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ABSTRACT: The CRISPR (clustered regularly interspaced
short palindromic repeats)-Cas9 system recently emerged as a
transformative genome-editing technology that is innovating
basic bioscience and applied medicine and biotechnology. The
endonuclease Cas9 associates with a guide RNA to match and
cleave complementary sequences in double stranded DNA,
forming an RNA:DNA hybrid and a displaced non-target DNA
strand. Although extensive structural studies are ongoing, the
conformational dynamics of Cas9 and its interplay with the
nucleic acids during association and DNA cleavage are largely
unclear. Here, by employing multi-microsecond time scale
molecular dynamics, we reveal the conformational plasticity of Cas9 and identify key determinants that allow its large-scale
conformational changes during nucleic acid binding and processing. We show how the “closure” of the protein, which
accompanies nucleic acid binding, fundamentally relies on highly coupled and specific motions of the protein domains,
collectively initiating the prominent conformational changes needed for nucleic acid association. We further reveal a key role of
the non-target DNA during the process of activation of the nuclease HNH domain, showing how the nontarget DNA positioning
triggers local conformational changes that favor the formation of a catalytically competent Cas9. Finally, a remarkable
conformational plasticity is identified as an intrinsic property of the HNH domain, constituting a necessary element that allows
for the HNH repositioning. These novel findings constitute a reference for future experimental studies aimed at a full
characterization of the dynamic features of the CRISPR-Cas9 system, andmore importantlycall for novel structure
engineering efforts that are of fundamental importance for the rational design of new genome-engineering applications.

■ INTRODUCTION

CRISPR (clustered regularly interspaced short palindromic
repeats)-Cas is a bacterial immune system that confers
protection against invading viruses.1 In 2012, the discovery
that the CRISPR-associated enzyme Cas9 functions as an RNA-
programmable DNA endonuclease led to its development as a
molecular tool for genome editing.1,2 The applications of
CRISPR-Cas9 technology are poised to improve our under-
standing of human health and disease and enable safe and
efficient gene therapies, while also driving biotechnological
advances in areas such as crop engineering and biofuel
production.2−4 In the CRISPR-Cas9 system, the endonuclease
Cas9 associates with a guide RNA structure consisting of a
CRISPR RNA (crRNA) and a trans-activating CRISPR RNA
(tracrRNA), and uses its sequence information in the crRNA to

recognize and cleave matching sequences in double-stranded
DNA.5 Upon site-specific recognition of a protospacer adjacent
motif (PAM) in the target DNA sequence,6 the DNA binds to
Cas9-guide RNA complex, matching the RNA guide with one
strand (the target DNA strand, t-DNA), while the other strand
(non-target DNA, nt-DNA) is displaced. Subsequently, Cas9
uses two nuclease domainsHNH and RuvCto cleave the t-
DNA and nt-DNA strands, respectively.
Atomic-resolution structures revealed that Cas9 adopts a

bilobed architecture comprising an α-helical lobe (REC), which
mediates the nucleic acid binding, and a nuclease lobe including
the RuvC and HNH catalytic domains (Figure 1).7 An arginine
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rich helix bridges the two lobes, constituting an anchor for the
binding of the guide RNA, while the protein C-terminal
(Cterm) and PAM-interacting (PI) domains participate in
DNA recognition and binding processes. Extensive structural
studies of Cas9 have so far revealed different conformational
states of the protein in the apo form, as well as bound to the
nucleic acids. By comparing X-ray structures of the apo Cas95

and the RNA-bound form (Cas9:RNA),8 a large conforma-
tional rearrangement of the α-helical lobe appears to occur
upon RNA binding, thereby priming the enzyme for DNA
binding. This overall conformation is largely preserved in the
DNA-bound states, which exhibit remarkable differences in the
configurations adopted by the catalytic HNH domain. In the
presence of an incomplete nt-DNA strand (Cas9:RNA:D-
NA),9,10 the HNH domain adopts an inactive conformation,
pointing the catalytic site in the opposite direction with respect
to the cleavage site on the t-DNA; whereas a structural
repositioning of HNH is observed in a crystal of Cas9 that
includes both unwound DNA strands.11 This structure is
thought to depict a precatalytic state of the system (Cas9:pre-
cat), given that a distance of ∼18 Å separates the catalytic H840
from the cleavage site on the t-DNA, suggesting that a further
conformational transition is required for the formation of a
catalytically competent Cas9. Overall, structural analysis and
biochemical experiments have suggested that conformational
plasticity of the protein underlies the processes of nucleic acid
association and subsequent cleavage.7,12,13 However, the
conformational changes triggering the binding of the nucleic
acids remain speculative. It is unclear, in fact, how the

