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ABSTRACT: The CRISPR/Cas9 system is a popular genome-editing tool with immense therapeutic potential. It is a simple two-
component system (Cas9 protein and RNA) that recognizes the DNA sequence on the basis of RNA:DNA complementarity, and
the Cas9 protein catalyzes the double-stranded break in the DNA. In the past decade, near-atomic resolution structures at various
stages of the CRISPR/Cas9 DNA editing pathway have been reported along with numerous experimental and computational studies.
Such studies have boosted knowledge of the genome-editing mechanism. Despite such advancements, the application of CRISPR/
Cas9 in therapeutics is still limited, primarily due to off-target effects. Several studies aim at engineering high-fidelity Cas9 to
minimize the off-target effects. Molecular Dynamics (MD) simulations have been an excellent complement to the experimental
studies for investigating the mechanism of CRISPR/Cas9 editing in terms of structure, thermodynamics, and kinetics. MD-based
studies have uncovered several important molecular aspects of Cas9, such as nucleotide binding, catalytic mechanism, and off-target
effects. In this Review, the contribution of MD simulation to understand the CRISPR/Cas9 mechanism has been discussed,
preceded by an overview of the history, mechanism, and structural aspects of the CRISPR/Cas9 system. These studies are important
for the rational design of highly specific Cas9 and will also be extremely promising for achieving more accurate genome editing in the
future.

1. INTRODUCTION importantly, efficient tool for genome editing." Application of
CRISPR/Cas9 (“clustered regularly interspaced short palin- CRISPR/Cas9 technology can introduce site-specific muta-
dromic repeats” and “CRISPR-associated protein Cas9”) tions, knock out disease-causing genes, perform specific gene

technology is of significant interest for genome editing.1_3

CRISPR/Cas9 is a part of the adaptive immunity of bacteria
and archaea, which eliminates foreign genetic material
(invading bacteriophages). It is adapted from bacteria and is (sgRNA: crRNA fused to the tracrRNA) that has exact
repurposed as a ground-breaking technique that allows complementarity to the gene of interest and a Cas9
scientists to edit regions of the genome by deleting, inserting,
or modifying DNA sequences. CRISPR/Cas9 is a simple two-
component system that consists of two RNAs (CRISPR RNA

. . 1
knock-ins, change gene expression levels, and much more.

These can be accomplished by using a single guide RNA

endonuclease that cleaves the specific sequence of interest.”®

or crRNA, Tracer RNA or tracrRNA) and a single protein Received: August 30, 2022 8,
called Cas9. Engineering the crRNA only is suflicient to target AccePted‘ November 22, 2022
particular DNA sequences using the CRISPR/Cas9 tool.”’ Published: December 30, 2022

Thus, contrary to other protein-guided genome-editing tools
such as ZFNs and TALENs, which require intensive protein
engineering, CRISPR/Cas9 is a simple, affordable, and, more
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Figure 1. Timeline of pioneering leads related to CRISPR/Cas discovery.
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One of the most remarkable applications of CRISPR/Cas9
technology was reported by He Jiankui in November 2018,
when twin girls “Lulu and Nana” had their embryos genetically
modified by the CRISPR/Cas9-mediated genome-editing
technique.” The girls were born to an HIV-positive father
and an HIV-negative mother and were claimed to be resistant
to HIV via editing of their chemokine receptor (CCRS) gene.7
CCRS encodes a protein that HIV uses to invade host cells;
therefore, specific mutations were introduced into the CCRS
gene that would confer innate HIV resistance to the bacteria.”
Although this germline gene editing in humans raised ethical
concerns,” the immense potential of CRISPR/Cas9 in curing
genetic disease and thus improving human life in the future is
undeniable. One of the recent breakthroughs in CRISPR/Cas9
technology was the development of the CRISPR-based drug
CTX001 to cure sickle cell disease (SCD) and f-
thalassemia.”~"" Thus, CRISPR-based technology appears to
be a promising approach for correcting genetic defects in the
coming decades.

Advancements in the structural study and the development
of cutting-edge computer technology with ever-increasing
computational power have opened the possibility of perform-
ing structure-based computational analysis.'"”'* MD simu-
lations have been a popular method for understanding the
dynamics of biomolecules at a molecular level by extensive
exploration of phase space.”” Such studies have boosted
knowledge of the molecular mechanism of CRISPR/Cas9 in
terms of structures, thermodynamics, and kinetics and have
served as an excellent complement to experimental studies.
The focus of this Review is to discuss the literature related to
the application of molecular simulation for understanding
structural, dynamical, and energetic aspects of CRISPR/Cas9
genome editing. MD simulations of the CRISPR/Cas9 system
have revealed several key aspects, including nucleotide
bindi;llgz,;’16 catalytic mechanism,'” > and off-target ef-
fects.””

2. DISCOVERY AND ORIGIN OF THE CRISPR/Cas
SYSTEMS

The timeline of important milestones related to CRISPR is
given in Figure 1. The first description of CRISPR loci
emerged in 1987, when Nakata et al. identified an interesting
locus downstream to the IAP gene (encoding alkaline
phosphatase isozyme) of E. coli that contained roughly
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palindromic repeated sequences (direct repeat of 29 bp)
interspaced by variable sequences.”’ In subsequent years, with
the rapid advancement in genome sequencing, researchers
started identifying similar sequences in bacteria (Mycobacte-
rium_ tuberculosis,”** Sulfolobus acidocaldarius,”> Cyanobacte-
ria,*®*” Clostridium difficile,”* and Lactobacillus ucidophiluszs)
and archaea.”” These frequent clusters of repeated sequences””
were identified independently many times by independent lab
groups and given many different names such as DVR (direct
variable repeats),”> LTRR (long tandemly repeated repetitive
sequences),”®”” SRSR (short regularly spaced repeats),”
LCTR (large clusters of tandem repeats),30 and SPIDR
(spacer interspersed direct repeats).”® The name CRISPR as
“clustered regularly interspaced short Palindromic repeat”’”
was first coined by Jansen et al. in 2002.”" Jansen et al. showed
that, apart from the CRISPR array containing variable spacers
and short palindromic repeats, there is a set of “Cas” or
“CRISPR associated genes” constantly associated with CRISPR
loci.”’ In 2005, three independent computational studies
(Figure 1) reported that the spacer sequences between the
repeats identified in the bacteria actually match with the
foreign DNA and specifically bacteriophage DNA.>*~** Thus,
the spacers were hypothesized to act as a memory of viral
infection and provide cellular immunity against phage
infections.”® " Barrangou et al.”> provided the first exper-
imental proof in 2007 that the CRISPR system was involved in
bacterial immunity to protect itself against foreign DNA and
bacteriophages and confirmed the computational predic-
tions.”” > They infected the Streptococcal strain with two
different bacteriophages and noticed that the bacteriophage
sequences were integrated (triggering the CRISPR system) in
the bacterial genome and developed resistance to that
bacteriophage.” Brouns et al. demonstrated the process of
mature crRNA formation from CRISPR loci in E. coli*® The
ability of the CRISPR/Cas9 tool to selectively target any DNA
of interest was demonstrated by Jinek et al. in 2012.”” They
used CRISPR/Cas9 to cleave the green fluorescent protein
(GFP) at five specific genomic sites.”’ Additionally, they
designed a single chimeric RNA (linking crRNA and
tractRNA) that would allow Cas9 to work with a single
guide RNA (sgRNA) for cleaving the target DNA.>” This
discovery of Cas9 as a programmable genome-editing tool’”
made a breakthrough and led Emmanuelle Charpentier and
Jennifer Doudna to win the Nobel prize in 2020.** In 2013,
Cong et al. successfully used the CRISPR/Cas9 tool for editing
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Figure 2. Schematic representation of the CRISPR-mediated immunity acquired in bacteria through (1) adaptation, integration of foreign DNA as
a spacer (S0) in CRISPR loci after leader sequence (L) flanked by direct repeats (R); (2) expression, decoding of CRISPR array into pre-crRNA,
Cas protein(s), and tracrRNA followed by subsequent processing of pre-crRNA into crRNA; and (3) interference, Cas9 in complex with
crRNA:tracrRNA neutralizes the reinfection. The Cas9:crRNA:tracrRNA complex recognizes the foreign DNA by using PAM sequence and
DNA:RNA complementarity and triggers Cas9-catalyzed DNA cleavage (the cleavage site is indicated by black arrows), thus providing immunity
against viral reinfection. The target DNA (tDNA) strand is shown in orange, and the nontarget strand is shown in yellow. The PAM sequence is
shown in the nontarget DNA (ntDNA) strand. The adaptation, expression, and interference stages are represented with gray, green, and blue

arrows, respectively.

