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ABSTRACT: CRISPR-Cas systems are RNA-guided nucleases
that provide adaptive immune protection in bacteria and archaea
against intruding genomic materials. Cas9, a type-II CRISPR
effector protein, is widely used for gene editing applications since a
single guide RNA can direct Cas9 to cleave specific genomic
targets. The conformational changes associated with RNA/DNA
binding are being modulated to develop Cas9 variants with reduced
off-target cleavage. Previously, we showed that proline substitutions
in the arginine-rich bridge helix (BH) of Streptococcus pyogenes
Cas9 (SpyCas9-L64P-K65P, SpyCas92Pro) improve target DNA
cleavage selectivity. In this study, we establish that kinetic analysis
of the cleavage of supercoiled plasmid substrates provides a facile
means to analyze the use of two parallel routes for DNA
linearization by SpyCas9: (i) nicking by HNH followed by RuvC cleavage (the TS (target strand) pathway) and (ii) nicking by
RuvC followed by HNH cleavage (the NTS (nontarget strand) pathway). BH substitutions and DNA mismatches alter the
individual rate constants, resulting in changes in the relative use of the two pathways and the production of nicked and linear species
within a given pathway. The results reveal coordinated actions between HNH and RuvC to linearize DNA, which is modulated by
the integrity of the BH and the position of the mismatch in the substrate, with each condition producing distinct conformational
energy landscapes as observed by molecular dynamics simulations. Overall, our results indicate that BH interactions with RNA/DNA
enable target DNA discrimination through the differential use of the parallel sequential pathways driven by HNH/RuvC
coordination.

■ INTRODUCTION

CRISPR-Cas (clustered regularly interspaced short palindrom-
ic repeats (CRISPR)-associated) systems are found in bacteria
and archaea, where they confer adaptive immunity by cleaving
foreign genetic elements using RNA-guided protein com-
plexes.1−5 A typical CRISPR-Cas locus contains cas genes and
a repeat-spacer array.6,7 While the cas genes encode Cas
proteins involved in different stages of the CRISPR pathway,
the repeat-spacer encodes an RNA molecule called crRNA,
which guides Cas proteins to find the nucleotide comple-
mentarity in the foreign DNA and/or RNA.7,8 Apart from the
RNA−DNA complementarity, a small nucleotide motif [2−8
nucleotides (nt)] found in the target DNA called the
protospacer adjacent motif (PAM) is essential for the target
DNA recognition and cleavage in certain CRISPR types.9,10

Based on the locus organization and the presence of signature
proteins, CRISPR-Cas systems are classified into six types and
several subtypes.7,11 Among them, the type II-A signature
effector protein Cas9 from Streptococcus pyogenes (SpyCas9) is
widely used for gene editing applications, with significant
efforts underway to improve DNA cleavage specificity.12−17

SpyCas9 naturally requires a crRNA and a trans-activating
crRNA (tracrRNA) for DNA cleavage.10,18,19 These dual
RNAs can be fused into a single guide RNA (sgRNA) without
affecting their functionalities.10

Cas9 is a large multidomain protein that is structurally
organized into two lobes: nuclease (NUC) and recognition
(REC) lobes, which are connected by an arginine-rich bridge
helix (BH) (Figure 1).12,20−27 The NUC lobe contains the two
endonuclease domains, HNH and RuvC, along with a PAM-
interacting domain.12,20−23,28 The REC lobe comprises multi-
ple α-helical recognition domains (REC1−REC3) that
facilitate binding of SpyCas9 to RNA and DNA.20−23,25,29

The catalytic cycle of SpyCas9 is initiated with the formation
of a binary complex when it binds to sgRNA, which induces
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large conformational changes in the protein to accommodate a
duplex DNA.20,23,29 The guide region of sgRNA adopts a
pseudo A-form conformation and forms a seed region that is
stabilized by the BH of SpyCas9.29 Such a preordered guide
region is crucial to search for complementarity in the target
DNA and is conserved in other RNA-binding proteins such as
the Argonaute complexes.29−31 The SpyCas9-sgRNA complex
scans and locates the PAM motif in the target DNA; then, the
R-loop forms via complementary base pairing of a 20 nt guide
region of the sgRNA with the target DNA.23,32,33 The R-loop
formation causes conformational changes in the REC and
HNH domains, which are essential for sequence-specific DNA
cleavage mediated by SpyCas9.23,34 The REC lobe senses
nucleic acids and plays an important role in the conformational
transition of the HNH domain and its subsequent docking at
the cleavage site.35 The subdomains of REC have distinct roles
during this conformational transition.34,35 The allosteric
interaction of REC3 upon binding to RNA−DNA is essential
to activate HNH.34 To accommodate this, the REC2 domain
moves outward to prevent steric occlusion with HNH and
promote placement of HNH near the scissile phosphate.34,35

The REC1 domain assists this process by locking HNH in an
active state through ionic interactions with HNH.35 This
activation of the HNH domain concomitantly induces
conformational changes in the hinge regions at the HNH−
RuvC junctions and allosterically controls the RuvC
domain.36−39 Solution NMR and atomistic MD simulation
studies have revealed the presence of an allosteric path through
HNH that connects the REC2 and RuvC domains.40 The
activated HNH and RuvC mediate TS and nontarget strand

(NTS) cleavages, respectively, to generate a double stranded
break in the target DNA.36,41 Interestingly, several single-
molecule FRET and kinetic studies have shown that HNH
fluctuates between multiple inactive and active conformations
in the conformational pathway to reach a cleavage-competent
state where it is placed close to the TS scissile
phosphate.25,34,37,42−45 Also, studies have shown that although
TS cleavage by HNH is dispensable for NTS cleavage by
RuvC, HNH docking in an active conformation is required for
ideal positioning of RuvC for catalysis.36,37 These conforma-
tional events induce the positioning of HNH and RuvC with
the respective TS and NTS strands at proper catalytic
configurations, and then, each of HNH and RuvC cleaves
DNA with similar catalytic rate constants (kchem).

37,46 In
addition to the conformational and allosteric controls needed
to activate HNH and RuvC for cleavage, other allosteric
mechanisms are essential to maintain DNA cleavage fidel-
ity.39,40,47 PAM binding by SpyCas9 is an allosteric trigger for
the coordinated motions of HNH and RuvC needed for
concerted DNA cleavage activity.48 Altogether, these observa-
tions indicate that there is a complex cross talk between the
HNH and RuvC domains to mediate a coordinated double
stranded break in target DNA and that several other regions of
the protein as well as the bound DNA can play allosteric roles
in mediating DNA cleavage.
The BH is an arginine-rich motif having multiple

interactions with the guide region and the antirepeat region
of the sgRNA.21,26,29,49 Certain amino acids, specifically
arginines in the BH, are highly conserved, and mutating
them abolishes DNA cleavage in several Cas9 orthologs, while

Figure 1. Organization of domains in SpyCas9: (A) Schematic of domains organized in SpyCas9’s primary sequence. (B) Three-dimensional
structure of SpyCas9 bound with sgRNA and target DNA (PDB ID: 5F9R23). The bridge helix (BH) is located at the nucleic acid interface, and it
connects REC and NUC lobes of SpyCas9. PAM, protospacer adjacent motif; PI, PAM interacting domain.
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other residues in the BH can contribute to DNA mismatch
sensitivity.21,50−53 Our previous work reported that introduc-
ing proline substitutions in the BH of SpyCas9 (SpyCas9-
L64P-K65P, SpyCas92Pro) alters the cleavage activity of
SpyCas9 with respect to mismatch positions.51 While PAM-
proximal mismatches reduce DNA cleavage efficiency, PAM-
distal mismatches are tolerated by SpyCas92Pro.51 Here, we
carried out kinetic analysis of SpyCas9WT and SpyCas92Pro

using matched and mismatched plasmid DNA substrates to
further investigate the role of the BH in regulating DNA
mismatch sensitivity. Using supercoiled plasmid substrates that
allow independent measurements of the nicked intermediate
and linearized DNA products, we established a parallel
sequential model for the facile evaluation of two cleavage
pathways that SpyCas9 can use for DNA cleavage, where either
the HNH or RuvC can initiate the initial nicking, to be
followed by the other domain to complete the double stranded
DNA (dsDNA) cleavage process (Scheme 1). The results

showed that coordinated cleavage by HNH and RuvC in these
parallel pathways is facilitated by the BH, with the mechanism
being highly influenced by the integrity of the BH and
mismatches in RNA−DNA complementarity. We found that
the usage of the pathways changes with the type of protein
(SpyCas9WT or Spycas92Pro) and DNA substrate (complete
complementarity/PAM-proximal mismatch/PAM-distal mis-
match). Associated molecular dynamics (MD) studies high-
light that the BH has a role in the global conformational
dynamics and energy landscapes of SpyCas9 as well as in the
local positioning of the catalytic centers of HNH and RuvC
under the different protein−DNA conditions. Altogether, our
results indicate that the BH is essential to control the
coordinated cleavage activities of HNH and RuvC domains
and that the BH assists SpyCas9 to cleave mismatch-containing
DNA by differential use of the two parallel pathways.

■ MATERIALS AND METHODS
Site-Directed Mutagenesis and Vector Constructs.

