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Abstract

The target DNA (tDNA) cleavage catalyzed by the CRISPR Cas9 enzyme is a critical step in the Cas9-based genome
editing technologies. Previously, the tDNA cleavage from an active SpyCas9 enzyme conformation was modeled by
Palermo and coworkers [Nierzwicki et al., Nat. Catal. 5, 912 (2022)] using ab initio quantum mechanical molecular
mechanical (ai-QM/MM) free energy simulations, where the free energy barrier was found to be more favorable than
that from a pseudoactive enzyme conformation. In this work, we performed ai-QM/MM simulations based on another
catalytically active conformation (PDB 7Z4J) of the Cas9 HNH domain from cryo-electron microscopy experiments.For
the wildtype enzyme, we acquired a free energy profile for the tDNA cleavage that is largely consistent with the previous
report. Furthermore, we explored the role of the active-site K866 residue on the catalytic efficiency by modeling the
K866A mutant, and found that the K866A mutation increased the reaction free energy barrier, which is consistent with
the experimentally observed reduction in the enzyme activity.

Introduction

CRISPR-Cas9 technology has been an indispensable tool in
biotechnology1,2 and agricultural3,4 research, owing to its
versatility and precision in editing DNA sequences. Following
the recent FDA approval, two gene therapies have become
available for the treatment of the sickle cell disease.5,6

Meanwhile, dozens of other gene therapies are currently
under various stages of clinical trials.7

The capability of Cas9 to precisely edit DNAs stems from
its gene targeting mechanism, whereby a single guide RNA
(gRNA) molecule8,9 steers the search for complementary
genetic sequences; when a complementary match is found,
Cas9 uses its two endonuclease domains (HNH and RuvC) to
catalyze two independent DNA cuts, cleaving both strands
of the DNA, thereby introducing a double strand DNA
break. However, off-target editing can occur when base
pair mismatches between the guide region of the gRNA and
DNA are tolerated by Cas9, resulting in unintended genetic
modifications. To address this, considerable advancements
have been made to adapt the Cas9 protein for improved
fidelity and reduced cleavage of mismatched DNAs.10–18

In general, advancements in developing safer Cas9
variants for gene editing have been facilitated by several
complimentary techniques. Firstly, structural characterization
of Cas9 19–30 provided a wealth of molecular details governing
nucleic acid binding, 16,23,31–33 conformational dynamics, 22,34

catalysis,35,36 and other nuclease activities.37,38 Secondly,
fluorescent resonance energy transfer (FRET) microscopy 39,40

and other kinetic studies41–44 have been instrumental in
advancing our knowledge of various steps in the Cas9 gene
editing process.

Last but not the least, computational studies23,44–55

have been equally useful in improving our mechanistic
understanding of Cas9 activity. The readers are referred
to (i) recent reviews54,55 on the computational modeling
of DNA recognition, conformational activation of nuclease
domains, and release of cleavage products; and (ii) quantum
mechanics/molecular mechanics (QM/MM) free energy
simulations from the Palermo lab56 to investigate the RuvC
nuclease activity – non-target-strand DNA (ntDNA) cleavage.
Hereby we briefly summarize key computational modeling
efforts on the Cas9 HNH nuclease activity – target-strand
DNA (tDNA) cleavage – that will be the main focus of this
work.

The Streptococcus pyogenes Cas9 (SpyCas9) protein is
composed of 1,368 residues, making a bi-lobed structure
comprising a nuclease lobe (NUC) and a recognition lobe
(REC), each divided into several subdomains (Figure 1).
The enzyme has several conformational states as shown in
Figure 1a: apo form of SpyCas9 (PDB 4CMP 19); gRNA-bound
(binary) state (PDB 4ZT057); and gRNA/DNA-bound
(ternary) state. Among the resolved structures of the ternary
complex (Figure 1b), some are pseudo-active, a regulatory
state prior to catalysis (e.g. PDB 5F9R21), while others are of
post-cleavage state (e.g. PDBs 6O0Y,26 7S4X,28 and 7Z4J30).

The experimental wildtype SpyCas9-HNH catalyzed
tDNA hydrolysis rate ranges from 0.67 to 4.3 to over
700 s−1,40–42 which corresponds to a free energy barrier
of 13.6–17.8 kcal/mol within the transition state theory.
To model SpyCas9 catalyzed tDNA hydrolysis, advanced
computational tools such as QM/MM simulations have
been employed by the Warshel group,58,59 Cisneros/Liu
groups,60 and Palermo group61 to describe the underlying
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Figure 1: Overview of SpyCas9 conformational states. (a) A guide-RNA molecule (red) binds to the inactive Cas9 enzyme (pink) to form the binary
complex. Upon recognizing the target DNA sequence, the DNA strands separate, then the ternary complex undergoes conformational changes to position
the complementary DNA strand (target DNA; tDNA; dark blue) and non-complementary DNA strand (non-target DNA; ntDNA; light blue) in the two
nuclease domains (HNH and RuvC), respectively. (b) Several HNH domain conformations have been studied, notably PDB 5F9R, 21 PDB 6O0Y, 26 PDB
7S4X, 28 and PDB 7Z4J. 30 In this study, PDB 7Z4J ternary complex, bound to gRNA, tDNA, and ntDNA, is utilized as the initial model for this study.
The HNH domain is highlighted in magenta, along with the REC lobe (dark gray) and NUC lobe (light gray).

bond-breaking and forming events. Among these studies,
there is a consensus (Figure 2) that it involves (i) a proton
transfer, where a general base (H840) abstracts a proton
from a water molecule, and (ii) a nucleophilic attack by the
deprotonated water (i.e. hydroxide anion) on the phosphorous
atom of the scissile phosphate, which causes the severance of
the P–O3’ bond.