the genome of human and mouse cell cultures.” The first
crystal structure of the apo Cas9 and Cas9:sgRNA:target DNA
complex was revealed in 2014 by Jinek et al.** and Nishimasu
et al,*' respectively. The application of the first Molecular
Dynamics (MD) simulation in the CRISPR system was
reported in 2015 by Estarellas et al, where they studied the
dynamics of the CRISPR/Csy4 complex.*” Csy4 or Cas6f is a
Cas-protein involved in the maturation of pre-crRNA to
crRNA.* The first therapeutic application of CRISPR/Cas9 in
human zygotes was carried out by Tang et al. in 2017, where
they modified mutations in the f-globin gene.”* An interesting
and controversial CRISPR/Cas9 application was the genome
editing of human twin babies “Lulu and Nana” in 2018, where
the CCRS gene was edited to make them HIV resistant.”
Clinical trials for the first in vivo application of Cas9 began in
2019.* Presently, CRISPR/Cas9 is used in vast applications in

genome editing ranging from therapeutic applications”’ ™" to
52-54

plant and fungal®**® biotechnology.
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3. SIMPLE SCHEMATIC OVERVIEW OF THE
MECHANISM AND CLASSIFICATION OF CRISPR
ADAPTIVE IMMUNITY

A simple overview of the mechanism of CRISPR/Cas9
sequence-specific adaptive immunity’” in most of the bacteria
and archaea is given in Figure 2. CRISPR locus is comprised of
a CRISPR array that contains short 30—40 bp direct repeats
interspaced by short variable DNA sequences of viral origin
(called “spacers™ S1, S2 of Figure 2). This CRISPR array is
further flanked by a set of CRISPR-associated (Cas) genes.58
CRISPR/Cas immunity is achieved through three stages:
adaptation, expression, and interference’®” (Figure 2). In the
adaptation/acquisition stage, the infecting viral DNA fragment
(known as “protospacers”: SO of Figure 2) is integrated into
the CRISPR locus of bacterial DNA as a new spacer sequence
between a series of short repeats.”® ®' Casl and Cas2 proteins
are required for DNA acquisition.sg_61 Protospacer acquisition
in CRISPR/Cas systems requires the recognition of a three-
nucleotide protospacer adjacent motif (PAM: usually three
nucleotide sequence “NGG”, Figure 2) in the viral DNA, and
the DNA sequences immediately upstream to PAM are cleaved
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Figure 3. Simple overview of CRISPR/Cas classification. Cas proteins (oval) involved in various stages of CRISPR function are represented in
different colors: gray (adaptation), green (expression), and blue (interference). The Cas9 protein in the type-II system is the focus of this Review,
highlighted with a dark border.
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Figure 4. (a) Different domains of Cas9 protein and their lengths are represented with different colors. (b) X-ray structure of Cas9 endonuclease
adopted from PDB SF9R (resolution = 3.4 A), captured in a precleavage state containing sgRNA (orange) and intact dsDNA (yellow). The
structure on the right side is rotated by 180° around the axis of sgRNA. The protein is demonstrated as a transparent surface, while the dsSDNA and
sgRNA are visualized as cartoons.

and incorporated into the CRISPR array as spacers.”*™°' When the location of the spacer sequence relative to the leader
a new infection occurs, the spacer is always added next to the sequence indicates the history of infection (spacer sequence
regulatory leader sequence (“L” of Figure 2), a DNA sequence away from the leader implies an older infection).”**”** Spacers
facilitating the integration of spacers at the correct site.”” Thus, are at the center of CRISPR defense as they confer immunity
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against phages or plasmids that contain a complementary
sequence and also provide the sequence memory for defense
against subsequent invasions,” % During the expression
stage, the CRISPR array is transcribed as a precursor CRISPR
RNA (pre-crRNA, Figure 2). Another RNA, the tracrRNA
(trans-activating CRISPR RNA, Figure 2), is also produced in
the system having sequence complementary to the repeats.”**
The pre-crRNA forms a duplex with the tracrRNA, which
serves as a scaffold for the binding of Cas proteins (usually
Cas9).”® This duplex is then recognized by the host RNasellI,
which in the presence of Cas9 will specifically cleave to
generate individual units of repeat-zpacer:trachNA duplex or
mature crRNA:tracrRNA duplex.”®* CrRNA contains RNA
sequence (~20 nt) that is complementarity with the target
viral DNA. In the interference stage, Cas9 endonuclease forms
a complex with the crRNA:tracrRNA duplex, which scans the
foreign DNA of cognate viruses or plasmid in the cell.**
Cas9:crRNA:tracrRNA recognizes the PAM sequence and
triggers the unwinding of the foreign DNA for DNA:RNA
hybridization followed by a Cas9-catalyzed specific double-
stranded DNA break.’®®® The absence of the PAM sequence
in the CRISPR array of the bacterial genome prevents
Cas9:crRNA:tracrRNA-induced cleavage of its own ge-
nome.”* ¢!

The CRISPR system includes multiple Cas proteins for its
function. The rapid evolution of Cas genes and the
involvement of various combinations of Cas proteins by
various systems have made CRISPR/Cas classification very
challenging.z’66 CRISPR/Cas systems have been classified into
two broad groups: Class I and Class II, which are further
subclassified into six types containing 33 subtypes.”®” The
classification (Class I and Class 1) is primarily based on the
number of Cas proteins involved in the interference step
(Figure 3). Class I systems involve multiple Cas proteins,
whereas class II systems involve only one protein for the
interference step.”*”®* CRISPR/Cas systems are also divided
into different types on the basis of the presence of unique
genes (Cas3, Cas9, Cas10, Csf2, Cpfl, and Cas13 for Types I—
VI, respectively).”*”®” A simple overview of the Cas protein
components characteristic of each type has been depicted in
Figure 3. The further classification into subtypes is more
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complicated, which takes into account several factors such as
the presence of unique genes, evolutionary conservation of
effector modules, and many more.”*” Involvement of a single
Cas protein in the interference step has made the Class II
system very attractive as a genome-editing tool, particularly the
CRISPR/Cas9 system, which has extensively been used in
numerous genome-editing applications.M_56 CRISPR systems
mostly target foreign DNA except for the type VI CRISPR/
Casl3 system, which targets RNA.”’

4. THE CRISPR/Cas9 SYSTEM

The most widely studied CRISPR/Cas system is the type IIA
system (CRISPR/Cas9 from Streptococcus pyogenes), where
Cas9 is the only protein required for the interference step
(Figure 3).>””" The CRISPR/Cas9 system is a complex made
up of single guide RNA (sgRNA; where ctrRNA and tractRNA
have been fused) and Cas9 protein, a 160 kDa DNA
endonuclease enzyme that cleaves each strand of double-
stranded DNA at a precise position."’ Casl, Cas2, and Csn2
are required for the DNA acquisition step,”®°" while RNaselll
helps in the processing of pre-crRNA to mature sgRNA.”**
4.1. Domain Architecture of CRISPR/Cas9. Cas9
contains two lobes (Figure 4), the recognition/REC lobe
(residues 56—718) and the nuclease/NUC lobe (residues 1—
55 and 719—1368).>*" The recognition lobe contains REC-I,
REC-II, and REC-III domains responsible for nucleotide
recognition.ls’64 The arginine-rich bridge helix serves as a
linker between the RuvC-I and REC domains and is crucial for
initiating cleavage activity upon binding to target DNA."" Cas9
nuclease lobes have two endonuclease domains, the HNH
domain (residues 766—909, rich in histidine and asparagine
residues) and the RuvC domain (residues 1—55, 719—765, and
910—1099). The HNH domain cleaves the target DNA
(tDNA) strand, whereas the RuvC domain cleaves the
nontarget DNA (ntDNA) strand (Figure 2).” Additionally,
the HNH domain contains two key hinge regions near its N
and C terminus, linkers L1 and L2 (Figure 4a) ,”* which creates
a cross-talk between the RuvC and HNH domains.'® The
PAM interacting domain (PI, residues 1100—1368) confers
PAM specificity and is therefore responsible for initiating
binding to DNA.>* Upon DNA binding, the positively
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tractRNA regions of sgRNA are represented in red, pink and yellow, respectively. Key interactions associated with nucleotide binding and catalysis
are visualized as stick representations in the c1rcles Mg*" ions were placed in the RuvC and HNH catalytic sites on the basis of models predicted by

Zuo and Liu, 2016,"® and Zhu et al, 2019,”® respectively.

charged residues present at the interface between the REC and
NUC lobes, particularly at the bridge helix, stabilize the
negatively charged sgRNA:DNA hybrid."' However, positively
charged residues present in the linker region (L1 and L2)
between the RuvC and HNH domains help to stabilize the
displaced ntDNA.”?