conformational plasticity of Cas9 would allow the transition
from an “open” apo state to a “closed” conformation in which
the protein binds its guide RNA and DNA target. Moreover,
the conformational dynamics of the HNH domain and,
importantly, its activation mechanism leading to the formation
of a catalytically active Cas9 is not fully understood, particularly
with regard to the role of the nucleic acids and their
interactions with Cas9 in facilitating this process. Under-
standing these mechanistic aspects of the CRISPR-Cas9 system
is of paramount importance for the rational design of new and
more effective genome-editing tools.14−17

In an effort to shed light on these unresolved questions, we
decided to exploit the power of high performance computing at
the petascale and atomistic molecular dynamics (MD)
simulations to obtain key insights and relevant biophysical
information otherwise inaccessible with the currently available
experimental techniques. Extensive MD simulations (>10 μs in
total) have been performed, revealing for the first time the
conformational plasticity of Cas9 and suggesting the key
determinants that allow for the large-scale conformational
changes of Cas9 during the association and processing of the
nucleic acids. Our studies reveal an important role of the nt-
DNA in the process of activation of the HNH nuclease domain,
suggesting that the presence of the nt-DNA strand within the
active site cleft of the RuvC domain triggers local conforma-
tional changes that favor the formation of a catalytically
competent Cas9. As revealed in the following, these outcomes
call for novel experimental efforts aimed at a full character-
ization and improvement of the CRISPR-Cas9 system.

■ RESULTS AND DISCUSSION

Conformational Dynamics of Cas9 over the Nano-to-
Microsecond Time Scale.We performed microsecond-length
MD simulations on the available X-ray structures, including
Cas9 in the apo form (apo Cas9)5 and in complex with RNA
(Cas9:RNA),8 with an incomplete DNA (Cas9:RNA:DNA)9

and complete DNA in a precatalytic state (Cas9:pre-cat)11

(Figure 1). Molecular simulations have been performed in
explicit solvent, adopting a protocol similar to that applied to
other phosphodiesterases (full details are reported in the
Supporting Information).18

Analysis of the root mean square fluctuations (RMSF) of
individual Cα atoms reveals high flexibility of the protein
domains that mediate the nucleic acid binding (α-helical lobe,
PI, and Cterm). The protein flexibility is substantially reduced
in the Cas9:pre-cat complex (Figure S1), likely due to a
stabilizing effect of the bound nucleic acids. This overall
stabilization effect is reflected in the time evolution of the root
mean square deviation (RMSD) of the protein, indicating an
increase of the protein stability upon binding of the nucleic
acids (Figure S2).
Principal component analysis (PCA) has been performed in

order to characterize the essential degrees of freedom and large-
scale collective motions of the Cas9 protein domains in
different states. The dynamics of the protein along the first
principal mode of motion (principal component 1, PC1)
usually referred to as “essential dynamics”19is shown in
Figure 2, where the arrows indicate the direction and relative
amplitude of the motions. In the apo state, we observe large
amplitude motions of the protein domains directly involved in
the process of association with the nucleic acids: the α-helical
lobe accommodating the RNA:t-DNA hybrid and its counter-
part formed by PI and Cterm domains that binds the DNA.

