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ABSTRACT

The clustered regularly interspaced short palindromic repeats (CRISPR) technology is an RNA-guided targeted
genome-editing tool that uses the Cas family proteins. Two magnesium-dependent nuclease domains of this
enzyme termed HNH and RuvC are responsible for the cleavage of the target DNA (t-DNA) and non-target DNA
strand (nt-DNA), respectively. It is believed that the HNH domain determines the DNA cleavage activity of both
endonuclease domains and is sensitive to RNA-DNA base pairing complementary. However, the underlying
molecular mechanisms of CRISPR-Cas9, by which it rebukes or accepts mismatches, are poorly understood.
Thus, investigation of the structure and dynamics of the catalytic state of Cas9 with either matched or mismatched
t-DNA can provide insights for improving its specificity in off-target cleavage. Here we focus on a recently
discovered catalytic-active form of the Streptococcus pyogenes Cas9 (SpCas9) and employ classical molecular
dynamics (MD) and hybrid QM/MM to study two possible reaction mechanisms of t-DNA cleavage reaction
catalyzed by the HNH domain. Moreover, by designing a mismatched t-DNA structure called MM5 (C to G in the
fifth position of the PAM region), the impact of single-guide RNA (sgRNA) and t-DNA complementarity on the
catalysis process was investigated. Our calculated binding affinities, minimum energy paths, and analysis of
catalytically important residues based on these simulations provide atomic-level details of the differences between
matched and mismatched cleavage reactions. In addition, several residues exhibit significant differences in their
catalytic role for the two considered systems, including K896, R820, K253, K263, K268, and R400, which will be

used for further experimental investigations.


mailto:Jin.Liu@unthsc.edu
mailto:andres@utdallas.edu

INTRODUCTION

The clustered regularly interspaced short palindromic repeats (CRISPR) technology is an RNA-guided
targeted genome engineering platform that utilizes Cas proteins for its function.! 2 CRISPR-Cas systems were first
discovered in E-coliin 1987,% which provide adaptive immunity to prokaryotic and archaeal microorganisms against
invaders from phages or plasmids.*® Since the first reported use in mammalian cells in 2013,'° extensive research
efforts have been advancing this technology.'-'7 CRISPR-Cas systems have been categorized into two major
classes,'® where class 1 combines Cas proteins for RNA-guided targeting.'® In contrast, only a single protein is
required for RNA-guided DNA recognition and cleavage in class 2.2° There are six distinct types of Cas proteins
grouped into these two classes, i.e., |, lll, IV under class 1 and Il, V, VI in class 2.2"-22 Among them, Cas9, the
class 2 type Il protein, accompanying the CRISPR system (CRISPR-Cas9), has been purposed as a powerful tool
with the introduction of a single-guide RNA (sgRNA) that fuses the CRISPR RNA (crRNA) and trans-activating
CRISPR RNA (tracrRNA) for programmable DNA binding and cleavage.?® Furthermore, the type II-A
Streptococcus pyogenes Cas9 (SpyCas9 or SpCas9) is the widely studied variant for gene editing applications in

various living cells and organisms to improve the Cas9 toolbox for its DNA cleavage specificity.23-28

Site-specific DNA recognition and cleavage require the assembly of SpCas9 with a guide RNA (sgRNA),
resulting in a binary complex. A 20-nt sgRNA sequence segment in this binary complex should complement the
one-strand target DNA (t-DNA) of the incoming target/foreign double-strand DNA for the tertiary complex formation
and subsequent cleavage activity. Additionally, a short sequence of nucleotides on the non-target DNA strand (nt-
DNA) called protospacer adjacent motif (PAM) facilitates the identification of the desired DNA sequence across
the genome for programmable editing.2®3" PAM recognition instigates the pairing of the sgRNA with t-DNA by
forming an RNA:DNA hybrid, whereas the other strand (nt-DNA) is displaced. Afterward, SpCas9 uses its two
magnesium ion-dependent endonucleases, HNH and RuvC, to cleave the t-DNA and nt-DNA, respectively.
However, the catalytic mechanisms of DNA cleavage, a preliminary step for genome editing, are not entirely
understood. Moreover, the risk of off-target DNA cleavage is one of the primary concerns that hinder the use of
this editing tool for therapeutic applications.32-34 In the past, numerous studies demonstrated that the DNA binding
process and the RNA-DNA complementary play a significant role in the catalytic activity of SpCas9’s endonuclease
domains.35 3 A detailed molecular understanding of the catalytic mechanism of DNA cleavage in CRISPR-Cas9

with mismatched DNA is imperative for developing specific SpCas9 variants with improved targeting specificity.

Multiple SpCas9 crystal structures,®42 cryo-electron microscopy (cryo-EM) structures,*3-4® and molecular
dynamics (MD) simulation models*¢-4® in different binding forms have been reported over the past few years.
Despite these efforts, the cleavage-competent conformation of the catalytic HNH nuclease domain of SpCas9
remained largely elusive and debatable due to the high flexibility of the HNH domain during the different stages of
SpCas9 mediated cleavage process. Nevertheless, the HNH domain of SpCas9 was observed to share structural
similarities with other nucleases, i.e., periplasmic nuclease Vvn, Endonuclease Colicin E9, Staphylococcal
nuclease, and T4 Endonuclease VI11.4%-%! These all contain a conserved histidine residue and aspartate/glutamate

in their catalytic site, perfectly aligned with the characteristic one-metal-ion-dependent nucleic acid cleaving



enzymes.%2 53 Diverse cleavage mechanisms have been proposed for these systems depending on the catalytic
base, nucleophile, and the residing metal ion in the catalytic site.34-5 In the efforts to understand the catalytic
mechanism of t-DNA cleavage reaction in the HNH domain, leading studies by Warshel and coworkers,54 %5
revealed a strategy to model the competent cleavage conformation for the HNH active site using the cryo-EM
structure available at the time of their studies. Detailed mechanisms either using metal-bound water (Figure 1A)

or a second coordination shell water (Figure 1B) were proposed from these QM/MM studies.
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Figure 1. Schematic representation of the reaction mechanisms for the DNA cleavage at the HNH domain of SpCas9 by (A)
first-shell water coordinated to Mg?* or hydrolysis by (B) second-shell water around Mg?*. (C) The initial model of SpCas9 and
the close-up of the HNH'’s active site. Three coordinated water molecules to the magnesium ion are not shown.