X-ray structures at various stages of the CRISPR/Cas9
pathway highlight the conformational change of Cas9 in
atomic detail (Figure S). 04174776 Various structures along the
CRISPR/Cas9 editing pathway (Streptococcus pyogenes) have
been resolved (free Cas9 (PDB 4CMQ),* sgRNA bound Cas9
(PDB 4ZT0),”® Cas9 bound to tDNA and incomplete ntDNA
containing PAM sequence (PDB 4UN3),” and Cas9 bound to
both tDNA and complete ntDNA (PDB SF9R)).”* The apo™
and sgRNA bound’® Cas9 structures derived from Strepto-
coccus pyogenes (PDB 4CMQ”*” and PDB 4ZT0;”° Figure 5a,b)
were resolved by Jinek et al. in 2014 and by Jiang et al. in 2015
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at a resolution of 3.09 and 2.9 A, respectively. A major
rearrangement of helical REC domains of Cas9 upon sgRNA
binding was evident (Figure Sa,b), with a large ~65 A shift of
the REC-III domain to accommodate ngNA.76 Binding of
tDNA and PAM containing an incomplete ntDNA strand to
the Cas9:sgRNA complex (PDB ID 4UN3,” Figure S5c)
further shifts the REC-II domain in the outward directions
(Figure Sb,c). PAM recognition by Cas9:sgRNA results in the
melting of the foreign DNA upstream to the PAM sequence
resulting in DNA:RNA hybrid formation.”””” The X-ray
structures of the Cas9:sgRNA:tDNA complex (PDB ID
4008)"" and the Cas9:sgRNA:tDNA:incomplete ntDNA
(PDB 4UN3)”° complex reveal important Cas9:DNA
interactions with a noticeable conformational change of the
REC-II domain resulting in tDNA accommodation. The
binding of a complete nontarget strand is required for
positioning the HNH domain close to the tDNA cleavage

https://doi.org/10.1021/acsomega.2c05583
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site (PDB SF9R; Figure 5d).”* However, the reported X-ray
structure (PDB ID SF9R; Figure Sd) by Jiang et al. in 2016
(Figures 4 and 5d)”* was obtained in the absence of Mg**. The
cryo-EM structures of Cas9:sgRNA:dsDNA in the presence of
Mg** resolved three key states (precatalytic, PDB 600Z;
postcatalytic, 600Y; and product, 600X)"® and highlighted
the importance of Mg** in stabilizing the catalytic residues of
Cas9 around the scissile phosphate and facilitating tDNA
cleavage.”® However, the location of Mg*" in the catalytic
pocket was unresolved in the cryo-EM structures due to poor
resolution.”® Binding of Mg** and complete ntDNA induces a
rotation of the HNH domain that brings the catalytic H840
residue closer to the cleavage site.”*’® The significance of the
large rotation of HNH of Cas9 in response to ntDNA binding
has already been reported in several experimental and
computational studies.”'®”* Recently, Bravo et al. in 2022
elucidated three cryo-EM structures (PDBs 754U, 7S84V, and
7S84X) depicting different intermediate stages of off-target
cleavage.”” These structures would certainly help to explore the
detailed mechanism of off-target effects in the future. All of the
above-mentioned structural studies thus helped to understand
the mechanism of action of Cas9 in the interference step by
capturing various states along the dsDNA cleavage pathway in
atomic detail **!7#77078

4.2. Key Interactions in the Cas9:crRNA:tracrR-
NA:dsDNA Complex. Jinek et al. designed a chimeric single
guide RNA or sgRNA, where crRNA and tracrRNA were fused
into a single RNA with a linker loop, GAAA (Figure 6, gray),
connecting them.”” This synthetically designed sgRNA
replaced the crRNA:tracrRNA duplex in the CRISPR/Cas9
systems.”” The crRNA:tracrRNA duplex is formed by base-
pairing between the repeat sequence (12 nucleotides long: 21—
32, pink, Figure 6) of crRNA and the antirepeat sequence (14
nucleotides long: 37—50, green, Figure 6) of tracrRNA.°
CrRNA duplexes with tracrRNA through nine Watson—Crick
base pairing between repeats and antirepeats (U22:A49—
A26:U45 and G29:C40—A32:U37), while the nucleotides
G27, A28, A41, A42, G43, and U44 remain unpaired (Figure
6)."" Furthermore, the stability of this duplex is provided by
additional interactions between the amino group of G27 and
the backbone phosphate group between G43 and U44 and a
wobble base pairing between G21 and US50 at the junction of
both 20 nt guide RNA and stem-loop 1*' (Figure 6). The rest
of the tracrRNA consists of three stem-loops (nucleotides 52—
62, 68—81, and 82—96), with a S nt linker (nucleotides 63—
67) sequence present between stem-loop 1 and stem-loop 2
(Figure 6).41

The recognition of sgRNA by Cas9 occurs through many
regions such as the PAM proximal guide region, the
repeat:antirepeat duplex region, and stem-loop 1 of sgRNA."!
This stem-loop 1 of sgRNA interacts with the REC-I, bridge
helix, and PI domain of Cas9."' Particularly, a bridge helix
residue R69 interacts with the G62 nucleotide of stem-loop 1
(Figure 6), and its mutation to alanine has been reported to
decrease Cas9’s cleavage activity."' The other stem-loops in
sgRNA (stem-loop 2 and stem-loop 3) are critical in enhancing
the catalytic efficiency of Cas9 and are primarily recognized by
the nuclease lobe.”*"*"*> Additionally, the sgRNA is stabilized
by Cas9 through a series of interactions between the phosphate
backbone of the guide region (spacer) and the REC-I domain
along with the bridge helix of Cas9.”> Moreover, interactions of
Arg75 and Lys163 with the repeat:antirepeat duplex region of
sgRNA also have some critical roles, and mutation of these
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residues to alanine has been reported to decrease the Cas9
cleavage activity.”> Also, mutating the G43 region in sgRNA to
cytosine disrupted its interactions with Phe351 and Asp364,
resulting in reduced Cas9 activity.25 Another nucleotide, U44,
stacked between Tyr325 and His328 when mutated to guanine
resulted in reduced Cas9 activity.”” Interestingly, mutatin

U44 to cytosine did not alter the Cas9 activity significantly.™
The important interactions of G43 and U44 with Cas9 are
shown in Figure 6. These observations signify the role of G43
and U44 nucleotides in sgRNA recognition by Cas9.”

The sgRNA-bound Cas9 endonuclease looks for the target
double-stranded DNA by scanning a short trinucleotide
“protospacer adjacent motif” (PAM; SNGG-3', where N =
A/T/G/C; Figure 6) that must present in the ntDNA
upstream to the protospacer region.83 The Cas9:sgRNA
complex targets the DNA in two steps. Initially, Cas9:sgRNA
transiently binds to DNA in a sequence-independent manner
at multiple locations via random collisions for scanning of the
PAM sequence.77’84 However, Cas9 rapidly dissociates from
non-PAM sites, and, upon PAM detection, it checks tDNA for
complementarity with sgRNA for heteroduplex formation
(residues 1-20, Figure 6).”7%" Two conserved arginine
residues (R1333 and R133S, Figure 6) of the PI domain
(Figure 4a) of Cas9 recognize the PAM sequence.”” The
PAM—arginine interactions (R1333 and R1335) create a sharp
kink,”>”®" which locally unwinds the DNA immediately
upstream of PAM sequences in a unidirectional manner.*>**
Interestingly, this unwinding occurs without the requirement
of ATP-dependent helicases.”””> Apart from base-specific
interactions with GG dinucleotides, the PI domain of Cas9
also makes several nonspecific interactions with the phosphate
backbone of ntDNA. Post unwinding, a phosphate lock loop
consisting of K1107, E1108, and S1109 residues stabilizes the
phosphate group in tDNA (+1 phosphate: 1 nt upstream to
PAM, Figure 6).”>”> This rotates the +1 phosphate group and
correctly orients the tDNA for base-pairing with the 20
nucleotides of sgRNA (RNA:DNA duplex, Figure 6).”
RNA:DNA duplex formation results in ntDNA displacement,
leading to the formation of an R-loop structure (Figure 6)."
While in the R-loop formation, a sharp kink is observed at —1
phosphate group of ntDNA, and —2 and —3 nucleotides flip
away to interact with Cas9”*”* (Figure 6). The —4 nucleotide
forms another kink that allows the ntDNA to interact with
positively charged residues between the HNH and RuvC
domains.”*”* The first eight nucleotides upstream to the PAM
sequence, also called the seed region, are exposed to the
solvent and serve as the nucleation sites for tDNA base pairing
and are most critical for cleavage activity."' Bridge helix
residues R66, R70, and R74 forming multiple salt bridges with
this seed region, when mutated to alanine, significantly reduce
the DNA cleavage activities.*" This signifies the importance of
recognition of the seed region of sgRNA by Cas9 in its
activity."' Interestingly, the PAM complementary sequence in
the tDNA does not form specific interactions with Cas9."' The
RNA:DNA duplex region along with the repeat:antirepeat
region of the crRNA:tracrRNA duplex are buried deep inside
the positively charged groove between the recognition and
nuclease lobes.*’ However, the remaining regions of sgRNA
are more exposed and interact with positively charged residues
at the outer surface of the Cas9 protein.*' The binding of the
sgRNA:tDNA duplex and complete ntDNA to Cas9 triggers a
conformational shift in the Cas9 protein that brings two
nuclease domains (RuvC and HNH) to the DNA cleavage

