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The CRISPR-associated protein 9 (Cas9) has been engineered as a precise gene

editing tool to make double-strand breaks. CRISPR-associated protein 9 binds

the folded guide RNA (gRNA) that serves as a binding scaffold to guide it to the

target DNA duplex via a RecA-like strand-displacement mechanism but without

ATP binding or hydrolysis. The target search begins with the protospacer

adjacent motif or PAM-interacting domain, recognizing it at the major

groove of the duplex and melting its downstream duplex where an RNA-

DNA heteroduplex is formed at nanomolar affinity. The rate-limiting step is

the formation of an R-loop structure where the HNH domain inserts between

the target heteroduplex and the displaced non-target DNA strand. Once the

R-loop structure is formed, the non-target strand is rapidly cleaved by RuvC and

ejected from the active site. This event is immediately followed by cleavage of

the target DNA strand by the HNH domain and product release. Within CRISPR-

associated protein 9, theHNHdomain is inserted into the RuvC domain near the

RuvC active site via two linker loops that provide allosteric communication

between the two active sites. Due to the high flexibility of these loops and active

sites, biophysical techniques have been instrumental in characterizing the

dynamics and mechanism of the CRISPR-associated protein 9 nucleases,

aiding structural studies in the visualization of the complete active sites and

relevant linker structures. Here, we review biochemical, structural, and

biophysical studies on the underlying mechanism with emphasis on how
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CRISPR-associated protein 9 selects the target DNA duplex and rejects non-

target sequences.
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Introduction

Bacteria have acquired innate immunity by incorporating

palindromic DNA sequences into their own genome from

invading viruses, phages, or plasmids. The function of the

CRISPR (or Clustered Regularly Interspaced Short

Palindromic Repeat) is to recognize and destroy invading

phages or plasmids during reinfection. Cas9 (CRISPR-

associated protein 9, particularly, from Streptococcus pyrogenes

or SpyCas9) is one of the most extensively studied systems for

which crystal and cryo-EM structures are known in many

functional states (Doudna and Charpentier, 2014; Wang et al.,

2016; Jiang and Doudna, 2017; Nidhi et al., 2021; Cofsky et al.,

2022). Following structure determination, many biochemical and

enzymological studies have been carried out using site-directed

mutagenesis to define the catalytic sites of both the HNH and

RuvC domains for cleavage of target and non-target DNA

strands (tDNA and ntDNA). Other studies focused on kinetic

pathways for recognition and selection of on-target DNA

substrates for double-strand breaks. In this review, we

examine recent literature on the molecular mechanisms of this

enzyme, with emphasis on how the enzyme recognizes target

DNA duplexes, makes double-strand breaks, and releases cleaved

duplexes. Understanding such mechanisms is critical for the

rational design of Cas9 enzymes with enhanced substrate

selectivity in the context of gene editing tools.

Due to the high flexibility of linkers and junctions of the

protein domains, X-ray and Cryo-EM structures have

encountered some difficulties in characterizing the activated

enzyme, with studies reporting the visualization of the active

sites only recently (Zhu et al., 2019; Bravo et al., 2022; Pacesa

et al., 2022). For example, the overall resolution of the crystal

structure reported for the RuvC-catalytically relevant complex

(PDB accession number of 5f9r) is about 3.40 Å, and the global

resolution of the cryo-EM map reported for the HNH-

catalytically relevant complex (PDB accession ID, 6o0y/emd-

0584) is 3.37 Å (Jiang et al., 2016; Zhu et al., 2019). With such

limited resolution, many sidechains remained invisible in both

nuclease catalytic sites and only poly(alanine) models could be

built into the atomic models as in the reported coordinate files,

which include the entire HNH poly(alanine) domain (and

K548 and K510) in the 5f9r structures (Jiang et al., 2016). In

many instances, even poly(alanine) couldn’t be fully built, leaving

many gaps near the RuvC active site. In emd-0584map, the HNH

domain exhibits the lowest local resolution in the entire atomic

model, built as a poly(Ala) model in the PDB reported for 6o0y

(Zhu et al., 2019). In fact, there is no sidechain information

anywhere in the HNH domain of that structure. It also appears

that the HNH domain makes extensive new interactions with the

displaced recognition (Rec) II domain whose local resolution was

so low that this domain remained unbuilt. With the Rec II

domain unbuilt or only partially reconstructed, one could

conclude mistakenly that the HNH active site and the RNA/

DNA duplex bound to Cas9 are partially exposed to solvent,

which is clearly not the case after the Rec II domain is

appropriately placed. Likewise, without sidechains or/and with

unfilled gaps, there is seemingly substantial solvent-accessible

space available in the RuvC active site, which again would be an

erroneous conclusion. Even with such an incomplete atomistic

model, the surface representation of the RuvC-catalytically

relevant complex reported for 6o0y clearly shows that the

RuvC active site and the ntDNA strand are fully buried inside

the enzyme (Figures 1, 2). Likewise, the entire RNA/DNA

heteroduplex is largely encircled by the enzyme (Figures 1, 2).

