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Abstract

CRISPR-Cas9 is a cutting-edge genome-editing technology, which employs the endonu-
clease Cas9 to cleave DNA sequences of interest. However, the catalytic mechanism of DNA
cleavage and the critical role of the Mg*" ions have remained elusive. Here, quantum—classical
QM(Car-Parrinello)/MM simulations are used to disclose the two-Mg”>" aided mechanism of
phosphodiester bond cleavage in the RuvC domain. We reveal that the catalysis proceeds through
an associative pathway activated by H983 and fundamentally assisted by the joint dynamics of
the two Mg®" ions, which cooperatively act to properly orient the reactants and lead the chemical
step to completion. Cross-validation of this mechanism is achieved by evaluating alternative reac-
tion pathways and in light of experimental data, delivering fundamental insights on how
CRISPR-Cas9 cleaves nucleic acids. This knowledge is critical for improving the Cas9 catalytic
efficiency and its metal-dependent function, helping also the development of novel Cas9-based

genome-editing tools.



Introduction

CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9 is a revolution-
ary genome-editing tool, which is enabling innovative discoveries across the fields of biomedi-
cine, pharmaceutics, biofuel production and agriculture.'” This system uses the RNA-guided en-
donuclease Cas9 to precisely cleave DNA sequences of interest.” However, the catalytic mecha-
nism of DNA cleavage, which is a fundamental step for the editing of the genome, is not com-
pletely understood. In the activated form of the enzymatic complex, two catalytic domains —
RuvC and HNH — perform the cleavage of the DNA strands through a metal (Mg*")-aided func-
tion (Figure 1A).>* The RuvC domain shares the structural fold of the RNA Ribonuclease H
(RNase H) and — as it occurs in this latter — is thought to perform phosphodiester bond cleavages
through a two-metal-ion mechansms.”® However, the mechanistic details of the catalysis remain
elusive. The RuvC active site hosts three carboxylates (D10, D986 and E762), which coordinate
the two catalytic metals (Figure 1B) and constitute the highly conserved DDE (or DEDD) motif
of the two-metal-dependent nucleases.”” The H893 residue projects into the active site, suggest-
ing a possible role in the catalysis.” Previous computational studies employing extensive classical

10712 revealed that solvation waters surround the active site, while one

molecular dynamics (MD),
water molecule stably coordinates the A-site ion (MgA), acting as a possible nucleophile (Figure
1B). In this scenario, critical open questions concerning the mechanism of non-target DNA cleav-
age, such as the origin of the nucleophile initiating the chemical step, and the mechanism type
leading to the actual cleavage remain unmet. The efficiency and specificity of the enzyme dep
nds on these and on other unresolved mechanistic aspects, such as the pivotal role and the dy-

namics of the catalytic metals.'> Their understanding is crucial to improve the enzyme specificit
y g p y p y

and reduce off-target cleavages, a key goal of biomedical applications of CRISPR-Cas9 genome-



editing."'*

Here, we investigate the mechanism of phosphodiester bond cleavage in RuvC
through extensive (i.e. ~480 ps) quantum—classical QM(Car—Parrinello)/MM MD simulations
(ab-initio MD),">'® performed on different starting configurations, to explore alternative path-
ways. The calculations reveal an associative catalysis activated by the H983 side-chain, and fun-
damentally assisted by the joint dynamics of the metal ions. The mechanistic details of this two-

metal aided catalysis described here provide foundational information for improving the

CRISPR-Cas9 catalytic efficiency and its divalent metal-dependent activity.

Results and Discussion

Conformation of the Reactant. QM/MM MD simulations have been carried out by treat-
ing the active site at the DFT-BLYP'"'® level, into an overall MM box of ~340,000 atoms. The
QM part (115 atoms) includes the scissile and adjacent DNA phosphates groups, the metal ions
and the DDE coordinating residues, as well as H983 (protonated in epsilon, as arising from a
number of investigations)™'* and six solvation waters (see the Supporting Information (SI)). No-
tably, ab-intio MD has been performed substituting the crystallized Mn®" ions with the catalyti-
cally active Mg®" ions.® During unconstrained ab-initio MD (two replicas of ~40 ps), the DDE
motif steadily coordinates the Mg>" ions, while the H983 nitrogen detaches from MgA, whose
coordination sphere is saturated by the side-chain oxygen of S13 (Figure 1C and S1). Simultane-
ously, the nucleophilic water molecule coordinating MgA moves in between H983 and the scis-
sile phosphate, positioning itself for the chemical reaction. This configuration is stable during ad-
ditional ~40 ps (Figure S1). The detachment of the H983 ligand from MgA is not surprising, as

11,12

also observed during classical MD studies. Indeed, Mg*" poorly binds to nitrogen, whereas

Mn*" shows high affinity'”'® for nitrogen atoms in crystallization buffers.'’