https://doi.org/10.1021/acsomega.2c05583
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Figure 7. Pictorial representation highlighting the important findings from the Molecular Dynamics studies. (a) Targeted Molecular Dynamics
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site."> Apart from sgRNA:tDNA base-pairing, the complex is
stabilized by nonspecific interactions involving the positive
charged Cas9 residues (R66, R70, and R74 of the bridge-helix)
with the negatively charged backbone of tDNA (Figure 6).
Similar nonspecific interactions between Cas9 (HNH, RuvC,
and PI domains) and ntDNA were crucial for the stability of
the R-loop structure®® (Figure 8b). Thus, disruption of the
nonspecific protein:nucleotide interactions by Cas9 mutation
(K810A, K848A, and K855A) is a strategy for reducing the off-
target effect.’® Two linkers L1 (residue 765—780) and L2
(residue 906—918), connecting the RuvC and HNH domains,
play a significant role (Figure 7d) as allosteric transducers in
mediating cross-talk between the RuvC and HNH domains,
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which is crucial for Cas9 activation and catalysis."® Thus,
mutation in L1, L2 (particularly Q771, K775, and R90S) might
alter the allosteric signaling and the enzymatic activity of Cas9,
which must be verified by future experimental studies.

Mg** ions play a crucial role in Cas9-catalyzed DNA
cleavage.”” FRET studies revealed that Mg?* ions are required
for HNH activation. In its absence, the HNH domain gets
trapped in an intermediate state.”” However, the exact
positions of the catalytic Mg>* were unresolved due to poor
resolution in the electron density map. The RuvC domain
contains four catalytically important residues, D10, E762,
H983, and D986 (Figure 6), coordinated with two Mg>* ions
(position modeled) for cleavage of the ntDNA.>***” H983 was

https://doi.org/10.1021/acsomega.2c05583
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proposed to act as a Lewis base for DNA cleavage that
coordinates with water for nucleophilic attack of the scissile
phosphate."” However, a single Mg?** (position modeled)
coordinated with the catalytic residues of the HNH domain
(D839, H840, and N863, Figure 6) facilitates the tDNA
cleavage.”®” H840 serves as a Lewis base, activating the water
molecule for nucleophilic attack on the phosphate group of
tDNA.” After successful R-loop formation, the nuclease
domains in the presence of Mg’* cleave the tDNA and
ntDNA after the third nucleotide base upstream of the PAM,
resulting in a blunt-ended cut (Figure 6).*”*> The double-
strand breaks then induce DNA repair mechanisms such as
non-homologous end-joining (NHEJ) or homology directed
repair (HDR), resulting in targeted mutations or genome
editing.”***

5. MOLECULAR DYNAMICS-BASED STUDY ON THE
CRISPR/Cas9 SYSTEM

Molecular Dynamics (MD) simulation is a popular method for
investigating protein dynamics under physiological conditions
at an atomic scale.'””" The first classical MD simulation on the
CRISPR system was reported by Estarellas et al. in 2015. MD
simulations of the Csy4/RNA complex*” (from Pseudomonas
aeruginosa) solvated in an explicit water box suggested that
Ser148 and His29 are likely to act as base and acid,
respectively, for catalysis. Furthermore, His29 and terminal
phosphate were proposed to be protonated and deprotonated,
respectively, in the posthydrolytic product state. This work also
highlighted the limitations of classical MD 51mu1at10ns, force
field inaccuracies, sampling, convergence issues, etc.” In the
following years, several groups started performing MD
simulation-based studies on the CRISPR/Cas9 system
(Table 1).

MD simulation of large Cas9 in an explicit water box is
computationally expenswe, thus limiting sampling at larger
time scales (~pus).”” Wenjun Zheng, in 2017, adopted a coarse-
grained simulation method using an elastic network model for
accessing larger time scales associated with conformatlonal
changes for the larger-size CRISPR/Cas9 system.’” Transition
from the unbound Cas9 to a binary Cas9:sgRNA complex and
finally to a tertiary Cas9:sgRNA:dsDNA complex was
modeled, and distinct collective domain motions (normal
modes) were predicted to be linked with conformational
changes.”” High flexibility (PI domian) and low flexibility
(catalytic-site) Cas9 regions have been predicted, which
coincide with the functional region (nucleotide-binding sites,
cleavage sites, and key hinges).”” Large-scale conformational
changes from the transition of apo-Cas9 — Cas9:sgRNA —
Cas9:sgRNA:dsDNA were reported, which also aﬁreed w1th
the findings of the all-atom MD simulations. "
flexibility of the PI domain DNA binding residues was also
reported by all-atom MD simulations by Palermo et al.'"® The
high flexibility of the PAM recognizing residues (R1333 and
R1335) aid Cas9 in searching for PAM sequences in the DNA,
while the higher flexibility of the phosphate lock loop
(K1107—S1109) supports DNA unwinding and strand
separation. Findings from the coarse-grained simulations
were shown to be in agreement with the experiments and
thus seem to be a promising method for studying CRISPR/
Cas9 systems on a larger size scale.”

5.1. Insight into the sgRNA Binding to Cas9. Binding
of sgRNA is one of the critical steps in CRISPR/Cas9 activity
because the sgRNA guides the Cas9 nuclease to bind to the
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target DNA.>® Palermo et al. in 2017 performed Gaussian-
accelerated Molecular Dynamics (GaMD) and targeted
Molecular Dynamics (tMD) and demonstrated the Cas9
conformatlonal change in response to sgRNA binding in
atomic detail.”> The study highlighted the key experimentally
unresolved intermediate states that occur during the Cas9
conformational change from the apo-Cas9 to the RNA-bound
Cas9 form."> The REC lobe of Cas9 was identified to adopt a
more open conformation as compared to the more stable NUC
lobe upon RNA binding, where a positively charged cavity was
made by the arginine-rich helix to accommodate the sgRNA."
The rearrangement of the REC-III (rotation of ~60° with
respect to the Cas9 protein and ~90° with respect to itself)
domain was key for opening of the REC lobe along with a
much smaller rotation of the other REC domains. Their
studies revealed that the REC-I region, along with the arginine-
rich helix, moves in opposite directions with respect to the
REC-III region, resulting in the opening of the recognition
lobe (Figure 7a)."> From these observations, they proposed an
“earth and moon” model, where individual REC domains
rotate around the protein axis, similar to how a satellite rotates
around the earth."> Their findings also agree with the
intramolecular Forster resonance energy transfer (FRET)
experiment results by Sternberg et al.”*

