% activity
at 5 mM Mg2+(Figure 3B and Figure S5A). Similar results were
observed at 1 mM Mg2+ concentration, where SpyCas9WT

possessed 43% cleavage and SpyCas92Pro showed no significant
activity (5%) on MM7 (Figures S5B and S7). These results
show that SpyCas92Pro is more effective in discriminating
PAM-proximal mismatches than SpyCas9WT and the level of
enhanced discrimination depends on the mismatch position.
We then tested whether the BH-loop mutation will affect the

cleavage of DNA substrates with mismatches at the PAM-distal
side (Figure 3, Figures S6 and S7). Both single and multiple
mutations were created at the PAM-distal segment of the
substrate (MM16, MM18, MM19−20, and MM17−20, Figure
3A). The cleavage activity on substrates with single mutations
at 16th (SpyCas9WT at 66% vs SpyCas92Pro at 70%) and 18th
(SpyCas9WT at 74% vs SpyCas92Pro at 76%) nt positions at 5
mM Mg2+ was slightly higher for SpyCas92Pro compared to
SpyCas9WT (Figure 3B and Figure S6A). An analysis of the
same reaction at 1 mM Mg2+ shows 18% for SpyCas9WT and
33% for SpyCas92Pro for MM16 and 44% for SpyCas9WT and
28% for SpyCas92Pro for MM18 (Figures S6B and S7). A
double mutant at the 19th and 20th nt positions (MM19−20)
has similar activities with both SpyCas9WT and SpyCas92Pro

(∼70% at 5 mM for both proteins and ∼32% for SpyCas9WT

and ∼24% for SpyCas92Pro at 1 mM Mg2+, Figure 3B, Figures
S6 and S7). A quadruple mutant from positions 17th to 20th
(MM17−20) has negligible cleavage at 1 mM Mg2+, and the
cleavage increased to ∼30% for SpyCas9WT and ∼34%
SpyCas92Pro in the presence of 5 mM Mg2+ (Figure 3B,
Figures S6 and S7). Overall, the data indicate that the
difference in activity between SpyCas92Pro and SpyCas9WT are
much smaller on the PAM-distal mismatched substrates as
compared to the PAM-proximal ones.
To further characterize the activity of SpyCas92Pro, the

reaction rates for precursor cleavage (kobs) were measured for
the matched, MM5, and MM18 DNA targets [methods in the
Supporting Information, SM 3]. At a 50 nM protein−RNA
concentration, SpyCas92Pro cleaves the MM5 DNA 5.8 times
slower compared to SpyCas9WT, while a reduction of 2.2 times
is observed for the matched DNA (Figure S8). This is
consistent with the reduced total activity observed (Figure 2)
and supports the conclusion that SpyCas92Pro’s activity is
compromised on the PAM-proximal mismatched MM5
substrate. Since SpyCas92Pro can eventually attain a similar
total activity on matched DNA (Figure 2), these data suggest
that there are differences in the DNA cleavage mechanisms of
SpyCas9WT and SpyCas92Pro. Interestingly, SpyCas92Pro cleaves
MM18, a PAM-distal mismatch, at a slightly higher rate (1.9
times) compared to SpyCas9WT (Figure S8). This is consistent

Figure 4. Comparison of the linearization and nicking activities of SpyCas9WT and SpyCas92Pro. (A) Analysis of cleavage pattern of SpyCas9WT

(left) and SpyCas92Pro (right) with a fully matched DNA substrate at 5 mM Mg2+ ions. (B) Analysis of cleavage pattern of a mismatched (MM5)
DNA substrate at 5 mM Mg2+ ions using SpyCas9WT (left) and SpyCas92Pro (right). The average values for nicked (%), linear (%), and nicked +
linear (%) (see Materials and Methods) are plotted against protein concentration. Data were obtained from three replications with a reaction time
of 15 min, and error bars represent SEM.
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with the slightly higher total activities observed for PAM-distal
mismatches (Figure 3) and suggest that the BH-loop variations
induce differences in target DNA engagement with respect to
PAM-proximal and PAM-distal mismatches. Further studies
are required to completely characterize these differences.
Proline Substitution in the BH-Loop Reduces Linea-

