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ABSTRACT

In the adaptive immune systems of many bacteria and archaea, the Cas9 endonuclease forms a complex with specific guide/
scaffold RNA to identify and cleave complementary target sequences in foreign DNA. This DNA targeting machinery has
been exploited in numerous applications of genome editing and transcription control. However, the molecular mechanism
of the Cas9 system is still obscure. Recently, high-resolution structures have been solved for Cas9 in different structural
forms (e.g., unbound forms, RNA-bound binary complexes, and RNA-DNA-bound tertiary complexes, corresponding to an
inactive state, a pre-target-bound state, and a cleavage-competent or product state), which offered key structural insights to
the Cas9 mechanism. To further probe the structural dynamics of Cas9 interacting with RNA and DNA at the amino-acid
level of details, we have performed systematic coarse-grained modeling using an elastic network model and related analyses.
Our normal mode analysis predicted a few key modes of collective motions that capture the observed conformational
changes featuring large domain motions triggered by binding of RNA and DNA. Our flexibility analysis identified specific
regions with high or low flexibility that coincide with key functional sites (such as DNA/RNA-binding sites, nuclease cleav-
age sites, and key hinges). We also identified a small set of hotspot residues that control the energetics of functional
motions, which overlap with known functional sites and offer promising targets for future mutagenesis efforts to improve
the specificity of Cas9. Finally, we modeled the conformational transitions of Cas9 from the unbound form to the binary
complex and then the tertiary complex, and predicted a distinct sequence of domain motions. In sum, our findings have
offered rich structural and dynamic details relevant to the Cas9 machinery, and will guide future investigation and engineering
of the Cas9 systems.
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INTRODUCTION the crRNAs invades a double-stranded DNA (dsDNA) to
form an RNA-DNA hybrid helix with the target DNA
strand while displacing the non-target DNA strand.® The
accuracy of DNA targeting is ensured by base pairing
between the target DNA strand and the guide RNA seg-
ment, and recognition of a short protospacer adjacent
motif (PAM) with 2—4 base pairs. In particular, the target
complementarity of a seed sequence of 10-12 nucleotides

Bacteria and archaea target and degrade foreign DNA
using adaptive immune systems based on the CRISPR
(clustered regularly interspaced short palindromic
repeats) loci and CRISPR associated (Cas) genes.1_3
There are three types of CRISPR-Cas systems (I, II, and
III). The type I and III CRISPR-Cas systems use multi-
protein complexes for RNA-guided DNA targeting.1_3 In
contrast, in the type II CRISPR-Cas systems, a single
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phosphate lock loop

Figure 1

Structural architecture of SpyCas9 in (a) the unbound form (PDB id: 4CMP), (b) the binary complex with sgRNA (PDB id: 4ZT0), and (c) the ter-
tiary complex with sgRNA and dsDNA (PDB id: 5F9R). The various domains are colored as follows: RuvC (blue), HNH (green), PI (red), bridge
helix (purple), Hel-I (orange), Hel-II (yellow), and Hel-III (cyan). In (b) and (c), the sgRNA is in black (with 10 seed nucleotides shown as beads).
In (c), the dsDNA is in silver (with three PAM nucleotides shown as beads). The cleavage sites of two nuclease domains (D10 of RuvC and H840
of HNH) and the PAM recognition residues (R1333 and R1335 of PI) are shown as beads colored by domain. In (a) and (b), observed domain
motions upon forming the binary and the tertiary complex are marked by thick arrows colored by domain. The three structures have been

superimposed along the RuvC domain.

at the 3’ end of the guide RNA segment is critical for
DNA recognition and cleavage.”~10 Following the R-
loop formation, the target strand and the non-target
strand of the dsDNA are cleaved by the HNH and the
RuvC nuclease domain, respectively,7’11 resulting in
double-strand DNA breaks (DSBs). The Cas9 genes from
different bacteria and archaea vary widely in sequence
and size, and can be grouped into three subfamilies:
types II-A, II-B, and II-C.12 The type II-C Cas9 proteins
are ~300 amino acids shorter in sequence than the type
II-A ones, which makes it easier to deliver them to
somatic tissues for in vivo applications. By engineering a
synthetic single-guide RNA (sgRNA) that fuses the
crRNA and the tracrRNA to target loci in eukaryotes, the
Cas9-sgRNA systems can be exploited to generate site-
specific DSBs subsequently repaired by either nonhomol-
ogous end joining or homologous recombination,”!3
which allows precise modification of genomic sequences
in the vicinity of the Cas9-generated DSBs. Additionally,
a catalytically inactive Cas9 fused to transcriptional acti-
vation or repression proteins can be used for site-specific
transcriptional control.14=16 Thanks to its simplicity
and flexibility, the Cas9-sgRNA system has been widely
employed in genome engineering, transcriptional control,
and much more.l721 Many of these applications
require a high specificity in DNA targeting?2 to avoid
unwanted off-target cleavage (e.g., in therapeutic