5.2. Cas9 Activation by DNA Binding. MD simulations
by Palermo et al. in 2016 unveiled the conformational plasticity
of the HNH domain of Cas9 as well as identified the key
determinants for its 31gn1ﬁcant conformational changes upon
nucleic acid binding.'® They carried out MD simulations for
the apo-Cas9, Cas9:sgRNA complex, Cas9:sgRNA:incomplete
DNA complex, and Cas9:sgRNA:complete DNA complex.'®
Comparing the dynamics of Cas9 at various stages of the
CRISPR pathway, they hypothesized that the high conforma-
tional flexibility of Cas9 would aid the process of DNA binding
and R-loop formation via strand separatlon ¢ Furthermore,
they identified the role of proper positioning of the ntDNA
strand (complete) in activating the HNH domain, wh1ch in
turn activates Cas9 for cleavage of the tDNA strand.'® It has
been proposed that upon binding of the tDNA strand, and in
the absence of the ntDNA strand, the HNH domain remains in
an inactive state, with their catalytic residue (His840, Figure 6)
located away (~25 A) from the DNA cleavage state (sc1ssﬂe
phosphate group of the tDNA strand) (Figure 7b).'® Only
after binding to the complete ntDNA strand are the catalytic
residues in the HNH domam correctly positioned relative to
the tDNA cleavage state.'® Specifically, the H840 residue of
the HNH domain comes much closer (~15 A, Figure 7b) to
the tDNA scissile phosphate group after ~400 ns of GaMD
from its 1n1t1a1 position at ~19.4 A, indicating HNH
activation.'® This activated Cas9 conformation is stabilized
by hydrogen bonding between K913 of Cas9 and ntDNA along
with other 1nteract10ns between the linker regions and ntDNA
(Figure 7b).' Although the distance of ~15 A between H840
and the DNA cleavage site is still beyond the range for
catalysis, this simulation study highlighted HNH’s tendency to
rapidly change its conformation in response to ntDNA
binding.'*”” High-speed atomic force microscopy (HS-AFM)
studies were used to probe real-space and real-time dynamics
of the apo and nucleotide-bound Cas9.”* Highly flexible apo-
Cas9 forms a stable bilobed structure upon RNA binding
(Cas9—RNA complex). The Cas9—RNA complex finally
recognizes the dsDNA target sites with the NGG PAM by
three-dimensional diffusion and unwinds dsDNA to form the

https://doi.org/10.1021/acsomega.2c05583
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R-loop. The conformational fluctuations of the HNH domain
in the R-loop structure (Cas9—RNA-dsDNA complex) were
found to be crucial for adoptingg a catalytically active
conformation for dsDNA cleavage.”” High HNH flexibility
allows it to adopt multiple conformational states during its
activation, which includes the open state suitable for DNA
binding.'® HNH repositioning relative to the scissile phosphate
occurs during R-loop formation, which facilitates ntDNA
binding to the RuvC domain.''*’*** Palermo et al. (year
2017) further demonstrated a large rotation of the HNH
domain by ~180° upon ntDNA binding (Figure 7a), which
seems to be necessary for the correct positioning of H840
relative to the tDNA and facilitating DNA cleavage.'” The
inherent conformational flexibility of the HNH domain'®
allows such major repositioning of the HNH domain. From the
above studies, it is evident that there must be a cross-talk
between the RuvC and HNH domains, which is triggered by
the recognition of ntDNA by the linker region in HNH
domain (particularly the loop L2). Correct positioning of the
ntDNA results in a specific interaction between L2 (K913
residue, Figure 7b) and ntDNA that activates the catalytic
H840 residue, serving as a signal transducer for catalytic
activation.'® The importance of the HNH conformational
changes in controllin7g dsDNA cleavage was also supported by
FRET experiments’ " and HS-AFM-based studies.”” The
conformational control of the HNH domain by Cas9 might act
as a level of regulation to prevent an off-target effect because
the activation of the HNH domain occurs only after successful
R-loop formation (sgRNA:tDNA complementarity with
ntDNA displaced toward the RuvC domain).”* Failure to
form stable R-loop structures due to mismatches between
tDNA and sgRNA will prevent HNH activation via its rotation.
This opens the possibility of mutagenesis-based experiments in
the future for designing Cas9 with higher efficiency.'®
Mutations of residues (particularly in the L2 region) that
increases stringency of the HNH regulation (rotation) would
be promising to reduce off-target effects.

5.3. Role of Recognition (REC) Domains. An intriguing
discovery made by Palermo et al. in 2018 highlighted the
involvement of the recognition (REC) lobe in the sensing,
regulation, and locking of the catalytic region of HNH
domain.”” A micro-to-millisecond long MD simulation
demonstrated that conformational activation of the HNH
domain for DNA cleavage is driven by structural remodeling of
the REC domains.”” Displacement of the REC-III domain
accommodates the DNA:sgRNA hybrid (Figure S), and the
outward movement of the REC-II domain triggers the correct
positioning of the HNH domain relative to the tDNA strand
for catalysis.”” The conformational dynamics of the HNH and
REC-III domains were identified to be strongly coupled and
crucial for catalysis.”” The REC I-III domains have a tight
interplay among them, where Rec-III recognizes the nucleic
acid (sensing), REC-II triggers the HNH conformational
transition (regulation), and REC-I stabilizes the HNH domain
close to the cleavage site via a series of interactions (locking%)
(Figure 7c).”” This study highlighted the significance of REC
domains on Cas9 specificity and encouraged designing REC
mutants of Cas9 with enhanced specificity.””

Chen et al. identified REC domains to allosterically regulate
HNH reorientation and catalytic activation.”® It was proposed
that the REC-III domain first senses the sgRNA:tDNA
heteroduplex, which signals the REC-II domain to reorient,
that further transduces signals for HNH rotation (or
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activation)’® supporting the MD-based observations of
Palermo et al”” The REC-III mutants (N692A/MG694A/
Q695A/H698A or HypaCas9) have been experimentally
shown to slow the HNH rotation and amplify the Cas9
selectivity by trapping the noncognate substrate in the inactive
conformation.”” These mutations were proposed to alter
allosteric signaling that hinders REC-II reorientation and
further obstructs HNH rotation in the presence of base-pair
mismatches.”

A recent study by Liu et al. explored the role of REC
domains in interdomain regulation and conferring PAM
specificity.'® Multiple mutations in the xCas9 P411T variant
were observed to alter the conformation of the REC-I
domains.'”® Those mutations were also reported to broaden
PAM compatibility,"””'*® suggesting that REC-I dynamics is
associated with PAM specificity.'°° MD analysis identified the
REC-I domain as a hub to modulate interdomain motions
essential for Cas9 activation.'’® Charged residues (particularly
Glu) in the REC-I domain were identified to be essential in
regulating interdomain contacts.'”® This makes the REC-I
domain an attractive region for engineering high-fidelity Cas9
variants.

5.4. Understanding the Allosteric Role of PAM
Sequences. Recognition of the PAM motif is the first step
in Cas9:DNA binding. MD simulations showed that PAM acts
as an allosteric effector, which triggers interdependent
conformational dynamics of the HNH and RuvC catalytic
domains crucial for dsDNA cleavage.”” Different conforma-
tions are adopted when Cas9 interacts with PAM-containing
and PAM-less DNA. Principal component analysis showed that
the presence of the PAM sequence stren%thens the correlation
between the HNH and RuvC domains.”> PAM binding was
observed to induce an “open-to-close” conformational
transition in Cas9, which is crucial for nucleotide binding.95
Residues Q771 and E584 were identified to make electrostatic
interactions with K775 and R90S residues, respectively, which
act as essential edges in the allosteric pathway connecting
HNH and RuvC via the L1 and L2 linkers. PAM binding
transduces signals through the L1 and L2 regions. Therefore,
mutations of charged residues in the L1 loops (K772 and
T770) and important nodes in the allosteric network (Q771,
ES84, K775, and R90S) were predicted to alter enzymatic
specificity.”® In similar thoughts, Slaymaker et al. demonstrated
that mutating charged residues could enhance the specificity
(particularly K775A mutation) and reduce the off-target effect
in Cas9 by altering the allosteric signaling.® The PAM-
mediated allostery mediates the essential cross-talk between
the RuvC and HNH domains, as discussed in section 5.2, and
plays a role in HNH activation.'® dsDNA binding causes the
L1 and L2 domains to undergo remarkable folding and
unfolding to mediate reorientation of the HNH do-
main.*””*'% This highlights the significance of the L1 and
L2 linkers as allosteric transducers in HNH activation and
mediating cross-talks between the RuvC and HNH domains.