Plasmid constructs such as SpyCas9WT (Addgene PMJ806,
UniProt protein ID: Q99ZW2), SpyCas9D10A (PMJ825), and
SpyCas9H840A (PMJ826) were purchased from Addgene.10

Plasmid constructs used for purifying SpyCas9WT, SpyCas92Pro,
SpyCas9D10A, and SpyCas9H840A, a construct for synthesis of
sgRNA (98 nt), and a construct for protospacer-containing
plasmids (matched, MM5, and MM18 DNA) were from the
previous study.51 Single active-site SpyCas92Pro variants such as
SpyCas92Pro‑D10A and SpyCas92Pro‑H840A were generated by site-
directed mutagenesis54 using primers containing the required
mutations (Table S6). The clones were confirmed by
sequencing the entire protein coding region. Protein
expression and purification were performed as previously
reported.51

sgRNA Synthesis. The plasmid construct containing the
sgRNA template was digested with a BbsI enzyme and purified
(Cycle Pure kit from Omega Biotek). The purified linear DNA
was used as the template for in vitro transcription using a
previous protocol.51,55 The reaction was ethanol precipitated,
and transcribed sgRNA was purified using a 12% urea (8 M)
polyacrylamide gel. The resulting sgRNA was ethanol
precipitated and stored as aliquots at −20 °C. sgRNA was
freshly spun down and annealed in a buffer containing 20 mM
Tris-HCl, pH 7.5, 100 mM KCl, and 1 mM MgCl2 as reported
previously.51

Time Course Plasmid Cleavage Assay. The plasmid
cleavage reaction was set up in a 10 μL volume with 100 ng
(∼5 nM) of the substrate plasmid, 50 nM SpyCas9, and 50 nM
sgRNA in a 1× plasmid reaction buffer (20 mM HEPES, pH
7.5, 150 mM KCl, 2 mM TCEP, and 5 mM MgCl2). The
reactions were incubated at 37 °C for the required time points
ranging from 15 s to 60 min. The reaction was stopped using a
stop dye (1×: 50 mM EDTA, 1% SDS, 10% glycerol, and
0.0125% orange G). The samples were separated on a 1%
agarose gel and imaged using a BioRad ChemiDoc after
staining with ethidium bromide (0.25 μg/mL).
The bands corresponding to supercoiled (SC), nicked (N),

and linear (L) products were quantified by ImageJ software,56

and the intensities were represented as ISC, IN, and IL,
respectively. The cleavage activities were calculated as follows
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where the “0” subscript represents values for the respective
signals measured from the no enzyme control lane of each gel.

Time Course Oligo DNA Cleavage Assay. Oligo DNAs
containing a PAM (5′-NGG-3′) and protospacer sequence
(matched oligo DNA) were ordered from IDT (Table S6). TS
and NTS strands were separately labeled with γ-32P
(PerkinElmer) at the 5′-end using T4 polynucleotide kinase
(New England Biolabs). The 32P-labeled strands were purified
through a Micro Biospin column P-30 (BioRad), and 100%
recovery was assumed for further calculations. The labeled
strands, TS or NTS, were annealed to unlabeled comple-
mentary strands at a 1:1.2 ratio in 1× annealing buffer (30 mM
HEPES, pH 7.5, and 100 mM potassium acetate) by heating

Scheme 1. Kinetic Model for Plasmid DNA Cleavagea

aThe kinetic model shows that the linearization of plasmid DNA may
proceed through two routes: the TS pathway (where nicking by HNH
is followed by linearization by RuvC) or the NTS pathway (where
nicking by RuvC is followed by linearization by HNH). Each cleavage
event was assigned a unique rate constant as shown in the scheme.
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the mixture to 95 °C for 2 min followed by slow cooling to
room temperature. The oligo cleavage assay (5 nM duplex
oligo DNA) was carried out with equimolar SpyCas9 and
sgRNA at a 250 nM concentration in 1× oligo reaction buffer
(1×: 20 mM Tris, pH 7.5, 10 mM MgCl2, 100 mM KCl, 5%
(v/v) glycerol, and 0.5 mM TCEP). The reaction (10 μL) was
incubated at 37 °C for different time points and stopped with
EDTA (final 12 mM). The samples were further treated with
proteinase K (2 μg/reaction, NEB) in the presence of 15 mM
CaCl2 for 15 min at 50 °C followed by the addition of the
loading dye (1×: 10 mM EDTA, 47% formamide, 1% SDS,
and 0.0125% bromophenol blue). The samples were resolved
on a 16% urea−formamide−acrylamide gel. The gel was
imaged using a Typhoon FLA 7000 system (GE Life Sciences).
The band intensities from intact uncut oligo DNA and

cleavage products were quantified by ImageJ software and are
represented as Tuncut or NTuncut and Tcut or NTcut. The
reduction of oligo DNA (precursor) was calculated using the
following formula
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Determination of Rate Constants for the Parallel
Sequential Reaction Model. For plasmid DNA cleaved by
SpyCas9 with active HNH and RuvC nuclease domains,
cleavage of a supercoiled plasmid DNA precursor gave two
distinct bands representing respectively the nicked and the
linear products. These data were analyzed using the parallel
sequential reaction model (Scheme 1), which yielded the
following (see detailed derivation in SI Section S.1)
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where P is the fraction of the precursor, N is the fraction of the
total nicked product, NTS is the fraction of the product with
only the TS nicked, NNTS is the fraction of the product with
only the NTS nicked, LTS,NTS is the fraction of the linear
product generated from the TS pathway (i.e., the first cut on
the TS by HNH and then the second cut on the NTS by
RuvC), LNTS,TS is the fraction of the linear product generated
from the NTS pathway (i.e., the first cut on the NTS by RuvC
and then the second cut on the TS by HNH), L is the fraction
of the total linear product, α is the active fraction of the
precursor, k1,HNH is the rate constant for nicking the TS of the
precursor by the HNH nuclease, k1,RuvC is the rate constant for
nicking the NTS of the precursor by the RuvC nuclease, k2,HNH
is the rate constant for the HNH cleaving the TS of the nicked
product produced by the RuvC domain, and k2,RuvC is the rate
constant for the RuvC cleaving the NTS of the nicked product
produced by the HNH nuclease.
Because P + N + L = 1, in each reaction data set, two of the

three time traces were independent. The measured time
dependence of P, N, and L were fit globally to eqs 6, 7, and 8
using a joint nonlinear least-squares regression MATLAB
program, nlinmultifit.m, developed by Chen Avinadav.57 The
program yielded the best-fit value for each of the five variables
and their respective confidence levels. Note that in all fitting
data reported in this work, the results did not depend on the
initial values of the fitted variables. The suitability of a single
sequential model to analyze plasmid cleavage data (SI Section
S.2), testing of the effect of RNP concentration on rate
constants (SI Section S.3), checking of the assignments of the
four rate constants (SI Section S.4), kinetic mechanisms for
single nucleases (SI Sections S.5 and S.6), and oligo DNA
cleavage analysis (SI Section S.7) are detailed in the
Supporting Information.

Determination of the Rate Constant Using a One-
Step Reaction Model. For reactions in which only one
species can be measured independently, the data set yielded
only one independent time trace. These data sets were
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analyzed using the following model derived in detail in SI
Sections S.5 and S.6

⎯→⎯precursor product
kobs

The model gave the fraction of the precursor (P) as follows

α= − · − − ·P 1 (1 e )k tobs (9)

with the fitting variables α being the active fraction of the
precursor and kobs the apparent reaction rate constant. To
determine α and kobs, the measured time dependence of P was
fit to eq 9 using the nlinmultifit.m program.
System Setup for MD Simulation. CRISPR-Cas9 cleaves

the TS and the NTS DNA concertedly; hence, the SpyCas9-
sgRNA-ds DNA complex with activated and catalytically
competent HNH and RuvC states is required to assess the
effect of the BH, proline substitutions, and DNA mismatch on
Cas9’s catalytic function. In the recently reported active-state
cryo-EM SpyCas9 structure (PDB ID: 6O0Y), many regions of
the Cas9 protein [175−310 (REC2), 713−717, and 1002−
1075 (RuvC-III)] along with most of the nucleotides of the
NTS DNA and magnesium ions are not resolved.25 To add
over 100 missing residues and the entire NTS DNA would
make the initial structure not very reliable. Therefore, we chose
to start from a structure of SpyCas9 from our previous
simulation study58 (started from the X-ray crystal structure;
PDB ID: 5F9R23) that reached the HNH precatalytic state to
model the SpyCas9-dsDNA-sgRNA complex required for this
study. In our previous studies, in the absence of NTS DNA and
with added Mg2+ at the HNH catalytic center, the HNH
domain was docked toward the catalytically competent state as
observed by extensive MD simulations (note: NTS DNA
present in 5F9R was removed in this simulation to allow HNH
to reach its catalytic state in a shorter timescale).58,59 Thus, the
structure is already in the precatalytic/active state of the HNH
domain.58 For the present study, in order to obtain both HNH
and RuvC in catalytically competent states, the following three
steps were carried out to derive the RuvC active state. First, the
NTS DNA was introduced back into the structure from our
previous simulations58,59 based on superposition with 5F9R,
and the 11 nt at the PAM-distal region of NTS DNA (Table
S3) that were not resolved in 5F9R were added manually in
the structure. Second, to keep the conformation of the catalytic
center of RuvC similar to that of the recent experimental cryo-
EM structure (6O0Y), the coordinates of H983 and residues
3−12 (including D10) were replaced by the corresponding
regions from the cryo-EM structure, 6O0Y. Lastly, two Mg2+

ions were added near the catalytic residues D10 and H983
according to the positions of Mn2+ in the structure 4CMQ.20

The similarity of our starting model (named model-A) of
SpyCas9-sgRNA-dsDNA bound with Mg2+ ions and the
organization of catalytic centers of RuvC and HNH are
shown in Figure S10. A superposition of the model-A structure
with the experimental structure, 6O0Y, shows that our model
aligns reasonably well with the experimental cryo-EM structure
with an RMSD of 2.174 Å (Figure S10A). Moreover, the
superimposition of the catalytic residues of both the
endonuclease domains of our model shows a good match
with the catalytic centers of 6O0Y (Figures S10B,C). The
arrangement of the catalytic centers and positioning of divalent
metals in RuvC and HNH in model-A are shown in Figure
S11A,B.