These studies, however, offered vastly different insights
into the detailed mechanism, especially whether the
deprotonated/nucleophilic water molecule comes from
the first or second solvation shell of the Mg2+ ion. While
the Warshel group examined the first-solvation-shell-water
mechanism (Figure 2a) in their initial modeling (using a
homology model for the Cas9/DNA/gRNA complex),58

they later concluded that the second-solvation-shell-water
mechanism (Figure 2b) is energetically more favorable (with a
free energy barrier of 16.8 vs 21.0 kcal/mol) through modeling
based on a cryo-EM structure (PDB 5Y36).59 Adopting
active site structures that combine multiple cryo-EM/X-ray
crystallography structures (PDB: 6O0Y26 and 5F9R21) and
modeling trajectories, Cisneros, Liu, and coworkers arrived at
an opposite conclusion, where the first-solvation-shell-water
mechanism (with an energy barrier of 14.3 kcal/mol) is more
feasible than the second-solvation-shell-water mechanism. 60

Meanwhile, the Palermo group started from the same cryo-EM
structure (6O0Y) and reported a free energy barrier of
17.01 kcal/mol for a second-solvation-shell-water mechanism
(Figure 2c).61

Such discrepancies in mechanistic details highlight the
first and foremost challenge in QM/MM modeling of enzyme
reactions: one has to start from a presumed chemically
active state structure (i.e. pre-cleavage complex), and the
choice of such a conformational state could strongly affect
the predicted reaction pathway and the associated free energy

Figure 2: Schematic of previously proposed cleavage mechanisms for
SpyCas9 catalyzed tDNA cleavage. It involves a general base abstracting a
proton from a water molecule, increasing its nucleophilicity, then attacking
the scissile phosphate and breaking the phosphate oxygen bond. However,
the nucleophilic water could originate from the first-solvation shell (a)
or the second-solvation shell (b and c) of the metal coordination sphere.
Mechanism c also involves an additional coordination of DNA O3’ to the
metal. Mechanisms a and b were explored by Warshel and colleagues 58,59

and by Cisneros, Liu, and colleagues. 60 Mechanism c was investigated by
Palermo and coworkers 61 and is the focus of this work.

profile. Besides the coordination of the nucleophilic water, the
active state structures from above QM/MM modeling also
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differed in whether residues 860–867 (SDKNRGKS) adopt a
helix or loop structure and whether the Mg2+ ion binds to the
O3’ atom of the scissile phosphate, with the latter contributing
to the difference in the two water-in-second-solvation-shell
mechanisms (Figure 2b and Figure 2c). In principle, multiple
conformational states can be catalytically active, with the
net reaction rate being an ensemble average.62 To further
complicate the issue, the weight for each reaction pathway in
the ensemble could vary substantially upon the mutation of
enzyme residues or the introduction of different substrates
(matched and mismatched DNAs). Ideally, one should
perform a series of free energy simulations [for (i) multiple
active state structures/reaction mechanisms, (ii) wildtype and
mutant enzymes, and (iii) matched/mismatched DNAs] to
gain a comprehensive mechanistic understanding of Cas9
HNH-domain mediated tDNA cleavage. Unfortunately, such
free energy simulations, which require the evaluation of ab
initio QM/MM energy/forces for millions of configurations
for the enzyme-substrate complex along the entire bond
breaking and formation pathway, would each take 105–106

CPU hours, rendering a thorough investigation infeasible.
In recent years, multiple time-step simulations (MTS) 63,64

and machine learning potentials (MLP)65,66 have emerged
as new strategies to substantially enhance the feasibility of
ab initio QM/MM-quality simulation of enzyme reactions.
Empowered by the MTS QM/MM free energy simulation
methodology,63,64 which lowers the cost of ai-QM/MM free
energy simulations by several fold, here we revisited the
role of chemical environment on the mechanism of SpyCas9
HNH domain catalyzed tDNA cleavage. We were especially
interested in the role of K866 on SpyCas9 HNH domain
catalyzed tDNA-cleavage, namely how the K866A mutation
affects the reaction thermodynamics and kinetics, which has
been reported experimentally. 61 Starting from one of the latest
post-cleavage cryo-EM structures (PDB 7Z4J),30 we explored
the tDNA cleavage reaction by the wildtype SpyCas9 and
the K866A variant. We also decomposed the free energy
profile of wildtype SpyCas9 to assess the contributions of
individual residues to the reaction-free energy profile. Our
free energy simulation and energy decomposition analysis
both suggested that K866 helps reduce the free energy barrier
of the tDNA cleavage reaction, which was consistent with the
experimental and computation reports by Palermo, Lisi, Jinek
and coworkers.61 The leverage of MLPs in modeling Cas9
catalysis will be reported in a separate manuscript.

Materials and Methods

The initial coordinates for the wildtype SpyCas9 model were
derived from the Cryo-EM structure of Spy Cas9 bound to
gRNA and/ cleaved DNA (PDB: 7Z4J30). The pre-catalytic
state was assembled by manually bonding the O3’ atom of
the cleaved tDNA fragment to the 5’-phosphorous atom of
the other tDNA fragment and converting the 5’-phosphate
oxygen to water. The MODELLER program67 was used to
add missing protein residues, and homology modeling was
performed to add 9 missing nucleotides from the ntDNA.
The protonation states of titratable residues were predicted
with PROPKA.68,69 The K866A variant was modeled based
on the pre-catalytic wildtype model, followed by a manual
conversion of residue K866 to alanine. Our simulations were
performed using a modified version of the SANDER program
from AmberTools20,70 Q-Chem 5.2,71 and an in-house
QM/MM interface, QMHub, for DFT/MM calculations.