Given that the previous efforts were based on an inactive structure, there is still a need to explore the
mechanistic details and structures involved in the t-DNA cleavage mechanism at the HNH domain. A recent cryo-
EM study®” resolved structures of precatalytic, postcatalytic, and product states of the active SpCas9+sgRNA*DNA
complex in the presence of Mg?* ions. This study provides a unique platform for further investigating the DNA
cleavage mechanism in the catalytically active conformation. However, the proposed catalytically competent
structure (PDB ID: 600QY) is missing several residues and the magnesium ions, requiring further modifications—

detailed explanation in the Methods section. Combined with our previous study®® and incorporating structural
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features from this cryo-EM structure, we generated a precatalytic/active state model that resembles the
catalytically competent complex resolved (see Figure 1C and Figure S1). Recently, through molecular dynamics
simulations of this catalytically competent active state model, we observed that base pair mismatches in the DNA
at the proximal and distal end concerning the PAM significantly alter the cross-correlations between the catalytic
residues of endonuclease domains and the arginine-rich BH helix depending on DNA mismatch positions.
Specifically, we noticed that the introduction of the proximal mismatch (at the fifth position) in DNA causes
conformational shifts that substantially reduce the population of the conformations around the catalytic active state,
which may lead to a decrease in the rate constant observed in the kinetic experiments.?® Here, we perform a
detailed analysis of the HNH domain’s catalytic mechanism using classical MD and hybrid QM/MM calculations
on the active state model of SpCas9 with matched DNA and mismatched DNA (termed MMS5 in the remainder of
the manuscript) to investigate the impact of RNA-DNA complementarity on the reaction mechanism of t-DNA
cleavage at a molecular level. Several potential residues are identified, which can guide the structural engineering
of CRISPR-Cas9 to reduce off-target effects.

COMPUTATIONAL METHODS

l.  Molecular dynamics (MD) simulations

Structural Model: We used a stepwise approach to build the initial model due to some missing residues in
the recently discovered active-state cryo-EM structure of SpCas9. (PDB ID: 600Y Figure S1A). The missing
regions of the SpCas9 protein are residues: 175-310 (REC2), 713-717, and 1002-1075 (RuvC-IIl), unresolved
nucleotides of the nt-DNA, and the absence of metal ions in the nuclease domains. A structure generated from
our previous simulation study,®® which achieved the HNH precatalytic/active state, was utilized as the starting
point. The mentioned structure was based on the most complete X-ray structure of SpCas9 in complex with sgRNA
and DNA (PDB ID: 5F9R).6° In our previous study,?® Mg?* ion was added to the HNH catalytic center, and nt-DNA
(present in 5F9R) was removed to achieve the HNH precatalytic/active state at a shorter time scale. The missing
nt-DNA was included in the current study by a superposition with crystal structure 5F9R, and the unresolved
portion was added manually. To retain the conformation of the RuvC catalytic center comparable to that of the
cryo-EM structure (600Y), the coordinates of H983 and residues 3—-12 were replaced by the corresponding regions
from the cryo-EM structure. In this structure, the positions of two Mg?* ions of the RuvC domain were derived from
the X-ray structure of CRISPR-Cas9, 4CMQ8’ solved in a complex with Mn2* ions. The final model, which is used
as the starting point for the MD simulations, is shown in Figure S1B. Furthermore, to investigate the impact of
sgRNA and t-DNA complementarity on the catalysis process, a mismatched system called MM5 was created by
mutating the fifth position nucleotide downstream of the PAM on t-DNA (C to G). The corresponding nt-DNA

nucleotide (G to C) was also mutated to maintain the complementarity between the t-DNA and nt-DNA.

MD setup: The LEaP module in AMBER18%2 was used to add the hydrogen atoms, neutralize the system
with the corresponding number of required counterions, and solvate the structure in a rectangular box filled with
TIP3Ps3 water extending at least 12 A from the complex surface. The ff14SB,% OL156,%5 and OL3¢%¢ force fields



were used to describe the molecular characteristics of the protein, DNA, and sgRNA, respectively. The MD
simulations were done via AMBER18’s pmemd.cuda.’” Each system was minimized for 10,000 cycles by
employing the steepest descent algorithm for the first 1000 cycles and the conjugated gradient algorithm for the
remaining cycles with restraints on the solute’s heavy atoms. In the next step, each system was heated to 310 K
using Langevin dynamics®8-70 with a collision frequency of 2 ps~' followed by equilibration for 1000 ps in an NPT
ensemble, keeping lowered restraints on the heavy atoms of solute. Lastly, the production calculations were
performed on an unrestrained system in the NPT ensemble. All bonds involving hydrogen atoms were treated
using SHAKE,” and long-range Coulomb interactions”? were handled with the smooth particle mesh Ewald
method”3 using a 10 A cutoff for non-bonded interactions. Individual simulations were run in duplicate, each for at

least 200 ns with an integration time-step of 2 fs, and trajectories were saved at every 2 ps.

Structural analysis: AMBER's CPPTRAJ?* program was used to calculate the RMSD, RMSF, correlation
matrices, and clustering analyses. To perform the clustering analysis, 100,000 trajectories in the range of 50 to
150 ns—maintaining the catalytically competent HNH domain—from two replicates of the matched and MM5 were
used for a multi-dimensional analysis via the k-means algorithm? implemented in AMBER's CPPTRAJ. Each
dimension of this analysis on the active site corresponds to a distance between the Mg?* ion and its coordinated
residues D839, H840, N863, and dT(+4). Ten clusters, each containing three representatives, were initially
obtained to find the closest representatives to the centroids of each cluster in the matched and the MM5 systems.
In the next step, four clusters for the matched and one for the MM5 with the highest population abundance and
the best orientations of the active site’s residues involved in the cleavage reaction were selected for further QM/MM

optimizations.