rization of Mismatched Substrates. During analyses of
DNA cleavage by SpyCas92Pro and SpyCas9WT, we observed
that the two proteins gave different amounts of nicked and
linear products (Figure 4). As shown in Figure 4, at 5 mM
Mg2+ and matched DNA, while the total activity at saturation
was comparable between SpyCas9WT and SpyCas92Pro (∼70%),
SpyCas9WT produced slightly more linear product (∼65%),
compared to that of SpyCas92Pro (∼54%) (Figure 4A). With
the mismatched MM5 substrate, SpyCas92Pro (∼20%) showed
a clear reduction in the percentage of linear product as
compared to SpyCas9WT (∼60%), which accounted for the
majority of the reduction in the total activity (Figure 4B).
Similar differences between SpyCas92Pro and SpyCas9WT in the
pattern of nicked and linear products were observed at 10 mM
Mg2+ for both matched and MM5 substrates (Figures S9A and
S10A). The pattern stayed the same with sgRNAFL on both
matched and MM5 substrates (Figures S11A and S12A),
indicating that the reduction in linearization of mismatched
DNA by SpyCas92Pro is prevalent under the different
conditions tested and does not change even in the presence
of a full-length sgRNA. Interestingly, both SpyCas92Pro and
SpyCas9WT produce more nicked products with either
matched or MM5 substrates at 1 mM Mg2+, even though the
absolute values are lower for SpyCas92Pro in all of conditions
that were tested (Figures S9B, S10B, S11B, and S12B).
Expanding on the analyses of matched and MM5 substrates,

we analyzed the amount of linear and nicked products
produced by SpyCas9WT and SpyCas92Pro with substrates
containing mismatch(es) at various protospacer positions
(Figure S13). Using data obtained at 50 nM enzyme complex,
we computed RL/N, the ratio of linear vs nicked DNAs [eq 4],
for each replication, then averaged RL/N over three or more
replications. At 5 mM Mg2+, SpyCas9WT gave higher average
RL/N values than SpyCas92Pro for all 8 substrates tested (Figure
S13A). This shows that SpyCas92Pro produces a lower relative
fraction of linearized product compared to SpyCas9WT and,
therefore, is acting more like a “nickase”. Reduction in
linearizing activity of SpyCas92Pro varies depending on the
position of the mismatch (Figure S13A).
For MM5 and MM7, two of the PAM-proximal single

mismatch substrates that cause the most reduction in total
cleavage by SpyCas92Pro when compared to SpyCas9WT

(Figures 2−4), the average RL/N of SpyCas92Pro was reduced
by ∼8 times for MM5 and ∼30 times for MM7 as compared to
that of SpyCas9WT (Figure S13A). Further analyses showed
that at 1 mM Mg2+, SpyCas92Pro had lower RL/N values for the
matched and PAM-proximal mismatched substrates when
compared to SpyCas9WT, while the ratios are comparable for
PAM-distal mismatches, except for MM18 that produced more
linearization by SpyCas92Pro (Figure S13B). The observations
support the notion that BH-loop mutations cause a reduction
in linearizing activity and that the effects are more pronounced
at the PAM-proximal region.
Overall, the pronounced nicking activity of SpyCas92Pro,

especially on the mismatched DNA substrates, implies that the
cleavage ability of one of the endonucleases is compromised in

SpyCas92Pro and that the impairment is more pronounced on
target DNA with PAM-proximal mismatches.

Structural Flexibility of SpyCas9WT and SpyCas92Pro

Binary Complexes Varies. As the BH-loop undergoes a
loop-to-helix transition upon binding sgRNA and makes direct
RNA contacts (Figure 1A,B), the substitutions in the BH-loop
likely affect the binary Cas9−sgRNA complex. EMSA
measurements showed that, at approximately 50 nM sgRNAdel,
a 1:1 molar ratio of sgRNA and protein gave ∼70% complex
for SpyCas92Pro and ∼85% for SpyCas9WT (Figure 5A and
Figure S14). As such, under experimental conditions used to
assess DNA cleavage (i.e., 50 nM equimolar protein and RNA,