Molecular Dynamics Simulations. Wildtype and variant
systems were modeled with the Amber ff14SB force field 72 for
proteins, ff99bsc0 corrections for DNA, and ff99bsc0+χOL3
corrections for RNA. The 12-6-4 vdW potential from Li
and Merz was adopted for the Mg2+ ion.73 The ternary
complex was solvated in a simulation box with 253,350 TIP3P
water molecules74 and neutralized with 115 counterions.
The system was gradually heated from 0 K to 300 K using
Langevin dynamics with a friction coefficient of 5 ps and
equilibrated for 700 ps. A pressure of 1 atm was maintained
with the Berendensen barostat with a relaxation time of
1 ps under periodic boundary conditions. Particle mesh
Ewald method75 was used to treat long-range electrostatic
interactions, while van der Waals interactions were handled
with a cutoff of 10 Å. The SHAKE algorithm76 was used to
constrain all bonds containing hydrogen atoms, and a time
step of 1 fs was used for MD simulations with the leapfrog
integrator. After the equilibration, the simulation box size was
around 147 Å× 147 Å× 147 Å. Finally, the system was relaxed
for 10 ns under NVT ensemble conditions. The classical
simulations were performed using GPU-accelerated PMEMD
program77,78 from the Amber20 package.70 The last frame
from the 10 ns trajectory was used as the starting pre-catalytic
structure for the subsequent QM/MM simulations in this
study.

MTS QM/MM MD Simulations. The QM subsystem
is composed of residues D839, N863, H840, DNA
nucleotides (G3, T4), Mg2+ ion, and three water molecules.
Hydrogen-capping atoms were added to maintain the
valence of terminal QM atoms, resulting in 73 QM atoms
(68 original QM atoms + 5 capping hydrogen atoms). The
same QM region was applied to the K866A variant. These
atoms were described with the B3LYP functional79–81 and
6-31G* basis set.82 Meanwhile, the rest of the system is
described as MM charges within the Amber ff14SB force
field. The QM/MM-AC method83 was used to efficiently
capture the long-range QM/MM electrostatic interactions
(by projecting outer MM charges more than 10 Å away
from the QM region onto inner MM atoms). All QM/MM
simulations were performed at 300K under the NVT ensemble,
utilizing the SIN(R) thermostat84 with L(= 4) sets of
thermostat variables coupled to each degree of freedom,
where Q1 = Q2 = kBT(0.05ps)2 was adopted for the
thermostat coupling parameter with 1 ps−1 for the friction
coefficient. Accelerated ab initio QM/MM MD simulations
were carried out with multiple time-step integration.64

In particular, the QM subsystem is propagated at a 1 fs
inner time-step using a semi-empirical energy function,
PM3/MM. At each 4 fs outer time-step, correction forces were
computed at B3LYP/6-31G*/MM level and applied to the
QM subsystem.

Umbrella Sampling. The reaction coordinate was defined as
the difference between the O3′DNA − PDNA and PDNA − OWAT
distances. A total of 42 umbrella windows were evenly
distributed from −1.90 Å to 2.20 Å at an interval of
0.10 Å, with a force constant of 150 kcal Å/mol. Initially,
configurations for each window were obtained by gradually
pulling the reactant toward the product. A subsequent reverse
process returned the system to the reactant, and each window
was simulated for 0.5 ps. Independent simulations were
initiated from the final reversed coordinates and carried out
for 50 ps with configurations saved every 0.1 ps, resulting in
500 configurations per window. The free energy profiles were
computed using these configurations with PyMBAR with the
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Figure 3: (a,b) Pre-catalytic HNH subdomain structure for QM/MM simulations of wildtype SpyCas9 and K866 mutant. (c,d) The average distance in
each umbrella window for wild-type and K866A. Error bars are shown with a shaded area. (e) Key distances in the chemical transformation.

Multistate Bennett acceptance ratio (MBAR85) method. The
same approach was applied to the SpyCas9 and the K866A
mutant complexes.

Free Energy Decomposition by Residue. The free energy
profile was decomposed to assess the contributions from
different parts of the MM subsystem to the chemical
transformation of the QM subsystem.86 For each window,
every other saved configuration was taken (0.2 ps), resulting
in 250 configurations in each window for the analysis. Each
residue’s electrostatic, polarization, and van der Waals
contributions were obtained by integrating the force for
the corresponding residue atoms interacting with the QM
region along the reaction pathway.

Thermodynamic Perturbation Here, the same set of 250
configurations for wildtype SpyCas9 enzyme and K866A
variant complexes were adopted. With the reference
B3LYP/6-31G*/MM energy values already computed along
the original trajectories, all configurations were subjected to
additional single-point energy calculations at B3LYP/6-31+G*,
ωB97X-D/6-31G*, and ωB97X-D/6-31+G* levels of theory.87

After that, the pyMBAR package85 was used to compute
the weighted thermodynamic perturbation (wTP) corrected
potential of mean force .88,89