Experimentally, the resolution of these structures needs to be

improved before we can confidently visualize the catalytic active

sites to gain insights into a complete understanding of the

molecular mechanisms of this enzyme. In the meantime,

molecular dynamics (MD) simulations can provide more

complete structural models with greatly improved resolution

(Nierzwicki and Palermo, 2021; Wang et al., 2022a; Wang

et al., 2022b).

Here, we formulate some mechanistic hypotheses that could

be computationally addressed and directly compared with

currently available experimental data. There are two kinds of

dynamics relevant to functionality, including i) small local

motions of the constituent domains responsible for

rearrangements of catalytic residues required for activation

and ii) large motions of domains necessary for the protein-

nucleic acid complex assembly. Some of these dynamic

properties have been addressed using MD simulations and

NMR spectroscopy as well as single-molecule spectroscopy

(Singh et al., 2016; Palermo et al., 2017a; Palermo et al.,

2017b; Chen et al., 2017; Dagdas et al., 2017; Zuo and Liu,

2017; Singh et al., 2018; Newton et al., 2019; Palermo, 2019; East

et al., 2020a; De Paula et al., 2020; Ray and Di Felice, 2020; Wang

Y. et al., 2021; Nerli et al., 2021; Nierzwicki et al., 2021; Cofsky

et al., 2022; Wang et al., 2022c). We focus on analysis of four

structural models, including the apo structure (4cmp,

determined at 2.62 Å resolution), the RuvC-catalytically

relevant complex (5f9r), the HNH-relevant complex (6o0y),

and a high-resolution catalytically inactive RNA/DNA
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complex (5b2r) at 2.0 Å resolution, which is the most complete

atomic model (Jinek et al., 2014; Hirano et al., 2016; Jiang et al.,

2016; Zhu et al., 2019). Collectively, studies recently reported

have shown that Cas9 is intrinsically flexible with rotations of

many relatively small domains as observed for independent

molecules of the same complex in the crystal lattice. Those

rotations are functionally important, particularly in the

activation of two individual nucleases.

Domain structures of Cas9 and domain
rotations

Cas9 from Streptococcus pyrogenes has 1,368 amino acid

residues comprising the two catalytic domains of RuvC and

HNH, three recognition (Rec) domains of Rec I, Rec II, and

Rec III, a PAM-interacting domain, and a bridge helix

(Figure 1A) (Jinek et al., 2014; Hirano et al., 2016; Jiang et al.,

FIGURE 1
Overall structure of a RuvC-catalytically relevant Cas9 complex. (A) Linear structures with color coded domains. (B) Three different orientations
of the 5f9r complex with successive rotations of about 70° and 180° along the vertical axis. Two strands of the DNA duplex are in rainbow colors, and
gRNA is in grey. Two PAMnucleotides are in large balls-and-sticks. Scissile phosphates for both the tDNA and ntDNA strands are represented by large
spheres. (C) Two views of the RuvC-HNH domains. (D) Superposition of the RuvC-HNH domains between the apo-4cmp and the catalytically
inactive 5b2r structures. (E) Superposition of the catalytically relevant complexes of 5f9r and 6o0y. (F) Two views of the catalytically inactive and
catalytically relevant complexes of 5b2r and 5f9r.
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2016; Zhu et al., 2019). Rec II is inserted inside the Rec I domain

so it can move relative to the Rec I domain, acting as a separate

domain. The HNH domain (residues 775–909) is inserted into

the RuvC domain, near the RuvC active site, through two linker

loops (L1 and L2) that connect the two nuclease domains, which

control the two enzymatic activities (Figure 1A).

In the RuvC-catalytically relevant complex, the nucleic acids

adopt an R-structure with the HNH domain inserted between the

RNA-DNA heteroduplex of the tDNA strand and the displaced

ntDNA strand, which is completely buried inside the RuvC-

HNH cleft (Figure 2). The HNH catalytic site is located 31 Å

away from the scissile phosphate of the tDNA strand in the RuvC

active complex. The interface at the RuvC-HNH cleft differs by a

rotation of 102° relative to the two domains when comparing

structures with and without the ntDNA bound (Figure 3, see

Supplementary Video S1). After this rotation, the cleft between

the RuvC and HNH domains remains closed. Following the

HNH to RuvC rotational axis, the motion can be described as a

twisting motion, like the motion of recombination reactions for

exchanging two DNA strands, which cut two DNA strands,

rotate them, and rejoin them. Well known examples of this

kind of twisting motion include the resolution of Holliday

junctions by RuvC and recombination of γδ resolvase

(Ariyoshi et al., 1994; Li et al., 2005; Gorecka et al., 2013).

The HNH domain rotates differently relative to the RuvC

domain when comparing the RuvC and HNH catalytically

relevant complexes, both of which contain the ntDNA strand.