Figure 5. RNA binding and limited proteolysis of SpyCas9WT and
SpyCas92Pro. (A) Graph showing quantification of binary complex
formed by SpyCas92Pro and SpyCas9WT. EMSA was conducted using
5′-32P-labeled sgRNAdel. The protein concentration was increased
from 10 to 70 nM relatively to the sgRNA concentration (∼50 nM).
The graph shows the average of bound complex from three
independent replications over different protein concentrations. The
data indicate that the RNA-binding property of SpyCas92Pro is not
significantly reduced compared to SpyCas9WT. (B) Trypsin digestion
of SpyCas9WT and SpyCas92Pro with or without sgRNA. In the apo-
form, the digestion profiles for both proteins are similar except for the
increased intensity of band A in SpyCas92Pro. The sgRNA-bound form
of SpyCas92Pro is not protected to the same extent as the SpyCas9WT-
sgRNA complex (see the difference in intensity of band B). In
addition, band C is more prominent in the SpyCas92Pro-sgRNA
complex, indicating conformational differences between the two
binary complexes.
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see Figures 2−4), the functional differences observed is not
due to a significant reduction of sgRNA binding in
SpyCas92Pro, but rather due to the structural and/or dynamic
differences in the binary complex. This is also consistent with
the observation that, for matched DNA, SpyCas92Pro and
SpyCas9WT can cleave the precursor DNA to a comparable
degree, albeit at a slower rate by SpyCas92Pro (Figure 2C and
Figure S8).
To further support the notion that differences exist between

SpyCas9WT and SpyCas92Pro in the binary protein−RNA
complexes, we performed limited trypsin proteolysis. Compar-
ing the apo forms of SpyCas9WT and SpyCas92Pro, the banding
pattern was similar for both proteins, except for an increase in
the amount of a band in between 37 and 50 kDa in
SpyCas92Pro (Figure 5B, band A). The binary complexes show
different digestion patterns as compared to the apo proteins,
with more pronounced variations between SpyCas92Pro and
SpyCas9WT (Figure 5B). The SpyCas92Pro protein bound to
sgRNA (both deleted and full-length versions) is more easily
degraded by trypsin compared to SpyCas9WT bound to sgRNA,
as indicated by the reduction of the full-length SpyCas92Pro

compared to SpyCas9WT (Figure 5B, band B). In addition,
another band in between 37 and 50 kDa (Figure 5B, band C)
is more intense in sgRNA-bound SpyCas92Pro as compared to
that of the SpyCas9WT-sgRNA complex. These data indicate
differences in the flexibility of the sgRNA-bound complexes of
SpyCas92Pro and SpyCas9WT, which may lead to an increased
accessibility of trypsin to internal regions of SpyCas92Pro and,
therefore, the loss of a full-length protein. This implicates that
the loop-to-helix transition of the BH and its interactions with
sgRNA as observed in the crystal structures may be essential in
organizing an efficient binary complex, although further work is
required to reveal the details.
SpyCas92Pro Shows Moderate Activity in Cell-Based

Assays and Exhibits a Reduced Off-Target DNA
Cleavage Compared to SpyCas9WT. We tested the ability
of SpyCas92Pro to produce lesions at seven different genomic
sites of HEK293T cells using a TIDE assay (Table S3).
SpyCas92Pro showed varying efficiencies in producing lesions
on the seven target sites examined (Figure 6A). One of the
sites (DTS7) has comparable efficiencies for both proteins
(68% lesion for SpyCas9WT and 42% for SpyCas92Pro), and
another site (DTS55) has a moderate cleavage efficiency in the
case of SpyCas92Pro (18%) compared to SpyCas9WT (65%)
(Figure 6A and Table S8A). At the rest of the five sites, the
amount of lesions produced by SpyCas92Pro is lower (varied
between 1 and 3%) compared to SpyCas9WT (varied between
2 and 76%) (Table S8A). There was no difference in the
cleavage efficiency using a full-length or a shorter version of
sgRNA, similar to the results observed in in vitro activity assays
(Figure 6B and Figure S15). Furthermore, while SpyCas9WT is
not affected by a 20 nt or 21 nt guide region in the sgRNA
construct, SpyCas92Pro worked slightly more efficiently with a
20 nt guide region (Figure 6B). The reduced efficiency of 21 nt
gRNA to induce lesions has been previously observed for Cas9
variants developed for the reduced off-targeting effect (high-
fidelity Cas9, enhanced Cas9).54,55 The reduced targeting and
cleavage efficiencies of SpyCas92Pro indicate that the BH-loop
is critical in a cellular environment compared to an in vitro
setting, where the reduction in total activity is not so
pronounced especially while targeting a completely comple-
mentary DNA. It is possible that the BH-loop substitution is
promoting more nicking under the cellular conditions, similar

to in vitro assays (Figure S13). Since nicks can be efficiently
repaired in a cellular environment,56 this can be translated into
a reduction in the on-target DNA cleavage efficiency. Further
experiments are required to confirm this.
We proceeded to analyze the off-target effects of