II. MM/GBSA calculations

The molecular mechanics/generalized Born surface area (MM/GBSA)767® method was employed based on
the “single-trajectory” protocol to calculate the binding enthalpies for the matched and MM5 systems via two
different approaches. In the first approach, DNA and the sgRNA+SpCas9 were considered the ligand and receptor,
respectively. In the second one, the HNH’s active site is regarded as the ligand (residues: 838-841, 863, 1493—
1495, and 1541), while the rest of the system is considered as the receptor (residues: 1-837, 842—-862, 864—1492,
1496-1540, and 1542-1543). The last 10,000 frames of MD for both replicates of each structure were used for
the binding enthalpy calculations. The MM/GBSA calculations were performed via the MMPBSA.py internal
module of AmberTools.?% In addition to the computational efficiency of MM/GBSA, several studies have shown
that this method results in comparable or even more accurate data in ranking ligand affinities compared to the
molecular mechanics/Poisson—Boltzmann surface area (MM/PBSA).8'-84 To correct the nonpolar contribution to
the solvation free energy, default values of the offset and surface tension were used, and the salt concentration in
the GB equation was set to 150 mM. The entropic contributions were not added to our calculations due to the high
computational cost and the potential convergence problem. However, based on many previous studies,

MM/GB(PB)SA can achieve satisfactory accuracy in comparing relative ligand binding affinities, especially in cases



where the ligands are very similar.8'-8¢ Since the only difference between the matched and MM5 is a G to C

mutation in the fifth position of the ligand (t-DNA), the entropic effect is not expected to be highly determinant.
lll. QM/MM calculations

LICHEM®7. 8 was used in combination with Gaussian168 and TINKER® for all QM/MM simulations of the
matched and MM5 systems. The wB97X-D/6-31G(d,p)%" % level of theory and the AMBER ff14SB force field were
employed for the QM region and the MM environment. The QM/MM long-range electrostatic correction (QM/MM-
LREC) method?® was used with a 25 A cutoff for the QM subsystem coupled with the particle mesh Ewald’2 (PME)
method for the MM calculations. The QM subsystem for both systems includes Mg?*, coordinated water molecules,
V838, D839, H840, 1841, N863, dG(+3), and dT(+4). Residues dC(+5) or its mutation dG(+5) were added to the
QM subsystem in the matched and MM5 systems, respectively. The nucleophilic water in the second shell around
Mg?* was also included in the QM subsystem of the matched 2"dshell system. The remaining residues and all solvent
molecules are described by the AMBER ff14SB potential. The pseudobond approach® was also applied to treat
the covalent boundaries for the nucleic acid, i.e., dG(+3) and dC(+5)/dG(+5), and protein residues (V838, 1841,
and N863) of the QM subsystem. In all cases, the optimizations were carried out using the iterative QM/MM
optimization protocol implemented in LICHEM,#"-88 where all atoms in the MM subsystem within a radius of 25 A

from the center of the active site (Mg?*) were optimized, and the rest were kept frozen.

After optimizing all the selected representatives of the matched and MM5, the one with the lowest QM/MM
optimization energy in each structure was considered the most stable reactant and was used to design the initial
structure of the product. The simulated products were then used for further QM/MM calculations at the same level
of theory. Based on the optimized reactant and product structures of each system (matched and the MM5), the
potential energy surface of the reaction path was tried to be obtained and compared using the quadratic string
model (QSM) combined with a restrained MM procedure as implemented in LICHEM.# The restraint on the MM
environment started at 50 kcal mol-! A-2 and gradually decreased to zero. A chain of fourteen beads between the
reactant (bead 0) and the product (bead 15), resulting in sixteen beads, was employed for guessing the reaction

path.

Non-covalent interactions (NCI) were analyzed using the promolecular density method® implemented in the
Multiwfn®® code, using a cubic grid of 200 au. This analysis gives a qualitative view into the chemical bonding and
weak noncovalent interactions between the molecule(s) of interest and the surrounding residues, based on the
relationship between the electronic density and the reduced density gradient in regions of low electron density.
The isovalue of 0.4 au with the color scale of —0.05 au < sign(A2)p < 0.05 au was used to illustrate the NCI surfaces.
The specific RGB colors of the NCI surfaces show the strength and characteristics of the interactions. For example,
red surfaces show repulsive interactions, while green and blue surfaces represent weak and strong interactions

like van der Waals and hydrogen bonds.

The QM/MM-optimized structures of the reactant, product, and approximate TS were used for further MD
simulations with restraints on the QM region to perform the EDA analysis. In all cases, in addition to the optimized

coordinates, the calculated ESP charges of the QM region (QM atoms and pseudobond atoms) were employed
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and transferred to the new topology files by AMBER’s ParmEd module.®” For the approximate TS structures, the
optimized coordinates from the QSM calculations were used for the MD simulations. Transient non-standard
residues, dG-O-(+3) and dT...OH(+4), formed during the phosphodiester bond cleavage at the TS, was initially
parameterized by the R.E.D. Server?-191 and the missing bonded parameters were added by ANTECHAMBER. 02
103 For the product structures, the dT-OH(+4), which forms after the DNA cleavage, was parameterized using the
R.E.D. Server. In the next step, the LEaP module was employed to generate the coordinate and topology files of
the TS and products for the MD simulations. Lastly, 10 ns of MD simulation with 200 kcal mol-' A-2 restraint on the
QM atoms was performed at a temperature of 310 K in the NVT ensemble. All bonds involving hydrogen atoms
were treated using SHAKE. Long-range Coulomb interactions were handled with the smooth particle mesh Ewald
method using a 10 A cutoff for non-bonded interactions. The CPPTRAJ module was used to analyze the RMSD
and RMSF values of the MD simulations to monitor the stability of the TS and the product in matched and the MM5
(Figures S9 and $10). All the 2500 frames of these 10 ns of MD on the matched and the MM5 products were also
employed for further binding enthalpies calculation via the MMGBSA method, as explained in the second approach
of the “MM/GBSA calculations” section.