However, one has an uncleaved ntDNA substrate ready for its

cleavage while the other has a cleaved ntDNA product in the

post-cleavage state. The transition between those two states

involves an opening and closing motion of the RuvC-HNH

domain cleft, with a relative rotation of the HNH domain by

43°. This motion is accompanied by a rotation of the Rec II

domain, as the emd-0548 map (corresponding to the 6o0y

FIGURE 2
Surface representation of RuvC-catalytically relevant complexes in various orientations. Domains are colored as in Figure 1. Missing sidechains
and loops were not rebuilt.
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coordinates) clearly shows that an extensive interface is formed

between the HNH and Rec II domains so that the HNH catalytic

active site is also buried in the HNH catalytically relevant

complex.

MD simulations including enhanced sampling have been

applied to characterize large conformational changes in the HNH

domain of Cas9 (Palermo et al., 2017a). It has been shown that

conversion to the pre-catalytic HNH state (H840 locates ~15 Å

from target scissile phosphate) (5f9R) from the inactive state

(~30 Å) (4un3) involves an ~ 180° rotation around itself while

employing critical H-bond interactions between the L2 loop

(906–918) and the guide RNA:tDNA or gRNA:tDNA hybrid

(Anders et al., 2014; Jiang et al., 2016; Palermo et al., 2017a). Such

a large conformational change may not happen in a single step

after the completion of tDNA:ntDNA unwinding. It is likely a

stepwise progression during double strand separation. After

formation of the pre-catalytic state, HNH can easily adopt the

catalytically competent state (H840 docked at ~ 4–6 Å from

target site) by employing a high degree of dynamics of HNH and

L2–ntDNA interactions. Docking of HNH at the target site is also

associated with a large scale opening of the Rec II—Rec III

(residues 497–713) clefts. Specifically, highly correlated dynamics

of HNH and Rec III are observed inMD simulations, suggesting a

central role of the Rec domain in gRNA:tDNA “sensing” and

subsequently modulating the HNH positioning relative to the

target site (Palermo et al., 2018). The Rec domains also undergo

large scale conformational changes with respect to the nuclease

domains while moving from apo (4cmp) to the gRNA bound

states (4zt0) (Jinek et al., 2014; Jiang et al., 2015). In fact, MD

simulations reported that solvent exposure of the arginine-rich

bridge helix is crucial for RNA recruitment and further

accommodation by formation of a positively charged RNA-

binding cavity (Palermo et al., 2017a).

RuvC catalytic site

The RuvC catalytic residues, including D10, E762, E986, and

H983, were initially inferred from closely related structures and

subsequently confirmed by site-directed mutagenesis (Figure 4)

(Tang et al., 2021). Those residues are thought to bind two Mg2+

ions with binding affinity of 1.6 mM and 5.9 mM, respectively,

although these specific binding sites have yet to be structurally

characterized. Structural biologists often use Mn2+ in

crystallographic electron density maps or cryo-EM derived

electrostatic potential maps for metal ion identification

FIGURE 3
Two views of HNH domain rotations. (A) Between the RuvC and HNH catalytically relevant complexes of 5f9r and 6o0y. (B) Between the RuvC
catalytically relevant and its inactive complexes of 5f9r and 5b2r. See supporting information for animation videos of the domain rotations
(Supplementary Video S1).
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(Leonarski et al., 2017; Wang J. et al., 2021). Nonetheless, based

on the proximity between catalytically essential residues and the

putative scissile phosphate of the ntDNA strand, it can be

ascertained that the 5f9r structure represents a RuvC-

catalytically relevant complex. The two metal ions can be

approximately placed between these residues and between the

FIGURE 4
Structures of the RuvC domain in the RuvC catalytically relevant (5f9r) and catalytically inactive (5b2r) complexes. (A) Crystallographic electron
density maps for a portion of the 5f9r RuvC structure contoured at 1.5σ. (B) Crystallographic electron density maps for a portion of the 5b2r RuvC
structure. (C) Two views of the superposition of part of the two structures. (D,E) A complete view of the entire RuvC domain and zoom-in view of the
RuvC catalytic site, with two metal ions computationally modeled. The ntDNA scissile phosphate is shown in magenta and red. (F)
Superimposition of the complete RuvC domains of the two structures with the catalytic residues indicated. (G,H) local topological drawings of the
RuvC domain in the two structures.
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enzyme and the scissile phosphate of the ntDNA strand, even

though the resolution of the structure is not sufficiently high as

necessary for their direct identification. Given the approximate

31 Å distance of the catalytic residues of the HNH domain to the

putative scissile phosphate of the tDNA strand in this complex,

HNH is clearly not positioned for the ntDNA cleavage.