applications). To engineer a Cas9-sgRNA system with
minimal size and high speciﬁcity,23 it is critical to gain
detailed insights to the molecular mechanism of the
Cas9-mediated RNA-guided DNA targeting and cleavage.

Toward elucidating the structural basis of the Cas9-
sgRNA system, a number of crystal structures were
solved for type 11-A24-28 and type 11-C2>29 Cas9 pro-
teins. A majority of them are for the Streptococcus pyo-
genes Cas9 (SpyCas9)—a prototypical type II-A Cas9
protein that recognizes a 5'-NGG-3' PAM sequence locat-
ed 3 base pairs from the cleavage site on the non-target
DNA strand. These distinct structures trapped unbound
SpyCas9,25 SpyCas9 bound to sgRNA,20 SpyCas9 bound
to sgRNA and a single target DNA strand without?4 or
with28 a partial PAM-containing non-target DNA strand,
and SpyCas9 bound to both sgRNA and target dsDNA.27
In particular, three of them captured SpyCas9 in three
key functional states: an unbound SpyCas9 in the inac-
tive state,2> a binary SpyCas9-sgRNA complex in the
pre-target-bound state,20 and a tertiary SpyCas9-sgRNA-
dsDNA complex in the cleavage-competent state,2”
which will be the focus of this study. The Cas9 structure
features a bi-lobed architecture comprising an alpha-
helical recognition (REC) lobe and a nuclease (NUC)
lobe (see Fig. 1). The NUC lobe consists of two well-
conserved nuclease domains (HNH and RuvC) and a
divergent PAM-interacting (PI) domain.2%29 The REC
lobe contains three alpha-helical domains (Hel-I, Hel-II,
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and Hel-III) which are structurally divergent between dif-
ferent Cas9 proteins.2? In between the two lobes lies a
highly conserved Arginine-rich bridge helix (BH) impli-
cated in sgRNA binding by a mutational study.30 A
structural comparison between the unbound SpyCas9
and the binary SpyCas9-sgRNA complex reveals substan-
tial conformational changes in SpyCas9 upon sgRNA
loading,25 including large displacements of the Hel-I
(Hel-1II) domain toward the PI (HNH) domain, and
ordering of the PI domain in the PAM-recognition
region [see Fig. 1(a,b)],26 resulting in the formation of a
central channel between the two lobes to accommodate
sgRNA. These large structural changes support the key
role of sgRNA loading as prerequisite for Cas9 activation.
A structural comparison between the binary and the ter-
tiary complex shows further conformational rearrange-
ments in SpyCas9 upon DNA binding and PAM
recognition,2” including modest shifts of the Hel-II and
Hel-III domains, a large rotation and displacement of the
HNH domain toward the target DNA strand, and the
formation of a hybrid duplex between the guide segment
of sgRNA and the target DNA strand [see Fig. 1(b,c)],
resulting in a more compact Cas9 structure.2” The above
large conformational changes between the two lobes were
also visualized by negative-stain electron microscopy
(EM)25 and cryo—EM27 at lower resolutions (>4.5
A).1=3 These Cas9 structures have opened door for
structure-based investigations of Cas9-based DNA target-
ing and cleavage mechanism and engineering of high-
specificity Cas9 systems.23 Nevertheless, the detailed
structural dynamics of Cas9 interacting with sgRNA and
dsDNA remain largely unknown, which cannot be directly
obtained from these static structures.

Molecular Dynamics (MD) simulation is the method
of choice for exploring protein dynamics under physio-
logical conditions at atomic resolution.3! It has been
widely used to study various protein and nucleic acid
complexes.32’33 Despite fast-growing computing power,
MD simulation is still highly expensive, especially for
large biomolecular complexes in explicit solvent. Typical
speeds of MD simulation on a single computer node
equipped with graphics processing unit are <10 nanosec-
onds per day for a system of 10°-10° atoms, although
much higher speeds (e.g., several microseconds per day)
can be reached on a massively parallelized or special-
purpose supercomputer.34 Owning to its low speed, MD
simulation cannot readily access microseconds—seconds
time scales which are relevant to many conformational
transitions in biomolecular complexes. As estimated by a
recent analysis3> of an in vitro study of DNA interroga-
tion by the Cas9-sgRNA system,3 the Kinetic rates of
Cas9-crRNA association and isomerization are 0.1-1/sec-
ond, which are too slow to be directly simulated by MD.