EDA implemented in an in-house Fortran90 program was employed for the mentioned structures to calculate
the non-bonded inter-molecular interaction energies along the cleavage reaction path.'94-1% This analysis was
performed on the MD-simulated trajectories by considering the changes in Coulomb and van der Waals interaction
energies between the QM subsystem and the residues of the MM region when the system goes from the reactant
to the transition state and the product. This difference in the non-bonded inter-molecular interaction energy

AAE | termol. Interace. ©@N be calculated as:

_ TS/Product Reactant
AAEIntermol. Interact. — AEIntermol_ Interact. ~ AEIntermol. Interact. Eqn' 1

where AETS/P‘roduct

Intermol. mteract. FEPresents the difference between the non-bonded inter-molecular interactions of the TS

or product and AEfeactant . .ct. Fepresents the same values for the reactant. This analysis gives a qualitative
assessment of the catalytic role of amino acid residues surrounding the active site, showing the stabilizing and
destabilizing residues affecting the catalytic reaction, and was used to analyze the QM/MM and MD simulations
of several protein systems.'97-113 The UCSF Chimera,'"* VMD, "5 and GaussView 6.1''6 programs were used for

rendering the images.
RESULTS AND DISCUSSION

Mismatched and matched systems maintain stable conformations for HNH catalytic state. All-atom MD
simulations in an aqueous solution were performed to obtain the initial conformation of the DNA and sgRNA-bound
SpCas9 with catalytically active HNH domain for matched and MM5 systems (in two replicates). Throughout the
simulations, the distance between the nitrogen atom of H840 and the scissile phosphate (OP1-dT(+4)) was
maintained between 5.61 A and 5.65 A for matched and MM5, respectively. Hence, we considered this range of

the MD simulation for further analysis, representing a suitable coordination geometry of the DNA substrate and



the active site residues with Mg?* ion in the HNH domain. The time-dependent root-mean-square deviation (RMSD)
plots for the alpha carbon (Ca) atoms of the SpCas9 protein for the matched and MM5 systems are shown in
Figure S2A. The RMSD values converged within 50 ns for matched and MM5, indicating that systems have
reached a stable state. However, the RMSD of the backbone of the SpCas9 is slightly lower for the MM5 system
than that of matched, suggesting that the SpCas9 protein explores alternative dynamics and conformation in the
presence of mismatched RNA:DNA pair. Moreover, we found that the introduction of proximal mismatched DNA
has a distinct effect on the flexibility in the different regions of the SpCas9+sgRNA*DNA complex (Figure S$2B). It
can also be observed in Figure S2B that various regions of SpCas9, i.e., REC-I, REC-Ill, HNH, RuvC, and CTD,
have higher flexibility in MMS than in the matched system.

The PAM proximal mismatch (MM5) instigates local and allosteric conformational changes in the
CRISPR-Cas9 system. The overall conformation of the SpCas9+sgRNA+DNA tertiary complex remains stable,
with a mismatch at the fifth position from PAM in the MM5 system (Figure 2). However, this mismatch in the DNA
substrate induces several local and allosteric structural changes in the SpCas9 and the nucleotides attached to it.
For instance, as shown in Figure 2B, the RNA:DNA interactions of the mismatched and adjacent nucleotides are
affected. Furthermore, the PAM distal end of the nt-DNA displays higher flexibility and losses interactions with the
3’-end of the t-DNA (Figure 2C&D and Figure S2B), indicating an allosterically modulated structural deviation in
MM5. These differences partially explain the calculated binding affinity reduction of = 22% for the MM5 compared
to the matched when considering the complexation of DNA with the SpCas9-sgRNA binary complex (Figure S3).
We also observed large amplitude motions of the protein domains directly involved with the nucleic acids in MM5:

the recognition region (REC-I) interacting with the stem of sgRNA and the C-terminal domain that binds the DNA.

A dynamic cross-correlation analysis has been performed to characterize the large-scale motions of the SpCas9
protein domains for matched and MM5, respectively (Figure S4). Several deviations of the correlated motions of
SpCas9 domains are observed in MM5 upon the incorporated mismatch. The REC-II (167-307) and a part of the
REC-III (450-500) domain’s movement along the direction of the HNH and RuvC-Ill domains (765-1099) in
matched change into the opposite direction in MM5. On the other hand, the REC-I (94-167 and 307—447) region’s
anti-correlated motion in matched exhibits somewhat correlated motion in MM5 with these two nuclease domains.
The HNH and RuvC-Ill regions show a positively correlated motion with a part of the CTD domain (1200-1368) in
matched, while it is changed to a negatively correlated motion in MM5. Conversely, two regions of the REC-III
(300—400 and 600-700) domain display an increased paired motion with the same CTD region in MM5, indicating
a relative opening of the protein in MM5, which could affect the nucleotides and protein binding. Thus, the

mismatch affects the overall motion of the SpCas9.



Matched

( C ) dC+5) ( D)

dG(+5)

PAM distal end
Matched of the nt-DNA

Figure 2. DNA, sgRNA, and protein interactions for (A) matched-SpCas9 and (B) MM5-SpCas9 focusing HNH catalytic site
and PAM(NGG) region. (C) and (D) show different views of the matched and MM5 zooming out the PAM distal end and RuvC
region interactions. The t-DNA, nt-DNA, and sgRNA are colored magenta, yellow, and light blue, respectively. The two nuclease
domains of SpCas9, HNH, and RuvC are shown in white and blue.

The mismatch weakens the cleavage point at the HNH catalytic site conformations. Based on the k-
means analysis of ten clusters (thirty representatives) for each system, four clusters for matched and one cluster
for the MM5 systems were selected by considering the most conducive orientations for the cleavage reaction in
the active site (Tables S1&S2, and Figures S5&S6). In the case of the matched system, when one of the
coordinated waters to the Mg?* (termed first-shell water) acts as the nucleophile, the orientations of the active site
are relatively suitable in three clusters, including =60% of the 100,000 recorded snapshots. Therefore, seven
representatives of these three clusters, in which the mentioned water is also hydrogen-bonded to H840 (Matched-
1 to Matched-7 in Figure S5), were used for further QM/MM calculations. In comparison, when non-coordinated
water around the Mg*? (termed second-shell water) is in a reasonable distance and orientation toward the H840
and the phosphate group, three representatives of the fourth cluster with a population abundance of 16.7% were
considered for the further QM/MM studies (Matched-8 to Matched-10 in Figure S5).
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Contrary to the observed trend for the matched, about 13% of the clustered structures for the MM5 show a rotation
of H840 that hinders its catalytic competence as the generalized base to activate the nucleophile. In addition,
among the remaining 87%, only 15.9% (cluster 1) maintained catalytically conducive orientations, while even
among the three representatives of this cluster, just one structure displays a good O3'-P...Ow angle (Table S2
and Figure S6). Furthermore, based on the clustering results in Table S2, the first-shell water was the only
potential nucleophile in the MM5 structure. All the other representatives with the second-shell water are either too
far from the H840 and phosphorus or the O3'-P...Ow angle is not suitable for the Sy2-like reaction. By considering
the clustering result in total, more than 72% of the simulated trajectories of the matched favor the HNH active site
conformation, leading to the catalytic cleavage of the t-DNA between the third and fourth nucleotides from the
PAM region. In comparison, in = 5% of the MM5 simulated trajectories, the orientations of the residues of the
HNH’s active site can lead to the cleavage reaction. This indicates a reduction of the precise and efficient cleavage

of the t-DNA by mismatch containing MM5 compared to its native matched form.