As mentioned above, we aimed to create a catalytically
competent state of RuvC following the features of RuvC in
6O0Y. Since the NTS DNA already left the active site in
6O0Y, it is not clear if RuvC is still in its active state in 6O0Y.
In addition, the absence of experimental structures with bound
Mg2+ ions in the catalytic centers imparts uncertainty on how
the presence of Mg2+ ions would rearrange the catalytic
residues of the RuvC domain. Hence, we carried out an MD
simulation from our starting model-A that is closer to 6O0Y
after adding Mg2+ ions corresponding to the positions of Mn2+

in 4CMQ.20,25 We ran the simulation for 1000 ns and observed
a new stable RuvC active-state structure (model-B, Figure
S11C). In this new state, we found several conformational
rearrangements in the RuvC catalytic center, such as a decrease
in the distance between H983 and the scissile phosphate (from
9 to 6 Å) (Figure S11A,C). The residues E762, D986, and
NTS DNA nucleotides move closer and are coordinated to the
Mg2+ ion pair. The HNH also adopts a slightly different
conformation after the 1000 ns simulation, where the distance
between the scissile phosphate and H840 increases (from 4 to
8 Å), though it is still poised at the catalytically competent
conformation (Figure S11B,D). In model-A, similar to the
Mn2+-bound experimental crystal structure (4CMQ), the
residue H983 coordinates one of the catalytic Mg2+ ions
(Mg(A), Figure S11A) at a closer distance that may sequester
ND1 of H983 to act as a base. To ensure that the Mg(A)−
H983 coordinations are accurate, we calculated the distance
between H983−ND1 and Mg(A) during the 1000 ns
simulation that converted model-A to model-B (Figure
S12A). H983−ND1 detaches from the coordinating Mg2+

ion rapidly within ∼30 ns of simulation and remains detached
throughout the simulation (Figure S12A). In addition, we
checked this coordination distance in the experiments where
model-B was further analyzed by MD simulations. In model-B,
this distance is around 4−5 Å throughout the 400 ns
simulation (Figure S12B). This confirms that RuvC active-
site orientations represent a catalytically competent state and
agrees with previous research studies that reported reposition-
ing of Mg2+ in the RuvC active site to activate H983 as a
general base60 and complete loss of catalytic activity of RuvC
upon H983A substitution.21

Based on the distances of the catalytic residues’ side chains,
DNA nucleotides, and Mg2+ ion coordinations, the con-
formation after the 1000 ns simulation (referred to as model-B
in this manuscript) represents an active-state conformation for
both endonuclease domains. This final structure with the active
states of RuvC and HNH as indicated in Figure S11C,D,
respectively, was used as the starting structure for the different
SpyCas9-sgRNA-dsDNA complexes investigated in the present
study (Table S3).
To create SpyCas92Pro, residues 64 and 65 were substituted

with proline using Pymol.61 To introduce a mismatch between
sgRNA and target DNA, the nt at the fifth position
downstream of the PAM on the TS was mutated from C to
G for MM5, whereas the nt at the 18th position was mutated
from G to C for MM18 using Pymol.61 Note that this is the
sequence of the DNA that is present in the 5F9R structure
(Table S3). In each mismatch (MM) system, the comple-
mentarity between TS-DNA and NTS-DNA was maintained
by mutating the corresponding NTS-DNA nucleotide as well.
Further, each SpyCas9 system was immersed in an octahedron
box of TIP3P62 water molecules with the nearest distance
between the SpyCas9 and the water box boundary being less
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than 13 Å. To mimic the experimental reaction buffer, extra
Mg2+ ions were added to obtain a 5 mM concentration, and
the ionic strength of each system was kept at 100 mM by
adding potassium and chloride ions. A summary of the
SpyCas9 systems simulated in the present study is provided in
Table S3. All the structural figures were prepared by Pymol.61

MD Simulation Software and Setup. All simulations
were carried out using the GPU version of the AMBER18
package.63 The force field parameters for the protein, DNA,
and RNA were taken from ff14SB,64 DNA.OL15, and
RNA.OL3 force fields, respectively. First, each system was
thoroughly minimized for 10,000 steps using the steepest-
descent algorithm for the initial 1000 steps and the conjugated
gradient algorithm for the remaining steps, with the solute
heavy atoms constrained at their initial positions. After that,
each system was gradually heated from 0 to 310.15 K in 50 ps
by employing Langevin dynamics with a collision frequency of
2 ps−1. In the next stage, each system was equilibrated in the
NPT ensemble, keeping weak restraints on heavy solute atoms.
Finally, the production simulations were carried out on a fully
relaxed system in the NPT ensemble. An integration step of 1
fs was used in the minimization and equilibration stages, while
2 fs was used in the production stage. To evaluate the long-
range electrostatic interactions, the particle mesh Ewald
(PME)65 method was employed, and to constrain the length
of bonds involving hydrogen atoms, the SHAKE algorithm66

was used. For the short-range interactions, the cutoff radius
was set to 10 Å. Each system (SpyCas9WT and SpyCas92Pro

with matched, MM5, and MM18 DNA) prepared from the
fully active state model-B was simulated for about 400 ns, and
three independent simulations were performed for each system
(Table S3). Additionally, to investigate the influence of the
different active-state conformations in model-A and model-B
on BH substitution, SpyCas9WT and SpyCas92Pro with matched
and MM5 DNA were prepared from the partially active model-

A, each system was simulated for about 200 ns, and two
independent simulations were carried out for each system.
Trajectories were saved at every 2 ps, and the last 100 ns was
used for analysis.

Dynamic Cross Correlation. To understand the correla-
tive motions between the Cα atoms of catalytic residues (D10/
E762/H983/D986 of RuvC and D839/H840/N863 of HNH
domains) and the protein substitution sites (residues 64 and
65) in the BH, we used the dynamic cross correlation matrix
(DCCM). The correlation coefficient, Sij, between two atoms i
and j is defined as follows

=
⟨Δ ·Δ ⟩

⟨Δ ·Δ ⟩⟨Δ ·Δ ⟩
S

r r

r r r rij
i j

i i j j (10)

where ⟨···⟩ indicates an ensemble average. The displacement
vector Δri or Δrj is computed by subtracting the instantaneous
position of ith or jth atoms with their average position. The
magnitude of Sij quantifies the correlations between the atoms i
and j. Sij > 0 indicates positive correlative movements where
both i and j move in the same direction, while Sij < 0 indicates
negative correlative movements where i and j move in the
opposite direction.

Principal Component Analysis (PCA) and the Free-
Energy Landscape (FEL). PCA, also known as quasi
harmonic analysis or the essential dynamics method, is one
of the well-known approaches for reducing the dimensionality
of a complex system. All PCA calculations were performed
using cpptraj67 in the AMBER18 tool. In this method, the first
covariance matrix C is calculated, which provides information
on the two-point correlation of the system. In the case of
molecular dynamics of M atoms, the element Cij can be defined
as follows

= ⟨ − ⟨ ⟩ − ⟨ ⟩ ⟩C x x x x( )( )ij i i j j (11)

Figure 2. Cleavage of the matched plasmid by SpyCas9WT and SpyCas92Pro. (A) Time course gel showing cleavage activities of SpyCas9WT and
SpyCas92Pro. N, nicked; L, linear; SC, supercoiled plasmid (precursor). (B) Graphs showing the global fit of the fractions of the precursor (P) and
nicked (N) and linear (L) products produced by SpyCas9WT and SpyCas92Pro. The data were fit by a parallel sequential model using eqs 6−8 (see
Materials and Methods and Table 1). There is a fast appearance and complete disappearance of nicked products in SpyCas9WT compared to that of
SpyCas92Pro where there is a fraction of ∼0.2 nicked product left at the end of the time course. The graph was obtained from three replications, and
error bars represent standard deviation. The curves represent the best global fit obtained for the data.
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where xi and xj are the mass-weighted Cartesian coordinates of
the ith and jth atoms and ⟨···⟩ denotes the average over all
sampled conformations. PC components are obtained by
diagonalizing and solving the eigenvalue and eigenvectors for
the covariance matrix C. The eigenvectors, PCs, and
eigenvalues of the covariance matrix provide the modes of
collective motion and their amplitudes, respectively. PCs can
be used to represent the free-energy surface of the system. FEL
as a function of PC1 and PC2 can be defined as follows

Δ = − [ − ]G K T p p(PC1, PC2) ln (PC1, PC2) lnB max
(12)

where KB denotes the Boltzmann constant and T is the
absolute temperature. p is the probability distribution of the
conformation ensemble along the first two principal
components, PC1 and PC2. pmax represents the maximum
probability, which is subtracted to ensure that ΔG = 0 for the
lowest free-energy minimum.
To map PCA FEL plots with the representative structures of

the precatalytic states of HNH and RuvC, root-mean-square
deviation (RMSD) and distance-based clustering was per-
formed for the whole simulation run by using the most

accepted average linkage clustering algorithms as implemented
in the AMBER18 tool. The representative structures for HNH
and RuvC precatalytic states were observed in the cluster
structures for each system and mapped in the respective FEL.