Kleinstiver et al., in 2015, showed that the D1135E mutation
(Figure 8c) in SpCas9 improved the specificity and reduced
off-target effects.'”® The molecular mechanism behind how the
D113SE mutation increases specificity for PAM recognition
was explored by Kang et al. in 2022 with the help of MD
simulations and free energy calculations.'”* Both the wild-type
(WT) and the D113SE variant were reported to maintain
similar selectivity toward the NGG PAM sequence.'”
However, the D1135E variant was demonstrated to increase

https://doi.org/10.1021/acsomega.2c05583
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discrimination against the NAG PAM sequence when
compared to WT. The discrimination between the NGG and
NAG sequences occurred due to the lower number of
hydrogen bondin§ between PAM nucleotides and R1333/
R1335 residues.'”" It was observed that the D1133E mutation
leads to a further decrease in hydrogen bonding and thus
increases the discrimination between the NGA and NGG PAM
sequence.'** While increased PAM slpeciﬁcity will be helpful in
minimizing the off-target effects,"'® it will certainly limit
genome-editing applicability because not all of the sequences
of interest to be edited are located adjacent to the NGG PAM
sequence. This necessitates the engineering of Cas9 that can
recognize a broader range of PAM sequences without affecting
the Cas9 cleavage specificity. The experimental works of
Kleinstiver et al. also showed that the Cas9 mutation in
Streptococcus pyogenes Cas9 (SpCas9) could expand PAM
sequence recognition, which includes the NGA and NGC
sequences.'*® Cas9 variants (xCas9) were developed that can
recognize a broader range of PAM sequences.'”” The E1219V
mutation in the xCas9 3.7 variant was reported as a key for
weakening PAM specificity, thus broadening the range of PAM
sequence recognized by Cas9.'”® A recent study by Walton et
al. engineered Cas9 variants (SpG and SpRY) that recognize
NGN and NRN sequences, almost eliminating the constraint
of having a fixed PAM sequence adjacent to the DNA of
interest.'”' This creates a scope for developing a wide range of
novel Cas9 variants targeting new PAM sites and with
enhanced specificity.

5.5. Exploration of the Positioning and Role of
Magnesium lons in Cas9 Nuclease Activity. Zuo and
Liu in 2016 performed classical MD simulations of the
spCas9:sgRNA:dsDNA system in the presence and absence of
Mg** ions.'® They demonstrated that the presence of two Mg**
ions in the RuvC domain is energetically and structurally most
favorable at the fourth nucleotide upstream of the PAM
sequence.'® The 1-bp staggered ends rather than the blunt
ends have been hypothesized as the product of Cas9-catalyzed
tDNA cleavage.'® Moreover, D10 was found to be the key to
stabilizing Mg?* in the RuvC domain.'® Experiments showed
that the D10 residue is the key for RuvC catalysis®” and the
D10A mutation would make RuvC catalytically inactive (as
was observed in Cas9 nickase enzyme).'"”

The following year, in 2017, Zuo and Liu extended their
study on how the HNH domain is transformed from a
precatalytic state to a catalytic state in the presence Mg** ion."”
A targeted MD (tMD) simulation revealed the catalytically
active state of Cas9 was validated by unbiased ensemble MD
simulations. The simulations revealed the essential role of
Mg in stabilizing Cas9:sgRNA:dsDNA by (a) establishing
electrostatic contact with the DNA and (b) favoring intra-Cas9
interactions involving the HNH domain and other parts of the
protein.'” The stabilizing effect of Mg** decreased the energy
barrier between the precatalytic and catalytic states, allowing
the HNH domain to have a large conformational shift within
microseconds.'” The role of Mg®* in stabilizing the HNH
domain is also supported by several experimental stud-
ies.”” %7113 Moreover, the importance of a complete
nontarget strand in Cas9 catalysis was also explored. The
presence of a complete nontarget strand triggers the rotation of
the HNH domain by 180° to form a complete dsDNA-bound
precatalytic state.'” A transition state between the incomplete
DNA bound state and complete dsDNA bound precatalytic
state was proposed, which might function as a conformational
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checkpoint regulating DNA cleavage and thus prevent off-
target effects.’

So far, no available PDB structures of Cas9 could resolve the
location of Mg** ions in the catalytic pocket (HNH'~ and
RuvC'® domains) of Cas9. High flexibility limited the
resolution of structures of the active sites."'* Yoon et al. in
2019 adopted the empirical valence-bond (EVB) approach to
investigate the Cas9 catalysis using several structural models of
related T4 endonuclease VII (where the positions of the Mg>*
ions were resolved).''* They predicted K848 and K855 as the
catalytic residues of the HNH domain.''"* Catalytic activation
requires positively charged residues (K848 and K855) to come
closer to the scissile phosphate of tDNA from a relatively large
distance, resulting in a larger conformational change.114 This
conformational change alters the position of Mg®" and reduces
the activation barrier of DNA cleawage.114 The study, however,
used another protein, endonuclease VII, instead of Cas9, and
their predictions were only based on the structural similarity of
endonuclease VII with Cas9.'"*

Palermo in 2019 used “quantum-classical (QM/MM)
Molecular Dynamics (MD) simulations” and “Gaussian
accelerated MD simulations” to explore the two-metal-
dependent catalysis in the RuvC domain.'” An arginine finger
was identified to make stable contacts with scissile phosphate,
which in turn stabilizes the active complex.'” RuvC domain
was predicted to activate the catalysis only after the activation
of the HNH domain, indicating concerted cleavage of
dsDNA."” In the RuvC active site, the scissile phosphate of
DNA is located between two catalytic Mg** ions, which are
positioned by conserved DDE residues.'” A catalytic water
molecule coordinated with one of the Mg** ions was predicted
to be activated by H983 residue (general base), enabling an
Sx2-like nucleophilic attack. The residues coordinating the
Mg2+ ions in the active sites of the HNH (D861, V838, and
D839) and RuvC (E762, D986, D10, 111, and S15) domains
were thought to be crucial for catalysis and might play a role in
the Cas9’s selectivity against off-target DNA sequences.'”

The role of the H983 residue in catalysis was further
explored in detail by Casalino et al. in 2020 using ab initio
Molecular Dynamics.”® Conformational rearrangement of the
Mg2+ bound RuvC catalytic site relocates the H983, which acts
as a general base and takes a proton from the nucleophilic
water, activating Sy2-like nucleophilic attack to the nontarget
strand.”” The activation barrier for catalysis was estimated to
be ~17 kcal mol™". The distance between the two Mg>" ions
was found to be reduced in the transition state (by ~1 A) and
increased in the product state to facilitate the release of cleaved
DNA.”® The dynamics of both of the Mg** ions in the RuvC
domain are highly correlated and crucial for DNA cleavage.”
The importance of the H983 residues highlighted by the
computational study is consistent with the experimentally
observed loss of the enzymatic activity of Cas9 upon H983
mutation.”!

5.6. Deciphering the Off-Target Effect in the CRISPR/
Cas9 System. Despite the tremendous advantages of
CRISPR-based genome-editing technology over traditional
medicines, the safety and efficacy must be extensively
investigated prior to clinical use of CRISPR-based genome-
editing technology.''> One of the most significant limitations
of the CRISPR/Cas9 system is the cleavage of off-target DNA,
reducing its applicability in therapeutic applications. The off-
target effect creates unintended mutations in nontarget genes
resulting in undesired phenotypes.'" It is essential to make
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toward the PAM (NGG) motif.

advances toward eradicating such off-target effects. This
necessitates understanding the detailed molecular mechanism
of the off-target effects followed by the rational designing of
modified Cas9 with enhanced selectivity. Understanding the
influence of nucleotide mismatches in target recognition in
terms of structure, thermodynamics, and kinetics is the key to
the rational design of a new genome-editing tool.
Single-molecule FRET (smFRET) experiments by Singh et
al. in 2016 showed that the association rate (between Cas9-
RNA and DNA) is weakly dependent on RNA:DNA
mismatch.** However, mismatches proximal to the PAM
motif significantly increase the dissociation rate (from <0.006
to >2 s7'), suggesting that early mismatches in the RNA:DNA
heteroduplex trigger rapid rejection of the off-target DNA.**
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Interestingly, mismatches up to 11 base pairs away from the
PAM sequence still allow stable complex formation (with a
very slow dissociation rate <0.006 s™') but hinder DNA
cleavage.”* Zeng et al. in 2018 examined the DNA cleavage
activities (SmFRET experiments) of wild-type and mutant
Cas9 of Streptococcus pyogenes using various target sequences.”®
They identified an intermediate state that is crucial for the
formation of a fully stable R-loop complex. The stability of the
intermediate state was reported to increase with the canonical
base-pairing length and reaches a maximum at the length of 18
base pairs.”” Thus, they reveal a source for off-targeting in Cas9
editing.*®