Conformation of the reactants for matched and MMS5 systems. Based on the clustering analysis results,
ten representatives of the matched shown in Figure S5 were selected for further hybrid QM/MM studies. Since
representatives with either the first- or the second-shell water were chosen from the clustering analysis; thus, two

sets of structures were considered separately to be optimized.

Table 1. The results of the k-means clustering analysis and the calculated relative QM/MM optimization energies for the
selected representatives of the matched and the MM5.

k-means clustering’

Structure
Cluster No. No. of snapshots Pct. (%) Rep. ID Rel. opt. energy (eV)?
Matched?st shel 1 29701 29.7 Matched-1 16.2
Matched-2 21.4
Matched-3 7.8
2 23454 235 Matched-4* 0.0
Matched-5 3.0
Matched-6 11.0
3 7227 7.2 Matched-7 18.2
Matcheg?nd shel 4 16698 16.7 Matched-8* 0.0
Matched-9 3.8
Matched-10 194
MM53 1 15872 15.9 MM5-1* -

" Values of the k-means clustering analysis are as follows: cluster numbers, the number of snapshots in each cluster, the
percentage of the population abundance in each cluster, and the representative ID.

2 QM/MM optimization energies were calculated at wB97X-D/6-31G** level of theory with AMBER ff14SB Force Field.

3 No relative optimization energy is provided for the MM5 since only one structure was used for the optimization.

* Matched-4, Matched-8, and MM5-1 are used for further calculations and will be called Matched'stshell Matched?2d shell gand
MMS, respectively.

A summary of the k-means clustering for the selected representatives and the calculated relative optimization
energies are listed in Table 1. The table shows that Matched-4 and Matched-8 are the most stable structures of
the first- and second-shell water reactants and will be called Matched'stshe! and Matched?nd shell for the rest of the
paper. Regarding the MMS5, since only one representative of the clustering (MM5-1) had reasonable orientations

of the active site; thus, this structure was optimized and used for designing the product and is called MMS5 in the
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rest of the paper. The optimized structures of the active site of the Matched'stshell Matched?2"d shelland MMS5 are

shown in Figure 3.

(A) (B) (C)

dG(+3)

dC(+5)

Matched 2stshell Matched 2d shell MM5

Figure 3. Active site’s structure for (A) Matched'stshe! (B) Matched?"dshell and (C) MM5 optimized at wB97X-D/6-31G** level
of theory with AMBER ff14SB Force Field. The fifth nucleotide from the PAM region, dC(+5) on the t-DNA, highlights the main
difference between matched and MM5. Residues V838 and 1841 of the active site are not shown for more clarity.

Based on the position of the nucleophilic water in the selected representative structures, two pathways are
considered for the DNA cleavage mechanism at the HNH domain via an Sy2-like reaction. In the first pathway
(Figure 1A), predominantly seen for the Matched'stshel and the MMS5, the first-shell water plays the nucleophile’s
role. As a result, proton transfer occurs from the water to H840, and the resulting OH- attacks the phosphorus with
concomitant cleavage of the P-O3’ bond of the dG(+3). On the other hand, in the second pathway shown in Figure
1B, the second-shell water between the phosphate bridge and the H840 undergoes the proton transfer and

performs the cleavage reaction.

The t-DNA hydrolysis by the matched system. As mentioned above, the hydrolysis of t-DNA by the HNH
domain of endonuclease SpCas9 in the matched system can occur through one of the following pathways: (1)

metal-bound water/first-shell water-mediated pathway or (2) second-shell water-assisted pathway.

1. Metal-bound water/first-shell water-mediated pathway (M1 pathway). In the reactant of this pathway
(Rm1, Figure 4A), one phosphoryl oxygen (OP1) atom of dT(+4) is bound to the Mg?* ion (Mg...OP1 =
2.04 A), while the other one (OP2) interacts with Q844 through a hydrogen bond. This metal-substrate (t-
DNA) coordination activates the scissile P-03' bond of dG(+3) by 0.01 A in comparison to the P-O5’ bond
of dT(+4) (P-03’ = 1.63 A and P-O5 = 1.62 A in Table S3). The positive charge of the magnesium ion
(1.94 e) plays a vital role in activating the P-O3’ bond. Additionally, this coordination mode helps polarize
the scissile phosphodiester bond's P atom (1.38 e). In Rm4, the base residue H840 is hydrogen bonded to
an Mg-bound water molecule, HvOwH (Mg—Ow = 2.07 A and Hv—N& = 1.91 A in Table S3). The catalytic
site residues (D839 and N863) and two additional water molecules complete the octahedral coordination
geometry around the Mg?* ion. In the approximate transition state (TSm1), H840 abstracts the Hw proton

from the water (HwOwH), and the resulting OwH~ nucleophile attacks the electrophilic P atom (1.38 e) of
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the dT(+4) concomitantly, elongating the P—O3’ bond. This process occurs with a barrier of 12.3 kcal mol-
1, and all key distances demonstrate the concerted nature of this step (Hn—N& = 1.36 A, Ow—P =2.45 A
and P-03’ = 2.39 A in Figure 4 and Table S3). In the product structure (Pm1), the P-O3’ phosphodiester
bond cleavage is completed by separating the t-DNA into two parts. The formation of Pu1 is exergonic by
30.3 kcal mol-' from Rm1. As shown in Figure 4A, the octahedral geometry around the Mg?* ion changes
to trigonal bipyramidal during the cleavage reaction (Rm1 to Pm1), and the coordination number changes
from six to five. Several experimental and computational studies have been reported on the catalytic
mechanism of SpCas9.20. 54,55, 59, 117-122 Sye and coworkers employed several kinetic techniques and
successfully characterized each major step of the CRISPR/Cas9 mechanism.'?3 They showed that the
DNA cleavage (chemistry step) from a pre-formed ternary complex (SpCas9ssgRNA+<DNA) to form DNA
products is fast (Kchem > 700 s~1). Their results are in good agreement with other studies on the human AP
endonuclease 1 (APE1), in which the obtained values were Kchemisty > 700 s~ and Kcat > 850 s-1.124. 125
Based on the observed rate of the reaction by Sue and coworkers, the experimental estimated free energy
barrier (AG*) based on Eyring's TS theory for the cleavage reaction is < 14.1 kcal mol-'. The calculated

potential energy barrier of 12.3 kcal mol-' is around 2 kcal mol-' below the estimated experimental barrier.