Results and Discussion

Structure of the Reactant Complex. For the 50 ns MD
trajectory for the pre-catalytic complex, the root mean
square deviation (RMSD) exhibited a plateau at ∼ 2.7 Å
(Figure S1a). Root mean square fluctuation (RMSF)
analysis indicated similar conformational fluctuations in
the pre-catalytic complexes (Figure S1d). A closer inspection
at the configurations, however, revealed some differences:
for the wildtype system, the Mg2+ ion sustains coordination
with D839, N863, DG, DT, and two water molecules. In
contrast, the K866A system exhibited weaker interactions
between the Mg2+ ion and almost all of its ligands (Figure S2).
Also noticeable was that a slightly longer distance between
the phosphorous atom and the nucleophilic water (top of
Figure S2) with the K866A variant, thereby making the
complex less competent for the chemical transformation.

tDNA Cleavage Reaction Pathway. Figure 3c and Figure 3d

shows the evolution of some key distances along the reaction
pathway, as catalyzed by the wildtype enzyme and K866A
variant, respectively. These included not only the lengths of
the scissile O–P bond (d1) and the nascent P–O bond (d2), but
also, as a proton transfer is involved in the H840-mediated
pathway, the lengths of the broken water O–H bond (d3) and
the distance of the transferred proton from the δ-nitrogen
atom (d4) of H840, which serves as a general base. These
distances were averaged in each simulation window along
the reaction pathway, with the shaded region representing the
standard deviation within each window.

Figure 3c and 3d demonstrated a concerted reaction,
as the phosphodiester bond cleavage occurred in the
same simulation windows (with d1-d2 around 0.1 Å for
the wildtype and 0.2 Å for K866A) as the proton transfer.
Compared to the wildtype, the initial position of nucleophilic
water for the K866A variant was further away from the H840
general base (with a d4 distance of ∼3.0 Å vs 2.0 Å) and
was drawn closer only after d1-d2 reaches ∼ −1.2 Å. [The
d2 and d4 distributions for the reactant complex differed
from those in Figure S2 because of the different description
(QM/MM vs MM) of the active site.] Additionally, the length
of the broken O–H bond (d3) of the K866A variant increased
immediately to ∼2.5 Å after losing the proton to H840 and
fluctuates more substantially between 2.0 Å to 3.0 Å. Figure S3
shows the Mg2+-coordination distances along the reaction
pathway of both systems, with the distance of of O3’–Mg2+

coordination decreasing to ∼ 2.0 Å at the transition state, and
then staying at ∼ 2.0 Å in the product formation. Compared
to the wildtype enzyme reaction pathway, the initial distance
of O3’ to Mg2+ exhibited more fluctuations for the K866A
variant (∼ 2.8 Å). This again suggested a more dynamic
nature of the HNH active site with the K866A variant, which
would overall hinder the chemical transformation.

tDNA Cleavage Reaction Free Energy Profile. The potential
of mean force (PMF), as computed using MBAR, was shown
in Figure 4 for the wildtype (pink) and K866A (purple)
catalyzed reactions. The wildtype system exhibited a reaction
free energy of 5.0 kcal/mol, which indicated an endothermic
reaction, and a free energy barrier of 20.6 ± 0.1 kcal/mol
at a d1-d2 value of around 0.15Å. This free energy barrier
is slightly higher than the aforementioned experimentally
derived activation energy of 13.6 – 17.8 kcal/mol.
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Figure 4: Free energy profiles of HNH domain DNA cleavage in wild-type SpyCas9 (pink) and K866A mutant (purple). The reaction proceeds from the
reactant state (R) to the transition state (TS), followed by the charged product (P). Both systems start with the lowest energy reactant state at the
reaction coordinate, which is −1.90 Å. The TS for K866A is at 0.15 Å, while the wild-type is at 0.25 Å. The product state was chosen from the lowest
energy window, which for K866A is at 1.90 Å, while at 2.20 Å for the wildtype.

Meanwhile, the K866A variant was predicted by our
simulation to have a product state of this reaction is even
less energetically favorable, with its free energy being
15.0 kcal/mol higher than the reactant state. The free energy
barrier occurred at a d1-d2 value of around 0.25Å; this slightly
later transition state was consistent with an overall more
endothermic reaction. The corresponding free energy barrier
was found to be 25.2 ± 0.3 kcal/mol, reflecting a 4.6 kcal/mol
increase compared to the wildtype enzyme. This indicates that
K866 preferentially stabilizes the transition state over the reactant.
The transition state stabilization is therefore another key role
of K866, in addition to its involvement in the protonation of
the O3’ atom after the cleavage as suggested by Palermo and
coworkers.61

Free Energy Contribution from Active-Site Residues. To
evaluate the influence of K866 and other active-site residues
on the reaction, free energy decomposition analysis was
carried out on the wildtype system’s free energy profile. The
detailed energy contributions of individual residues were
summarized in Table 1, which listed twelve residues predicted
to affect the free energy barrier most significantly. As shown in
the Table, K866 contributed −5.38 kcal/mol to the free energy
barrier, which is remarkably consistent with the predicted
4.6 kcal/mol barrier increase of the K866A variant over the
wildtype (Figure 4).

In addition to K866, the residues that contributed the
most negative values to the free energy profile, i.e. effectively
increasing the cleavage activity, included D850, E809, R864,
V838, D849. Meanwhile, residues that contributed the most
positive value to the free energy barrier, i.e. effectively
decreasing the cleavage activity, were D868, K918, K896, K848,
K810, and K855. As expected, this analysis revealed that
permanent electrostatics dominated the reaction energetics,
with 11 out of these 12 residues carrying charged side chains.

A more detailed summary containing all protein residues
(with a contribution of 1.0 kcal/mol or higher) can be found
in Table S1. In Figure 5, a 3D heatmap of the free energy
barrier potential was mapped onto the Cas9 enzyme structure,
further highlighting the influence of these key residues.