The connecting linker loops between the RuvC and HNH

domains have been well defined in electron density maps of the

5f9r complex. L1 comprises a short three-residue, extended

structure (E766-Q768) plus a short α-helix (T769-R778)

before entering the HNH domain while L2 includes an

extended loop (S909-I917) and a long α-helix (I917-N940)

connecting the RuvC domain. These two linker loops change

local structures and swap positions in the HNH-relevant complex

between the 5f9r and 6o0y complexes, related by a twisting

domain motion (Figure 4). L1 becomes an extended strand

structure (after β 6) and L2 breaks into two helices (α3’+α3)
in the 6o0y complex. From the local topology of the RuvC

domain we observe that the two linker regions are placed

after the β6 strand and within α3 helix (Figures 4G, H).

Therefore, rotation of the HNH domain relative to the RuvC

domain involves extensive local remodeling of linker regions and

their interacting partners (Bravo et al., 2022).

HNH catalytic site

The catalytically essential residues for the HNH domain have

been identified to be D839, H840, and N863 (Figure 5) (Gasiunas

et al., 2012; Zuo et al., 2019; Tang et al., 2021). The catalytic

mechanism for the tDNA cleavage by HNH was proposed to

involve a single metal ion, rather than two metal ions (Raper

et al., 2018). The binding affinity of this metal ion is also relatively

weaker than 6 mM (Kd) (Raper et al., 2018). However, there is no

biochemical evidence directly supporting binding of the second

divalent metal during the catalytic process. Assuming that a

single ion is involved, it would likely bind between the reoriented

N863 sidechain and D839. Before the HNH domain becomes

catalytically active, the N863-containing loop residues adopt a

very different conformation from the active form. In the inactive

conformation, the sidechain of N863 points away from the metal

ion binding site, and the N863 backbone is displaced 3.4 Å away

FIGURE 5
HNH catalytic site. (A) A close-up view of the HNH active site in the catalytically relevant complex of 6o0y with one Mg2+ ion computationally
modeled. (B) A zoomed-out overall view of the entire HNH domain of 6o0y. (C) An overall view of the inactive 5f9r HNH domain. Note that
N863 points away from H840. (D) Superposition of the 6o0y and 5f9r HNH domains. (E) Two views of superpositions of the RuvC domain to see
relative rotations of the HNH domain between the 5f9r and 6o0y complexes. Rotation axis is indicated by the arrow. (F) Two views of
superpositions of the RuvC between the 5f9r and 5b2r complexes.
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from H840 i.e., 9.0 Å in the HNH active conformation to 12.4 Å

in the HNH inactive conformation. Aside from the conformation

of the N863-containing loop, the overall backbone structure is

similar in the two conformations.

Recent MD simulations of an isolated HNH domain in the

wild-type enzyme and three single Lys-to-Ala mutated enzymes

show that the HNH domains remain in an inactive conformation

in the absence of DNA substrate in an isolated HNH domain as

determined by the N863 location and its backbone conformation

(Wang et al., 2022c). There is no direct evidence of spontaneous

conversion to the active conformation in the absence of substrate

outside the intact Cas9 enzyme in MD simulations. That study

also showed that because of a possible higher frequency of

spontaneous conversion from inactive conformations to a

state that is very close to the activated state, the wild-type

enzyme is more dynamic than the three single mutants, which

is consistent with the observation that the wild-type enzyme is

more promiscuous for substrate selection than the three alanine

mutants (Wang et al., 2022c). This was further supported by

NMR studies of the isolated HNH domain, where the Y836-

containing loop (which mediates interactions with the Rec II

domain and the tDNA strand, both playing essential roles during

activation of the HNH domain) exhibits increased flexibility in

the wild-type enzyme relative to three alanine mutations (Wang

et al., 2022c). It is noted that Y836 is only two residues away from

the two catalytic residues of D839 and H840, and its interacting

partner D861 of the Y836-D831 pair in a second conformation

identified is only one residue away from the third catalytic

residue H863 (Wang et al., 2022c). Moreover, the Y836-

containing loop mediates interactions with Rec II domain and

interacts with the tDNA strand that is only about two nucleotides

3′ away from the scissile phosphate. All these observations

highlight the importance of Y836 in regulation of the HNH

nuclease activity. Analysis of large-scale relative rotations

between the HNH and RuvC domains (Supplementary Video

S2) infers new potential functions of these surface Lys residues

through regulation of the domain motions and stability of the

HNH domain. We note that K548 is part of the RuvC active site.

By using a single divalent metal ion for catalysis, instead of the

classic two divalent metal ions, alignment of function groups

(particularly, the general base and general acid for catalysis)

would be more important and can be highly regulated.

Dual activation roles of the HNH domain

The entire backbone of the HNH-RuvC region was

reasonably well defined in the crystallographic electron density

maps, although the loop containing K848 was built as a

poly(alanine) model and so were many other regions of the

HNH domain in the 5f9r structure (Figure 6) (Jiang et al., 2016).

This loop makes extensive interactions with L2 before

L2 connects to α3 helix of RuvC. The K848-containing linker

loop also wraps around the ntDNA strand at the scissile

phosphate (Figure 6C). The K848 Cα coordinate is

approximately located at equal distance of 9.4 Å to both the

tDNA and ntDNA strands (at phosphate group and nucleobase).