2. Second-shell water-assisted pathway (M2 pathway). The major difference in this pathway is that the
base residue H840 creates a nucleophile by activating an external water molecule that is not bound to the
Mg?* ion (Figure 1B). In the optimized reactant (Rmz, Figure S7, and Table S3), the P-O3’ bond is 0.01
A less activated than in Rws due to the low Lewis acidity of the Mg2* ion in this configuration. In addition,
the Ow—Hw bond in the second-shell water molecule is 0.01 A less activated than that of metal-bound
water in the previous pathway, resulting in a relatively weak nucleophile (Table S3). Moreover, the charge
of the P atom is reduced by 0.21 e compared to that of Ru1. Although the Ow...P-0O3’ angle in Rmz2 (= 163°)
is closer to the desired angle for Sy2-type reaction than that of Rw (= 151°), there seems to be a
competition among the H840 and the free phosphoryl oxygen (OP2) of the t-DNA substrate to abstract a
proton from the nucleophile water (HwOwH). This is indicated by an additional strong hydrogen bond (1.80
A) between the H atom of the nucleophile water and OP2 in Rm. In addition, this water molecule's
orientation is not favorable for the nucleophilic attack on the P atom of the substrate. The optimized product
(Pm2) is endergonic by 32.6 kcal mol-' from Rwg2, indicating the unfavorable nature of this mechanism.
Thus, our calculations suggest that the second-shell water molecule is a weaker nucleophile than the
metal-bound water for this reaction. This is also seen in previous studies related to phosphodiester bond

hydrolysis reactions by single metal-containing nucleases.26. 127

The t-DNA hydrolysis by MM5 system. As mentioned previously, only one of the extracted representative
structures provides a suitable active site configuration for the t-DNA cleavage reaction by the HNH catalytic site of
MM5. This structure possessed a water molecule bound to Mg?* ion and hydrogen bonded to H840 that can be

used as the potential nucleophile of the hydrolysis reaction. Thus, we investigated the M1 pathway for MM5 to
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understand the structural and mechanistic details involved to implement our findings to mitigate the knowledge

gap between mismatch sensitivity and specificity of SpCas9.

(A)

P

WJG(+3)

(B)

G
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Relative Energies (kcal mol-1)
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---MM5 —o—Matched?stshell Approx. TS
Bead number

Figure 4. The optimized geometries of reactant (R), approximate transition state (TS), and the product (P) of the cleavage
reaction at the HNH domain of (A) Matched'stshe! and (B) MM5. The distances between the atoms involved in the reaction are
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shown in dotted lines. The nucleophilic water and the Mg?* are shown in ball-and-sticks, while all the other atoms are in licorice.
The chain of the protein, t-DNA, and sgRNA are shown in white, purple, and blue ribbons, respectively. (C) The minimum
energy path for the cleavage reaction at the HNH domain of the Matched'stshe! (in blue) and the MMS5 (in red) is modeled by
the QSM. QM/MM optimization energies were calculated at wB97X-D/6—-31G** level of theory with AMBER ff14SB Force Field.

The optimized reactant of MM5 (Rwmms in Figure 4B) is different from the optimized reactant of the matched’st
shell (Rm1 in Figure 4A) due to the position of a water molecule (WAT2) bound to the Mg?* ion (see Figure S8). A
reduction of 0.10 e of the charge of the Mg2* ion in Ruwms, along with a decrease of 0.01 A for the P-O3’ bond
compared with the matched system (Rwm1), are observed. The nucleophile OwH- of Rums has a reduced charge of
0.03, and the P atom of the scissile phosphodiester bond shows a reduction of 0.6 e compared with Rm1. Moreover,
the Ow...P-03’ angle in the Rums is = 141°, shorter than the expected 180° for an Sy2 attack. Additionally, the
water’s oxygen does not face the phosphorus in a catalytically conducive orientation, and the Hy—Ow...P angle is
unfavorable (= 40°). This angle should be around 109° in the product, which results in the requirement of a
significant rotation by the water in the reactant to reach a catalytically competent orientation. These differences
help explain (at least in part) the higher activation barrier for the MM5 (TSwms = 24.3 kcal mol'). In the
approximated transition state, the breaking and forming bond distances (Ow—P = 2.31 A and P-03’ = 2.40 A,
Table S3) display a concerted (Sy2-like) dissociative pathway'?® where a slightly more bond cleavage to the

leaving group than bond formation to the nucleophile is observed (P-O3’ is 0.09 A longer than Ow—P).

The matched system follows a concerted associative pathway?? 129 130 with a similar extent of partial bond
formation to the nucleophilic oxygen and partial bond cleavage to the leaving group at the transition state, TSm1
(Ow—P =2.45 A and P-03’ = 2.39 A, Table S3). Unlike the matched system (M1 path), Mg2* loosely binds to the
water nucleophile (Mg—Ow = 2.17 A, in Rums), indicating that it does not act as a suitable Lewis acid in MM5. The
tightness of the transition state for matched and MM5, described in terms of the Ow—P (nucleophile) and P-0O3’
(leaving group) bond distances, decreases from matched to MM5 (4.84 A vs. 4.71 A). The sum of the OW-P and
P-03’ distances illustrates the hydrolytic reaction's progression. Comparing these distances for the matched
system in RM1 and TSM1 indicates a significant increase (0.50 A) in tightness from 5.34 A to 4.84 A. Conversely,
the increment of tightness is only 0.31 A in the MM5 case (RMM5 and TSMM5), indicating a relatively low reaction
progression, which is also aligned with the obtained almost doubled (12 kcal mol-! higher) activation barrier for the
MM5 compared to the matched. Moreover, in one of our recent papers,'9 kinetic rates of the DNA cleavage
reaction for a similar system have been calculated using a kinetic model designed for plasmid DNA cleavages.
The relative cleavage rates for matched and MM5 DNA were 1.23 £ 0.13 min—'and 0.68 £ 0.09 min~', respectively.
Since these rates involve the whole kinetic process up to the cleavage step, a direct comparison with our values
is not possible. However, if we consider the relative rates, matched DNA shows almost twice the faster reaction,

similar to what we see from our barriers.