SpyCas92Pro. We compared the off-target-editing profile
following targeting of the DTS7 genomic site of HEK293T
cells by SpyCas9WT and SpyCas92Pro. We analyzed this by
targeted deep sequencing of sites that have been previously
shown as off-target sites for SpyCas9WT (Table S6)51 by
GUIDE-seq.57 The results show an average on-target activity of
64% for SpyCas9WT and 39% for SpyCas92Pro (Table S8B).
Interestingly, the off-target activity of SpyCas92Pro was much
lower compared to SpyCas9WT (Figure 6C). SpyCas9WT

produced significant levels of cleavage at two of the eight
off-target areas that were tested (an average of 20% on site 1
and 12% on site 3). The amount of lesion produced by
SpyCas92Pro on site 1 is 3% and site 3 is 1%, and the rest of the
sites averaged to 0% (Table S8B). Thus, the specificity of DNA

Figure 6. Activity analysis of SpyCas9WT and SpyCas92Pro in
HEK293T cells. (A) TIDE analysis of cleavage by SpyCas9WT and
SpyCas92Pro at different genomic loci. (B) T7 endonuclease assay for
the DTS7 spacer (with 20 nt or 21 nt in length) and using the
shortened (del) or full-length (FL) repeat-tracrRNA region. Black
arrows indicate cleavage products produced by T7E1 on mismatches
created as a result of Cas9 editing. (C) Off-target activity of
SpyCas9WT and SpyCas92Pro as measured by targeted deep
sequencing, the unmodified controls show no editing.
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cleavage by SpyCas92Pro that was manifested under in vitro
conditions is translatable to cellular assays. An analysis of the
mismatches present in the off-target regions is shown in Figure
S16.

■ DISCUSSION
SpyCas92Pro Shows a Higher Degree of Selectivity in

DNA Targeting. The combined in vitro and cell-based
analyses show that introducing two prolines in the BH-loop
affects the DNA cleavage function of SpyCas9, with the effects
being more pronounced in a cellular environment. In in vitro
studies, SpyCas92Pro shows significantly reduced total cleavage
activities against targets with PAM-proximal mismatch(es) as
compared to SpyCas9WT (Figures 2B,C and 3B). The ability of
SpyCas92Pro to better discriminate against mismatched DNA is
maintained in cellular assays as they demonstrate smaller
degrees of off-target cleavage (Figure 6C). Interestingly, in
vitro analyses show that there is more nicked product
formation by SpyCas92Pro (Figure 4 and Figure S13),
suggesting that the activity of one of the endonuclease sites,
RuvC or HNH, is impacted in SpyCas92Pro compared to
SpyCas9WT. In the cell-based assays, SpyCas92Pro produces
indels efficiently at only two out of the seven on-target sites
tested (Figure 6A). This is likely linked to the impairment of
one of the endonuclease sites of SpyCas92Pro that prevents
double-stranded DNA breaks. Since nicked DNA can be
repaired by the cellular machinery,56 deficiency of one of the
nucleases’ activity can lead to reduction in the number of
indels produced. Previous work has shown that the HypaCas9
variant acted on 19 out of the 24 endogenous sites tested,
compared to 18 out of 24 in SpyCas9-HF1 and 23 out of 24 in
eSpyCas9(1.1).38,54,55 This shows that substitutions in
SpyCas9 affect the ability of the protein to act on different
genomic sites perhaps due to weakened protein−nucleic acid
interactions that in turn can potentially reduce off-target DNA
cleavage. The reduction in on-target cleavage may be
compounded in SpyCas92Pro due to reduction in the
linearization activity at the target sites. Overall, the data
indicate that SpyCas92Pro exhibits a higher degree of specificity
in DNA targeting.
BH-Loop Substitution Potentially Affects Protein−