■ RESULTS

A Parallel Sequential Model Explicitly Delineates
Coordination between SpyCas9 HNH and RuvC
Nuclease Domains. Previously, we reported that two proline
substitutions within the BH-loop (residues 64−67) of SpyCas9
(SpyCas92Pro) affect target DNA cleavage and provide better
discrimination against PAM-proximal mismatched substrates.51

Additionally, with supercoiled plasmids as substrates, one can
observe not only the linearized DNA product that reports
cleavage by both the HNH and RuvC endonucleases but also
the intermediate nicked products that result from one cleavage
event by one endonuclease, either HNH or RuvC. At fixed
time points, SpyCas92Pro shows a higher ratio of nicked vs
linear products compared to that of SpyCas9WT, indicating that
one of the nuclease activities (HNH or RuvC) may be affected
more by the BH substitutions.51 In this work, detailed time

Table 1. Rate Constants Obtained Using the Parallel Sequential Modela

TS pathway NTS pathway

plasmid DNA enzyme active fraction k1,HNH (min−1) k2,RuvC (min−1) k1,RuvC (min−1) k2,HNH (min−1)

matched DNA SpyCas9WT 0.85 ± 0.01 1.23 ± 0.13 0.67 ± 0.11 0.48 ± 0.12 0.07 ± 0.02
SpyCas92Pro 0.89 ± 0.03 0.32 ± 0.06 0.23 ± 0.06 0.10 ± 0.05 0.01 ± 0.01

MM5 DNA SpyCas9WT 0.92 ± 0.02 0.68 ± 0.09 0.35 ± 0.08 0.25 ± 0.07 0.01 ± 0.01
SpyCas92Pro 0.81 ± 0.02 0.08 ± 0.01 0.00 ± 0.00 0.05 ± 0.01 0.24 ± 0.11

MM18 DNA SpyCas9WT 0.90 ± 0.01 1.46 ± 0.10 2.48 ± 0.32 0.31 ± 0.04 0.01 ± 0.01
SpyCas92Pro 0.96 ± 0.03 0.40 ± 0.06 1.43 ± 0.71 0.22 ± 0.04 0.00 ± 0.00

aFour rate constants were obtained for the four possible DNA cleavage events after fitting the plasmid cleavage data with the parallel sequential
model. Each of these rate constants differs based on the step in the four-step model and the protein and DNA substrate that are being used.

Figure 3. Cleavage of the MM5 plasmid by SpyCas9WT and SpyCas92Pro. (A) Time course gel showing cleavage activities of SpyCas9WT and
SpyCas92Pro. N, nicked; L, linear; SC, supercoiled plasmid (precursor). (B) Graphs showing the global fit of the fractions of the precursor (P) and
nicked (N) and linear (L) products produced by SpyCas9WT and SpyCas92Pro. The data were fitted by a parallel sequential model using eqs 6−8
(see Materials and Methods and Table 1). There are drastic differences in the appearance and disappearance of nicked products in SpyCas9WT and
SpyCas92Pro. While SpyCas9WT can completely linearize the MM5 precursor, there is a fraction of 0.5 nicked product left for SpyCas92Pro at the end
of the time course. The graph was obtained from three replications, and error bars represent standard deviation. The curves represent the best
global fit obtained for the data.
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course measurements and kinetic analyses were conducted on
the nicked and linear products to understand the coordination
between the two endonucleases and how such coordination is
impacted by the BH substitutions and the target DNA
mismatches.
Figure 2 shows cleavage of a supercoiled plasmid containing

a matched DNA protospacer. The measurements were carried
out under saturated enzyme concentrations (50 nM) as
determined by our previous study.51 For both SpyCas9WT and
SpyCas92Pro, a rise-then-decay pattern was observed for the
nicked product (Figure 2), consistent with the expectation that
the nicked product acts as an intermediate during the reaction.
This indicates that the data should be analyzed using a
sequential reaction model (i.e., precursor → nicked → linear,
SI Section S.1). Interestingly, at the longest time point (i.e., 60
min, Figure 2) the fraction of the nicked product (N)
approached zero for SpyCas9WT but stayed at ∼0.2 for
SpyCas92Pro (Figure 2), indicating that not all the nicked
intermediates were converted to the final linear product. As
such, a single-pathway sequential model, which dictates a
complete consumption of the intermediate (i.e., N ∼ 0 at long
time points), cannot adequately fit the SpyCas92Pro data (SI
Section S.2). Instead, a parallel sequential model was
developed (Scheme 1), in which the supercoiled plasmid was
nicked in a parallel fashion at either the TS (by the HNH
endonuclease with a rate constant k1,HNH) or the NTS (by the
RuvC endonuclease, rate constant k1,RuvC) and then sub-
sequently cut again on the second strand by the other
endonuclease, to generate the linear product (rate constants
k2,RuvC and k2,HNH, respectively) (Methods, SI Section S.1). In
this report, we designate the pathway where HNH cleavage is
followed by RuvC cleavage as the TS pathway (corresponding
rate constants for this pathway are k1,HNH and k2,RuvC) and that
where RuvC cleavage is followed by HNH as the NTS pathway
(corresponding rate constants for this pathway are k1,RuvC and

k2,HNH). This parallel sequential model was able to satisfactorily
fit the observed time course for both SpyCas9WT and
SpyCas92Pro (Figure 2B and Table 1), and its usage was
justified by a statistical test (SI Section S.2, Table S1). Our
parallel sequential model is consistent with those proposed
based on detailed analyses of SpyCas9 cleavage of linear
duplexed DNAs.37,46 Each of the four rate constants, k1,HNH,
k2,RuvC, k1,RuvC, and k2,HNH, reflects collectively the multiple
conformational changes and final strand scission required for
the respective DNA cleavage pathway. Taking advantage of the
fact that the nicked intermediates can be independently
measured along with the supercoiled plasmid substrates, the
parallel sequential model enables analyses of SpyCas9 pathway
utilizations using a simple time course measurement.
Further kinetic analyses were carried out with mismatched

DNA targets. Figure 3 shows data on the MM5 supercoiled
plasmid, in which the target DNA contains a PAM-proximal
mismatch (fifth position from the PAM) to the sgRNA. With
SpyCas9WT, the rise-then-decay pattern was observed for the
nicked product (Figure 3A). This indicates that with this
mismatched substrate, the wild-type SpyCas9 was able to
process the nicked intermediate to the final linear product,
although the rate constant was slower than that of the matched
DNA (Table 1, also compare Figures 2 and 3). However, with
SpyCas92Pro, the nicked species rose and plateaued at ∼0.5,
while the linear product rose and plateaued at ∼0.3 (Figure
3B). This indicates that similar to the SpyCas92Pro-matched
DNA data set (Figure 2), a portion of the nicked intermediate
was not converted to the final linear product. In fact, such an
unconverted nicked fraction was much greater with the MM5
substrate, resulting in a lack of complete decay of the nicked
species within the measured time course (Figure 3). This
feature again cannot be adequately accounted for with a single-
pathway sequential model but instead was fitted effectively
using the parallel sequential model (Figure 3B and Table 1).

Figure 4. Cleavage of the MM18 plasmid by SpyCas9WT and SpyCas92Pro. (A) Time course gel showing cleavage activities of SpyCas9WT and
SpyCas92Pro. N, nicked; L, linear; SC, supercoiled plasmid (precursor). (B) Graphs showing the global fit of the fractions of the precursor (P) and
nicked (N) and linear (L) products produced by SpyCas9WT and SpyCas92Pro. The data were fitted by a parallel sequential model using eqs 6−8
(see Materials and Methods and Table 1). There are differences in the appearance and disappearance of nicked products in SpyCas9WT and
SpyCas92Pro. While SpyCas9WT can completely linearize the MM18 precursor, there is a fraction of 0.3 nicked product left for SpyCas92Pro at the
end of the time course. The graph was obtained from three replications, and error bars represent standard deviation. The curves represent the best
global fit obtained for the data.
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Studies were also carried out on another supercoiled plasmid
substrate, MM18, in which the target DNA contains a PAM-
distal mismatch (18th position from the PAM) to the sgRNA
(Figure 4). This mismatched substrate showed an interesting
feature, where the rate constants for the TS pathway were
augmented for both SpyCas9WT and SpyCas92Pro, compared to
matched DNA (Table 1). SpyCas9WT showed complete
conversion of the nicked product to linear DNA within the
time points measured in our study. With SpyCas92Pro, the
nicked intermediate rose but decayed only slightly and
plateaued at ∼0.3, which is marginally better than the
accumulation with MM5 and with a corresponding increase
in linearization that plateaued at ∼0.6. This was adequately fit
again with the parallel sequential model (Figure 4B and Table
1).
A saturated concentration of 50 nM Cas9-sgRNA was

chosen based on our previous study.51 To further ensure that
the rate constants obtained with SpyCas9WT and SpyCas92Pro

were not affected by DNA binding, we performed time course
assays with SpyCas92Pro-MM5 condition, the combination
where there was a maximum reduction in rate constants. We
saw no significant differences between the rate constants at 50
and 100 nM, indicating that defects in DNA binding did not
contribute to the lowering of rate constants in SpyCas92Pro (SI
Section S.3, Figure S2).
Determining the Physical Nature of the Rate

Constants. With the parallel sequential model (Scheme 1),
the equations describing the time-dependent evolutions of the
precursor, nicked, and linear species cannot distinguish the TS
pathway vs the NTS pathway by themselves (SI Section S.4).
As a result, there are two mathematically equivalent ways to
assign the numerical values of rate constants obtained from the
fitting of the parallel sequential model, either k1,HNH > k1,RuvC
or k1,RuvC > k1,HNH (SI Section S.4). Also note that based on the
parallel sequential model, k1,HNH will pair with k2,RuvC
representing the TS pathway and k1,RuvC will pair with k2,HNH
representing the NTS pathway (SI Section S.4). Based on the
reports that HNH cleavage of the TS is faster than the RuvC
cleavage of the NTS,37,46 we selected the k1,HNH > k1,RuvC
conjecture and confirmed that this was appropriate with a
number of experimental tests as described below.
First, experiments were performed with supercoiled plasmids

containing the matched DNA using single-nuclease SpyCas9
variants, in which the individual HNH or RuvC nuclease was
inactivated (SpyCas9D10A, SpyCas92Pro‑D10A, SpyCas9H840A, and
SpyCas92Pro‑H840A). The single-nuclease SpyCas9 produced
only the nicked product and allowed for analyses, yielding a
single apparent rate constant, kobs (SI Sections S.5 and S.6,
Schemes S3 and S4). The kobs of SpyCas9D10A and
SpyCas9H840A are 1.18 ± 0.19 and 0.07 ± 0.01 min−1,
respectively (SI Sections S.5 and S.6, Figures S5A and S7A),
while those of SpyCas92Pro‑D10A and SpyCas92Pro‑H840A are 0.35
± 0.06 and 0.07 ± 0.01 min−1, respectively (SI Sections S.5
and S.6, Figures S5B and S7B). The data confirms that with
the supercoiled matched plasmid substrate, HNH cleaves faster
than RuvC for both SpyCas9WT and SpyCas92Pro. This
supports the k1,HNH > k1,RuvC assignment (Table 1). However,
the measured kobs of the single-nuclease SpyCas9 includes
contributions from both the TS and NTS pathways (SI
Sections S.5 and S.6) and therefore does not completely
resolve the ambiguity in the k1,HNH/k1,RuvC assignment.
Similarly, experiments with the SpyCas9 two-nuclease and
oligonucleotide DNA duplex, where individual DNA strands