To overcome the time-scale limit of MD simulation,
coarse-grained modeling methods have been developed
using reduced protein representations (e.g., one bead per
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amino acid residue) and simplified energy functions
(e.g., harmonic potential).36:37 As a popular coarse-
grained model, the elastic network model (ENM) is
constructed by connecting nearby C, atoms of protein
residues with harmonic springs.38_40 Despite its simplici-
ty, the normal mode analysis (NMA) of ENM can be used
to predict a few low-frequency modes of collective
motions, which often capture those conformational
changes observed between experimentally solved protein
structures in different functional states.4! Numerous stud-
ies have established ENM as a useful and efficient means
to probe structural dynamics of large biomolecular com-
plexes (including a DNA translocase/helicase342 and
protein-RNA complexes like ribosome43-44) with virtually
no limit in timescale or system size (see reviews45’46).

In this study, we will employ ENM-based modeling/
analysis tools to gain detailed insights to the structural
dynamics of Cas9 in various functional states critical to its
DNA targeting and cleavage function. Our structure-based
modeling will complement other biophysical modeling
studies of Cas9 systerns,35 and guide future experimental
investigation and engineering of Cas9 proteins.

MATERIALS AND METHODS

Elastic network model (ENIM) and ENM-
based flexibility and hotspot analysis

In an ENM, the structure of a protein-DNA/RNA com-
plex is represented as a network of coarse-grained beads
corresponding to the C, atoms of protein residues and
the C,” atoms of DNA/RNA.32 We also tested alternative
DNA/RNA coarse-graining schemes using three beads per
nucleic acid, and found very similar results. Harmonic
springs link all pairs of beads within a cutoff distance R,
chosen to be 25 A.47 A large R. ensures good local con-
nectivity of the ENM to avoid an unwanted tip effect.48

The ENM potential energy is:

1 Nt
E:_
25

Z kije(RC_dij,o)(dij_dij,o)zv (1)

j=1

1

where N is the number of beads, 6(x) is the Heaviside
function, d;; is the distance between bead i and j, dij,O is
the value of dj; as given by a crystallographic structure
(e.g., a structure of SpyCas9 in complex with sgRNA and
dsDNA). The spring constant k;; is set to be (4/ dij,0)6 for
non-bonded interactions (following Refs. 47 and 49) and
10 for bonded interactions (in arbitrary unit). We have
also tried other ENM schemes (e.g., kjj o d; 5), and veri-
fied that the NMA results are not sensitive to the choice
of ENM schemes.

The NMA solves the following eigen equation for a
Hessian matrix H which is obtained by calculating the
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second derivatives
Ref. 50):

of ENM potential energy (see

HV,y =X Vi, (2)

where A, and V,, represent the eigenvalue and eigenvec-
tor of mode m, respectively. After excluding six zero
modes corresponding to three rotations and three trans-
lations, we number non-zero modes starting from 1 in
the order of ascending eigenvalue.

For mode m, we use a perturbation analysis to assess
how much the eigenvalue changes (represented as dA,,)
in response to a perturbation at a chosen residue posi-
tion>1-53 (i, by uniformly weakening the springs
connected to this position to mimic an Alanine substitu-
tion). Then we average d\,,/A,, over the lowest M =20
modes to assess the overall dynamic importance of this
residue position>4:

M
(B1/1)= 2> B 3)
m=1

To validate ENM-based NMA, we compare each mode
(i.e., mode m) with the observed structural change X
between two superimposed protein structures by calculat-
ing the following overlap®>:

L= Xobs - Vm/|X0bs‘, (4)

where 1I,,] varies between 0 and 1 with higher value
meaning greater similarity. I gives the fractional contri-
bution of mode m to X .. The cumulative squared over-
lap CM:ZZV\LI I gives the fractional contribution of the
lowest M =20 modes to Xobs.55 The linear combination
of the lowest M =20 modes predicts the following con-
formational changes: X);= |X0b5|2214=1 L.V

To assess the local flexibility at individual residue posi-
tions as described by the lowest M =20 modes, we
define the following cummulative flexibility (CF)54’56:

M
him |35 (Vo Va1V, O

m=1

where Vi, e, Vinny, and V,,, ., are the x, 3, and z compo-
nent of mode n7’s eigenvector at residue position .