Experimentally, many of these residues were studied
previously. The K810A and K848A mutations were suggested
by the Zhang lab11 to be part of the eSpCas9 variant; the
K848A mutation was included in the FeCas9 variant from
the Hu lab.90 More recent experiments by Lisi, Palmero,
Batista and coworkers 91 also demonstrated improved enzyme
specificity with K810A, K848A, and K855A single mutations.
While these residues were suggested to modulate the HNH
domain through an allosteric network,92–94 our free energy
decomposition analysis results in Table 1 indicated that these
three lysine residues also increased the free energy barrier
(K810: 4.56 ± 0.02 kcal/mol; K848: 4.12 ± 0.02 kcal/mol;
and K855: 9.51 ± 0.02 kcal/mol, effectively decreasing the
cleavage activity). Reaction-wise, losing the positive charges
on these residues is thus unlikely to adversely impact the
phosphodiester bond breaking of matched DNAs.

Computationally, Cisneros, Liu, and coworkers 60 recently
explored how DNA mismatches near the HNH domain affect
the catalytic minimum energy pathways. They demonstrated
significant structural changes in the local protein environment,
disruptions to RNA/DNA interactions, as well as substantial
changes to the reaction energetics. Their EDA results
highlighted the vital role of not only K810 and K855 in the
chemical step, but also that of K896 and K918 (also reported
in Table 1).

Effect of the QM Model.
To estimate the effect of using different functionals

to compute the free energy profile, configurations along
the wildtype and K866A simulation trajectories (at a
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Table 1: Energy decomposition analysis of individual residue energy contributions to the free energy barrier (in kcal/mol). The twelve residues with
the most influence on the free energy barrier are listed. Additional EDA information can be found for residues (Table S1), DNA (Table S2), and RNA
(Table S3).

Residues Eperm.
QM−MM Epol.

QM−MM EvDW.
QM−MM ETotal

D850 −10.47±0.03 1.38±0.02 0.00±0.00 −9.09±0.02

E809 −7.32±0.03 −0.18±0.03 0.00±0.00 −7.51±0.03

R864 −6.60±0.04 0.33±0.02 0.00±0.00 −6.27±0.04

V838 −7.34±0.06 2.05±0.03 −0.95±0.04 −6.24±0.07

D849 −6.68±0.03 0.98±0.01 0.00±0.00 −5.70±0.02

K866 −6.39±0.05 1.01±0.03 0.00±0.00 −5.38±0.04
...

...
...

...
...

D868 3.35±0.01 −0.22±0.01 0.01±0.00 3.13±0.01

K918 3.63±0.01 −0.47±0.01 0.00±0.00 3.16±0.01

K896 4.17±0.01 −0.38±0.00 0.00±0.00 3.79±0.01

K848 4.54±0.02 −0.42±0.01 0.00±0.00 4.12±0.02

K810 4.49±0.02 0.07±0.01 0.00±0.00 4.56±0.02

K855 10.53±0.03 −1.01±0.02 0.00±0.00 9.51±0.02

Figure 5: The free energy barrier potential mapped onto the cryo-EM
structure of SpyCas9 (lower left), with a close-up view of the HNH domain
(upper right). The negative potential region is marked red (preferring
positive-charged residues), whereas the positive potential region is blue.

B3LYP/6-31G* description of the active site) were collected
for further weighted thermodynamics perturbation (wTP) to
the ωB97X-D/6-31G*, and ωB97X-D/6-31+G* levels of theory.
The free energy profiles were smoothened using Gaussian
Progress Regression (GPR) curve fitting,89 with the original
B3LYP/6-31G* free energy profile (where the free energy
barriers are slightly different from those in Figure 4 due to the
use of fewer configurations in the MBAR analysis) and the
wTP-corrected ones shown in Figure 6.

Between the B3LYP free energy profiles for the wildtype
SpyCas9 mediated reaction, the enlarging of the basis set from
6-31G* to 6-31+G* led to an increase of around 2.0 kcal/mol in
the free energy barrier. With the 6-31G* basis, the wTP from
the B3LYP functional to ωB97X-D resulted in a 1.4 kcal/mol
decrease in the free energy barrier to 19.1 ± 0.8 kcal/mol.
A similar free energy barrier of 19.0 ± 1.0 kcal/mol was
estimated for the ωB97X-D/6-31+G* level of theory. Thus,
it is quite encouraging that the free energy barrier with the
ωB97X-D functional agreed better with experimental kinetic
rates.

For the K866A mutant, upon the addition of diffuse
function to the 6-31G* basis set, the free energy barrier
increased only by 0.3 and 1.1 kcal/mol, respectively with
B3LYP and ωB97X-D functionals. On the other hand, upon
the change of B3LYP to ωB97X-D functional, the free energy
barriers lowered substantially more, by 4.8 and 4.0 kcal/mol,
respectively, with 6-31G* and 6-31+G* basis sets. Most
importantly, for all four functional/basis combinations,
the K866A free energy barrier remained to be at least
2.0 kcal/mol higher than the wildtype, which is consistent
with experimental observations. This highlights the general
reliability of DFT-based QM/MM free energy simulations in
the prediction of mutation effects.