Therefore, the K848-containing loop is part of the RuvC active

site. After cleavage of the ntDNA strand, the K848-containing

loop no longer maintains strong interactions with L2 and the

cleaved ntDNA strand, so the entire HNH domain rotates away

from the RuvC active site by 43° to be closer to the tDNA strand

as observed in the 6o0y complex structure (Zhu et al., 2019).

In the 5f9r complex, the Y836-containing loop makes

extensive interactions with the Rec II domain, as expected in

the 6o0y structure upon examination of its emd-0854 map, even

though the Rec II domain wasn’t built in the atomic model and

thereby not included in the coordinate file (Figure 7) (Jiang et al.,

2016; Zhu et al., 2019). The tDNA strand in the 6o0y structure

binds to the interface of the HNH and Rec II domains (Zhu et al.,

2019). Three distinct conformations of the Y836-containing loop

observed in the MD simulations of an isolated wild-type HNH

domain are located near the HNH-Rec II domain interface in the

5f9r complex (likely in the 6o9y complex) and near the tDNA

strand that directly connects to the HNH catalytic site via the

tDNA-induced activation of the HNH activation (Figure 8).

Given the fact that three Lys residues (K810, K848, and K855)

are inserted into the minor groove of the RNA/DNA

heteroduplex, they provide stabilization for the complex

formation. By mutating them to Ala, the mutant HNH

enzymes become destabilized for the unregulated complex

formation and prevent the DNA substrate-independent

activation of the wild-type enzyme.

Catalytic mechanisms of DNA cleavage

The RuvC and HNH domains of Cas9 cleave the ntDNA

strand (utilizing two Mg2+ ions) and tDNA strand (involving a

single Mg2+ ion), respectively. Crystallographic studies reported

the most relevant catalytic state of Cas9 with Mn2+ as an

alternative to Mg2+ in the RuvC domain (Palermo et al.,

2017a). The Mn2+ ions were well coordinated in the catalytic

core by highly conserved residues, including D10, D986,

E762 and H983. Ab initio MD simulations that replaced Mn2+

by Mg2+ have shown that a conformational rearrangement of

H983 could make that residue function as a general base

(Palermo, 2019). Recent studies led to a proposal of a catalytic

mechanism based on high-level quantum mechanical methods

and first-principles MD simulation (Brunk et al., 2011). A mixed

quantum mechanics/molecular mechanics (QM/MM) approach

was combined with free energy-calculation methods, revealing

that a water molecule bridges between H981 and the scissile

phosphate. In that mechanism, H981 acts as the activator and

accepts a proton from the nucleophilic water followed by the

simultaneous breakage of O3′-Pscissle bond and formation of
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Pscissle-OHwater bond according to an associative SN2 mechanism

(Casalino et al., 2020). The role of H983 as a nucleophilic

activator is in accordance with mutation data revealing a

hampered cleavage of the ntDNA strand when H983 is

mutated to alanine. Further in-depth discussion can be found

elsewhere (Nierzwicki et al., 2021; Patel and Palermo, 2022;

SahaAshan et al., 2022).

The tdDNA cleavage by RuvC involves an intricate

conformational rearrangement of the HNH domain but

hasn’t yet been fully resolved mechanistically due to the

lack of sufficiently high-resolution structural data. The

studies of the catalytic mechanism in HNH have been

based on the comparison to its closest analogue, the

T4 endonuclease VII. The analysis suggested the role of

D861, D839 and N863 in coordinating Mg2+ for catalysis,

whose coordination sphere is saturated by nucleophilic water

(Sternberg et al., 2015; Palermo et al., 2017a; Zuo and Liu,

2017). This suggestion was supported by several X-ray

structures that captured different catalytic states of HNH

with D861 pointing towards D839 (Anders et al., 2014;

Jinek et al., 2014; Nishimasu et al., 2014; Huai et al., 2017).

With D861, the active site could potentially bind two metal

ions instead of one, for which functional role remains unclear.

Recent reports of catalytically active HNH structures exhibited

a different configuration of the active site where N863 (rather

than D861) coordinates Mg2+ and forms a catalytic triad with

D839 and H840 (Zhu et al., 2019; Bravo et al., 2022). An

alternative catalytic mechanism was also proposed where

N863 does not engage in the metal coordination and the

catalytic water comes from the second shell of metal ion

coordination (Zhao et al., 2020). Ab initio QM/MM studies

of the tDNA cleavage revealed the activation of nucleophilic

FIGURE 6
The HNH domain serves as a part of the RuvC active site in the 5f9r structure. (A) The HNH domain is inserted between the β6 stand and α3 helix
near the RuvC active site (green side chains plus twomodeled Mg ions in gold). The location of K548 (which was built as an alanine residue as well as
many other residues also as alanine residues including K510 and some HNH catalytic residues). (B) Two orthogonal views of σA-weighted Fo–Fc ED
maps retrieved from the PDB contoured at + 1.5σ. (C) Three views of themapswithmodeled nucleic acids (which hadmuch stronger ED values).
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water by H840, followed by catalysis through a concerted

associative mechanism similar to RuvC (Nierzwicki et al.,

2022). Interestingly, the water molecule coordinating the

Mg2+ ion was seen to shuttle a proton from K866 to the

DNA O3’ to form the final product, suggesting a possible

catalytic role of K866. Despite having little effect on the pKa of

the catalytic H840 when measured by NMR, mutation of

K866 to alanine (K866A) showed a remarkable reduction in

enzymatic activity (Nierzwicki et al., 2022). Thus, the

quantum mechanics level studies, combined with NMR and

biochemical studies, have assisted in the identification of the

critical second-shell residues in metal-dependent enzymes.