Based on the reactant and product's QM/MM optimization energies, the cleavage reaction catalyzed by the
Matched'stshell js exoergic with the reaction energy of —30.3 kcal mol-', while this value is —10.6 and 32.6 kcal mol-
T for MM5 and Matched?ndshell respectively. Therefore, the energy differences between the reactant and product
of the Matched?ndshell agnd MM5 compared to the Matched'stshell might be related to the intermolecular interactions

between the attacking water and its surrounding residues. Hence, the noncovalent interactions (NCI) of the
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nucleophilic waters in the reactant of each system were analyzed and visually compared by the promolecular
density method.

Figures 5A and 5C show that the nucleophilic water in the Matched'st shel and MM5 structures have strong,
attractive interactions with Mg?* (in the NCI scale) and show hydrogen bonds with H840, but in the latter one, the
color of the surfaces between the nucleophilic water and H840 show a weaker Hw...N® hydrogen bond interaction
than the former one. It also can be seen that the other hydrogen of the nucleophilic water in the Matchedstshell has
a strong hydrogen bond with adjacent water, which stabilizes the nucleophilic attack. In contrast, the second
hydrogen of the nucleophilic water in MM5 has weak hydrogen bond interaction with the OP1 of dT(+4), which
does not favor the nucleophilic attack. The NCI plot for the Matched?d she!l in Figure 5B explicitly shows that the
nucleophilic water creates a hydrogen bond with the -hydrogen of K862, and the OP1 of dT(+4), while displaying
weak van der Waals interactions with H840, which is not suitable for the proton transfer step. The calculated ESP
charges in Table S3 also show that the nucleophilic water in the Matched'st shell is more polarized than the
nucleophilic water in the Matched?nd shell and MM5, facilitating the proton transfer from the water to H840 in the
Matched1st shell_

(C)

Vo 4 dG(+3)

D839

dG(+3)

Figure 5. Calculated ESP charges for the nucleophilic water and the plots of the non-covalent interactions between the
nucleophilic water and the surrounding residues in the reactants of (A) Matched'stshe! (B) Matched?" she!l and (C) the MM5.
The isovalue for the NCI visualization is 0.4 with the color scale of —0.05 au < sign(A2)p < 0.05 au. The ESP charges are
extracted from the optimized structures of the reactants at wB97X-D/6-31G** level of theory with AMBER ff14SB Force Field.
The nucleophilic water and the Mg?* are shown in ball-and-sticks, while all the other atoms are in licorice. Hydrogen atoms of
the amino acids and the nucleotides are not presented for more clarity except for the -hydrogens of K862 in (B).

Energy Decomposition Analysis (EDA) reveals SpCas9 residues involved in t-DNA mismatch
selectivity. EDA was performed on the reactant, TS, and product structures of the matched and MMS5 to study the
non-bonded intermolecular interactions (Coulomb and van der Waals) between the SpCas9 and the residues of
the active site. Calculated intermolecular interaction energy differences, A4E ,termol. mterace. fOr the protein and
nucleic acid residue between the reactant and TS of the matched and MM5 are —280 and -2 kcal mol,

respectively (see Eqn. 1). These results show that the protein environment significantly stabilizes the transition
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state of the Matched'st shell system compared to the MM5. Corresponding values between the product and the
reactant of the Matched'stshel and MM5 are —332 and -57 kcal mol-', respectively, which shows that the protein
environment also favors the stabilization of the product of the matched system compared with MMS5. Detailed
graphs showing the stabilizing and destabilizing residues along the reactant-to-TS (kinetics of the reaction) and
reactant-to-product (thermodynamics of the reaction) steps are given in Figures S11 and S12, respectively.

We were also interested to understand how stable the reactant and product of the matched are compared to
the MM5, which gives a good insight into the residues with considerable stabilizing and destabilizing effects on
these structures. Calculated AAE,,termor. mterace. P€IWEEN the reactants or products of the MM5 and matched are
235 and 161 kcal mol-', respectively (detailed results in Figures S$13 and S14). This shows that the MM5 is
destabilized by SpCas9 compared with the matched system, and this destabilizing effect is more significant in the
reactant than the product. In fact, SpCas9 helps stabilize the product of the reaction during the catalytic reaction
by the MMS5, but this stabilization is less than that in the matched. Decomposing the free enthalpy contributions to
the binding enthalpies of the matched and MM5 on a per-residue basis was also performed to study the binding
affinities between the active site and the rest of the system via the MM/GBSA approach. Our calculations show
that the binding affinities in the reactant of the matched are higher than the MM5. The average values of AHtal
are —161.15 and —142.65 kcal mol-' for the matched and MM5, respectively (detailed values in Table S4).
Calculated Binding enthalpies for the products show the same trend as the reactants, and the values are —153.75
kcal mol~' for the matched and —140.32 kcal mol-' for the MM5.

Several residues that show differential effects in the matched and MM5 systems were identified (Figure 6
and Table S5), which have been previously recognized.'?? 131. 132 For instance, the high-fidelity SpCas9 variants
(SpCas9-HF 1 to SpCas9-HF4) identified by Joung and coworkers '3 contain a mutation at residue R661 (R to A),
which is also one of our candidate residues (Table S5). Slaymaker et al.’¥" employed a structure-guided
engineering approach on SpCas9 to improve its DNA targeting specificity. Three high-fidelity variants of SpCas9
(K855A), (K810A/ K1003A/R1060A, eSpCas9 1.0), and (K848A/ K1003A/ R1060A, eSpCas9 1.1) were identified
after a deep mutational study focusing on PAM distal mismatches. The two top candidates (K855 and K810) found
by our EDA method using MM5 were also identified as catalytically important. A recent study by Liu and co-workers
proposed two SpCas9 variants (HSC 1.1 and HSC 1.2) with enhanced specificity, also using a structure-guided
engineering method.3* The K1246 residue found from our EDA method was also seen in the HSC1.1 variant. The
R691A (HiFi Cas9),'3% K526E, R661Q (evoCas9),'36, and K890N (sniper Cas9)'3” are some of the other residues
mentioned in previous studies, which are also aligned with our candidates (Table S5).