were labeled with 32P to track TS and NTS cleavages, showed
that TS cleavage by HNH is faster than NTS cleavage by RuvC
(SI Section S.7, Figure S9). This supports the k1,HNH > k1,RuvC
assignment but does not completely resolve the ambiguity
since individual labeling of strands prevents measuring the
amount of nicking of the opposite strand that is happening
simultaneously at any time point (SI Section S.7).
To overcome the ambiguity in the single-nuclease and

oligonucleotide duplex experiments, a primer extension assay
was developed to directly evaluate the relative ratio of TS-
nicked and NTS-nicked DNAs produced at a given time point
in the supercoiled plasmid cleavage reaction (SI Section S.9,
Figures S13−S15). The experiment used a 32P-labeled primer
complementary to the TS to obtain a measure of the TS-
nicked intermediate, ratioTS, in a reaction mixture, without
separation of the unreacted DNA precursor and nicked and
linear products. Parallely, measurements with a 32P-labeled
primer complementary to the NTS yielded ratioNTS, which
provides a measure of the NTS nicked in the reaction mixture
(SI Section S.9.1). Measurements were carried out on all six
SpyCas9 cleavage reactions with two protein variants and three
different DNA substrates to obtain ratioFinal = ratioTS/ratioNTS
(SI Section S.9.2). The measured ratioFinal at the first time
point were all >1, indicating that the TS-nicked plasmid
products appeared faster than the NTS-nicked products (Table
S4). The measured ratioFinal values were compared to the
corresponding predictions based on either the k1,HNH > k1,RuvC
assignment or the k1,HNH < k1,RuvC assignment, and the analyses
supported the k1,HNH > k1,RuvC assignment (SI Section S.9.3).

Impact of BH Proline Substitutions on Cleavage of
Matched DNA. Rate constants obtained for all six SpyCas9-
DNA data sets (Table 1) allowed us to quantify two
mechanistic aspects on coordination between HNH and
RuvC cleavages. One is the commitment fraction to the TS
and NTS pathways, measured respectively by k1,HNH/(k1,HNH +
k1,RuvC) and by k1,RuvC/(k1,HNH + k1,RuvC) (Table 2A). The other
is the proficiency for nicked-to-linear conversion in TS and
NTS pathways, measured respectively by k2,RuvC/k1,HNH and
k2,HNH/k1,RuvC (Table 2B). With matched DNA, SpyCas9WT

has k1,HNH = 1.23 ± 0.13 min−1 and k2,RuvC = 0.67 ± 0.11 min−1

for the TS pathway and k1,RuvC = 0.48 ± 0.12 min−1 and k2,HNH
= 0.07 ± 0.02 min−1 for the NTS pathway (Table 1). The TS
pathway not only has a larger commitment fraction compared
to the NTS pathway (0.72 vs 0.28, Table 2A) but also a higher
nick conversion efficacy (0.54 vs 0.14, Table 2B ). This
indicates that the TS pathway is favored by SpyCas9WT to
generate a double stranded break on the matched plasmid
DNA. Comparing SpyCas92Pro to SpyCas9WT, the BH
substitutions result in a 3−5 fold reduction in k1,HNH, k2,RuvC,
and k1,RuvC, while k2,HNH is lowered by 7-fold (Table 1).
SpyCas92Pro commits to the TS pathway similarly to
SpyCas9WT (Table 2A) and has a high nicked-to-linear efficacy
in the TS pathway (0.70, Table 2B). However, the larger
relative reduction in k2,HNH indicates that the proline
substitutions severely impede the ability of HNH to make
the second cut after the initial nicking by RuvC, resulting in a
lower NTS nicked-to-linear efficacy for SpyCas92Pro as
compared to SpyCas9WT (0.06 vs 0.14, Table 2B). This
accounts for the observed accumulation of nicked products
(∼0.2) in the cleavage of matched DNA by SpyCas92Pro

(Figure 2B).
Overall, the parallel sequential model analyses show that

while both SpyCas9WT and SpyCas92Pro generate the majority
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of linear DNA products using the TS pathway, the BH
substitutions impact the coordination of HNH and RuvC,
affecting k2,HNH in a disproportionate manner, resulting in an
accumulation of the nicked intermediate through the impair-
ment of the NTS pathway.
Mismatch in DNA Alters HNH/RuvC Coordination and

Its Response to the BH Substitution. The parallel
sequential model further allowed detailed analysis of how
SpyCas9 responds when encountering mismatched DNAs (i.e.,
off-targets). With the MM5 substrate that contains a PAM-
proximal mismatch, SpyCas9WT shows ∼2-fold reductions of
k1,HNH, k2,RuvC, and k1,RuvC and an ∼7-fold reduction of k2,HNH
(Table 1). This indicates that with MM5, the reaction is slower
along both TS and NTS pathways, but commitment between
TS and NTS pathways is similar to that of the matched DNA
(Table 2A). The larger k2,HNH reduction among the four rate
constants also revealed a lower nicked-to-linear efficacy along
the NTS pathway (Table 2B).
The SpyCas92Pro-MM5 displays a drastically different

behavior; linear DNA is produced only through the NTS
pathway but not using the TS pathway. As shown in Table 1,
k1,HNH is reduced by ∼4-fold and ∼15-fold as compared to
SpyCas92Pro-matched DNA and SpyCas9WT-matched DNA,
respectively, indicating very inefficient HNH nicking. More
importantly, SpyCas92Pro-MM5 gives k2,RuvC = 0 (Table 1),
indicating that the HNH-nicked DNAs are not cleaved by
RuvC. Consequently, with SpyCas92Pro-MM5, the TS pathway
is completely shut down, with a zero nicked-to-linear efficacy
(Table 2B) and no linear product produced, which should
account for a large amount of nicked products observed with
the MM5 plasmid cleavage experiment (∼0.50, Figure 3B).
Furthermore, the NTS pathway with SpyCas92Pro-MM5 DNA
has a much reduced k1,RuvC as compared to SpyCas9WT-
matched and SpyCas92Pro-matched (Table 1), indicating

deficiency in RuvC nicking as well. On the other hand,
k2,HNH is significantly enhanced (Table 1). This results in a
high nicked-to-linear efficacy with the NTS pathway (5.32,
Table 2B) and accounts for the linear DNA observed in the
MM5 DNA cleavage experiments with SpyCas92Pro (Figure
3B). Overall, with the TS pathway shut down and inefficient
RuvC nicking, SpyCas92Pro produces a lower total amount of
linear products with MM5 as compared to the matched DNA,
thus showing efficient target DNA discrimination.
Another class of mismatched target, the MM18 plasmid

containing a PAM-distal mismatch, shows a distinct usage of
the TS and NTS pathways. With SpyCas9WT, MM18 gives
comparable k1,HNH and k1,RuvC to those of matched DNA, but
k2,RuvC is significantly higher (Table 1). The TS pathway has a
slightly higher commitment fraction (0.82, Table 2A) and a
better nicked-to-linear efficacy (1.70, Table 2B). These
together give rise to a faster conversion to the linearized
product as compared to that of the matched DNA (compare
Figures 2 and 4), indicating that SpyCas9WT cannot
discriminate MM18-mismatched DNA.
With SpyCas92Pro-MM18, k1,HNH is similar to that of

SpyCas92Pro-matched DNA but lower than that of Spy-
Cas9WT-matched DNA, while k2,RuvC is clearly increased
(Table 1). The TS pathway has a lower commitment fraction
(0.65, Table 2A), although it is capable of efficiently converting
nicked to linear (efficacy of 3.56, Table 2B) to generate linear
products (Figure 4B). However, SpyCas92Pro-MM18 has a zero
k2,HNH (Table 1), suggesting that the NTS pathway can
generate nicks, but the nicked-to-linear conversion is impeded
(efficacy of 0.00, Table 2B), accounting for the observed
nicked accumulation in the cleavage experiments (Figure 4B).
Overall, reduced usage of the TS pathway and lack of nicked-
to-linear conversion in the NTS pathway result in SpyCas92Pro

producing a lower total amount of linear products with MM18
when compared to SpyCas9WT-MM18 (Figure 4B). This
shows that unlike SpyCas9WT, SpyCas92Pro is able to
distinguish MM18 vs a matched DNA target, which can be
attributed to the impaired NTS pathway.
In summary, the commitment fraction (Table 2A) and

nicked-to-linear efficacy (Table 2B) analyses provide measures
on coordinated actions between the HNH and RuvC nucleases
to achieve the dsDNA break. The results indicate that HNH/
RuvC coordination is modulated by the BH and that the
position of the mismatch in a target DNA causes a difference in
behaviors during target DNA discrimination.