Figure 1. X-ray structures of the apo Cas9 (4CMQ)5 (a), in complex
with RNA (Cas9:RNA, 4ZT0)8 (b), and in the DNA-bound states (c,
d), as captured in the presence of an incomplete DNA
(Cas9:RNA:DNA, 4UN3)9 (c), and in a precatalytic state
(Cas9:pre-cat, 5F9R)11 including both unwound strands (d). Cas9 is
shown as cartoons, highlighting individual protein domains with
different colors. The RNA (orange), target DNA (t-DNA, blue), and
non-target DNA (nt-DNA, black) strands are in ribbons. In the apo
Cas9 and Cas9:RNA structures, the α-helical lobe regions RECI
(silver), RECII (gray), and RECIII (black) adopt remarkably different
configurations; whereas different conformations of the HNH domain
(green) are observed in the DNA-bound states. In Cas9:RNA:DNA,
the HNH catalytic site (red) points in the opposite direction with
respect to the cleavage site in the t-DNA, while in Cas9:pre-cat, it
repositions itself toward the t-DNA, although remaining at a ∼18 Å
distance from the cleavage site.
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The motions of these domains occur in opposite directions,
indicating the tendency toward the “opening” and “closure” of
the protein for the accommodation of the nucleic acids (Movie
S1). This overall tendency is maintained in the RNA- and
DNA-bound states (Movies S2, S3, and S4), although
differences are observed in the relative motions of the α-helical
domains, due to the conformational transition. By plotting the
first versus the second principal components (PC1 vs PC2), we
characterize the conformational space sampled by Cas9 in
regions in which the protein is “open” and “closed”, respectively
(Figure 3). This further shows a restriction of the conforma-
tional space of Cas9 upon binding of the nucleic acids.
Interestingly, in the DNA-bound states, we detect important
differences in the dynamics of the HNH domain. In the
precatalytic state (Cas9:pre-cat), it moves toward the cleavage
site on the target DNA strand, as opposite with respect to the
Cas9:RNA:DNA complex, supporting the hypothesis of its
dynamic activation toward the catalysis (Figure 4).11

Correlated Motions of Individual Protein Domains
Mediate Nucleic Acid Association. To detect the presence
of possible dynamic correlations among different protein
domains of Cas9, we performed extensive correlation analyses,
including Pearson cross-correlation coefficients (CCij) and
generalized correlation (GCij)

20 that allows for capture of both
linear and nonlinear correlations. Results showed that the
motions of the Cas9 domains mediating the nucleic acid
binding (i.e., α-helical lobe, PI, and Cterm domains) are highly
coupled in the apo and RNA-bound forms. They become less
correlated upon complete DNA binding, which stabilizes the
complex structure (Figures S4 and S5). In order to identify the
interdependent motions of the protein regions moving in
lockstep (i.e., as characterized by a CCij > 0) or showing
opposite motions (CCij < 0), we have computed a per-residue
correlation score (Csi), which is a measure of the number and
intensity of the correlated and anticorrelated motions for each
residue (full details in the Supporting Information).21 Per-
residue Csi have been accumulated over each protein domain
and plotted as a two-by-two matrix, such detailing the
interdomain correlations (Figure 5). In the apo form, the
Cas9 protein domains show specific patterns of correlated/
anticorrelated motions with respect to each other, which
characterize their tendency to move concertedly in different
directions. Particularly interestingly, the α-helical lobe shows
opposite motions of regions RECII and RECIII, while the
regions RECI and RECII move in lockstep, with the Arg-rich
helix moving in the same direction as the α-helical region RECI.
This evidence, together with the fact that α-helical III is the
most anticorrelated region of Cas9 (Figure S6), well reflects the
structural analysis performed by Jiang et al.8 Indeed, the Cα−
Cα vector map of the apo Cas9 versus Cas9:RNA (Figure S7)

Figure 2. “Essential dynamics”, derived from the first principal
component (PC1), of the individual protein domains of the apo Cas9
(a), Cas9:RNA (b), Cas9:RNA:DNA (c), and Cas9:pre-cat (d)
systems, shown using arrows of sizes proportional to the amplitude of
motions. The RNA (orange), target DNA (t-DNA, blue), and non-
target DNA (nt-DNA, black) strands are shown as tubes. For the sake
of clarity, the largest amplitude motions are shown, with the Cas9
individual domains color-coded as in Figure 1.

Figure 3. Projections of the first and second principal motions (PC1
vs PC2), derived from MD simulations of the apo Cas9 (a),
Cas9:RNA (b), Cas9:RNA:DNA (c), and Cas9:pre-cat (d) systems,
characterizing the conformational space sampled by Cas9 into regions
in which the protein is “open” (red cloud) and “closed” (blue cloud,
Movies S1, S2, S3, and S4).
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suggests that a substantial rearrangement of RECIII would
occur in the opposite direction with respect to RECI−II
domains during the structural transition of Cas9 from the apo
state up to RNA binding. The dynamics of RECIII also
anticorrelates with respect to RuvC, PI, and Cterm domains,
showing how opposite motions take part in the “opening” and