RNA−DNA Interactions and Impacts Multiple Aspects
of Cas9 Activity. Our results show that the disruption of the
BH-loop affects more than one step in the catalytic cycle of
Cas9. The BH-loop makes direct interactions with sgRNA and
the phosphate lock loop (PLL) (Figure 1B), yet SpyCas92Pro

and SpyCas9WT form a similar amount of binary protein−
sgRNA complex (Figure 5A). Interestingly, while SpyCas92Pro

can cleave matched DNA to a similar extent as compared to
SpyCas9WT (Figure 2), the rate of DNA cleavage is reduced in
SpyCas92Pro (Figure S8). These results indicate that BH-loop
disruption is not confined to a simple effect of RNA binding,
but rather affects processes downstream of the binary complex
formation. On the basis of the available crystal structures and
results reported here, we propose that proline substitutions in
the BH-loop affect the conformational flexibility of the Cas9−
sgRNA binary complex, unwinding of DNA and stabilization of
the nascent R-loop, and cross-talk between the two
endonuclease sites. The reasonings are as follows.
The search of complementarity between a DNA target and

the RNA guide is facilitated by a preorganized seed region of
the RNA guide in Cas9, and several protein−sgRNA
interactions favor positioning of the seed region. For example,

in both binary and ternary complexes of SpyCas9, the residues
R63, R66, R70, R74, and R78 from the BH make phosphate
backbone interactions with the seed region (C18, G16, A15,
G14 (PAM-proximal)) of the sgRNA (Figure 1).27,28,31

Substituting R66, R70, or R74 markedly reduces the activity
of SpyCas9, and it was demonstrated that the interactions
between the BH and the seed region of sgRNA are essential for
R-loop initiation.37 The residue R66 lies in the BH-loop region
and interacts with the 14th and 15th nt in the seed region of
the sgRNA through direct H-bonds. Water-mediated H-bonds
are observed between R66 and the 62nd and 63rd nt of the
tracrRNA in one of the SpyCas9 crystal structures (PDB ID:
4OO8).31 Even though R66 is not being directly substituted in
the present study, the introduction of two consecutive prolines
likely impacts helix formation in this region. This may affect
positioning of R66 for interacting with sgRNA. It was
previously shown that sgRNA without the seed sequence
cannot induce conformational changes similar to that of
sgRNA with the seed region,28 implicating that defects in
organizing the seed region in SpyCas92Pro could be translated
to downstream conformational changes. We note that trypsin
digestions indicate that the BH-loop substitutions alter the
structure and dynamics of the Cas9−sgRNA complex (Figure
5B). However, further work is required to reveal the detailed
changes in protein−RNA−DNA interactions in SpyCas92Pro

binary and ternary complexes.
In addition to the direct interaction of the BH-loop with the

sgRNA, the BH-loop is indirectly involved in DNA unwinding.
The PLL, which contacts the phosphate backbone of the DNA
at +1 position to initiate strand switching of DNA for R-loop
formation,25 interacts with the BH-loop. This interaction is
through a H-bond between K65 of the BH-loop and E1108 of
PLL, and this H-bond is maintained even in the binary
complex (PDB-ID: 4ZT0), ready and poised for strand
switching.28 In our experiments, K65 has been substituted
with a proline. The absence of this preorganization can
potentially affect DNA unwinding in SpyCas92Pro.
Our experiments show that SpyCas92Pro has a reduced

activity with DNA substrates having PAM-proximal mis-
matches. We propose that the defects due to the absence of
the BH-loop conformational transition are compensated at
least partially by the strength of DNA−RNA base pairing along
the initial regions of the guide region in a matched DNA target.
It is reasonable to envisage that, in the case of SpyCas92Pro and
target DNA with PAM-proximal mismatches, the compensa-
tory RNA−DNA interactions are compromised. This may
affect a productive R-loop formation, causing a reduced activity
with such DNA targets. For the PAM-distal mismatches,
SpyCas92Pro shows a similar or slightly higher total activity as
that of SpyCas9WT. It has been reported that the pairing from 1
to ∼14 nt in the RNA−DNA hybrid stabilizes the ternary
complex and initiates HNH movement,37−39 with the HNH
movement being modulated by mismatches at the PAM-distal
end.38 Our data suggest that the BH-loop residues may also
play a subtle role in modulating the HNH movement, although
further investigations are needed.
SpyCas92Pro demonstrated consistently more nicking with

the different DNA substrates, especially with mismatches,
compared to SpyCas9WT. The coordination between HNH and
RuvC by means of conformational changes to bring about
double-strand DNA cleavage is well documented.40 The BH is
directly linked to the RuvC motif II in the primary protein
sequence. In addition, it was suggested based on molecular
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dynamics simulations that N844 and K848 of HNH can form
interactions with E60 and T58 of BH.58 These interactions
suggest that BH-loop substitution can possibly affect the
positioning of the endonuclease sites and the allosteric
communication between these sites, though further studies
are needed to clarify this. Cas9 substitutions affecting the
positioning of endonuclease sites were previously observed in
eSpyCas9(1.1) and SpyCas9-HF1.38 In eSpyCas9(1.1) and
SpyCas9-HF1, HNH is trapped in an intermediate, inactive
state when they bind to mismatched DNA targets, and since
the positioning of HNH is important for RuvC activity, the off-
target DNA cleavage is reduced in these Cas9 variants.38,39