Proline Substitutions in the BH Contribute to R-Loop
Formation Based on the DNA Mismatch Position. To
derive the molecular mechanism of BH-mediated regulation of
DNA mismatch sensitivity, we conducted molecular dynamics
(MD) simulation studies using a ternary complex holding both
HNH and RuvC domains in catalytically competent states
(model-B, Figure S11C,D). The RuvC endonuclease domain
has a typical RNase H fold and carries four essential catalytic
residues, D10, E762, H983, and D986.21,41 On the other hand,
the HNH domain possesses a ββα-metal motif bearing three
essential catalytic residues, D839, H840, and N863.21,58 In our
active-state model-B, the distance between H840 and +4P
(TS) is about ∼8 Å, whereas the distance between H983 and
−3P (NTS) is about ∼6 Å (Figure S11C,D), indicating that
both HNH and RuvC domains are positioned near their
respective cleavage sites on DNA, when compared to SpyCas9
structures that are in the inactive conformations.21−23 From
this structure, all-atom MD simulations of SpyCas9WT and

Table 2. Comparison of the Use of TS and NTS Pathways

(A) Comparison of the Initial Commitment between the TS Pathway vs the
NTS Pathway

commitment fraction

plasmid DNA enzyme
TS

pathwaya
NTS

pathwayb
TS/NTS
ratio

matched DNA SpyCas9WT 0.72 0.28 2.55
SpyCas92Pro 0.77 0.23 3.35

MM5 DNA SpyCas9WT 0.73 0.27 2.74
SpyCas92Pro 0.63 0.37 1.69

MM18 DNA SpyCas9WT 0.82 0.18 4.70
SpyCas92Pro 0.65 0.35 1.87

(B) Comparison of Nicked vs Linearization between the TS Pathway and the
NTS Pathwayc

plasmid
DNA enzyme

TS pathway
k2,RuvC/k1,HNH

NTS pathway
k2,HNH/k1,RuvC

matched
DNA

SpyCas9WT 0.54 0.14
SpyCas92Pro 0.70 0.06

MM5 DNA SpyCas9WT 0.52 0.05
SpyCas92Pro 0.00 5.32

MM18 DNA SpyCas9WT 1.70 0.04
SpyCas92Pro 3.56 0.00

aObtained with k1,HNH/(k1,HNH + k1,RuvC) using rate constants
obtained from the parallel sequential fitting shown in Table 1.
bObtained with k1,RuvC/(k1,HNH + k1,RuvC) using rate constants
obtained from the parallel sequential fitting shown in Table 1. cThese
values were computed using rate constants obtained from the parallel
sequential fitting shown in Table 1.
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SpyCas92Pro bound with Mg2+, sgRNA, and matched/
mismatched DNA were performed for a 400 ns timescale.
Previously, it was reported that in the SpyCas9-sgRNA-

dsDNA complex, the amino acids K1107, E1108, and S1109 of
the phosphate lock loop (PLL) present in the C-terminal
domain (CTD) of SpyCas9 form multiple interactions with +1
phosphate of the TS, enabling base pairing between the sgRNA
guide region and the TS, leading to R-loop formation, a
prerequisite for DNA cleavage by SpyCas9.22,30 In addition to
this, the amino acid K65 of the BH domain interacts with
E1108 of the PLL. Analysis of MD trajectories of SpyCas9WT

and SpyCas92Pro with matched and mismatched DNAs shows
that the distance between E1108 of the PLL and K65 of the
BH increases to ∼6.5 Å in the SpyCas92Pro complex (Figure
S16), which indicates that the interaction of E1108 with the
BH is lost due to the proline substitution (K65P). We further
measured the distance between the PLL (S1109) and +1
phosphate of the TS to determine if the proline substitutions in
the BH or mismatches of the target DNA destabilize the PLL−
TS interactions. The results show that the most probable
distribution peak corresponding to ∼3 Å stayed the same in
SpyCas9WT and SpyCas92Pro with matched, MM5, and MM18
DNA, while the SpyCas92Pro-MM5 condition possesses a
second peak at ∼5 Å, indicating the sampling of S1109 at two
different distances (Figure 5). This indicates that the efficiency
of R-loop formation is slightly reduced in SpyCas92Pro when it
encounters a PAM-proximal mismatch such as MM5 DNA,
still with a significant population of the R-loop similar to
SpyCas9WT. In other words, even with the disruption of K65−
E1108 interaction in SpyCas92Pro (Figure S16), R-loop
formation is still efficient as shown by the S1109 to +1
nucleotide interaction (Figure 5) even with a mismatch at a
PAM-proximal position. Thus, our MD results indicate that the
inability to form or maintain an R-loop is not the cause of
differences in the kinetic behaviors that we observed for the
proteins and DNA mismatches (Tables 1 and 2) and that R-
loop interactions are dependent on DNA mismatch and the
position of the mismatch.
BH Substitution Modulates Local Conformational

Fluctuations at Nuclease Catalytic Centers, Which Is
Further Dependent on the DNA Mismatch Position. To
determine whether proline substitutions in the BH modulate
the positioning of catalytic centers of HNH and RuvC
domains, we computed the dynamic cross correlations between
catalytic residues of both endonuclease domains and BH

residues 64 and 65 of SpyCas9WT and SpyCas92Pro with the
MM5 and MM18 DNAs (Figure 6). The cross correlations of

the catalytic center of endonuclease domains with BH residues
(64 and 65) were obtained by adding the averaged correlations
of each of the selected catalytic residues of the respective
domain (Figure 6). The correlations of the individual catalytic
residues of both endonuclease domains are shown in Figure
S17. In general, a positive correlation indicates that the local
motions between the catalytic residues of the endonuclease
domains and the 64th/65th residues of the BH are moving in
the same direction along the given spatial coordinates during
the MD simulation, while a negative correlation (anticorrela-
tion) depicts that they are moving in the opposite direction. A
higher value for positive or negative correlation would suggest
stronger communication between the BH and the endonu-
clease domains, and a change from positive to negative or vice
versa would suggest a change in the direction of the correlative
movements. In SpyCas9WT-matched DNA, the motions of the
catalytic residues of HNH and RuvC domains positively
correlate with the 64th/65th residues of the BH (Figure 6),
suggesting that the local movements between endonuclease
domains and the BH domain are in the same direction. In
SpyCas92Pro-matched DNA, the relative motions of the RuvC

Figure 5. Distance between S1109 (OG) of PLL and the +1 nucleotide (OP2) of TS DNA in SpyCas9WT and SpyCas92Pro with matched, (A)
MM5, and (B) MM18 DNA. The main distance distribution peak remains stable throughout the simulation for all systems. However, a noticeable
second peak at a larger distance with MM5 DNA indicates some impact on this interaction in SpyCas92Pro. The error bars shown as dots represent
standard deviation of the three independent simulations.

Figure 6. Correlation between the catalytic residues of RuvC and
HNH domains and residues 64 and 65 of the BH in SpyCas9WT and
SpyCas92Pro with matched, MM5, and MM18 DNA. The correlation
between residues 64/65 and HNH residues turn into an
anticorrelation with MM5 systems, while their relative correlation is
enhanced with MM18 in both SpyCas9WT and SpyCas92Pro. The
correlation between residues 64/65 and RuvC residues reverses for
MM5 and MM18 compared to matched DNA in both SpyCas9WT

and SpyCas92Pro. To obtain correlations of each domain with the
mutation site, the averaged individual relative correlations of catalytic
residues and BH domain residues 64 and 65 were added.
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domain and the BH are negatively correlated, whereas the
relative motions of the HNH domain and the BH are positively
correlated similar to SpyCas9WT, even though the extent of
correlation is higher in SpyCas92Pro-matched DNA (Figure 6),
indicating that BH substitution noticeably affects its
communication with both catalytic centers. Further, in the
case of mismatched DNA substrates (SpyCas9WT-MM5 DNA,
SpyCas92Pro-MM5 DNA, SpyCas9WT-MM18 DNA, and
SpyCas92Pro-MM18 DNA), the cross correlations between
the BH residues and the catalytic centers of HNH and RuvC
domains change significantly as well as in a different manner
for each protein−substrate DNA combination, suggesting that
the BH modulates the motions of the HNH and RuvC
catalytic centers depending on the mismatch position, which is
consistent with the kinetic results.
We further analyzed the changes of the correlation direction

(i.e., from positive correlation to negative correlation or vice
versa) and the extent of the correlation for each protein−
substrate DNA condition in comparison to the results of
SpyCas9WT-matched DNA. As shown in Figure 6 and Table
S5, SpyCas92Pro-MM5 DNA is the only case that has the
pattern of no change in the correlation direction of RuvC but
with a positive to negative correlation change in the HNH
catalytic center. All the other cases either have a negative
correlation for RuvC or no directional change in both the
domains. Interestingly, our kinetic data showed that SpyCa-
s92Pro-MM5 DNA is the only case in which the TS pathway has
a zero nicked-to-linear conversion (Table 2B), i.e., only the
NTS pathway is able to generate the linear DNA product.
Therefore, it seems that the observed pattern of positive
correlation between the BH and RuvC and the negative
correlation between the BH and HNH may be connected to

the mechanism of NTS pathway adoption in SpyCas92Pro-
MM5 DNA.
An analysis of the nuclease correlations and protein and

DNA substrate types provides some general rules of correlation
between these components. A negative correlation of HNH is
observed in both SpyCas9WT-MM5 DNA and SpyCas92Pro-
MM5 DNA but not in any other conditions. This indicates that
negative correlation of HNH with the BH may be a feature of
SpyCas9 sensing PAM-proximal mismatches and that the
integrity of the BH does not contribute to this sensing
mechanism. On the other hand, RuvC’s correlation with the
BH exhibits a more complex pattern that depends on both the
type of protein and DNA mismatch. In general, RuvC has an
opposite correlation between SpyCas9WT and SpyCas92Pro for
all the different DNA substrates that were tested (Figure 6 and
Table S5). Thus, analysis of the cross correlations between BH
substitution sites and catalytic residues using molecular
dynamics clearly demonstrates that double proline substitution
and DNA mismatch positions influence the local movements
of the catalytic residues of endonuclease domains that may
impact their performance and associated cleavage process.
To further investigate the mechanisms by which the BH

coordinates HNH and RuvC activities, we ran simulations of
SpyCas9WT and SpyCas92Pro with matched and MM5 DNA
with both model-A and model-B (Figure S11). These models
have slight differences in the active-site configurations of HNH
and RuvC domains, with model-A being a partially active state
and model-B being a fully active state for both endonuclease
domains (see the system setup for MD simulations for more
details). We computed the dynamic cross correlation between
both endonuclease domains and residues 64 and 65 of the BH
in SpyCas9WT and SpyCas92Pro with the matched and MM5
DNA (Figures S18 and S19). In SpyCas9WT-matched DNA,