“closure” of the protein (Movie S1). Although this overall Csi
pattern is preserved in the RNA-bound state, differences are
observed in the RECI−III domains indicative of the conforma-
tional transition. Upon DNA binding (Cas9:RNA:DNA),
correlations are lost within the α-helical lobe, while its nuclease
counterpart shows both correlated and anticorrelated motions
involving the catalytic domains that are likely to preclude their
activation. This communication supports the hypothesis that
the configurational activation of the HNH domain is assisted by
an allosteric “crosstalk” with the RuvC domain.13 The
precatalytic state is characterized by weak correlations, as also
detected via visual inspection of the CCij/GCij correlation
matrices (Figures S4 and S5).
Overall, characteristic motions of the individual protein

domains, as well as their “essential dynamics”, indicate their
propensity to move concertedly in different directions, thus
allowing the structural transition leading to the nucleic acid
association. Indeed, the observed global tendency toward the
“opening” and “closure” of the protein relies on coupled

Figure 4. “Essential dynamics” (i.e., first principal component, PC1) of the HNH domain plotted on the protein molecular surface of the
Cas9:RNA:DNA (a) and Cas9:pre-cat (b) systems. The RNA (orange), target DNA (t-DNA, blue), and non-target DNA (nt-DNA, black) strands
are shown as tubes. In Cas9:pre-cat, the HNH domain moves toward the t-DNA, approaching the catalytic site (indicated using a red cloud) to the
cleavage site, in contrast to Cas9:RNA:DNA.

Figure 5. Two-by-two matrices of the accumulated per-residue
correlation scores (Csi, reported as a normalized frequency), calculated
for each protein domain of the four simulated systems. This identifies
interdependent domain motions, occurring in lockstep (blue) or in
opposite direction (red) with respect to each other (full details in the
Supporting Information). The protein sequence is shown along the
axes, highlighting individual protein domains with different colors.

Figure 6. Representative snapshots of Cas9:pre-cat without the non-target DNA (w/o nt-DNA) (a) and with the nt-DNA (b), from MD simulations.
In the absence of the nt-DNA, the catalytic H840 moves to a distance of ∼25 Å from the scissile phosphate P-3 on the target DNA (t-DNA). In the
presence of the nt-DNA, H840 approaches P-3 at ∼15 Å distance. Concurrently, the K913 residue in the L2 loop forms H-bonds with C-3 in the nt-
DNA. The protein is shown in molecular surface, highlighting the HNH domain (green) and the L2 loop (blue, right panel) as cartoon. The t-DNA
(blue) and nt-DNA (black) strands are shown as ribbons. The RNA is omitted for the sake of clarity. Key protein residues (e.g., H840 and K913) are
shown as sticks. The bottom graph reports time evolution of the distance between H840 (Cα atom) and the scissile phosphate P-3, during MD
simulations of Cas9:pre-cat with nt-DNA (top) and without nt-DNA (bottom), color-coded according to the scale on the right.
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motions of the individual Cas9 domains, and underlies the
prominent conformational changes of the binding process.
Key Role of the Non-target DNA in the Activation of

the HNH Domain. To date, extensive biochemical studies
have suggested that a tight interplay between Cas9 and the
nucleic acids plays a role in the activation of the HNH domain,
whose conformational dynamics, in turn, directly controls the
cleavage of the double stranded DNA.13 However, although it
has been shown that the presence of the RNA:t-DNA hybrid is
critical for the HNH conformational activation,13 it is unclear
how the nt-DNA would be involved in this mechanism. To
shed light on this unresolved question, we performed molecular
simulations of Cas9:pre-cat in the absence of the nt-DNA
(Cas9:pre-cat w/o nt-DNA), thus clarifying the effect of the nt-
DNA on the dynamics of the precatalytic state. During the
simulations, the HNH domain moves far apart from the
catalytic site on the t-DNA, with the catalytic H840 reaching a
distance of ∼25 Å (initially ∼18 Å) from the scissile phosphate
P-3 (Figure 6, Movie S5). This overall motion of the HNH
domain is reflected in its “essential dynamics” (Figure S8), and
is opposite to what was observed in the presence of the nt-
DNA, where the catalytic domain moves toward the cleavage
site on the t-DNA strand and stabilizes at a distance of ∼15 Å
from the scissile P-3 (Figures 4, 6). These molecular
simulations strongly suggest the presence of the nt-DNA as a
key factor for the conformational activation of the HNH
domain. With the aim of deciphering the molecular
determinants connecting the presence of the nt-DNA to the
approaching of the HNH domain to the cleavage site, we
looked at interactions, on the atomic scale, established by the
nt-DNA during the dynamics of Cas9:pre-cat. We identified an
extended network of H-bonding interactions with the hinge
regions L1 (residues 765−780) and L2 (residues 906−918)
that link the HNH and RuvC domains (Figure S9). In detail,
while the interaction between the nt-DNA with L1 is
characteristic of the X-ray structure, as well as being conserved
during MD, stable H-bonding interactions between C-3 in the
nt-DNA and K913 in the L2 loop occur over the time scale of
∼0.75 μs, thus stabilizing the HNH catalytic site a distance of
∼15 Å from the scissile phosphate on the t-DNA. The contacts
of the nt-DNA with the L1 and L2 loops further result in an
overall stabilization of the system, justifying the occurrence of
correlated motions of lower intensity with respect to the system
lacking the nt-DNA (Figure S8).
These findings suggest that the nt-DNA plays a key role in