Figure 1. (a) Overview of the CRISPR-Cas9 complex bound to a guide RNA (magenta)
and to a target DNA (black). Cas9 is in molecular surface, highlighting the HNH (green) and
RuvC (blue) domains. (b) Inset of the RuvC active site, displaying the catalytic metals (A and B,
orange), the surrounding protein residues and water molecules. (¢) Configuration of the active

site, as arising from ab-initio molecular dynamics.

However, the native Mg”" ions are unlikely to preserve the nitrogen ligand, as shown in
several two-metal-dependent enzymes.”® To cross-validate this observation within the RuvC site,
we performed unconstrained ab-initio MD in the presence of the crystallographic Mn*" ions, re-
vealing that MnA preserves the nitrogen ligand over ~40 ps (Figure S2). This indicates that the
coordination of MgA by means of H893 is unlikely in the RuvC site. The water nucleophile lo-
cates in between H983 and the scissile phosphate, positioning for the chemical reaction. Yet,

HO983 interacts with the attacking water, which in turn is positioned in proximity to the scissile



phosphate and coordinates MgA (Figure 2B). The resulting stable configuration of the reactant

lays the foundation for investigating the catalytic mechanism.

Mechanism of phosphodiester bond cleavage. To probe the mechanism of phos-
phodiester bond cleavage, we performed QM/MM MD free energy simulations, employing ther-
modynamic integration and the “blue moon ensemble” method (see the SI).*' The reaction step
has been investigated using as a reaction coordinate (RC) the difference in distance between the
breaking (O3 ’pna—Ppna) and forming (Owar—Ppna) bonds (Figure 2). The appropriateness of this
approach and of the employed RC for phosphodiester bond cleavage has been shown in several
studies of RNA/DNA processing enzymes,”> >* including our recent contributions (discussion in
the SI).>*® As noted earlier, this RC does not specify a priori the group accepting a proton from
the attacking water, allowing an unbiased representation of this key step.”> QM/MM free energy
simulations (~160 ps of aggregate sampling) show that the system evolves from the reactant (R)
to the products (P), separated by a transition state (TS*) maximum (Figure 2A). The reaction is
activated by H893, which acts as a general base, and proceeds through an associative Sx2 mecha-
nism. In detail, at a RC = 0 A, a proton transfer (PT) event is observed, as the water molecule re-
leases the proton to His893, activating the hydroxide ion. Notably, the PT event occurs right be-
fore and is barrier-less with respect to the TS*. Upon activation, OH becomes aligned with the
scissile P03’ bond, resulting in the formation of TS*. At RC = 0.4 A, the reaction evolves
downhill toward P formation. A full description and cross-validation of this mechanism, includ-
ing hysteresis calculation and TS* analysis, is given in the SI. The process of phosphodiester
bond cleavage shows a Helmholtz free energy (AF#) of ~17 kcal/mol, in line with the experi-

1.27

mental catalytic rate corresponding to AG# ~16 kcal/mol.”" This rate constant has been measured

distinguishing the catalysis from nucleic acid binding and providing a measure for the RuvC do-



main, enabling proper comparison with our computations. Biochemical experiments showing the
abolishment of the RuvC activity when H983 is mutated into alanine support the active role of
H983 in the catalysis evinced in our simulations.” The variation of the significant distances along
the reaction step (Figure 2B) provides insights on the role of the Mg ions. At TS, the two Mg*"
ions are brought closer and the pro-Sp (Os,) oxygen approaches MgB. This is consistent with the
two-metal-ion catalysis,”> where the two metals cooperatively coordinate the reactant groups
and stabilize TS*. During multi-ps dynamics from R to TS, MgA stably locates in close contact
to the water’s oxygen. In this way, MgA acts as a Lewis acid, properly orienting and activating
the nucleophile. Subsequently (from TS* to the P), MgA detaches from the OH group, while

MgB stably interacts with O3’, facilitating its exit as leaving group.
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Figure 2. Structural and energetic properties for the two-Mg”" aided catalysis in CRISPR-
Cas9. (a) Free energy profile (AF#, top) and (b) selected bond distances (shown in panel (c)),
computed along phosphodiester bond cleavage. The difference in distance between the breaking
and forming P—O bonds is used as a Reaction Coordinate (RC). The Reactant (R), Proton Trans-
fer (PT), Transition State (TS*) and Product (P) regions are highlighted using colored bars. (c)

Snapshots of the R, PT, TS* and P states.



