UC Riverside
UC Riverside Previously Published Works

Title
Structure and Dynamics of the CRISPR-Cas9 Catalytic Complex

Permalink
https://escholarship.org/uc/item/4ri8x75b

Journal
Journal of Chemical Information and Modeling, 59(5)

ISSN
1549-9596

Author
Palermo, Giulia

Publication Date
2019-05-28

DOI
10.1021/acs.jcim.8b00988

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4rj8x75b
https://escholarship.org
http://www.cdlib.org/

Downloaded via UNIV OF CALIFORNIA RIVERSIDE on February 27, 2019 at 15:12:05 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JOURNAL OF
CHEMICAL INFORMATION
AND MODELING @& Cite This: J. Chem. Inf. Model. XXXX, XXX, XXX—XXX

pubs.acs.org/jcim

Structure and Dynamics of the CRISPR—Cas9 Catalytic Complex

Giulia Palermo*™

Department of Bioengineering, Bourns College of Engineering, University of California Riverside, 900 University Avenue, Riverside,

California 92521, United States

© Supporting Information

ABSTRACT: CRISPR—Cas9 is a bacterial immune system
with exciting applications for genome editing. In spite of
extensive experimental characterization, the active site
chemistry of the RuvC domain—which performs DNA
cleavages—has remained elusive. Its knowledge is key for
structure-based engineering aimed at improving DNA
cleavages. Here, we deliver an in-depth characterization by
using quantum-classical (QM/MM) molecular dynamics
(MD) simulations and a Gaussian accelerated MD method,
coupled with bioinformatics analysis. We disclose a two-metal
aided architecture in the RuvC active site, which is poised to
operate DNA cleavages, in analogy with other DNA/RNA
processing enzymes. The conformational dynamics of the
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RuvC domain further reveals that an “arginine finger” stably contacts the scissile phosphate, with the function of stabilizing the
active complex. Remarkably, the formation of a catalytically competent state of the RuvC domain is only observed upon the
conformational activation of the other nuclease domain of CRISPR—Cas9—i.e., the HNH domain—such allowing concerted
cleavages of double stranded DNA. This structure is in agreement with the available experimental data and remarkably differs
from previous models based on classical mechanics, demonstrating also that only quantum mechanical simulations can
accurately describe the metal-aided active site in CRISPR—Cas9. This fully catalytic structure—in which both the HNH and
RuvC domains are prone to perform DNA cleavages—constitutes a stepping-stone for understanding DNA cleavage and
specificity. It calls for novel experimental verifications and offers the structural foundations for engineering efforts aimed at

improving the genome editing capability of CRISPR—Cas9.

B INTRODUCTION

CRISPR (clustered regularly interspaced short palindromic
repeats) and Cas9 make up a bacterial immune system with
exciting applications in the field of genome editing."” In this
system, the endonuclease Cas9 is programmed with single
guide RNAs (sgRNA) to site-specifically recognize and cleave
any DNA sequence of interest given the presence of a short
recognition sequence (protospacer adjacent motif, PAM).1
The easy programmability of CRISPR—Cas9 led to a frontier
genome-editing technology enabling gene manipulation in a
variety of biological systems and organisms, encompassing
bacteria and eukaryotes, with in vivo applicability for the
treatment of severe diseases, including cancer, genetic diseases,
and brain disorders.’

Cas9 is an RNA-guided DNA endonuclease, which generates
double-stranded breaks in DNA thanks to the HNH and RuvC
nuclease domains (Figure 1A).*"* The double stranded DNA
binds Cas9 by matching the guide RNA with one strand (the
target strand, TS), while the other nontarget strand (NTS) is
displaced and also accommodated in the protein framework. In
the activated complex of CRISPR—Cas9 (Figure 1B), the
HNH and RuvC domains perform concerted cleavages of the
TS and NTS, respectively.'” The most complete X-ray
structure of the ternary complex captured an inactivated
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state of the system, with the HNH catalytic site located ~16—
18 A from the cleavage site on the TS (Figure 1A).° Clearly,
the activation of the system toward the catalysis requires a
conformational change of the HNH domain. Biochemical
experiments and structural comparison with the homologous
structure of the T4 endonuclease VII,'* enabled Sternberg and
colleagues to propose a first model for the catalytically active
HNH docking at the cleavage site on the TS."” Based on this
information, our previous computational studies applied
extensive molecular dynamics (MD) simulations in conven-
tional® and enhanced sampling regime,'® employing also a
specialized supercomputer enabling micro-to-millisecond
length simulations (Anton-2),"”"* with the goal of character-
izing the activated structure of CRISPR—Cas9. As a result, ~16
us of continuous MD simulations and >20 ps of MD
simulations in enhanced sampling regime identified the
mechanism of conformational activation of the HNH domain,
revealing its approach to the TS for cleavage. Forster resonance
energy transfer (FRET) experiments and biochemical
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Figure 1. (A) X-ray structure of the inactive CRISPR—Cas9 complex (SF9R.pdb).° The Cas9 protein is shown in molecular surface, with the HNH
(green) and RuvC (blue) domains shown as cartoons. The RNA (pink), as well as the target strand (TS, violet) and the nontarget strand (NTS,
black) of the DNA are shown as ribbons. The structure captures an inactive state of the CRISPR—Cas9 complex, with the catalytic HNH domain
located at ~16—18 A from the cleavage site on the TS. (B) Close-up view of the activated CRISPR—Cas9 complex derived from molecular

. . 1617
simulations

and FRET experiments,"” " displaying the docking of the HNH domain at the cleavage site on the TS, and moving away from the

RuvC domain. (C) Site of the activated HNH domain, displaying the coordination of the metal Mg?* ions (gold spheres) in the activated complex.

data'®™*' have cross validated the conformational changes
observed through MD simulations, obtaining a consensus
structure for the activated CRISPR—Cas9 complex (Figure
1B). This configuration identifies the metal (Mg**) aided
coordination geometry of the HNH active site (Figure 1C)
and discloses how the HNH domain docks at the cleavage site
on the TS, moving away from the RuvC domain that hosts the
NTS.