Computational Efficiency of the ai-QM/MM Simulation. For
tDNA cleavage catalyzed by the wildtype SpyCas9 enzyme
and its K866A variant, each free energy calculation required 42
umbrella windows and a 50 ps MTS QM/MM MD simulation
per window. The net 2.1 ns simulation (i.e. 2,100,000
single-point QM/MM force evaluations) took over 270,000
CPU hours (Table 2). Had DFT energy/force calculations
been performed at each 1 fs timestep (instead of at 4 fs time
intervals), it would have taken over 1,050,0000 CPU hours. On
the other hand, a semi-empirical QM/MM simulation (using a
PM3 or AM1-d description of the QM region) would be about
50 times cheaper, at 4700 CPU hours, than our MTS simulation.
But such semi-empirical QM/MM simulation would produce
much higher free energy barriers that are inconsistent with
experimental observations.
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Figure 6: Free energy profiles for wild-type SpyCas9 (red) and K866A variant (purple) catalyzed tDNA cleavage by correcting the reference potential
(B3LYP/6-31G*) to B3LYP/6-31+G*, ωB97X-D/6-31G*, and ωB97X-D/6-31+G* levels of theory. Note that the reference free energy profiles (solid
lines in panel a and dashed lines in other panels) deviate slightly from the ones in Figure 4, because only 250 configurations (instead of 500) were used
from each window in the MBAR free energy calculation.

Table 2: Timings for semi-empirical and DFT-based ab initio QM-MM free
energy simulations of tDNA cleavage as mediated by wildtype SpyCas9
enzyme or its K866 variant. The number of steps refers to the biased
MD simulations in each of the 42 umbrella windows. The time for each
simulation step and total CPU time was clocked based on a single core of
an Intel Xeon Gold 6130F 2.10GHz CPU.

QM Theory #(Steps) Time per step (s) CPU hours

PM3 or AM1-d 50,000 0.5 4,700

B3LYP 50,000 113.0 1,054,700

B3LYP/6-31G* / PM3 50,000 29.0 270,700

Conclusion

In this study, through ab initio QM/MM free energy
simulations, the following was achieved:

• The free energy barrier for SpyCas9 H840-mediated
tDNA cleavage was predicted to increase by
4.6 kcal/mol going from the wildtype enzyme to
the K866A variant. Within the transition state
theory, such an increase in the free energy barrier
would lower the reaction rate by 3 or 4 orders of
magnitude. This is comparable to the reduced kinetic
rate observed from biochemical experiments. 61 Such a
direct enhancement of catalytic rate complements the
previously suggested role of K866 in the protonation
of tDNA cleavage product.

• In line with the increase in the reaction-free energy
barrier with the K866A mutation, we also observed
an energetically less favorable cleavage product.
Analysis of key distances along the reaction pathway
revealed more substantial structural fluctuations in
the reactant and product states of the K866A variant.
It increases the flexibility of the HNH domain, thereby
destabilizing the ternary complex.

• Our free energy decomposition analysis reaffirmed
the key role of the protein permanent electrostatics in
modulating the reaction. Furthermore, this analysis
allowed us to pinpoint contributions from K866 and
other residues of wildtype SpyCas9, especially those
in or near the active site, to the free energy barrier.
It enhanced our mechanistic understanding of how
SpyCas9 catalyzes the tDNA cleavage and provided
a systematic way to identify potential residues for
mutation (several of which had previously already
been explored experimentally).

• In addition to the free energy decomposition analysis,
this is also the first application of the multiple
timestep ai-QM/MM simulation 64 to complex enzyme
reactions, such as SpyCas9 catalysis. It clearly
demonstrated the advantage of MTS simulations
of accelerating enzyme free energy simulations by
several fold without sacrificing the accuracy.

Nevertheless, caution should be taken when tapping into
the individual residue energetic contributions in the design of
enzyme variants. Firstly, the estimated energetic contributions
relate to only the catalytic step. To fully assess the effect of
mutating a residue, one should also analyze how the mutation
affects the formation of binary and ternary complexes as well
as the conformational free energy landscape of the ternary
complex, especially the transition from pseudoactive to an
active conformation. Secondly, compared to the wildtype,
a variant might be subjected to substantial structural (and
thus further energetic) perturbations along the catalytic
reaction pathway, which can only be modeled accurately by
performing ai-QM/MM free energy simulation of the variant.
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Supplementary Methods

Pre-Catalytic State Models

The initial coordinates for the pre-catalytic state of Streptococcus pyogenes Cas9 (SpyCas9) were based on a post-catalytic state

cryo-EM structure by Jinek and coworkers (PDB 7Z4J). Resolved at 2.99 Å resolution, this structure captures SpyCas9 bound

to 18-nucleotide complementary DNA substrate and sgRNA. Both active sites contain a metal ion, where the HNH domain is

seen just after tDNA cleavage, while RuvC catalysis resulted in the ntDNA 3’-product being unresolved. Since ntDNA cleavage

requires full-length ntDNA, missing nucleotides were modeled based on the ntDNA backbone coordinates of PDB 5F9R (3.40 Å

resolution). The nucleotide sequence was corrected, and missing atoms were added in the leap. Since both DNA strands were

obtained after phosphodiester bond cleavage, the O3’-P bond in the catalytic states was reconstructed following minimization.

The O3’ (chain C) atom served as the initial coordinates for nucleophilic water and was manually renamed to a water residue

(WAT).

The K866A variant was prepared from the pre-catalytic wildtype SpyCas9. The mutation was introduced by manually deleting

side-chain atoms of K866, and backbone atoms were renamed to alanine (ALA). Then, tleap was used to add missing side chain

atoms.

Quantum Mechanics/Molecular Mechanics (QM/MM) Simulations

In QM/MM MD simulations, a quantum mechanical (QM) description is used for atoms involved in the chemical reaction,

while point-charge classical force fields describe the rest of the system. This multi-scale approach allows the QM subsystem to

be dynamically explored by integrating the equations of motion for the electronic degrees of freedom concerning time while

considering the contributions of the environment (enzyme and solvation effects). Coupled with free energy methods, constructing

a free energy profile can aid in determining the free energy barrier of the chemical step and associated rate constants (within

transition state theory).