Figure 7. Free-energy landscapes as a function of PC1 and PC2 components in SpyCas9WT and SpyCas92Pro with matched, MM5, and MM18
DNA. The investigation of mismatch and BH modulation in SpyCas9 lead to the formation of different discrete states. With the MM5 DNA, these
states/energy basins are widely separated with unfavorable energy barriers, while with MM18 DNA, they are well-connected through small energy
barriers/metastable states. Conformations with the HNH precatalytic states move to the unfavorable energy regions due to the substitution in the
BH. It can be seen that the presence of PAM-proximal mismatch further favors this movement as observed for SpyCas92Pro with the MM5 DNA
model.
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both the endonuclease domains communicate firmly and
positively with residues 64 and 65 in model-A, whereas their
relative correlation vanishes in model-B (Figure S18). Proline
substitutions in the BH and DNA mismatches changed this
correlation such that the BH domain continues to coordinate
with RuvC/HNH even after reaching the fully active state
(model-B) (Figure S18). A similar trend of reduction in the
extent of the relative correlation of the catalytic residues of
both domains and BH residues 64 and 65 can be seen between
model-A and model-B, respectively, for SpyCas9WT-matched
DNA (Figure S19). This correlation of the catalytic center is
still maintained in BH substitution and DNA mismatches
similar to the whole endonuclease domains (Figure S19).
These observations suggest that the BH is essential for HNH
and RuvC domains to reach the fully active conformations
ready to cleave DNA and that introducing BH modulation or
DNA mismatch interrupts these conformational transitions,
which may be the basis of DNA mismatch sensitivity in
SpyCas92Pro. Finally, to assess if introduction of proline
substitutions causes stability issues in the protein, endonu-
clease domains, or the catalytic centers, we calculated the root-
mean-square deviation (RMSD) under different conditions
(Figures S20 and S21). There are no significant changes in the
structure under these conditions, showing that the differences
in coordination of HNH/RuvC through the BH are not due to
other structural changes happening in the protein. Further
simulations comparing different conformational states of
SpyCas9 and accompanying experimental analyses are essential
to delineate the full extent of these correlations.
These observations suggest that the BH may be involved in

the allosteric coupling of the movements of catalytic residues
present in the HNH and RuvC endonuclease domains.
However, a QM/MM investigation will be required to
quantitatively investigate the impact of proline substitutions
and mismatch positions on the DNA cleavage process and
compare the results to the rate constants that were derived
from the current study.
BH Substitutions Impact the Free-Energy Landscape

and Conformational Shifts Based on the Type of DNA
Substrate. To explore conformational shifts due to BH
modulation and DNA mismatch positions, free-energy land-
scapes as a function of the first two principal components, PC1
and PC2, for SpyCas9WT and SpyCas92Pro with matched,
MM5, and MM18 DNA were constructed and are depicted in
Figure 7. For each system, the representative structures of the
HNH and RuvC precatalytic states were also mapped into the
free-energy landscape. The minimum free-energy regions in
blue represent energetically favored conformations, and the
green and red show energetically unfavored conformations.
From Figure 7, we observe that SpyCas9WT-matched DNA

displays a wide global energy minima basin and the protein
conformations do not deviate from the precatalytic states of
HNH and RuvC, indicating that the protein conformations are
populated around the precatalytic states. The PC1 and PC2
motion modes of the SpyCas92Pro with the matched DNA span
to lower ranges, which lead to a narrower energy basin than
that of the SpyCas9WT. The presence of such a narrow energy
basin indicates a decreased population of the sampled
conformational states. Along with this, the precatalytic state
of HNH is not present within the thermodynamically favored
regions in SpyCas92Pro, suggesting that the HNH precatalytic
states are less visited by SpyCas92Pro when compared to
SpyCas9WT. These conformational rearrangements and a

decrease in the population of the thermodynamically favored
conformational states of SpyCas92Pro can be correlated to the
significant reduction in the values of all the four rate constants
for DNA cleavage observed in SpyCas92Pro with the matched
plasmid DNA (Table 1). HNH being in a nonprecatalytic
conformation reduces the efficiency of DNA cleavage, and
since most of the DNA cleavage in this condition is through
the TS pathway, it shows a general reduction in all the rate
constants.
Figure 7 shows multiple discrete conformational states for

SpyCas9WT and SpyCas92Pro with MM5 DNA, suggesting that
the population of the conformations around the precatalytic
states decreases, with an associated formation of multiple
conformational states that deviate from precatalytic states. For
SpyCas9WT with the MM5 DNA, the conformational states
with the precatalytic state of RuvC are retained in one of those
favored conformational states, while the conformational states
with the precatalytic state of the HNH domain move toward
the metastable states that may lead to a decrease in the rate
constants observed in the kinetic experiments. For SpyCas92Pro

with the MM5 DNA, the precleavage state of HNH moves out
of the free-energy landscape. Overall, the free-energy state
analysis shows that even though the positions of RuvC and
HNH precatalytic states shift based on BH composition and
the presence of RNA−DNA mismatches, only in the case of
SpyCas92Pro-MM5 DNA does the HNH domain exist outside a
minimal or a metastable free-energy state. This unique
observation is consistent with the extremely low k1,HNH rate
constant and adoption of the NTS pathway in SpyCas92Pro-
MM5 DNA for dsDNA cleavage in comparison to other
protein substrates, as well as the results from the dynamic cross
correlation measurements (Figure 6 and Tables 1 and 2B ).
SpyCas9WT with the MM18 DNA shows that the local

minima are distributed to a broad region, connected through a
small energy barrier, whereas SpyCas92Pro with the MM18
DNA depicts a cluster consisting of two narrow energy basins
that are very close to each other and connected through
metastable states (Figure 7). Moreover, the motion modes of
PC1 and PC2 for SpyCas92Pro span wider ranges with the
MM18 DNA than with the matched and MM5 DNA. This
agrees with the increase in the rate constants for SpyCas92Pro-
MM18 DNA, compared to that with those of SpyCas92Pro-
matched DNA (Table 1). Thus, it appears that PAM-distal
mismatch mitigates the impact of the BH substitution on
SpyCas9 to some extent. However, significant conformational
changes in large biomolecular systems are limited by the
timescale that can be achieved by atomistic MD simulations.
Enhanced sampling will be required to further investigate the
impact of the BH on the free-energy landscape shift.

■ DISCUSSION
The Parallel Sequential Model Provides a Facile

Framework to Obtain Mechanistic Insights into the
Disruption of SpyCas9 Cleavage Activity. SpyCas9
utilizes two endonuclease domains to generate a double
stranded break in the target DNA. Several studies have
established that an active conformation of HNH allosterically
controls the ability of RuvC to cleave the NTS and that several
domains of SpyCas9 work in a coordinated fashion to promote
sequence-specific DNA cleavage.34−40,48 Concurrently, the
interaction of the RuvC domain with the displaced NTS in
the R-loop is essential to remove the steric hindrance
preventing the HNH domain from attaining an active
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conformation.38,68 These studies highlight the interdependency
of HNH and RuvC domains to mediate the concerted
cleavages of the TS and NTS of the target DNA. In the
current study, we developed a parallel sequential model for
analyzing supercoiled plasmid cleavage by Cas9, with each
segment of the pathway described by one rate constant that
reflects the combined conformational changes and catalysis
leading to the scission of the respective DNA strand by HNH
or RuvC (Scheme 1). The model was used to simultaneously
analyze the independently measured nicked intermediate and
linear products and was statistically justified over the simpler
single sequential model (SI Section S.2, Table S1). The model
gave satisfactory fit to all time course measurements with the
SpyCas9 protein and DNA variations that showed drastic
differences in the progress of the nicked intermediate to linear
form (Figures 2−4 and Table 1). The analyses yielded rate
constants reporting on the coordination between HNH and
RuvC nucleases (Scheme 1 and Table 1) and revealed that BH
substitutions and DNA substrate variations differentially
impact the production of nicked and linear products within
the TS and NTS pathways (Table 2). This enables the use of
the simple time course measurements using supercoiled DNA
substrates to gain in-depth mechanistic insights into SpyCas9’s
function with respect to different protein variations and target
DNA conditions. The rate constant that we obtained for the
supercoiled DNA substrate (Table 1) is comparable to a
previous study using a plasmid substrate, which also showed
that the rate constants vary based on experimental conditions
such as preannealing of sgRNA and preincubation of Cas9 and
sgRNA.10

The parallel sequential model is consistent with prior
reports.37,46 Specifically, Gong et al. and Raper et al. have
reported elegant studies of SpyCas9’s cleavage of linear DNA
duplexes using a combination of sophisticated cleavage kinetic
analyses coupled with spectroscopy assays.37,46 The TS and
NTS pathways depicted in our parallel sequential model are
analogous to the pathways proposed in these studies.
Furthermore, these studies have shown that actual strand
scission (i.e., kchem) by both HNH and RuvC is very fast but is
preceded by multiple, slower conformational rearrangements
of the protein−RNA−DNA ternary complex.37,46 The work
reported here uses time course measurements that are not
sufficient for dissecting the detailed conformational changes vs
catalysis steps in each segment of the pathway. Each of the rate
constants in our parallel sequential model likely represents the
overall rate-limiting conformational change within each
segment, and therefore, it is difficult to equate them to
individual rates of chemistry or conformational changes that
were previously reported.37,46,69 A survey of the literature and
our activity assays show that the rate constants are higher with
oligo DNA compared to those using a plasmid DNA substrate
(Table 1 and SI Section S.7), with the trend of rate constant
variation based on reaction and preincubation conditions being
preserved for oligo DNA substrates as well.10,36,37,46,69 Despite
the differences in absolute values of rate constants, the use of
supercoiled plasmid substrates instead of linear DNA used in
these prior works37,46,69 enables independent measurements of
nicked and linear products. The inability to track RuvC and
HNH scissions independently while using a plasmid substrate
was assessed by a primer extension assay that gives products
specific to HNH or RuvC cleavage events (SI Section S.9).
These results show that the use of simple, plasmid-based
kinetic cleavage assays and parallel sequential model analyses

allows one to obtain valuable information on the coordination
between HNH and RuvC domains.
The rate constants calculated for SpyCas9WT and matched

DNA show that the TS pathway, where RuvC follows HNH to
linearize DNA, is more favored (Table 1). It is also shown that
although the rate constants for the NTS-nicked pathway are
lower than those for the TS-nicked pathway, the NTS pathway
still contributes significantly to linearizing dsDNA (Tables 1
and 2). SpyCas92Pro had altered the nicked-to-linear conversion
in both TS and NTS pathways (Table 2), with the reduction in
the NTS pathway accounting for the persistence of the
observed nicked DNA in the time course assays (Figure 2).
Altogether, our data and its comparisons with the available
literature indicate that there is a complex interplay between the
two endonuclease domains for successful cleavage of the two
strands of the target DNA. The weakening of these pathways in
SpyCas92Pro points to two possibilities: the BH is essential for
the interdependency of HNH and RuvC and/or that an
impaired BH can impact R-loop interactions that slow down
both the pathways. Our experiments with the remaining
substrates clearly establish that the BH contributes to both of
these aspects.