the conformational activation of the HNH domain toward the
catalysis of the t-DNA strand. Indeed, the occurrence
throughout the dynamics of the above-described interactions
clarifies how the nt-DNA positioning within the RuvC groove
would trigger local conformational changes, which result in the
approach of the HNH active site to the scissile P-3 and
formation of a catalytically competent Cas9.11

Interestingly, the structural superpositions of the 5F9R
(Cas9:pre-cat)11 X-ray structure, which includes the nt-DNA,
with the 4UN3 (Cas9:RNA:DNA)9 and 4ZT0 (Cas9:RNA)8

structures reveal a steric clash between the nt-DNA in
Cas9:pre-cat and the HNH domain in the other structures,
with the L1 and L2 loops precluding the binding of the nt-DNA
within the active site cleft of the RuvC domain (Figure S10).
These observations suggest that nt-DNA binding within the
RuvC cleft would occur during or upon HNH repositioning to
the precatalytic state (Cas9:pre-cat). Concurrently, key
interactions between the nt-DNA with the L2 loopas

revealed from MD simulationswould trigger the last step of
conformational activation with the approach of the catalytic
H840 toward the cleavage site in the t-DNA. Overall,
considering that the HNH domain repositioningas observed
in the available crystal structures8−11is accompanied by the
reorientation of the L1 and L2 loops, our simulations detail
how the communication between RuvChosting the nt-
DNAand HNH relies on the interaction between the
interconnected regions and the nt-DNA strand. This
information depicts the mechanics of the communication
between the HNH and RuvC catalytic domains, revealing that
their allosteric “crosstalk”11,13 is dependent on the presence of
the nt-DNA strand. Indeed, the interaction between this latter
with the L1 and L2 loops explains how these hinge regions
would act as “signal transducers” during the catalytic
activation.13 These identified allosteric effects are of particular
interest in light of the wider scope of computational biophysics
in deciphering protein allostery.22−24 Besides this, and more
importantly, the interplay between L2 and the nt-DNA
strandwhich has been here identified as a key element for
the activation processcalls for novel mutagenesis and kinetic
experiments, in an effort to structurally engineer Cas9 for
achieving higher efficiency.

Conformational Plasticity of HNH. With the final goal of
gaining a more comprehensive picture of the conformational
plasticity of the HNH domain, we performed MD simulations
of the Cas9:RNA:DNA and Cas9:pre-cat systemswhich differ
in the orientation of the HNH domainafter removing the
nucleic acids. In both systems, the HNH domain displays a high
conformational mobility, as indicated by particularly high
RMSF values (Figure S11). During the dynamics of
Cas9:RNA:DNA, the HNH domain undergoes a conforma-
tional shift toward the direction of the configuration observed
in the X-ray structure of the RNA-bound state (Figure S12),8

while an opposite conformational transition is observed in
Cas9:pre-cat. These outcomes reveal that a high conformational
flexibility is intrinsic to the HNH domain and constitutes the
necessary element that allows HNH repositioning during
nucleic acid binding and processing. Moreover, this striking
conformational plasticity suggests that the HNH domain can
adopt multiple conformational states during its activation
process, in agreement with Förster resonance energy transfer
experiments showing that the HNH domain exists in a
conformational equilibrium between the inactive and active
states.13 The observed conformational plasticity of HNH is a
key insight that has to be considered in light of the critical role
of the nt-DNA strand during the HNH activation, as revealed
from MD simulations, and considering the inability of the nt-
DNA to bind the RuvC without HNH repositioning (Figure
S10).8,9,11 By taking together previous experimental observa-
tions and our molecular simulations, it is tempting to speculate
that the conformational changes in the HNH domain might
intervene or facilitate the process of DNA binding and double
strand separation (i.e., R-loop formation). This hypothesis calls
for additional experimental investigations aimed at clarifying
the binding mode of DNA prior to unwinding.