QM/MM simulations were conducted at 300K under the NVT ensemble to simulate the DNA cleavage mechanism of the

wild type and the K866A mutant. The QM region consisted of the coordinating residues (D839, N863), general-base (H840), DNA

nucleotides (G3, T4), Mg2+ ions, and three water molecules (2 coordinating to Mg2+; 1 nucleophilic). The valence of the terminal

QM atoms was saturated with capping hydrogen atoms, resulting in a total of 73 atoms (68 QM atoms + 5 capping hydrogen

atoms). The QM part was described with the B3LYP functional and 6-31G* basis set, while the rest of the system was described

as MM charges within classical force fields. The particle mesh Ewald method was used to describe the MM-MM electrostatic

interactions, while van der Waals interactions were handled with a cutoff of 10 Å. The QM/MM-AC method was used to capture

the long-range QM/MM electrostatic interactions efficiently (by projecting outer MM charges more than 10 Å away from the QM

region onto inner MM atoms).

The multiple time step (MTS) protocols used a 1 fs step for the inner steps (at PM3/MM level), while a 4 fs step for the outer

steps (at B3LYP/6-31G(d) level). QM/MM MD simulations were performed using our in-house QM/MM interface, QMHub, a

modified version of the SANDER program from AmberTools20, and Q-Chem 5.2 for DFT/MM calculations.

Umbrella sampling was used to model the H840-mediated DNA cleavage reaction of wildtype and K866A variants. This

approach uses a reaction coordinate to bias the system’s potential along independent simulation windows. The mechanism was

studied by defining the reaction coordinate as the difference distance between the atoms breaking atoms O3′DNA − PDNA and

bond-forming atoms PDNA − OWAT. A total of 42 windows were evenly distributed in intervals of 0.10 Å to cover the range of
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−1.90 Å to 2.20 Å. The reactant state is found at −1.90 Å, where the distance of O3′DNA − PDNA atoms is shorter than the distance

between PDNA − OWAT. A harmonic potential was set for each window with a force constant of 150 kcal/mol. Each umbrella

window was simulated for 50 ps, and configurations were saved every 0.5 ps, resulting in a total of 21,000 configurations for each

system. The PyMBAR package calculated the free energy profile using the Multistate Bennett acceptance ratio (MBAR) method.

Energy Decomposition of the Free Energy Profile

Free energy contributions from each residue can be obtained by post-processing ai-QM/MM free energy simulation trajectories.

Specifically, the electrostatic, polarization, and van der Waals contributions from each residue to the free energy barrier can be

obtained by mean force integration along the minimum accessible energy pathway.

Energy Decomposition of the QM/MM free energy profile of wildtype Cas9 provided the interaction energy contributions,

which were further divided into individual residue contributions. Configurations were used in thermodynamic integration

to generate a free energy profile. The two analyses show nearly identical free energy profiles within statistical uncertainty

(Figure S5a). The TI-integrated QM/MM free energy profile was divided into contributions from QM/MM energy terms (i.e.,

gas-phase, permanent electrostatics, polarization, and van der Waals). The corresponding contributions to the reaction-free energy

barrier and reaction-free energy are shown in Figure S5b. These free energy components were further divided into each MM atom.

Residues then grouped the atomic contributions from the enzyme. At the same time, the ones from the solvent and counterions

were grouped by their distances to the QM region into near- and far-solvent contributions. The residues that contributed to the

free energy barrier by at least 0.3 kcal/mol were listed in Table S1.
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Supplementary Figures

Figure S1: (a) 1-D RMSD, (b, c) 2-D RMSD, and (d) RMSF fluctuations along classical 50 ns MD simulation trajectories of wildtype Cas9 and K866A
enzymes in their pre-catalytic configurations in complex with gRNA and DNA.

S4
https://doi.org/10.26434/chemrxiv-2024-kpr4t ORCID: https://orcid.org/0000-0001-9337-341X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-kpr4t
https://orcid.org/0000-0001-9337-341X
https://creativecommons.org/licenses/by-nc-nd/4.0/


Figure S2: Key distances in the HNH subdomain of the reactant complex. Distribution of d2, d4 and P–Nδ(H840) distances. (a-f) Distribution of distance
Mg2+ to its ligands.
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Figure S3: Key Mg2+-coordination distances along the reaction coordinate (d1 - d2) for, (a) wildtype, and (b) K866A variant.
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Figure S4: Convergence of the QM/MM free energy profile for (a) wildtype SpyCas9 and (b) K866A variant.
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Figure S5: Energy decomposition analysis of the free energy profile shows (a) TI-calculated free energy profile is nearly identical to MBAR, and (b) energy
contributions.
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Figure S6: Raw and smoothened free energy profiles from weighted thermodynamic perturbation calculations for the wildtype SpyCas9 catalyzed tDNA
cleavage. The smoothened profiles are the same in Figure 6.
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Figure S7: Reweighting entropies for weighted thermodynamic perturbations to the reaction free energy profiles of (top) wildtype SpyCas9 and (bottom)
K866 variant.
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Supplemental Tables

Table S1: Decomposition of the Free Energy Profile for Individual Residue Contribution (kcal/mol). Residues that changed the free energy barrier by at
least 2.0 kcal/mol are listed.

Residues Eperm.
QM−MM Epol.