Domain motions in Cas9 in comparison
with DNA polymerases

The CRISPR systems of bacteria must be able to discriminate

between the target foreign DNA duplexes from closely related

DNA duplexes as well as its own genome encoded DNA duplex.

How they achieve a high degree of discrimination remains only

partially understood with multiple possibilities identified. One

such mechanism is the CRISPR GUARD mechanism, which

stands for Guide RNA Assisted Reduction of Damage and uses a

special gRNA to protect off-target DNA duplexes (Coelho et al.,

2020). A critical feature in discrimination mechanism is to

FIGURE 7
Locations of three MD-derived HNH conformations at the HNH-Rec II interface. (A)HNH (cyan)-Rec (brown) interface from the 5b9r complex.
(B) Crystallographic electron density map (contoured at 1.5σ) for the 5f9r complex in two orthogonal views. (C) Alignment of the MD-derived three
HNH conformations (gold, blue, and silver) with the 5f9r HNH (cyan) structure. The tDNA scissile phosphate is shown inmagenta, Mg2+ ion in gold, as
well as three catalytic residues (D839/H840 and N863) in an inactive conformation.
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regulate the activation steps of both RuvC and HNH activities,

which remain inactive for off-target DNA duplexes but become

active only for on-target DNA duplexes.

This on-off regulation of Cas9 for on-target cognate and off-

target non-cognate substrates is reminiscent to a high degree of

base selectivity exhibited by replicative DNA polymerases, which

catalyze efficient nucleotide incorporation only for the cognate

substrates of Watson-Crick base paired dNTP but reject

noncognate non-Watson-Crick base paired dNTPs (Kunkel

and Bebenek, 2000; Xia and Konigsberg, 2014). In both

Cas9 and DNA polymerases, large conformational changes are

involved in the activation step only for cognate substrates (but

not for non-cognate substrates), all of which are commonly

known as induced-fit. This is also described as general

allostery in regulation, which extends beyond the original

term describing the changing affinity of oxygen binding

through subunit communications in human tetrameric

hemoglobin. Experimentally, it is relatively easy to visualize

the relative stable enzyme-substrate or enzyme-product

complex during the action of catalysis but is nearly impossible

to do so for any enzyme/non-cognate substrate complex during

the action of being rejected. In this sense, computational

biophysics in conjunction with biochemical and biophysical

experiments could provide valuable mechanistic insights into

substrate specificity and allostery at the detailed molecular level

as discussed here (Wodak et al., 2019; East et al., 2020b;

Nierzwicki et al., 2021; Belato et al., 2022; Nierzwicki et al., 2022).

Without large conformational changes, the enzyme simply

lowers the free energy barrier of the transition state of the

catalyzed elemental reaction without altering its equilibrium

(Kraut, 1988), and thus can’t provide a high degree of

discrimination between cognate and non-cognate substrates

due to only small geometrical and chemical differences

between them. The forward and reverse rates of large

conformational changes that are connected to the transition

state are modulated very differently by cognate and non-

cognate substrates. It is the large conformational changes (aka,

conformational checkpoints) that can block non-cognate

substrates from going forward to the transition state while

directing them onto alternative pathways that are eventually

led to their release. In the reaction catalyzed by DNA

polymerases, the product pyrophosphate is continuously

removed from the active site and hydrolyzed so that the

reverse pyrophosphorylysis reaction never plays a significant

role. After mis-insertion of non-Watson-Crick base paired

nucleotides, some polymerases retain the product

pyrophosphate in the active site longer for the likelihood of

pyrophosphorylysis (Xia et al., 2013; Xia and Konigsberg, 2014;

FIGURE 8
(A) Two front and back views of the HNH domain from the HNH-activated Cas9 complex of 6o0y. (B) Close-up view of the HNH binding at the
minor groove of the RNA/DNA duplex. (C) Three views of the complex superposed with emd-0584 contoured at 6σ (cyan isosurface and salmon
isomesh) and 12σ (salmon isosurface).
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Wang and Konigsberg, 2022). In this aspect, Cas9 also has some

unique properties because Cas9 is a single turnover enzyme that

differs from processive DNA polymerases and kinetic studies

have shown that R-loop formation (i.e., the association of DNA

to the RNA-bound Cas9 complex) is rate-limiting for DNA

cleavage (Gong et al., 2018; Raper et al., 2018).