Although the above-mentioned studies have captured the
overall architecture of CRISPR—Cas9 in the activated form,
the configuration of the RuvC active site in its catalytically
competent state (i.e., prone to perform catalysis) has not been
characterized. Indeed, previous models have been based on the
inactive complex, which does not account for the activated
configuration of the HNH domain.'®** This is a critical point,
considering that Cas9 cleaves the TS and the NTS concertedly
and—only upon activation of HNH—RuvC is supposed to
give rise to the formation of a catalytically competent state."
Moreover, Cas9 performs the NTS cleavage through a two-
metal (Mg**) aided catalysis,"** but the available structures of
the CRISPR—Cas9 ternary complex have been captured in the
absence of the catalytic Mg®" ions. As such, little is known
about the catalytic state of the RuvC nuclease domain in
CRISPR—Cas9, and identifying how the divalent metal ions
position within the active site for DNA cleavage remains
elusive. Knowledge of the metal-aided active site geometry is
key for structure-based engineering aimed at improving the
catalytic efficiency of the enzyme.

Here, we characterize the structure and dynamics of the
RuvC active site upon activation of the HNH domain, through
extensive MD simulations. An in-depth characterization has
been attained through the use of ab-intio quantum mechanics/
molecular mechanics (QM/MM) simulations and classical MD
in enhanced sampling regime. Ab-intio QM/MM simulations
have been employed to provide an accurate description of the
metal-aided active site, as for other RNA/DNA processing
enzymes.”*">® To broadly explore the conformational
dynamics of the active site, we performed classical MD
simulations, by employing a Gaussian accelerated MD

(GaMD) method.”” This approach has been shown to allow
unconstrained enhanced sampling, providing also solid
estimation of the energetics associated with the conformational
changes.”*™** Finally, structure-based comparison and bio-
informatics analysis have been used to reveal a consensus with
other metal-aided enzymes, further supporting the simulation
outcomes.

Overall, we reveal the two-metal aided architecture in the
RuvC active site, which is poised to operate the catalysis in
synchrony with the activated HNH domain. The activated
state is in agreement with the available experimental data on
CRISPR—Cas9 and remarkably differs from previous models
based on the empirical classical force field.* In this respect, the
activated state identified here displays key analogies with the
other two-metal aided enzymes,™*” indicating the essential
need of ab-initio QM/MM MD for an accurate description of
the metal-aided active sites in CRISPR—Cas9. Based on our
results, the residues coordinating the metal ions in the HNH
and RuvC active sites could be essential for the catalysis and,
more broadly, for the selectivity of the system against off-target
sequences. These hypotheses call now for further experimental
validation, adding to the existing knowledge. As well, this fully
activated structure—in which both the HNH and RuvC
domains are prone to perform DNA cleavages—offers the basis
for novel structure-based engineering of both active sites aimed
at improving the genome editing capability of CRISPR—Cas9.

B METHODS

Structural Models. MD simulations have been based on
the most complete X-ray structure of Cas9 in complex with
RNA and DNA (5F9R.pdb),” which constitutes an inactivated
state of the system, and on the activated CRISPR—Cas9
complex obtained combining previous MD simulations and
single molecule FRET experiments.'”'® The catalytic H983
has been protonated in the epsilon position, as from previous
studies.”’“”* Two model systems have been obtained: (i)
activated and (ii) inactivated CRISPR—Cas9, which have been
embedded in explicit waters, leading to periodic simulation
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cells of ~180 A X 120 A x 140 A and a total of ~300 000
atoms for each system.

Classical MD Simulations. The model systems have been
equilibrated through conventional MD, using the Amber
ff12SB force field, which includes the f99bscO corrections for
DNA* and the f99bsc0+yOL3 corrections for RNA.*”** The
Aquist’” model has been employed for Mg** ions, as in
previous studies of two-metal aided enzymes.”**>*° An
integration time step of 2 fs has been used. Hydrogen atoms
were added assuming standard bond lengths and were
constrained to their equilibrium position with the SHAKE
algorithm. Temperature control (300 K) has been performed
via Langevin dynamics,*' with a collision frequency y =
Pressure control was accomplished by coupling the system to a
Berendsen barostat,"” at a reference pressure of 1 atm and with
a relaxation time of 2 ps. The simulations were carried out with
the following protocol. The systems were subjected to energy
minimization to relax the water molecules and the counterions,
keeping the protein, as well as the RNA, DNA, and Mg2+ ions
fixed with harmonic position restraints of 300 kcal/mol-A%.
Then, the systems were heated from 0 to 100 K in the
canonical ensemble (NVT), by running two NVT simulations
of S ps each, imposing position restraints of 100 kcal/mol-A*
on the above-mentioned elements of the considered systems.
The temperature was further increased up to 200 K in ~100 ps
of MD in the isothermal—isobaric ensemble (NPT), in which
the restraint was reduced to 25 kcal/mol-A%. Subsequently, all
restraints were released and the temperature of the system was
raised up to 300 K in a single NPT simulation of 500 ps. After
~1.1 ns of equilibration, ~10 ns of NPT production was
carried out allowing the density of the system to stabilize
around 1.01 g/cm®. Finally, ~100 ns of MD simulations have
been collected in the NVT ensemble. All simulations have
been performed with the GPU version of AMBER 16.** The
well-equilibrated systems have been used for QM/MM and
GaMD simulations.