A detailed analysis of the interactions between the HNH active site (including the fifth residue from PAM) and
some of our top candidate residues revealed an interesting finding about the stabilization of the MM5 system by
those residues. A hydrogen bond between the free phosphoryl oxygen of dG(+5) and the backbone of V838 was
found to be pivotal to keeping all these candidates connected to the active site through a network of hydrogen
bonds for MM5, while it was absent in the matched system (Figure7, Figures S15-S18). Especially, in the case

of candidate R780 (Figure 7), in addition to the hydrogen bond between dG(+5) and V838, the interaction between
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D809 and R780 is critical to maintaining the stabilization of MM5 by R780. The same residue mutation to Alanine
(R780A) has been shown to work well towards off-target containing CRISPR-Cas9 complexes in the literature. 3

However, its single mutations or combination with other residue mutations has not been studied in detail.
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ETS __ pReactant EProduct _ EReactant
Cas9 Intermol. Interact. Intermol. Interact. Intermol. Interact. Intermol. Interact.
domains Residue (Kinetics of the reaction) (T hermodynamics of the reaction)
MM5 Matched MM5 Matched
HNH K810 -56.0 59.1 —-55.6 61.9
K855 -17.3 483 171 51.3
R859 -15.0 8.1 -15.2 8.3
K896 -124 19.6 —12.0 21.0
R832 -11.5 6.7 -114 7.0
R780 -10.3 134 -96 13.6
R820 97 57 -938 6.1
R783 —7.5 7.9 -7.0 8.3
K902 —7.0 85 71 97
K890 —-6.2 51 —-6.0 56
R778 -5.9 55 -58 57
RuvC-llI R925 -58 6.9 —-6.1 72
L2 K918 51 97 —-43 10.7
REC-II K268 -16.3 50 97 53
K263 -10.9 87 -938 54
K253 -938 79 -9.2 7.9

Figure 6. (A) Candidate residues with intermolecular interaction effects proposed by the EDA calculations. Candidate residues
are shown in red licorice with corresponding residue names and numbers in bold text. The active site’s residues are displayed
in ball-and-stick, and the residue names and numbers are in italic text. The hydrogen atoms are not shown for more clarity. (B)
The list of the residues with different allosteric effects on the matched and the MM5. The threshold for the selection is
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AE ntermol. Interace. 2= 5 kcal mol~! for a residue in matched and AAE 1, ermor. mteract. < —5 kcal mol~' for the same residue in the
MMS5 system.

Our per-residue contribution approach showed that there are several residues in SpCas9 that stabilize the
HNH catalytic site of both the matched and MM5 systems, while the stabilization effect is higher in the MM5 (Table
$6). Further analysis of these residues shows that most residues in the BH region (R63, R66, R69, R70, R74,
R75, K76, R78, and K92 in Table S6) contribute more to the stability of the MM5 system compared with the
matched. Thus, these mutations would destabilize mismatch-containing systems as another approach for these
off-target effect removals. These results are consistent with several studies which have been focused on these

BH’s residues mutations in the literature regarding SpCas9 specificity. 38 139

The HypaCas9 variant proposed by Chen et al3® involves three amino acid substitutions
(NB692A/MB94A/Q695A/HB98A) located on the PAM distal REC-III domain of SpCas9. They suggest that the
mutation of residues within REC-III involved in RNA-DNA heteroduplex recognition, such as those mutated in
HypaCas9 or SpCas9-HF1, prevents transitions by the REC-ll domain. This more tightly traps the HNH domain in
the conformational checkpoint in the presence of mismatches. Our EDA approach also revealed several other
candidate residues in the REC-llIl domain (Tables S5 and S6), which would be interesting to study further related
to their hypothesis. Although our candidate’s selection is based on the PAM proximal single mismatch MM5, the
mentioned studies support our method and the possible activity of these candidates’ mutations towards the other
mismatch (especially PAM distal mismatches) containing systems as well. However, further studies are needed to

confirm the activities of these mutations concerning their effects on the SpCas9 specificity.

MMD5: R780 Matched: R780

R780

}l‘; S/‘i H3=_4_Dgoo
3 [
»” \ﬁ'” dG(+5).,

/& “
! K810 yg3g,

L806
//Ti;JjE;//H1
D8

Figure 7. The candidate residue R780 (found from EDA analysis) showing interaction with the mismatched region of t-DNA
and corresponding interaction in the matched system.

CONCLUSION

We have used classical molecular dynamics (MD) and hybrid quantum mechanics/molecular mechanics
(QM/MM) to study the catalytic cleavage reaction of the t-DNA at the HNH domain of the SpCas9 by using a
recently discovered catalytic-active structure of this enzyme in complex with sgRNA and DNA. Based on the MD

results, the second-coordination shell water could also be considered the nucleophile in addition to the metal-
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bound water. To better understand the impact of sgRNA and t-DNA complementarity on the catalysis process, we
also designed a mismatched structure (MMS) with a C to G mismatch at the fifth position of the t-DNA’s PAM
region. Calculated QM/MM results show that the nucleophilic attack by the second-coordination shell water with
the reaction energy of 32.6 kcal mol-' is not energetically feasible. Calculated reaction energies for the matched
and MM5 with the attacking water bound to the Mg?* ion are —31.3 and —10.16 kcal mol-', which clearly shows the
structural effect of the t-DNA mismatch on the catalytic function of SpCas9. Additionally, the ESP charges of the
attacking water and its non-covalent interactions with the active site residues show that the reactant of the matched
is more favorable than the MM5. In agreement with the QM/MM energy barriers and reaction energies for the
matched and MM5, results of the energy decomposition analysis (EDA) show that the non-bonded intermolecular
interactions between the SpCas9 and the residues of the active site in the TS and product of the matched are
considerably more stabilizing than the MM5. This shows that the amino acid residues of the SpCas9 have
stabilizing contributions in the reactant-TS path, but this facilitating contribution is significantly larger in the matched
structure. Our EDA results also show that residues K253, R780, R783, K810, R832, K855, R859, K896, and K902
can be good targets for the mutation. Seven (R780, R783, K810, R832, K855, R859, and K902) of these residues
have been previously studied alone or in combination with other residues by researchers.'3!. 140 We believe that
K253 and K896 of the REC-Il and HNH regions can be good candidates, which will be studied more by hybrid

computational/experimental investigation.
DATA AND SOFTWARE AVAILABILITY
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