Alternative Reaction Pathways. To examine the possibility of alternative reaction path-
ways, we performed ab-initio MD on different initial configurations of the RuvC site. In the
Mn**-bound structure of CRISPR-Cas9 (Figure 1B),” H983 does not directly interact with the at-
tacking water, which could be activated by a different mechanism. QM/MM MD free energy
simulations starting from this configuration (details in the SI) reveal a dissociative Sy1 reaction
pathway (Figure 3, Movie S2). In this mechanism, the dissociation of the leaving group (03’) is
reached at the TS*’, while the water nucleophile is converted into OH™ through a proton transfer
(PT’) to the adjacent phosphate only after the formation of the Owar—Ppna bond has started (full
description and cross-validation in the SI). The computed AF# reaches > 18 kcal/mol, which is
unfavorable compared to the associative pathway activated by H983 (Figure 3). Here, MgA does
not act as a Lewis acid, as it loosely binds the attacking water (Figure S3). Rather, it activates the
electrophile (i.e. the scissile phosphate), while MgB stabilizes the oxyanion leaving group. Such

. o Lo . 2+ 28-30
a dissociative mechanism is rare in the two-Mg~ -dependent enzymes

and, considering the
increased AF# compared to the H893-activated catalysis (Figure 2), it appears less likely for the
RuvC catalysis. A third configuration of the RuvC site has also been object of ab-initio MD, rul-

ing out other potential reaction pathway (details in the SI).

Comparison with other two-metal-dependent enzymes. The mechanism of phos-
phodiester bond cleavage has been studied in several two-metal-ion enzymes.'>*****' These stud-
ies conveyed on the associative nature of the chemical reaction, which requires the activation of
the nucleophile, before the leaving group is released. A recent study of the HIV-1 RNase H,*
employing a finite-temperature string method and the B3LYP functional, indicated a reaction
mechanism similar to our H983-activated catalysis (Figure 2) and similar energetics, strongly

supporting our findings.
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Figure 3. Alternative reaction pathway. (a) Free energy profile (AF#) for the phosphate-
mediated Sy1 dissociative mechanism (blue line), highlighting regions corresponding to the reac-
tant (R’), transition state (TS’), proton transfer (PT”) and products (P’). The free energy profile
for the SN2 associative pathway activated by H893 is also shown (red line). (b) Snapshots of the

R’, TS’, PT’ and P’ states, as from the Sy1 pathway.

In that study, the proton abstraction by an active site histidine occurs right before the
phosphorane TS* and is barrier-less, analogously to the Sy2 mechanism described here. Our ab-
initio MD also reveal that a phosphate-mediated activation of the nucleophile leads to a dissocia-
tive Sy1 mechanism, which is however energetically disfavored compared to the associative

pathway activated by H893 (Figure 3). Here, the deprotonation of the attacking nucleophile oc-



curs after the elimination of the leaving group and does not require a specific base activating the
nucleophile. A similar dissociative (and less specific) catalysis has been rarely found in the two-

metal-dependent enzymes, as aided by Zn*",*® or promoted by a non-Mg*“—coordinated water.

29,30
It has been observed in group II intron ribozyme,” where a solvent-mediated mechanism has
been proposed. However, nucleolytic ribozymes commonly react through an associative catalysis,
activated by guanine nucleobases.” >® Considering these studies, and that the H893A substitution
abolishes the RuvC catalysis,” a phosphate-mediated dissociative mechanism is unlikely. Nota-
bly, the RuvC site displays remarkable similarity with the RuvC resolvase (Figure S4),>” which
resolves Holliday junctions during genetic recombination and post-replication repair. This sug-
gests a similar histidine-activated Sy2 mechanism, advocating for a common catalytic strategy for
genome-editing and recombination. Overall, our ab-initio approach characterizes the two-metal
aided phosphodiester bond cleavage in RuvC, in agreement with experimental data. Based on this

approach, we are investigating the HNH catalysis, which uses a single metal differing from

RuvC, to complete our understanding of DNA cleavage by CRISPR-Cas9.
Conclusions

In summary, ab-initio QM(Car-Parrinello)/MM MD reveal that CRISPR-Cas9 cleaves the
DNA non-target strand through an associative mechanism, activated by H983 and fundamentally
assisted by the dynamics of the two catalytic Mg*" ions, which facilitate nucleophile formation,
stabilize the TS* and enable the leaving group exit. The mechanistic details of this two-Mg*" aid-
ed catalysis provide fundamental understanding on how Cas9 cleaves DNA. These valuable in-
sights can be exploited for improving the CRISPR-Cas9 catalytic efficiency and for interfering
with its metal-dependent activity, also helping in the development of novel Cas9-based genome-

editing tools.
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