Ab-Initio QM/MM Simulations. QM/MM simulations
have been performed on the activated CRISPR—Cas9 complex.
The QM part was composed of the RuvC active site including
the Mg®" ions and the surrounding protein residues that
coordinate the metal ions (i.e., E762, D986, D10, S15), as well
as the H983 residue, part of the DNA nucleobases C-3 and A-
4, and six water molecules (Figure S1). A total of 105 atoms
have been described at the QM DFT/BLYP*"* level, while
the remaining MM part was treated using the force field
described above. The valence of the terminal QM atoms was
saturated by the addition of 13 capping hydrogen atoms. QM/
MM 51mulat10ns have been performed using the CPMD
code.*® The wave functions were expanded in a plane wave
basis set up to a cutoff of 75 Ry in a QM cell of dimensions
~26 A X 22 A X 26 A. The interactions between the valence
electrons and ionic cores were described with norm-conserving
Martins—Troullier pseudopotentials.”” Dispersion interactions
have been described by correcting the exchange-correlation
functional through the use of properly parametrized dispersion
corrected atom-centered potentials (DCACPs)."® The QM
part was treated as an isolated system, and electrostatic
interactions between periodic images were decoupled by the
scheme of Tuckerman.”” Notably, a rigorous Hamiltonian
treatment of the electrostatic interaction between the QM and
MM regions was used.”” The QM/MM protocol consisted of
an initial optimization of the wave function, followed by ~6 ps
of careful equilibration carried out with Born—Oppenheimer

(BO) MD in the canonical (NVT) ensemble using an
integration time step of 20 au (~0.48 fs). The temperatures
of the QM and MM subsystems were kept constant at 300 K
using a Nosé—Hoover thermostat.”>* After this initial phase,
Car—Parrinello (CP)>> QM/MM simulations were carried out
with a time step of S au (~0.12 fs) and a fictitious electron
mass of 600 au. A total of ~40 ps of ab-initio QM/MM MD
were carried out. In this respect, we note that although ab-initio
MD is limited to the picosecond time scale, changes in the
coordination geometry of metal ions can be observed over less
than 10 ps.”*>> Considering also that ab-initio MD remarkably
increases in computational cost when dealing with a high
number of QM atoms (as in the present case, including 105
QM atoms and 13 capping hydrogen atoms), the ~40 ps
simulation time performed here provides a reliable estimation
of the active site chemistry.

Gaussian Accelerated Molecular Dynamics (GaMD)
Simulations. Accelerated MD (aMD) is an enhanced
sampling method that adds a boost potential to the potential
energy surface (PES), effectively decreasing the energy barriers
and thus accelerating transitions between low-energy states.*®
We applied a novel and robust implementation of aMD—i.e,, a
Gaussian aMD (GaMD)—which allows simultaneous sam-
pling and free energy reweighting, using harmonic functions to
construct a boost potential that is adaptively added to the
PES.”” The boost potential follows a near-Gaussian distribu-
tion, which allows for accurate reweighting using cumulant
expansions up to the second order. This extends the use of
aMD to big-data analysis, in which a large statistical noise can
make prohibitive the standard reweighting procedure 30 gl

Considering a system with N atoms at positions 7={ry
ru}, when the system potential V() is lower than a threshold
energy E, the energy surface is modified by adding a boost
potential as

V@) =V(FE) + AV(F), V(F) <E (1)

N 1 -\\2
AV(7) 2k(E V(7)) @)
where k is the harmonic force constant. The two adjustable
parameters E and k are automatically determined by applying
the following three criteria. First, for any two arbitrary
potential values V,(7) and V,(7) found on the original energy
surface, if V;(7) < V,(¥), AV should be a monotonic function
that does not change the relative order of the biased potential
values, ie, V¥#(7) < V¥(7). Second, if Vi(7) < V,(7), the
potential difference observed on the smoothened energy
surface should be smaller than that of the original, i.e., V¥ (¥)
— V¥(#) < V() — Vi(¥). By combining the first two criteria
and plugging in the formula of V*(¥) and AV, we obtain

V. <E<V. +1/k 3)
where V;, and V., are the system minimum and maximum

potential energles To ensure that eq 4 is valid, k has to satisfy
k < 1/V V. in- By defining k = k 1/ then 0 < k <

1. Third, the standard deviation of AV needs to be small
enough (i.e, narrow distribution) to ensure accurate
reweighting using cumulant expansion to the second order:
oav = k(E — V)oy < 6, where V,,, and oy are the average
and standard deviation of the system potential energies, 6,y is
the standard deviation of AV and o, as a user-specified upper

limit (e.g,, 10 kgT) for accurate reweighting. When E is set to

mln!
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Figure 2. (A) Active site of the RNA Ribonuclease H (RNase H)* displaying a two-metal aided architecture, characterized by the highly conserved
DEDD (or DDE) motif. The two Mg** ions (A and B, gold) and the water molecules (red) are shown as spheres. (B) RuvC active site of
CRISPR~Cas9 as arising from ab-initio QM/MM MD simulations. The active site adopts a catalytically competent two-metal aided configuration.
One water molecule locates in close proximity to the scissile phosphate and interacts with H983. The oxygen pro-S (Sp) jointly coordinates the two
metals, as required for the two-metal aided catalysis.”**>**°* (C) Time evolution along ~40 ps of ab-initic QM/MM MD of the coordination
distances for the ligands of MgB (top) and MgA (center), as well as of the interaction network established by H983 and by the water nucleophile
(bottom). For each plot, the distances are shown on the 3D structure in the right panel.

the lower bound, E =
calculated as

miy according to eq 4, k, can be

o, V. V
ko, = min(1.0, k) = min| 1.0, —> 2% i
Oy Vma.x - Vavg (4)

Alternatively, when the threshold energy E is set to its upper
bound E =V, + 1/k, ky is

0o JVmax B Vmin
‘/av - Vmin (5)

if kg is calculated between 0 and 1. Otherwise, k; is calculated
using eq 4, instead of being set to 1 directly as described in the
original paper.”