BH Modulations in SpyCas9 Imparts Target DNA
Selectivity by Impairing Both HNH and RuvC Activities.
Our kinetic analysis with MM5 and MM18 DNA cleavage data
shows that the TS pathway is predominantly used by
SpyCas9WT to achieve the double stranded break on
mismatched DNAs (Table 2A). However, compared to the
matched substrate, the rate constants were lower in
SpyCas9WT-MM5 DNA with significant reduction in k2,HNH
(Table 1). On the other hand, SpyCas9WT-MM18 DNA
possesses higher rate constants of k1,HNH and k2,RuvC (rate
constants for the TS pathway) compared to those of matched
DNA. It is interesting to note that with MM18, the RuvC
domain of SpyCas9WT cleaves almost two times faster than
HNH in the TS pathway, a phenomenon conserved for
SpyCas92Pro-MM18 as well (explained below, Table 1). These
data establish two things: (i) HNH conformation, and not
cleavage, is essential for the TS pathway; (ii) weakened DNA
base pairing and single-strandedness at the PAM-distal end
enhance RuvC activity.
Comparison of the rate constants of SpyCas9WT and

SpyCas92Pro with matched DNA shows that all four rate
constants were significantly affected in SpyCas92Pro, with the
highest reduction observed on k2,HNH. The reduction in k2,HNH
is likely the reason for the accumulation of nicked products in
SpyCas92Pro-matched DNA (fraction of ∼0.2, Figure 2 and
Tables 1 and 2). There are several interesting features that can
be observed in the case of SpyCas92Pro-MM5, the condition
that clearly establishes how the BH and mismatch position
contribute to the differential coordination of pathways that
HNH and RuvC adopt while interacting with mismatched
DNA targets. Compared to SpyCas9WT that generously uses
the TS pathway to linearize MM5, this pathway completely
shuts down in SpyCas92Pro-MM5 DNA, with an ∼8.5-fold
reduction in the first-step nicking of the TS and no second-step
NTS cut (Table 1). This leads to accumulation of nicked
DNAs (Tables 1 and 2). The NTS pathway also shows
significant reduction of the first-step nicking of the NTS, but
the second-step TS cut is much faster; in fact, the k2,HNH of
SpyCas92Pro-MM5 is the fastest when compared to the k2,HNH
values for all other protein−DNA combinations (Tables 1 and
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2). Consequently, with SpyCas9Pro-MM5, the NTS pathway is
the only mechanism for linearizing the DNA.
With the MM18 DNA substrate, for both the proteins,

although the k1,HNH > k1,RuvC conjecture is maintained, the rate
of k2,RuvC is higher than that of k1,HNH. This again indicates that
specific HNH conformation(s), rather than actual nicking by
HNH, can enable linearization by RuvC, with specific PAM-
distal mismatch positions permitting a higher rate for RuvC
cleavage, even before cleavage by HNH in the TS-nicked
pathway (Tables 1 and 2). For SpyCas92Pro-MM18, the NTS
pathway causes a significant accumulation of nicked products
and a predominant usage of the TS for DNA linearization
compared to other conditions tested (Table 2). Altogether,
comparison of rate constants shows that in SpyCas9WT

(matched, MM5, and MM18) and SpyCas92Pro (matched
and MM18), the TS-nicked pathway is preferred to linearize
DNA, whereas in SpyCas92Pro-MM5 DNA, the NTS-nicked
pathway is the only mechanism for linearizing DNA.
Collectively, these results signify that the BH of SpyCas9
regulates HNH and RuvC through TS and NTS pathways
based on DNA complementarity and the position of
mismatches. These results also highlight the ability of an
intact BH to tolerate DNA mismatches, which may be by
providing strong BH-mediated interactions to stabilize the
RNA−DNA complementary structure (R-loop) even with the
presence of mismatches at the PAM-proximal seed region. This
is advantageous for the bacterial host where SpyCas9 can
actively degrade foreign intruders containing mutated proto-
spacers. However, this ability provided by an intact BH to
tolerate DNA mismatches is a pitfall in gene editing
applications, which require high specificity in DNA cleavage.
Our data emphasizes that modulating the BH can be a
promising strategy for the enhancement of specificity of Cas9
or other type-V Cas effectors since the BH is conserved among
these proteins.51,70

BH Plays a Prominent Role in R-Loop Initiation and
Conformational Landscapes of the Ternary Complex.
Molecular dynamics simulations of SpyCas92Pro show that even
though the distance of interaction between K65 and E1108
increases to ∼6.5 Å with all DNA substrates, only with MM5
DNA, there is a fraction of population with an increase in the
distance between S1109 of the PLL and the +1 phosphate of
the target DNA (Figure S16 and Figure 5). This explains the
ability of SpyCas92Pro to cleave the target DNA where R-loop
formation is essential for the cleavage process. The PLL is
conserved among Cas9 orthologs and plays an important role
in R-loop initiation.22,41,49 Our simulations imply that the BH
may play an important role in the R-loop initiation, whereas
the mismatches can affect R-loop stability even after the R-loop
formation. In a previous study, Gong et al. reported that the
rate-determining step in SpyCas9 kinetics is R-loop formation
and that there are two phases of R-loop formation that are
correlated to RuvC and HNH conformations.46 Our MD
simulations cannot provide direct evidence of this possibility
since the simulations in the current study were computed with
the full R-loop containing the SpyCas9 structure. SpyCas9
undergoes large conformational changes during R-loop
formation where the guide region of the sgRNA invades the
dsDNA and forms an RNA−DNA hybrid with the TS DNA,
shifting the complementary NTS DNA. However, the
timescale and large conformational changes during R-loop
formation are beyond what can be captured by atomistic MD
simulation. Hence, in the present study, we started our

simulation with the intact R-loop and analyzed how an
impaired BH contributed to R-loop stability and distance
distributions when both endonuclease domains are poised at
their catalytically competent state. Future MD simulations
from the pre-R-loop formation state may be required to
understand more about the R-loop formation process.
The correlative movements between the catalytic residues of

endonuclease domains and the BH depend on the BH
substitution and the type of DNA used with SpyCas9 (Figure
6 and Figure S17). The presence of proline substitutions in the
BH along with a PAM-proximal mismatch on the target DNA
exerts a combinatorial effect on local correlative movements,
which diminish the catalytic activity of HNH and the
subsequent DNA cleavage reaction via a TS pathway (Figure
6 and Tables 1 and 2A). On the contrary, for SpyCas92Pro and
the PAM-distal mismatch MM18, the correlative motions
between the proline residues in the BH and HNH and RuvC
domains remain positive similar to SpyCas9WT-matched DNA,
leading to DNA cleavage preferably through the TS pathway.
MD simulation results with matched, MM5, and MM18 DNA
show abundant global and local conformational fluctuations.
While SpyCas9WT samples conformational landscapes with the
presence of both HNH and RuvC precatalytic states for all the
three DNA substrates, SpyCas92Pro’s conformational landscape
does not contain a favorable HNH precatalytic state, except for
MM18 (Figure 7). Altogether, our combinatorial study
indicates that the BH plays a role in the conformational
dynamics of SpyCas9 and regulates the activities of HNH and
RuvC, which is further dependent on whether it interrogates
matched or mismatched DNA. Though our MD simulation
results support DNA plasmid assay experimental observations
qualitatively, a QM/MM investigation will be required to
quantitatively investigate the impact of BH substitutions and
mismatch positions on the DNA cleavage process.

■ CONCLUSIONS

Analysis of supercoiled plasmid cleavage data with the parallel
sequential model yielded four distinct rate constants, which
revealed that target DNA cleavage is modulated by proline
substitution in the BH and target DNA mismatches. This
model delineates the coordinated actions of HNH and RuvC
domains to generate a double stranded break of the target
DNA through differential use of TS and NTS pathways.
Proline substitutions in the BH exert multiple effects on
SpyCas9’s DNA cleavage mechanism as evidenced from kinetic
and molecular dynamics studies, which highlights the role of
the BH in R-loop formation and in conformational dynamics
that facilitates TS and NTS cleavages by HNH and RuvC
domains, respectively. Also, our data support previous findings
that RuvC is not completely dependent on HNH to initiate the
first cut in a dsDNA substrate and that the RuvC-initiated NTS
pathway contributes to a reasonable amount of DNA
linearization and in some cases accounts for the sole pathway
responsible for DNA linearization (SpyCas92Pro-MM5 DNA),
implicating the intricate conformational controls in SpyCas9’s
DNA cleavage mechanisms.
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