Ricci et al. in 2019 employed accelerated MD simulations
for understanding the mechanism of off-target DNA binding
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by Cas9.”” They revealed that four base pair mismatches away
from the PAM sequence (position 17—20) trigger the opening
of the DNA:RNA duplex and form new interactions between
Cas9 (L2 loop, residues R904, S908, and D911) and the
unwound DNA (Figure 8a).”” The high flexibility of the linker
regions is crucial for HNH activation.”””* These newly formed
interactions of unwound DNA with the L2 linker alter its
dynamics, preventing HNH conformational changes required
for its activation. Therefore, it locks the HNH domain in its
inactive form, preventing dsDNA cleavage and thus ensuring
the fidelity of DNA cleavage activity (Figure 8a).”” HNH
locking serves as a regulatory mechanism preventing off-target
cleavage. However, some DNA mismatches fail to lock the
HNH domain and become the source of the off-target effect.””
They demonstrated that up to three base-pair mismatches
away from the PAM motif could be tolerated and do not lock
HNH domains, which is thus a source of the off-target effect.””
The results suggest that Cas9 mutants with enhanced
stabilization of locked HNH conformation might have
enhanced DNA selectivity. Mitchell et al. also reported similar
observations about the formation of new interactions between
the DNA and HNH domain upon base pair mismatches at
PAM distant locations.”" In addition to this observation, they
identified that base pair mismatches at positions 14—10 from
PAM are much more tolerated with a minimal impact on
protein—nucleic acid interactions.”' Therefore, these base-pair
mismatches do not lock the HNH domain and retain the
cleavage activity (Figure 8a).”' The HNH locking upon base-
pair mismatches above a certain threshold has also been
observed by smFRET experiments, where the HNH domain in
the presence of base-pair mismatches is proposed to get
trapped in an intermediate (catalytically inactive) state.®” Such
studies provide clear mechanistic evidence on why off-target
effects occur in the CRISPR/Cas9 system and, therefore, could
instigate the development of efficient Cas9 mutants for
genome editing.

5.7. Strategies to Enhance Cas9 Specificity. Slaymaker
et al. designed two modified Cas9 mutant variants (“K810A/
K1003A/R1060” or “eSpCas9(1.0)” and “K848A/K1003A/
R1060” or “eSpCas9(1.1)”) and experimentally confirmed that
the mutants have enhanced specificity and reduced off-target
effects.*® They showed that reduction of the overall positive
charge on the protein (mutants: eSpCas9(1.0) and eSp-
Cas9(1.1)) reduces the positive change density around the
DNA binding groove in the complex and drastically improves
the selectivity.”® The idea was to weaken the nonspecific
interaction (between positively charged side-chains of Cas9
and the phosphate backbone of DNA) by Cas9 charge
neutralization so that the stability of the complex requires
stringent Watson—Crick base pairing between the sgRNA and
the tDNA strand (Figure 8b).%° In a similar thought, four
mutants (N497A, R661A, Q695A, and Q926A) were
experimentally shown to have improved selectivity precisely
by reducing the nonspecific DNA:Cas9 contacts.” The recent
cryo-EM-based study of Bravo et al.”’ reported the stabilization
of DNA containing PAM distal mismatches through loop
reorganization in the RuvC domain. This leads to the
formation of a kinked R-loop complex, which in turn causes
off-target effects.”” They designed a variant “SuperFi-Cas9” by
multiple mutations in this RuvC loop, which reduced off-target
cleavage.””

MD simulations by Zuo and Liu highlighted that the
substitution of positively charged residues Lys775, Lys810,
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Arg832, Lys848, and Lys862 with neutral Ala (Figure 8c)
would disrupt the electrostatic interaction between the Cas9
and the DNA."” The same observation was also confirmed for
the eSpCas9(1.0) and eSpCas9(1.1) variants (Figure 8c).'”
Zheng et al. investigated the wild-type Cas9 from Streptococcus
pyogenes and high-fidelity Cas9 mutants (N497A, R661A,
Q695A, and Q926A, Figure 8c) using MD simulations.”® They
also showed that the mutations disrupt the electrostatic
interactions between the Cas9 and the R-loop, alter the
protein dynamics, and hamper the communication between
the two catalytic domains (RuvC and HNH) of Cas9.”® Ray
and Felice in 2020 explored wild-type and the three mutants
(K855A, H982A, and double mutant K85SSA+H982A, Figure
8c) of Cas9 ternary complexes from Streptococcus pyogenes
using MD simulations.”” Significantly high flexibility of the
unwound ntDNA in the mutants has been observed relative to
the wild-type ternary complex.*> This enhanced flexibility is
attributed to the disruption of electrostatic interactions
between the positively charged residues of the HNH and
RuvC domains and the negatively charged DNA backbone
(Figure 8b).% Disruption of these electrostatic interactions
favors rehybridization of ntDNA with tDNA, leading to R-loop
collapse unless there is a very tight complementarity of tDNA
with sgRNA for its stable association.®® Thus, these mutations
prevent off-target effects.®> Nierzwicki et al. in 2021 performed
a combination of MD and NMR studies to comprehend the
allosteric roles in the high-fidelity mutants (K810A, K848A,
and K855A, Figure 8c) of Cas9.'"” Allosteric signaling in Cas9
is critical to transfer DNA binding signals from the REC lobe
to the NUC lobe for activating the catalytic sites of nuclease
domains.”>"%*"'% A simulation study showed that mutations
that alter the allosteric signaling, particularly the K85SA
mutation, showed a distinctly high impact on disrupting the
allosteric signaling,'”® which is supported by the experimental
study.''® Thus, targeting the allosteric hotspots in Cas9 is
another promising strategy for designing new high-fidelity
Cas9 variants.

5.8. Study of Cas9 from Various Organisms. As yet, the
Cas9 structure of Streptococcus pyogenes (spCas9) has been
extensively studied, with little focus given to the Cas9 structure
in other species. Belato et al. in 2022 solved the crystal
structure of the HNH domain of a thermophilic bacteria G.
stearothermophilus (GeoHNH) at a resolution of 1.9 A."" They
identified the structural homology between Cas9 of two
divergent species: G. stearothermophilus (GeoCas9) and S.
pyogenes (spCas9)."”" GeoCas9 being a thermophilic enzyme
can remain enzymatically active over a wide range of
temperatures (25—7S °C) as opposed to spCas9, which is
active only in the temperature range of 35—45 °C.'"
Therefore, GeoCas9 is a promising alternative genome-editing
tool in a large temperature range. Understanding the Molecular
Dynamics of GeoCas9 is the prerequisite for comprehending its
catalytic mechanism. Although the two Cas9 proteins (spCas9
and GeoCas9) have dissimilar folds, their active site core of
HNH domains is conserved.'’’ However, noteworthy differ-
ences in the dynamics of the structurally conserved HNH
domains (spCas9 and GeoCas9) have been reported.'”!
Thermophilic GeoHNH was identified to be highly dynamic
in the picosecond—nanosecond time scale, contrary to
mesophilic spHNH, which shows its dynamic character in
the microsecond—millisecond time scale.'”" Additionally, the
MD-based study demonstrated poor intradomain signaling in
GeoHNH relative to spHNH.'”' These findings demand
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comparative in-depth structure-based mechanistic studies of
various Cas9 proteins.

The newly identified Cas9 from Staphylococcus aureus
(saCas9) is another Cas protein of interest in modern
research.'*>'"® SaCas9 being smaller has an advantage over
spCas9 in terms of easy delivery into the host cells.'””""®
However, its limitation lies in its requirement for a longer PAM
sequence (S'-NNGRRT-3') and thus can be used to target
only a small number of genes of interest."’”"'® Interestingly,
Kleinstiver et al. derived saCas9 mutants (“E782K, N968K,
R101SH”) named KKH mutants that altered the PAM
specificity from the “NNGRRT” to the “NNNRRT”
sequence. "”'°> Using this information, Luan et al. used
combined experimental and MD simulation-based studies to
explore the PAM recognition of both saCas9 and KKH
mutants.'”’ They performed alchemical free energy simula-
tions and estimated the energetics PAM recognition by wild-
type and the mutants of SaCas9.'" The specificity of the G3
nucleotide of the “NNGRRT” PAM sequence in saCas9 was
ensured by forming hydrogen bonds with R1015.'"° However,
this interaction is absent in the KKH mutant, where H1015
moves further away from the G3 nucleotide, destroying the
specificity of the KKH mutant with the G3 nucleotide.'”
Moreover, the R101SH mutation resulted in a significant
reduction of binding affinity between the Cas9 and PAM
sequence. The other two mutations, E782K and N968K,
compensated for such binding affinity loss in the KKH
variant.'”” Luan et al. also designed two new Cas9 variants:
SaCas9-RL and SaCas9-NR, which can recognize a wider range
PAM sequence.'” Such study indeed encourages research for
the rational design of Cas9 with wider or more stringent PAM
recognition abilities.