Based on extensive tests on the CRISPR—Cas9 system
performed in our previous work,'®*® the system threshold

k0=k”5(1—

Oy

energy has been set to E =V, for all GaMD simulations. The
boost potential has been applied in a dual-boost scheme, in
which two acceleration potentials are applied simultaneously to
the system: (i) the torsional terms only and (ii) across the
entire potential. A time step of 2 fs has been used. The
maximum, minimum, average, and standard deviation values of
the system potential (V. Vi Vg and oy) has been
obtained from an initial ~12 ns NPT simulation with no boost
potential. GaMD simulations have been applied on the
activated CRISPR—Cas9 complex, in four simulation replicas.
Two additional GaMD simulations have been performed on
the inactivated complex. Each GaMD simulation proceeded
with a ~ 50 ns run, in which the boost potential has been
updated every 1.6 ns, thus reaching equilibrium values. Finally,
~400 ns of GaMD simulations have been carried out in the
NVT ensemble, for a total of ~2.4 us of GaMD. The choice of
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this simulations length (i.e., ~400 ns per replica) has shown to
exhaustively explore the conformational space and to enable
convergent derivation of the free energy profiles in our
previous study.'®

Potential of Mean Force (PMF) Calculations. The PMF
is calculated upon accurate reweighting of the GaMD
simulations using cumulant expansion to the second order.
For simulations of a biomolecular system, the probability
distribution along a selected reaction coordinate A(r) is written
as p*A(r), where r denotes the atomic positions {ry,r,}.
Given the boost potential AV(r) of each frame, p*A(r) can be
reweighted to recover the canonical ensemble distribution,

p(A), as

PAV(r)
e j=1,., M
M, BAV(Y) r
Zimi ) (6)

where M is the number of bins, § = 1/k;T, and (eﬁAV(’))j is the
ensemble-averaged Boltzmann factor of AV(r) for simulation
frames found in the jth bin. To reduce the energetic noise, the
ensemble-averaged reweighting factor can be approximated
using cumulant expansion:

(") = eXP{i Tage }
T

p(Aj) = P* (Aj)

k=1 (7)
where the first three cumulants are given by
C, = (AV),
C, = (AV?) — (AV?) =63y
C, = (AV?) — 3(AV)(AV) + 2(AV?) (8)

As shown earlier,””**” when the boost potential follows

near-Gaussian distribution, cumulant expansion to the second
order provides the more accurate reweighting compared with
the exponential average and Maclaurin series expansion
methods. Finally, the reweighted free energy is calculated as

1
) =—=1|—|n ;
F(4)) l(ﬂ] p(4) %)

Energetic reweighting has been computed using as reaction
coordinates the distance between the terminal carbon of R976
and the scissile phosphate (R976—Ppy,) and the dihedral
angle between the Ca—Cf—Cy—C§ atoms of R976 (9-R976).
Since accurate energetic reweighting needs to be performed on
a solid statistical ensemble, PMF calculations have been
performed over the aggregate trajectories of four simulation
replicas (i.e, ~400 ns X 4 replicas = ~1.6 us). Moreover, the
trajectories have been saved every 1 ps (i.e., SO steps), leading
to 400 000 frames per replica and a total of 1600 000 frames
used for energetic reweighting. Energetic reweighting has also
been performed over the individual runs (Figure S2), showing
the similarity of the PMF plots computed over independent
replicas. Error bars have been computed as the standard error
of the PMF values calculated for the individual runs, as in our
previous study.'® Convergence of the PMF has been assessed
by computing the location of the minimum as a function of
time in the individual runs (Figure S3).

Bioinformatics Analysis. Sequence alignment has been
performed considering the primary sequence of the RuvC
domain of the Streptococcus pyogenes (Sp),” Staphylococcus

aureus (Sa),”’ Francisella Novicida (Fn),’° Actinomyces
naeslundii (Ana),* and Campylobacter jeuni (Cj)®' CRISPR—
Cas9 systems. The unified bioinformatics analysis tool
Multiseq,”” implemented in the Visual Molecular Dynamics®*
code has been used to perform sequence alignment. Structural
superimposition has been performed using the structures
deposited in the Protein Data Bank under the SF9R,® SAXW,>’
SBZO,60 40GC,* and 5X2G®! accession codes.

B RESULTS

Configuration of the Two-Metal Aided Active Site.
Biochemical data and structural comparison with homologous
nucleases, suggested that a two-metal aided mechanism s
responsible of the catalysis within the RuvC active site. Indeed,
the RuvC domain shares the structural fold of the RNA
Ribonuclease H (RNase H),** which is the prototypical two-
metal aided enzyme (Figure 2A). Within its active site, two
catalytic Mg®" ions are coordinated by a highly conserved
sequence composed by the DEDD residues (or DDE), which
are a fingerprint for the two-metal aided architecture in DNA
and RNA processing enzymes.”> The catalysis requires that the
pro-Sp oxygen of the scissile phosphate—but not the pro-Rp
oxygen—ijointly coordinates the two Mg>* ions, enabling an in-
line Sy2-like nucleophilic attack on the scissile phosphorus
atom.”*>*%% In order to assess the structure and dynamics of
the RuvC active site, as well as the coordination sphere of the
metal ions, we performed ab-initio QM/MM MD simulations.
Through this approach, we characterized the RuvC active site
geometry at the QM BLYP level, while the rest of the
CRISPR—Cas9 complex in explicit solution has been treated at
the classical MM level (the QM/MM partitioning is shown in
Figure S1). This enabled us to more accurately characterize the
active site chemistry and—importantly—the metal ion
coordination geometry, which is often not accurately described
by the empirical force fields.”® We carried out ~40 ps of QM/
MM ab-initio MD simulations, using the Car—Parrinello (CP)
method.> As a result of the CP MD simulations, the RuvC
active site shows a catalytically competent two-metal aided
architecture (Figure 2B). In detail, MgB is coordinated by the
carboxylate functionality of E762, D986, and D10 and by the
DNA O3'. The pro-Sp oxygen of the scissile phosphate also
coordinates MgB. This acidic structural motif is consistent with
the requirements for the catalysis*>*>**®> and with the highly
conserved DDE motif, which ensures the metal-aided
fanction.> MgA results coordinated by D10, I11, and S13,
as well as by the pro-S oxygen of the scissile phosphate, as in
other two-metal aided enzymes.”> The pro-S oxygen of the
scissile phosphate locates in between the two metals and
favoring an in-line Sy2-like nucleophilic attack. One QM water
molecule coordinates MgA and locates in close proximity to
the scissile phosphate, as a possible nucleophile. Figure 2C
reports the time evolution along ab initio MD of the
coordination ligands of MgB (top graph) and MgA (middle
graph), as well as of the interaction network established by
H983 and the water nucleophile (bottom graph, data are in
Table S1). Remarkably, H983 locates away from MgA and
binds the QM water molecule approaching the scissile
phosphate. This configuration well agrees with the require-
ments for the catalysis.””*>>’* Indeed, H893 has been
experimentally suggested to act as a general base deprotonating
the water nucleophile,'’ as observed in other nucleases.” In
this respect, the two-metal ion mechanism supports His as
activators of the catalysis, as arising from several experimental
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Figure 3. (A) Catalytic site of the RuvC domain in the CRISPR—Cas9 complex, displaying two conformations of R976. In the activated CRISPR—
Cas9 complex, R976 assumes a “down” conformational state (magenta), bringing its positive side chain in close contact to the scissile phosphate. In
the inactive state of the CRISPR—Cas9 complex, R976 moves away from the scissile phosphate and assumes an “up” conformation (yellow). (B)
Time evolution of distance between the terminal carbon of R976 and the scissile phosphate (R976—Pp,,) along ~400 ns of GaMD simulations of
the activated CRISPR—Cas9 complex (replicas are in Figure S4). Time windows indicate the “down” (magenta) and “up” (yellow) conformations
of R976. (C) PMF of the R976—Pp,y, distance computed over the aggregated data from four simulation replicas for ~3.2 us of total sampling. The
PMF is expressed in kilocalories per mole. (D) Two-dimensional PMF of the R976—Pp,, distance in combination with the dihedral angle between