■ CONCLUSIONS

In summary, long time scale MD simulations, performed over
the multi-microsecond time scale (>10 μs), reveal the
conformational plasticity of the CRISPR-Cas9 system and
identify the key dynamic determinants underlying the large-
scale conformational changes that occur during the nucleic acid
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association and processing. We show how the “closure” of the
protein, which accompanies the nucleic acid binding,
fundamentally relies on highly coupled and specific motions
of the protein domains that collectively initiate the prominent
conformational changes necessary for the nucleic acid
association. In light of the experimental observations of a
tight interplay between Cas9 and the nucleic acids,11,13 we
reveal that the activation of the HNH domain for catalysis of
the t-DNA cleavage depends on the presence of the nt-DNA
strand within the groove of the RuvC domain, thus identifying
the nt-DNA strand as a key determinant for the conformational
activation. Our simulations show that the presence of the nt-
DNA within the RuvC groove triggers local conformational
changes that result in a shift of the HNH active site toward the
cleavage site on the t-DNA for catalysis. Moreover, the major
evidence of a critical role, of the interaction between the L2
loopwhich connects the nuclease domainsand the nt-DNA
strand calls for novel experimental efforts (i.e., mutagenesis and
kinetic experiments) aimed at assessing how protein structure
engineering at the level of the L2 loop could help in the design
of more efficient Cas9. Finally, a remarkable conformational
plasticity of the HNH domain is identified over the dynamics,
suggesting the flexibility as a necessary element for HNH
repositioning. Overall, by performing extensive molecular
simulations of the CRISPR-Cas9 system, we provide for the
first time a dynamic picture and an atomic-level explanation of
the conformational plasticity of this unique genome-editing
engine. The novel insights arising from molecular simulations
provide a foundation for further experimental studies aimed at a
full characterization of the dynamic features of the CRISPR-
Cas9 system.

■ MATERIALS AND METHODS

Structural Models. MD simulations have been performed
on four model systems of the Cas9 in apo form (apo Cas9)5

and in complex with RNA (Cas9:RNA),8 with an incomplete
DNA (Cas9:RNA:DNA)9 and in a precatalytic state (Cas9:pre-
cat)11 including both DNA strands. These model systems have
been prepared using the crystallographic coordinates of the
Streptococcus pyogenes apo Cas9 (4CMQ),5 Cas9:RNA
(4ZT0),8 Cas9:RNA:DNA (4UN3),9 and Cas9:pre-cat
(5F9R),11 solved at 3.09, 2.50, 2.58, and 3.40 Å resolution,
respectively. In order to study the effect of the nt-DNA on the
dynamics of the precatalytic state, a fifth model system has been
built, deleting the nt-DNA strand from Cas9:pre-cat (Cas9:pre-
cat w/o nt-DNA). Moreover, with the purpose of studying the
conformational dynamics of HNH in the absence of the nucleic
acids, two additional model systems have been built deleting
the nucleic acids from the DNA bound states (i.e.,
Cas9:RNA:DNA and Cas9:pre-cat, corresponding to the PDB
codes 4UN3 and 5F9R), which differ in the orientation of the
HNH domain. A total of 7 model systems have been embedded
in explicit waters, leading to orthorhombic periodic simulation
cells of 107 × 158 × 138 Å3 (apo Cas9, for a total of ∼220 K
atoms), ∼148 × 107 × 140 Å3 (Cas9:RNA, ∼210 K atoms),
∼144 × 108 × 146 Å3 (Cas9:RNA:DNA, ∼216 K atoms),
∼180 × 116 × 139 Å3 (Cas9:pre-cat with and w/o nt-DNA,
∼270 K atoms each), and ∼136 × 103 × 144 Å3