The interactions between Cas9 and the RNA/DNA

heteroduplex and between Cas9 and gRNA duplex are mainly

electrostatic. The binding affinity of the dsDNA duplex with the

DNA-RNA base pairing is about 3 nM (Raper et al., 2018). The

rate limiting step is the formation of a R-loop structure in which

the HNH domain is inserted between the displaced ntDNA and

the newly formed tDNA-RNA heteroduplex (Gong et al., 2018;

Raper et al., 2018). This process involves a swiveling motion of

the HNH domain relative to the RuvC domain by 102° as

characterized in this review. This motion moves the ntDNA

strand next to the tDNA/RNA heteroduplex outside the HNH

domain to the opposite side of the HNH domain to bury the

tDNA strand inside the HNH active site and thus alters the

topology of the R-loop structure similarly to many other

topology-modifying enzymes such as topoisomerases, γδ
resolvase, and RuvC (Ariyoshi et al., 1994; Li et al., 2005;

Gorecka et al., 2013). This ensures that Cas9 wouldn’t pick up

any other preformed, unrelated R-loop structure such as RNA

polymerase transcription intermediates.

The Rec domains of Cas9 form large nucleic acid-binding

sites (Eggleston and Kowalczykowski, 1991; Kowalczykowski,

1991). A major difference between Cas9 and RecA is the

mechanism of strand displacement during the formation of

R-loop structure, which is exclusively driven by extensive

interactions in Cas9 between gRNA and the enzyme,

particularly after the PAM-interacting domain of

Cas9 recognizes the PAM sequence. It doesn’t require the free

energy from ATP binding or hydrolysis as in RecA (Eggleston

and Kowalczykowski, 1991; Kowalczykowski, 1991). The higher

thermodynamic stability of cognate RNA:DNA hetero-duplex

substrates, compared to a canonical B-DNA, likely favors R-loop

formation. Stepwise interrogating DNA sequence ensures the

fidelity of the RuvC cleavage during R-loop formation (Cofsky

et al., 2022).

FIGURE 9
Potential roles of three MD-derived HNH conformations during activation of the HNH active site. (A) Alignment of the three MD-derived
conformations of the HNH domain (gold, blue, and silver for conformations 1, 2, and 3, respectively) superimposed onto the 6o0y experimental
structure (cyan). Locations of three Lys-to-Ala mutations are shown in large spheres at Cα: K810, red, K848, green, and K855, blue. Metal ion is in
medium-size gold sphere. Y836, D861, N863, and H840 residues are shown. (B) Two views of the superposition in the presence of the RNA/
DNA duplex. (C) Stereodiagram of a close-up view for showing the relationship of the Y836/D861/N863 three residues (B). (D) A conversion of
coiled-coil to α-helix results in a large displacement of N863 (5.4 Å at Cα and 9.5 Å at Oε1). See Supplementary Video S2 for locations of three
mutants relative to domain rotations.
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Domain rotation mechanisms as the
means for allosteric regulation

The videos provided in supporting information can assist our

understanding of different functional states since they describe

structural differences among different complexes. The videos

haven’t included remodeling of linker regions between the RuvC

and HNH domains (i.e., those regions were deleted for

visualization of conformational differences).

All-atomMD simulations, in combinationwith networkmodels

derived from graph theory, have shown that the binding of PAM

induces a population shift and highly coupled motions of HNH and

RuvC, showing a typical allosteric response that is in line with

previous biochemical studies (Palermo et al., 2017b). PAM binding

has an important role in the formation of an optimal allosteric

network, when compared to the system without PAM. These data

suggest that PAMacts as an “allosteric effector” in Cas9 systems. The

analysis of the allosteric pathways revealed that the communication

between the HNH and RuvC domains flows through the L1/

L2 loops, reported as “signal transducers” (Jiang et al., 2016).

Experimental modifications in the L1/L2 loops led to the

development of a Cas9 variant with improved specificity (LZ3-

Cas9) (Schmid-Burgk et al., 2020). Furthermore, other mutations in

the central nodes of the communication, also reported increased

specificity, i.e., the K775A and R905A mutations in the eCas9 and

HypaCas9 variants, respectively (Slaymaker et al., 2016; Chen et al.,

2017).

NMR relaxation dispersion experiments andMD simulations

have shown that the core residues of HNH form an allosteric

pathway connecting the Rec domains to the HNH and RuvC

catalytic sites, where slow (millisecond) dynamics are critical for

the signal transmission that mediates the communication of

DNA binding information from the Rec domain to the

nuclease sites (East et al., 2020a). Surprisingly, in a

thermophilic variant (GeoCas9), this interdomain signaling

was replaced by faster (nanosecond) dynamics when

compared to SpCas9 (Belato et al., 2022). The three individual

mutations of K810A, K848A, and K855A were also investigated

in the HNH allosterism (Slaymaker et al., 2016). These mutations

were revealed to interrupt the main allosteric pathway

connecting Rec to RuvC (Nierzwicki et al., 2021).