the Ca—Cf—Cy—CS§ atoms of R976 (9-R976).

studies® and also previously shown in QM/MM investigations
of the DNA polymerase IIL.°” Further support to the active site
chemistry identified here arises from the crystal structure of the
RuvC resolvase enzyme,”® which displays a remarkable identity
to the Cas9 RuvC domain. In the RuvC resolvase, H143
corresponds to the catalytic H983 in Cas9, while the Mg**
coordinating ligands D7, E70, and D146 correspond to the
Cas9 residues D10, E762, and D986, respectively.

Dynamics of the Activated State. Here, accelerated MD
simulations have been employed to investigate the dynamics of
the RuvC active site in the activated CRISPR—Cas9 complex.
Four simulation replica of ~400 ns each have been carried out
in enhanced sampling regime by using a GaMD method. This
enabled to enhance the configurational sampling, broadly
exploring the conformational dynamics of the RuvC domain in
the activated state, providing also the estimation of the
energetics associated with the conformational changes.”*™**

As a result, we found that in the activated CRISPR—Cas9
complex, the RuvC catalytic site shows a remarkable difference
with respect to the X-ray structure of the inactive state (Figure
3A). Indeed, in the activated CRISPR—Cas9, the R976 residue
approaches the cleavage site bringing its positive side chain in
close contact to the scissile phosphate (magenta in Figure 3A).
In this configuration, the R976 side chain points “down”
toward the active site, as opposite to the crystallographic
structure of the inactivated CRISPR—Cas9 complex, where

R976 moves away from the scissile phosphate, assuming an
“up” conformational state (yellow in Figure 3A). During
GaMD simulations of the activated CRISPR—Cas9 complex,
the “down” conformational state of R976 is well maintained
(Figure 3B). The R986 side chain also adopts the “up”
conformational state, which results however poorly populated,
as also observed in the simulation replicas (Figure S4). PMF
calculations—which are commonly used to describe the free
energy landscape of conformational transitions—have been
performed to estimate the free-energy landscape associated
with the R976 rearrangements in the activated CRISPR—Cas9
complex. The PMF computed over the distance between the
terminal carbon of R976 and the scissile phosphate (R976—
Ppna Figure 2C) reveals that the R976 “down” state
constitutes the lowest minimum of the free energy surface.
The PMF has been computed over the aggregated data from
four simulation replicas, as well us over the individual runs
(Figure S2), revealing the similarity of the PMF computed
over independent replicas. Error bars have been computed as
the standard error of the PMF values calculated for the
individual runs, revealing that the uncertainty is low at the level
of the lowest minimum (i.e, corresponding to the “down”
conformation), therefore sustaining the reliability of the
identified minimum. As well, convergence tests have been
performed by computing the PMF as a function of the
simulated time in the individual replicas (Figure $3).'° A two-
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dimensional PMF of the R976—Ppy, distance in combination
with the dihedral angle between the Ca—Cp—Cy—Cd atoms of
R976 (9-R976) has also been computed, confirming that R976
preferentially locates in a well-defined minimum corresponding
to the “down” conformational state, pointing toward the
scissile phosphate (Figure 2D, the PMF on §-R976 computed
for the individual runs and convergence tests are reported in
Figures S2—3). Overall, the simulations depict a consensus
scenario for the activated complex, where R976 stably points
its positive side chain in proximity of the scissile phosphate.