Interestingly, it was shown that mismatches between crRNA
and protospacer can promote the formation of the non-
productive protein−RNA complex that causes accumulation of
DNA nicks.59 These previous studies and our data support our
hypothesis that the communication between the endonuclease
sites is impaired in SpyCas92Pro and that the effect is more
pronounced when SpyCas92Pro binds to mismatched targets,
thus reducing DNA linearization.
Gene-Editing Capabilities of SpyCas92Pro. The cell-

based analysis shows that SpyCas92Pro is not comparable to
SpyCas9WT in its gene-editing capabilities. The impairment of
the cross-talk between the endonuclease domains may be the
strong contributor for this, since nicks are efficiently repaired
in a cellular environment.56 Interestingly, Cas9 “nickase” has
been shown as a strategy60,61 to reduce off-target effects. It
might be possible to improve the on-target activity of
SpyCas92Pro using two sgRNAs to nick individual strands
within a target genomic site. Similarly, the BH-loop
substitutions can be tested along with other highly efficient
Cas9 variants to analyze the presence of synergistic effects.
Further elaborate studies are required to develop SpyCas92Pro

as an efficient gene-editing tool.
Cas9 Utilizes Structuring of the ARM Region in

Response to RNA Binding as Found in Other RNA-
Binding Proteins. ARM is an RNA-binding motif that
consists of around 8−10 amino acids, usually enriched in basic
amino acids, especially arginine. The ARM motif is able to
recognize and bind specific RNA structural elements such as
stem loop or bulge regions.62 The ARM regions in several
RNA-binding proteins have been shown to be disordered or
with a lower helical content in the apo form, with an increase
in the helical content after binding to specific RNA.63 ARM
can adopt different protein structural elements such as β-
hairpins, α-helix, and random coils after binding specific RNA
targets.64

In SpyCas9, the BH adopts a helix−loop−helix conforma-
tion in the apo structure but converts to a contiguous long
helix in the binary and ternary complexes.27−29 In the case of
Actinomyces naeslundii (Ana) Cas9 (type II-C), the BH and
certain regions of the REC domain are disordered in one of the
two available apo crystal forms (PDB ID: 4OGC), while they
are ordered in another crystal form (PDB ID: 4OGE).29 These
facts imply that further studies are essential to conclusively
show that loop-to-helix conversion occurs in Cas9 with
response to sgRNA binding and whether Cas9 subtype-specific
differences exist in this mechanism.
The structure of sgRNA before binding to Cas9 is not

known. Most interactions of sgRNA with the BH-loop region
are through the phosphate backbone, and the specific structure
at this region is highly essential for interactions with the BH.28

It is possible that the BH that is in a helix−loop−helix state in

the apo form inserts into a folded sgRNA molecule to convert
the BH into a contiguous helix. However, this may cause
significant topological challenges as the BH is an interior helix
in a multi domain protein. Another possibility is the sgRNA
folding into its specific structure after interacting with the BH.
The positioning of BH in the binary complex supports the
second possibility. In the binary and ternary complex
structures, BH is inserted between the crRNA and tracrRNA
regions of sgRNA.27,28,31 It can be envisioned that sgRNA
undergoes a certain folding transition upon interacting with
BH, with a concurrent BH-loop-to-helix conversion. Further
studies are required to determine the structural changes in
sgRNA with respect to Cas9 binding.
Crystal structures show that BH−RNA interactions are

present in other Cas proteins such as Cas12a (formerly Cpf1,
type V-A) (PDB ID: 5NFV)65 and Cas12b (formerly C2C1,
type V-B) (PDB ID: 5U31),66 even though the exact
positioning and length of BH are different. As such, it is
possible that fine-tuning BH−RNA interactions can modulate
substrate specificity in other families of Cas proteins as well.
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