Interestingly, for the three single mutants, the mutation that

strongly perturbed the signal transfer also achieved the highest

specificity, indicating a direct link between changes in the

allosteric network and the increase in the Cas9 specificity

(Nierzwicki et al., 2021). These all-atom MD simulations

show that the allosteric regulation in CRISPR-Cas9 can be

used to improve the system specificity. As noted above, early

computational studies, using biasing methods and accelerated

MD simulations (Palermo et al., 2017a; Palermo et al., 2018),

traced the swiveling motion of 102° of the HNH domain relative

to the RuvC domain within the Cas9 complex, and reported the

energetic barriers during this transition as follows. Analysis of the

intermediate steps involved calculation of the individual atomic

B-factors from MD-derived electron density (ED) maps (or

electrostatic potential maps, MD-ESP maps). Atomic B-factors

are linearly related to squares of fluctuations (B = 8π2|Δr|2, where
|Δr| is root-mean-squares fluctuation). As a result of this analysis,

the structure with the lowest free energy has the smallest mean

atomic B-factors with the deepest free energy well. Unstable

structures may never reach an equilibrium state and the

corresponding MD-derived ED maps are often

uninterpretable. The same computational approaches could be

applicable to other domain-rotations problems such as DNA

duplex strand exchange reactions within dimer of dimers in γδ
resolvase and RuvC in resolution of Holliday junction (Ariyoshi

et al., 1994; Li et al., 2005; Gorecka et al., 2013). Domain rotation

and allosteric regulation are also critical for the regulation of off-

target substrates. Indeed, the rotation of the HNH domain

toward activation can be modulated allosterically (Dagdas

et al., 2017). Enhanced simulation methods have shown that

the rotational activation of HNH is tightly dependent on the

presence of DNA base pair mismatches within the RNA:DNA

hybrid. Depending on their position and nature, DNA

mismatches can induce an opening of the RNA:DNA hybrid,

and lock the catalytic HNH domain in an inactive state (Ricci

et al., 2019; Mitchell et al., 2020). These findings were

corroborated by X-ray structures of Cas9 bound to off-target

substrates, providing a structural rationale for the off-target

activity of Cas9 and contributing to the design of guide RNAs

and off-target prediction algorithms (Pacesa et al., 2021).

Divide-and-conquer methods, as have been demonstrated

experimentally (East et al., 2020b; De Paula et al., 2020; Nerli

et al., 2021; Nierzwicki et al., 2021; Nierzwicki et al., 2022), could

be applied to break the extended system into small working parts

to study the conversion of the HNH from the inactive to the

active conformation. Given the known locations of K810, K848,

and K855 at the minor groove of the RNA/DNA heteroduplex in

the activated HNH complex, MD simulations could provide

atomic resolution structures showing how these sidechains

recognize the heteroduplex for HNH activation. We also

envision using the minimized version of the HNH complex as

outlined in Figure 9 to study the individual steps of the activation

of HNH and cleavage processes.

Concluding remarks

Cas9 is a highly dynamical biomolecule and exists in many

different functional states in order to perform biological

functions optimally and efficiently. To fully understand the

specific function of each state, one must apply integrative

approaches combining computational and experimental

methods. Under a single experimental condition, three

different functional states of Cas9 have already been detected

to coexist simultaneously (PDB IDs of 6o0x, 6o0y, and 6o0z)
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(Zhu et al., 2019), as is similarly observed for ribosomes that also

exhibit multiple functional states (both active and inactive)

(Dashti et al., 2014; Jahagirdar et al., 2020; Poitevin et al.,

2020). Overall, molecular simulations identified two distinct,

nearly orthogonal motions of HNH relative to RuvC that are

essential for substrate selection and cleavages. A back-and-forth

twisting motion of the HNH domain about 102° moves non-

target DNA strand from outside of Cas9 into the RuvC active site

buried inside Cas9 during R-loop formation for cleavage of the

non-target DNA strand and subsequent release of the cleaved

ntDNA product. A swinging motion of the HNH domain about

43° aligns the HNH active site to the target DNA strand for

cleavage of the target DNA strand and release of the cleaved

tDNA product.

Experimentally determined structures of macromolecules

often correspond to equilibrium states under well-defined

experimental conditions, which can be simulated by

equilibrium structures obtained by MD simulations (Wang

et al., 2022a; Wang et al., 2022b; Wang et al., 2022c).

Moreover, MD simulations can extend the resolution of

existing cryo-EM maps when particles are divided into

different functional state (Nierzwicki and Palermo, 2021). In

fact, MD simulations can even provide details of the dynamics of

interconversion between different functional states. The resulting

movies can provide guidelines for designing experiments (and/

or certain mutant enzymes) to enrich specific intermediates

that could be more readily detected experimentally. The

combination of computational and experimental approaches is

therefore expected to be essential to design Cas9 with novel

functionalities.
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