(Cas9:RNA:DNA and Cas9:pre-cat w/o nucleic acids, ∼190
K atoms each). Full details are reported in the Supporting
Information.
MD Simulations. The above-mentioned model systems

have been equilibrated and production runs have been

performed using the Amber ff12SB force field, which includes
the ff99bsc0 corrections for DNA25 and the ff99bsc0+χOL3
corrections for RNA.26,27 The Åqvist28 force field parameters
for the Mg ions been employed, which favor an octahedral
coordination for the Mg ion. The here employed computational
protocol has been previously employed in studies on similar
protein/nucleic acid systems,18,29,30,31 performing the catalysis
of the DNA via a “two-metal aided” mechanism,32 as suggested
for Cas9.5 The TIP3P model has been employed for waters.33 A
salt concentration of 0.08 mM of NaCl has been considered, in
agreement with the experimental conditions of cleavage
assays.9,34 Hydrogen atoms were added assuming standard
bond lengths and were constrained to their equilibrium
position with the RATTLE35 algorithm. All MD simulations
have been performed with NAMD 2.10.36 MD simulations have
been performed in the isothermal−isobaric (NPT) ensemble
by using a time step of 2 fs. The systems have been coupled to a
Langevin thermostat at 298 K and barostat at 1 atm. Periodic
boundary conditions were applied. The particle mesh Ewald
(PME)37 method was used to evaluate long-range electrostatic
interactions, and a cutoff of 12 Å was used to account for the
van der Waals interactions. All the simulations were carried out
with the following protocol. First, the systems were subjected to
energy minimization by using the steepest descent algorithm.
Then, the systems were thermalized up to physiological
temperature in the canonical ensemble (NVT) using a
Langevin bath in three consecutive steps: (1) the solvent was
first equilibrated over ∼10 ps of MD, slowly increasing the
temperature from 0 to 100 K and maintaining both the protein
and the nucleic acids fixed; (2) the temperature was further
increased up to 200 K over ∼10 ps of MD, while keeping fixed
only the coordinates of backbone atoms of the protein/nucleic
acid complex; (3) constraints were released, and the systems
were simulated for ∼25 ps of MD to reach the temperature of
298 K. Then, we switched to the NPT statistical ensemble,
performing ∼100 ps of MD at 298 K. After this initial phase,
equilibration runs were carried out in the NPT statistical
ensemble, obtaining ∼40 ns of MD at 298 K. Production runs
have been carried out reaching ∼1.5 μs for each system, for a
total of >10 μs of classical MD (i.e., ∼1.5 μs × 7 systems).
Coordinates of the systems were collected every 10 ps for a
total of ∼150,000 up to 160,000 frames for each run.

Analysis of the Results. PCA has been employed to
capture the essential motions of the simulated systems. In PCA,
the covariance matrix of the protein Cα atoms is calculated and
diagonalized to obtain a reduced set of coordinates
(eigenvectors) to describe the system motions. Each
eigenvectoralso called principal component (PC)is
associated with an eigenvalue corresponding to the mean
square fluctuation of the system with its trajectory projected to
that eigenvector. By sorting the eigenvectors according to their
eigenvalues, the first principal component (PC1) corresponds
to the system’s largest amplitude motion, and the dynamics of
the system along PC1 is usually referred to as “essential
dynamics”.19 In this work, each structure arising from the MD
trajectories is projected into the collective coordinate space
defined by the first two eigenvectors (PC1 and PC2), thus
allowing the characterization of the conformational space
sampled by Cas9 during MD. Importantly, in order to identify
differences in the essential structural-dynamic properties of
Cas9, each simulated system has been superposed onto the
same reference structure (i.e., considering as a reference the
RuvC and Cterm domains that do not show relevant
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conformational differences among the crystallized states) and
aligned to allow projection into the same collective coordinate
space. PCA has been performed using the GROMACS 4.4.5
suite of analysis codes.38 Specifically, the g_covar program has
been employed for the construction and diagonalization of the
covariance matrix. Subsequently, the program g_anaeig has
been used to analyze and visualize the eigenvectors. Figure 2
has been produced using the Normal Mode Wizard (NMWiz)
plugin of the Visual Molecular Dynamics (VMD) molecular
visualization program.39 Full details are reported in the
Supporting Information.
Correlation Analyses. The cross-correlation matrix CCij

based on Pearson coefficientsbetween the fluctuations of the
Cα atoms relative to their average positions has been used in
order to identify the coupling of the motions between the
protein residues. In addition, we performed generalized-
correlation (GCij)

20 analysis, which is independent of the
relative orientation of the atomic fluctuations and allows
capturing nonlinear correlations. Cross-correlation score (Csi)
coefficients have also been calculated, as a measure of the
number and intensity of the correlated and anticorrelated
motions for each residue (full details in the Supporting
Information).21 Full details on correlation analyses are reported
in the Supporting Information.
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