GaMD simulations have also been performed on the
inactivated CRISPR—Cas9 complex, in two replicas of ~400
ns each, enabling a comparison with the activated state and
assessing the conformational dynamics of R976 in the
crystallographic state.” The simulations reveal that R976
does not stably locate in proximity of the scissile phosphate.
On the contrary, R976 approaches and establishes interactions
with the backbone oxygen atoms of the Q910, L911, and K913
residues of the HNH domain (Figure 4A and SS). Figure 4B
illustrates the probability distributions of the distances between
the R976 terminal nitrogen atom (NH1) and the backbone
oxygen atoms of the Q910, L911, and K913 residues,
computed from the GaMD simulations of the inactive (yellow)
and active (green) states of CRISPR—Cas9. As a result, in the
inactive state, the R976 side chain interacts with the Q910
backbone, while also establishing interactions with L911 and
K913. These interactions contribute in stabilizing R976 in the
up conformational state in the inactive configuration of the
CRISPR—Cas9 complex. Contrariwise, in the activated
CRISPR—Cas9, R976 moves away from the Q910, L911,
and K913 residues of the HNH domain, with the distances
probability distributions remarkably separated from the
inactivated state. These outcomes suggest that the interaction
of R976 with the 908—913 residues of the HNH domain
sequestrate R976 from the RuvC active site in the inactive
state. Contrariwise, upon activation, when the HNH domain
approaches the TS and moves away from the RuvC active site,
R976 becomes free to contact the scissile phosphate. This
evidence is in agreement with the experimental fact that the
activated configuration of the HNH functionality is an essential
requirement for the formation of a catalytically competent
RuvC active site."” Accordingly, the tight interdependence in
the conformational dynamics of HNH and RuvC is at the basis
of the domains activation for concerted cleavages of the two
DNA strands.”

Key Role of the Arginine Finger in the Two-Metal
Aided Enzymes. The approach of R976 to the scissile
phosphate of the active Cas9 is of particular interest in light of
the function that the so-called “arginine fingers” exert in the
active site of other Mg-aided phosphatases.”’ Indeed, by
contacting the scissile phosphate, the arginine fingers confer
proper structural stabilization of the active site for eflicient
catalysis. Arginine residues have also been shown to be key for
the function of DNA/RNA processing enzymes that share with
Cas9 a two-metal aided architecture. In type II topoisomerase
(topo 1), which controls the topology of DNA by cleaving and
religating both strands of a DNA duplex, R781 contacts the
nucleophilic Y782 and the scissile phosphate, assuming a
“down” conformation (Figure SA, central panel).>”" The
experimental work of Schmidt and colleagues has shown that
the closeness of R781 to both the DNA strand and Y782 is
functional to the catalysis, as it stabilizes the DNA S’ prior
phosphodiester bond cleavage and lowers the pK, of the

active

10
08 - L911

06

04l o HNH
0.2 | . 4
oo L 1 0y | L

1.0 77—
08 K913

06 :
04 -

02 F ot
0.0 PR IS U I - L
Y0 2 4 6 8 10 12 14 16

Distance [A]

Frequency [%]

Figure 4. (A) Configuration of R976 in the inactive CRISPR—Cas9
complex (R976 in yellow), compared to the configuration of R976 in
the activated complex (R976 in magenta). The inactive configuration
of the HNH domain (shown as ribbons in yellow) is superposed to
the activated configuration (ribbons, green), showing that in the
active conformation, HNH moves away from the RuvC active site.
(B) Probability distributions of the distances between the R976
terminal nitrogen atom (NH1) and the backbone oxygen atoms of the
Q910, L911, and K913 residues, computed over GaMD simulations of
the inactive (yellow) and active (green) CRISPR—Cas9 complexes
(data are aggregated over the simulation replicas).

attacking Y782. In the polymerase—y (pol—#), which repairs
DNA lesions by extending damaged strands, an arginine
residue (i.e, Arg6l) also locates upstream the active site
(Figure SA, right panel). In the X-ray structure of the reactant
state of pol—7, Arg61 points its positive side chain toward the
dATP a-phosphate, assuming a “down” conformational state
for the 85% of occupancy, as opposite to what observed in the
product state (where Arg61 assumes the “up” conformation).””
Recent computational investigations provided a rational for
this conformational change, suggesting that in the “down”
conformation, Arg61 stabilizes the formation of a catalytic
complex for the polymerase reaction.”” Remarkably, MD
simulations of the activated pol—# show that Arg6l mainly
adopts a “down” conformational state, rarely transitioning in
the “up” conformational state, similar to what observed in the
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Figure 5. (A) Active site of the RuvC domain in the activated CRISPR—Cas9 (left panel) in comparison with type II topoisomerase’" (topo 1I,
central panel) and polymerase—7’> (pol—7, right panel). (B) Alignment of the primary sequence of the RuvC domain in the Str%ptowccus pyogenes
(Sp),”> Staphylococcus aureus (Sa),” Francisella Novicida (Fn),° Actinomyces naeslundii (Ana),* and Campylobacter jejuni (Cj)°' CRISPR—Cas9
systems. The sequence identity is color-coded from white to blue to indicate a percentage of sequence identity from 0 to 100%. (C) The region
from residues 970—990 is enlarged and color-coded to display the sequence identity (top) and the presence of similar residue types (bottom, red
for RKH and blue for D and E). (D) Structural superimposition of the RuvC domain in the investigated systems, with close up view displaying the
location of R976 in the five systems. The structures are shown as ribbons, color-coded in agreement with the sequence identity scale (i.e., white no

identity; blue full identity).

present study for CRISPR—Cas9 (Figures 3 and SA, left
panel). In CRISPR—Cas9, DNA cleavage assays by capillary
electrophoresis have shown that the R976A mutation reduces
the cleavage of the NTS.° This experimental evidence
pinpoints a critical role of R976 in the catalysis of the NTS.
In light of this and considering that in the above-mentioned
two-metal aided enzymes, arginine residues in the “down”
conformational state exert an important stabilization role, it is
reasonable to speculate that also in CRISPR—Cas9 the “down”
conformation of R976 confers stabilization to the NTS prior
phosphodiester bond cleavage. Intrigued by the role of the
arginine fingers in DNA and RNA processing enzymes, we
have been seeking more broadly for analogies in the two-metal
aided enzymes, by considering the database of two-metal aided
enzymes crystallized at high resolution recently collected.”* We
found that an arginine residue upstream of the nucleic acids
resembling the position of R976 in the CRISPR—Cas9