6. MOLECULAR DYNAMICS SIMULATIONS ON
OTHER Cas PROTEINS

Although Cas9 and its complexity with the nucleotides is the
prime focus in both experimental and computational research,
some interesting computational studies have also been carried
out for other related CRISPR proteins. Cas1 and Cas2 proteins
have essential roles in the acquisition of protospacer DNA into
the CRISPR array.''” Wan et al. in 2019 used a classical MD
simulation to study the dynamics of free Casl:Cas2 and
protospacer-bound Casl:Cas2 complexes both with and
without a PAM complementary sequence.''” They demon-
strated an increase in the stability of Casl and Cas2 binding
when the protospacer contained a PAM complementary
sequence.119 PAM recognition was reported to increase Casl
cleavage activity.''” The principal component analysis,
structural analysis, and free energy calculation were used to
explore the slow motions of Casl:Cas2 and protospacer
DNA.""” The study also highlighted the conformational
changes of Casl:Cas2 upon capturing the tDNA, providing
insights into the DNA adaptation process.'” Long et al.
discussed how the protospacer acquisition by Casl:Cas2 is
allosterically regulated using atomistic simulations.'”’ They
demonstrated that out of the two active sites present in
Casl:Cas2, only one could bind to the PAM complementary
sequence at a time.'”” The two active sites act in a seesaw
manner, in which one active site first binds and specifically
cleaves at the PAM complementary sequence. Subsequently,
the other active site binds to the other end of DNA and
nonspecifically cleaves them to generate the spacer frag-
ment.'”’ This mechanism highlighted the presence of allosteric
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communication between the two active sites.'”’ Kumar and
Satpati in 2021 used MD simulations and electronic structure
calculations to explore the energetics of divalent-metal-ion
selectivity (Mn**, Mg**, and Ca**) in the Casl protein.'”!
Mn?*" was found to be the energetically most preferred divalent
ion by Casl, while the Mg>" ion is preferred by Casl relative to
Ca®* ions."”" They demonstrated that the solvent accessibility
of the divalent metal-ion binding pocket controls the
selectivity; the dry pocket is strongly selective, whereas the
wet pocket diminishes selectivity.">" Cas12a or Cpfl is another
Cas protein that has attracted the attention of computational
researchers.'”” Cas12a is often used as an advanced alternative
to Cas9 because it requires a simpler guide RNA with no
component of tracrRNA."** This system has also turned out to
be an efficient tool for nucleic acid detection in SARS-CoV-2
virus.'>® Saha et al. in 2020 employed MD simulation and
demonstrated the conformational switch of Cas12a in response
to DNA binding, which is proposed to activate the REC-II and
NUC domains for nucleic acid cleavage.'”® They highlighted
the strong coupling of the REC-II and NUC domains and
suggested REC-II being the regulator of the NUC domains,
similar to the Cas9 system.'” Such studies advance our
understanding of the mechanisms of Cas proteins other than
Cas9.

7. CONCLUSION AND FUTURE PROSPECTS

CRISPR/Cas9 has emerged as the most widely used genome-
editing tool in present laboratories and can effectively edit,
insert, delete, and alter the expressions of any gene of interest.
Despite advancements in experimental and computational
studies, therapeutic use of this technology is still limited
primarily due to the off-target effects. Understanding the
mechanism of CRISPR/Cas9 catalysis in terms of structure,
thermodynamics, and kinetics is the key to the rational design
of a new genome-editing tool with improved potential (speed
and accuracy). MD simulation is an excellent complement to
the experiments and useful for establishing a direct link
between thermodynamics, kinetics, and molecular structures.
This creates an immense scope for a deeper molecular-level
understanding of CRISPR/Cas9 to enable more precise
therapeutic applications of Cas9.

In this Review, we have discussed the role of computer
simulations in complementing experiments and answered some
of the most fundamental questions regarding dynamics and
links to function, specificity, and accuracy in genome editing.
MD studies have boosted knowledge of various molecular
aspects of the CRISPR/Cas9 system, including nucleotide
binding, catalysis, and off-target cleavage. Although MD-based
studies have provided powerful insights, there is much more to
explore, especially understanding the energetics associated with
the editing pathway. Experimental structures (X-ray, cryo-EM)
provide a good structural model for computational analysis. An
estimation of the energetics associated with the off-target effect
(cognate versus near-cognate Cas9:nucleotide complex) is
certainly limited by the size scale and requires a correct atomic
description of the region of interest (including ions, water,
etc.). Thus, reduced spherically truncated models are a
reasonable choice for estimating energetics (employing
classical or QM/MM simulations with all-atom force fields,
FEP/TI methodology), where a key assumption is that the
estimated energetics of the off-target effect will be determined
by the localized interactions. However, a clear understanding
of the large-scale conformational changes along the CRISPR/
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Cas9 editing pathway (from apo Cas9 to sgRNA binding to
sgRNA:DNA binding) demands larger simulation systems.
Thus, coarse-grained (CG) models are a good alternative for
studying large conformational changes. The reliability of the
simulations depends on adequate sampling, convergence,
force-field accuracy, and the quality of the experimentally
characterized structures.

The recent structural studies by Pacesa et al.'**'** have
been an added boon to the experimental and computational
researchers to obtain a deeper understanding of the molecular
mechanism of important events in Cas9 such as off-target
effects and catalytic activation. A series of cryo-EM structures
captured different stages of R-loop formation and highlighted
various checkpoint structures.'”* Remarkably, the Mg*" ions
were resolved in the X-ray structure of the postcatalytic state
(PDB 7Z4]J)."** This gives immense scope for computational
biologists to explore the catalytic mechanism of Cas9 nuclease
domains with a detailed understanding of the dynamics and
energetics of Mg®" ion binding in the catalytic pocket. Another
recent breakthrough in the structural study provided 19 crystal
structures depicting different types of off-target effects in Cas9
genome editing.'”> These structures give significant insights
into the off-target mechanism and provide an excellent
template for future computational analysis."*’

Future structural characterization (X-ray, cryo-EM, etc.) and
conformational dynamics (single-molecule fluorescence reso-
nance energy transfer measurements, nuclear magnetic
Resonance) of various uncharacterized Cas9 mutants at
various stages of editing pathways (apo, nucleotide-bound,
pre- or postcatalytic states, etc.), and comparison with its wild-
type analogue could provide key insights into the mechanism
of the CRISPR/Cas9 functions. The kinetic and thermody-
namic basis of the catalytic activity of Cas9 (wild-type and
Cas9 mutants) can be probed using pre-steady-state kinetic
techniques (e.g., radioisotope- and Forster resonance energy
transfer (FRET), single-molecule FRET (smFRET), etc.) and
thermodynamic measurements (such as isothermal titration
calorimetry). MD simulation-based studies highlighted key
residues essential for Cas9 activity (such as Q771, ES84, K775,
and R90S as allosteric communicator;”” D861, V838, and
D839 as key HNH active site residues;'’ E762, H983, D986,
D10, I11, and S15 as RuvC active site residues;'® R904, S908,
and D911 that lock the HNH domain upon sgRNA:tDNA
base pair mismatches;”* and K855A, H982A, and K855A
+H982A that reduce off-target effects®), which instigate
experimental verifications. Future mutagenesis-based studies of
these residues would provide aid in designing new, improved
high-fidelity Cas9 variants.

Other technical challenges that are essential to be addressed
for safe and effective therapeutic uses of Cas9 are the
development of more efficient delivery vehicles for the delivery
of large Cas9 proteins into the cells.””*'*” Cas9 proteins
derived from S. pyogenes or S. aureus tend to elicit
immunological responses because these organisms are known
to be infectious to humans.'”® One of the solutions to such
issues would be to focus on Cas9 proteins from noninfectious
bacteria rather than the traditionally used systems.'*” Although
remarkable progress has been observed in utilizing Cas9 as a
genome-editing tool, future studies concerning its improve-
ment in safety and efficacy would be paramount for the
development of CRISPR-based therapeutics to cure deadly
genetic diseases.
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