QM−MM EvDW.
QM−MM ETotal

D850 −10.47±0.03 1.38±0.02 0.00±0.00 −9.09±0.02

E809 −7.32±0.03 −0.18±0.03 0.00±0.00 −7.51±0.03

R864 −6.60±0.04 0.33±0.02 0.00±0.00 −6.27±0.04

V838 −7.34±0.06 2.05±0.03 −0.95±0.04 −6.24±0.07

D849 −6.68±0.03 0.98±0.01 0.00±0.00 −5.70±0.02

K866 −6.39±0.05 1.01±0.03 0.00±0.00 −5.38±0.04

E60 −3.05±0.02 0.21±0.01 0.00±0.00 −2.83±0.01

R71 −2.90±0.01 0.18±0.01 0.00±0.00 −2.72±0.01

K401 −2.30±0.00 0.06±0.00 0.00±0.00 −2.24±0.00

D853 −2.39±0.01 0.24±0.00 0.00±0.00 −2.16±0.01

R403 −2.21±0.01 0.13±0.00 0.00±0.00 −2.08±0.00

R400 −2.21±0.01 0.17±0.00 0.00±0.00 −2.04±0.01

E396 2.25±0.01 −0.23±0.00 0.00±0.00 2.02±0.01

R919 2.40±0.01 −0.28±0.00 0.00±0.00 2.12±0.01

D406 2.50±0.01 −0.16±0.00 0.00±0.00 2.34±0.01

D861 2.54±0.01 −0.18±0.01 0.00±0.00 2.36±0.01

G1366 2.63±0.01 −0.27±0.00 0.00±0.00 2.36±0.01

R780 2.90±0.01 −0.16±0.00 0.00±0.00 2.74±0.00

D868 3.35±0.01 −0.22±0.01 0.01±0.00 3.13±0.01

K918 3.63±0.01 −0.47±0.01 0.00±0.00 3.16±0.01

K896 4.17±0.01 −0.38±0.00 0.00±0.00 3.79±0.01

K848 4.54±0.02 −0.42±0.01 0.00±0.00 4.12±0.02

K810 4.49±0.02 0.07±0.01 0.00±0.00 4.56±0.02

K855 10.53±0.03 −1.01±0.02 0.00±0.00 9.51±0.02
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Table S2: Decomposition of the Free Energy Profile for Individual DNA Contribution (kcal/mol). Residues that changed the free energy barrier by at
least 1.0 kcal/mol are listed.

Residues Eperm.
QM−MM Epol.

QM−MM EvDW.
QM−MM ETotal

C1500 −14.84±0.07 0.07±0.04 0.37±0.01 −14.39±0.06

T1501 −2.11±0.01 −0.01±0.01 0.03±0.00 −2.09±0.01

C1505 −1.38±0.00 0.10±0.00 0.00±0.00 −1.28±0.00

T1504 −1.21±0.00 0.07±0.00 0.00±0.00 −1.14±0.00

T1507 −1.15±0.00 0.11±0.00 0.00±0.00 −1.05±0.00

C1502 −1.01±0.01 0.03±0.00 −0.02±0.00 −1.00±0.00

G1496 1.47±0.00 −0.08±0.00 0.00±0.00 1.39±0.00

A1495 1.49±0.00 −0.06±0.00 0.00±0.00 1.43±0.00

C1497 1.84±0.01 −0.18±0.01 0.00±0.00 1.67±0.01

G1498 4.94±0.04 −0.52±0.02 0.00±0.00 4.42±0.03

T1499 7.94±0.04 −0.72±0.03 0.00±0.00 7.22±0.03
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Table S3: Decomposition of the Free Energy Profile for Individual gRNA Contribution (kcal/mol). Residues that changed the free energy barrier by at
least 1.0 kcal/mol are listed.

Residues Eperm.
QM−MM Epol.

QM−MM EvDW.
QM−MM ETotal

A1381 −4.34±0.01 0.48±0.01 0.00±0.00 −3.86±0.01

G1380 −3.65±0.01 0.44±0.01 0.00±0.00 −3.21±0.01

A1379 −3.50±0.01 0.34±0.00 0.00±0.00 −3.16±0.01

A1378 −2.23±0.00 0.17±0.00 0.00±0.00 −2.06±0.00

U1382 −1.99±0.01 0.21±0.00 0.00±0.00 −1.78±0.01

A1377 −1.49±0.00 0.10±0.00 0.00±0.00 −1.40±0.00

G1383 −1.34±0.01 0.10±0.00 0.00±0.00 −1.24±0.00

U1376 −1.13±0.00 0.07±0.00 0.00±0.00 −1.05±0.00

C1387 1.11±0.01 −0.10±0.00 0.00±0.00 1.02±0.01

C1389 1.34±0.01 −0.13±0.01 0.00±0.00 1.21±0.01

A1416 1.32±0.00 −0.09±0.00 0.00±0.00 1.23±0.00

U1393 1.40±0.00 −0.08±0.00 0.00±0.00 1.32±0.00

U1414 1.58±0.00 −0.10±0.00 0.00±0.00 1.48±0.00

A1415 1.67±0.00 −0.10±0.00 0.00±0.00 1.57±0.00

A1420 1.69±0.01 −0.08±0.00 0.00±0.00 1.62±0.00

U1392 2.16±0.00 −0.12±0.00 0.00±0.00 2.04±0.00

U1391 3.13±0.01 −0.14±0.00 0.00±0.00 2.99±0.01

G1388 3.34±0.01 −0.26±0.01 0.00±0.00 3.07±0.01

G1390 4.73±0.01 −0.25±0.01 0.00±0.00 4.48±0.01
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