complex is present in different enzymatic classes (EC),
encompassing enzymes such as the restriction endonuclease
BamHI,”® the Exonuclease 1,”° and several DNA/RNA
polymerases”’~*' (Table S2). Remarkably, in the majority of
the enzymes crystallized at high resolution (ie., < 3 A) in a
catalytically competent state, the arginine residue assumes the
“down” conformation pointing toward the processed phos-
phate. This evidence further supports our computational
model of the activated CRISPR—Cas9 complex. It is important
to note, however, that in-depth computational studies and
experimental data assessing the importance for the catalysis of
arginine residues upstream the two-metal ions motif have been
performed only for CRISPR—Cas9, topo II, and pol—# (Figure
SA). For the remaining enzymes reported in Table S2
experimental assays are absent. However, the observed
common feature in the structures of the two-metal aided
enzymes suggests an important role of arginine fingers in their
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active sites, which calls for future experimental validation to
investigate the role of arginine residues upstream the two-metal
ions motif. Finally, to seek the presence of R976 in the Cas9
enzymes from different organisms, we performed sequence
alignment of the RuvC domain considering the Streptococcus
pyogenes (Sp, object of this study),” Staphylococcus aureus
(Sa),*”® Francisella Novicida (Fn),”° Actinomyces naeslundii
(Ana)* and Campylobacter jejuni (Cj)°' organisms (Figure
SB—C, the full sequence alignment is in Figure $6). We found
that, although the overall sequence identity of the RuvC
domains is low (i.e, < 30%), the active site residues directly
responsible for the catalysis (i.e, D10, E762, H983, and D986)
show 100% of sequence identity. R976 also shows very high
sequence identity (80%), being present all Cas9 systems but in
the Fn Cas9, where it is replaced by a lysine (retaining a
positively charged side chain, like arginine). Remarkably,
structural alignment of the X-ray structures reveals that the
RuvC domain maintains its characteristics ffa—metal binding
fold (in spite of the low sequence identity) and shows that
R976 locates in the same position upstream of the active site
(Figure SD). Overall, the DNA cleavage assays assessing the
importance of R976 in the cleavage of the NTS® and the
similarity with the two-metal aided enzymes, support our
computational model of the activated CRISPR—Cas9 complex.
As well, the stabilization role exerted by the arginine fingers in
other Mg-aided phosphatases’’ and in the two-metal aided
enzymes topo I°”" and pol—;">"" suggests a similar function
in CRISPR—Cas9, where R976 could stabilize the formation of
a catalytic complex.

B DISCUSSION

The CRISPR—Cas9 system attains genome editing thanks to
two nuclease domains—HNH and RuvC—which perform
concerted cleavages of double stranded DNA."* Over the last
years, the integration of structural data,” extensive MD
simulations,"®"” single molecule FRET, and biochemical
experiments enabled the identification of a catalytically
active CRISPR—Cas9 complex (Figure 1B). In this structure,
the catalytic HNH domain docks at the cleavage site on the
TS, while the RuvC active site hosts the NTS, prone for double
stands cleavages. Here, this activated complex has been used as
a basis for the investigation of the structure and dynamics of
the RuvC active site through extensive MD simulations. Ab-
initio QM/MM simulations, accelerated MD, and bioinfor-
matics analysis enabled an in-depth characterization of the
RuvC active site, revealing its two-metal aided architecture.
The description of the metal aided active site has been
attained through ab-initio QM/MM simulations, offering a
more accurate description of the coordination geometry with
respect to the empirical force field models.® As a result, the
two catalytic Mg** ions are coordinated by a highly conserved
sequence composed by the DDE residues, which characterizes
the two-metal-aided architecture in DNA and RNA processing
enzymes (Figure 2A—B).”*>> The scissile phosphate locates
between the two catalytic Mg®* ions, which are jointly
coordinated by the pro-Sp oxygen, enabling an in-line Sy2-
like nucleoghilic attack on the scissile phosphorus
atom.”>***% The catalytic water molecule coordinates MgA
and stably locates in close proximity to the scissile phosphate
and to the catalytic H893 (Figure 2C, bottom panel). The
latter is suggested to act as a general base for the activation of
the water nucleophile,'’ as also shown in other two-metal
aided enzymes.” The identified active site geometry is in good

13,21

agreement with the canonical two-metal aided sites, which
have been structurally determined in the prototypical RNase
H* (Fi§ure 2A) and in other DNA/RNA processing
enzymes.” "> Moreover, the architecture observed in the
present study holds the main prerequisites for attaining the
metal aided phosphodiester bond cleavage******® and
remarkably differs from the previous models. In a previous
computational study, force field-based MD runs (carried out
over ~40 ns) attempted to identify the active site chemistry of
the RuvC domain in the inactive crystal structure
(SF9R.pdb).”* The authors have shown that the catalysis is
likely to occur at position —4, in agreement with the current
study and other previous experimental investigations.””
However, the identified catalytic site shows that the pro-Rp
and pro-Sp oxygen atoms coordinate the MgA and MgB ions,
respectively, leading to a structure that is unlikely to give rise to
phosphodiester bond cleavage. This unlikely configuration is
also observed in a model derived from the empirical
reconstruction of a cryo-EM map solved at 5.2 A resolution,’
making this structure unavailable for further investigations.
Contrariwise, the active site geometry identified in the present
study reveals a joint coordination of the two Mg>" ions by the
pro-Sp oxygen of the scissile phosphate, favoring an in-line
Sx2-like nucleophilic attack.”****%°° Notably, the previous
studies exclusively employed classical and force field-based
models. Hence, the obtained active site geometry might have
been affected by the well-known limitations of the classical
force field for Mg** ions.”® Moreover, the previous classical
study has been based on the inactivated structure of the
CRISPR—Cas9 complex.”” This is a critical point, because the
activated configuration of the HNH functionality is an essential
requirement for the formation of a catalytically competent
RuvC active site."”

Through the application of unconstrained enhanced
samplin%, by using a Gaussian accelerated MD (GaMD)
method,”” we broadly explored the conformational dynamics
of the RuvC domain at the classical MD level. As a result, we
found that in the activated CRISPR—Cas9 complex, the R976
residue approaches the cleavage site in the RuvC domain
bringing its positive side chain in close contact to the scissile
phosphate (Figure 3A). The R976 residue stably maintains this
configuration throughout the dynamics. The approach of R976
to the scissile phosphate of the active Cas9 is of particular
interest in comparison with other Mg>*-aided phosphatases’’
and DNA/RNA processinsg enzymes—such as type II
topoisomerase (topo II)°>”' and the polymerase—g
(pol—1)">"*—that share with Cas9 a similar two-metal aided
architecture. In these enzymes, the presence of an arginine
finger upstream of the metal aided site exerts a functional role,
stabilizing the formation of a catalytically active complex
(Figure SA). Structural comparison with other two-metal aided
enzymes belonging to different enzymatic classes, as well as the
sequence alignment of the RuvC domain from different
CRISPR—Cas9 organisms (Figure SB-D), revealed that the
presence of an arginine finger upstream of the active site is a
conserved feature. These analogies support our computational
model of the activated CRISPR—Cas9 complex. Moreover,
DNA cleavage assays have shown that the R976A mutation in
CRISPR—Cas9 reduces the cleavage of the NTS,° indicating a
key role of the residue for the activity. In light of this
experimental evidence, the stabilization role exerted by the
arginine fingers contactin§ the scissile phosphate in other Mg-
aided phosphatases’’™"" suggests a similar function in
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CRISPR—Cas9, where R976 could stabilize the formation of a
catalytic complex. MD simulations of the inactive CRISPR—
Cas9 complex revealed that R976 moves away from the active
site in the inactive CRISPR—Cas9 complex (Figure 3A). In
this complex, R976 is shown to interact with the HNH domain
and is unable to properly locate to contact the scissile
phosphate on the NTS. Notably, in the inactive configuration
of CRISPR—Cas9, the HNH domain locates away from the TS
and contacts the NTS within the RuvC core (Figures 1A and
4). Upon activation, the HNH domain is detached from the
NTS and approaches the TS, resulting in a loss of structural
constraint on the RuvC active site. This results in newly
formed interactions—such as the approach of R976 to the
scissile phosphate—which contribute in the formation of a
catalytically competent state in the RuvC domain. This
evidence is in agreement with the experimental fact that, in
order to perform concerted cleavages of double stranded
DNAs, both the nuclease domains have to assume an activated
conﬁguration.13 As well, the conformational activation of HNH
is an essential requirement for the formation of a catalytically
active RuvC.">*

Overall, the present computational study discloses the
structure and dynamics of the catalytically competent
CRISPR—Cas9 system, which is in good agreement with the
available experimental evidence. This study therefore provides
an important contribution for the structure-based engineering
CRISPR—Cas9 toward improved and/or controlled DNA
cleavages. Moreover, the identified structure constitutes a
stepping-stone for future QM/MM investigations of the metal-
aided catalysis, currently ongoing in our laboratory. This will
ultimately characterize the chemistry of the CRISPR—Cas9
system.

B CONCLUSIONS

Here, we disclosed the structure and dynamics of the
catalytically competent CRISPR—Cas9 system through the
use of extensive molecular simulations. We combined an ab-
intio QM/MM approach and accelerated MD simulations,
coupled with bioinformatics analysis, to obtain an in-depth
characterization of the RuvC active site in the activated
complex. We disclosed a canonical two-metal aided architec-
ture in the RuvC active site, which is poised to operate the
catalysis of the NTS, in analogy with other DNA/RNA
processing enzymes.B’35 In the active site, the two catalytic
Mg®" ions are coordinated by a highly conserved sequence
composed by the DDE residues, while the DNA scissile
phosphate locates between the two divalent ions, enabling an
in-line Sy2-like nucleophilic attack. Remarkably, the formation
of a catalytically competent state of the RuvC domain is
observed upon the conformational activation of the other
nuclease domain of Cas9—i.e, the HNH domain—such
justifying concerted cleavages of double stranded DNA."® The
use of a recently developed accelerated MD methodology—
ie., a Gaussian accelerated MD (GaMD)—further enabled
broad exploration of the conformational dynamics of the RuvC
domain over longer time scales. As a result, an arginine finger is
found to stably contact the scissile 0phosphate, as also observed
in other Mg**-aided phosphatases’’ and DNA/RNA two-metal
aided enzymes,ss’ﬂ_73”83 with the function of stabilizing the
formation of a catalytically active complex. Overall, the
agreement with the available experimental studies on
CRISPR—Cas9 and the analogies found with other two-metal
aided enzymes support the model proposed in the present

study, offering a reliable description of the active site
chemistry. Notably, this structure remarkably differs from
previous models based on classical mechanics, and demon-
strates that only ab-initio QM/MM MD can accurately
describe the metal-aided chemistry in CRISPR—Cas9. Ab-
initio QM/MM approaches will therefore be necessary for
completing the characterization of the metal-aided catalysis
and for describing the active site of the HNH nuclease
functionality. This research is currently ongoing in our
laboratory, building on our experience in ab-initio MD and
QM/MM simulations.”****** Finally, the catalytically active
state identified here offers the basis for novel experimental
investigations aimed at fully clarifying the role of the residues
that coordinate the Mg** ions in the catalytic sites. Based on
our results, we speculate that the residues coordinating the
metal ions in the active sites of the HNH (D861, V838, D839;
Figure 1C) and RuvC (E762, D986, D10, 111, S15; Figure 2A)
domains could be essential for the catalysis and, more broadly,
for the selectivity of the system against off-target sequences.
This in-depth understanding of the CRISPR—Cas9 catalytic
complex also poses the basis for further development of novel
CRISPR—Cas9 genome editing tools with improved specificity
and catalytic efficiency.
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