Coarse-grained transition pathway modeling
by iENM

We previously developed an interpolated ENM
(iENM) protocol to construct a transition pathway (i.e.,
a series of C,-only intermediate conformations) between
a beginning and an end protein conformation by solving
the saddle points of a double-well potential built from
these two conformations.>” This protocol is available at

the following webserver: http://enm.lobos.nih.gov/start_
ienm.html. Here, we apply this method to the unbound-
to-binary and the binary-to-tertiary conformational
transitions of SpyCas9. To include sgRNA of the binary
complex (sgRNA and dsDNA of the tertiary complex) in
the modeling of the first (second) transition, we initiate
the pathway construction from the end conformation of
each transition toward the beginning conformation, and
then reverse the pathways to obtain the forward transition
pathways (the iENM-predicted pathways are reversible). In
the beginning conformation of the unbound-to-binary
transition, we assume the sgRNA adopts the same confor-
mation as in the binary complex but without interacting
with SpyCas9. In the beginning conformation of the
binary-to-tertiary transition, we assume the dsDNA adopts
a B-form double-helix conformation (modeled by the
3DNA server8 at http://w3dna.rutgers.edu/) but without
interacting with SpyCas9.

Using the iENM-predicted transition pathway, we can
determine the motional order of various protein domains
by calculating and comparing the reaction coordinates
for different domains (denoted RCg for domain S, for
details see Ref. 59). RCg varies from 0 to 1 as the transi-
tion proceeds from the beginning to the end conforma-
tion. For two domains S and S, if RCs<RCy along the
pathway, we infer that the motion of S” precedes that of
S. Here we plot RCs as a function of RC,y (i.e., RC of all
residues) to track the evolution of RCg along the transi-
tion pathway.

RESULTS AND DISCUSSION

First, we present results of using ENM-based NMA to
analyze key modes of collective motions, flexibility, and
hotspot residues in the unbound SpyCas9, the binary
complex, and the tertiary complex of SpyCas9 with
sgRNA and dsDNA. Then we model the two conforma-
tional transitions from the unbound SpyCas9 to the
binary complex and then the tertiary complex.

NMA predicts key collective motions,
flexible regions, and hotspot residues in
SpyCas9S

As revealed by previous structural studies,25—28 Spy-
Cas9 undergoes large conformational changes upon
binding with sgRNA and then dsDNA (see Fig. 1). Here,
we have analyzed these experimentally observed structur-
al changes in terms of collective motions as predicted by
the ENM-based NMA (see Methods).

Starting from the unbound structure of SpyCas9 (PDB
id: 4CMP, chain B), we constructed a C,-only ENM by
linking all pairs of residues within a cutoff distance with
harmonic springs (see Methods). Then we performed
NMA (see Methods) to obtain a spectrum of total 3498
modes, and focused on the lowest 20 modes, each
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Figure 2

Results of NMA for SpyCas9: (a) Overlap and cumulative squared overlap as a function of mode for the following observed conformational
changes: from the unbound structure (PDB id: 4CMP) to the binary complex (PDB id: 4ZT0) colored in red, from the binary complex to the
cleavage-competent tertiary complex (PDB id: 5F9R) colored in blue, from the binary complex to another tertiary complex (PDB id: 4UN3)
colored in cyan. The top-contributing modes are labeled. (b), (c), and (d) show the per-residue displacement amplitude for the conformational
changes X, predicted by combining the lowest 20 modes (red: 4CMP — 4ZTO0, blue: 4ZT0—5F9R, cyan: 42T0 — 4UN3) in comparison with the
observed conformational changes X, (black). Various SpyCas9 domains are marked by horizontal bars with the same color coding as Figure 1.

describing a specific pattern of collective motions involv-
ing various SpyCas9 domains (see Fig. 3). The functional
importance of these domain motions was validated by
many previous studies (see reviews4>40). Similarly, we
performed ENM-based NMA for the binary SpyCas9-
sgRNA complex (PDB id: 4ZT0, chains A and B), and
the tertiary SpyCas9-sgRNA-dsDNA complex (PDB id:
5F9R, chains A-D).

For validation of the lowest 20 modes solved from the
unbound structure, we assessed how well they collectively
capture the observed conformational changes from the
unbound structure to the binary complex. These struc-
tural changes are thought to underlie the SpyCas9 activa-
tion by sgRNA loading via either direct SpyCas9-sgRNA
interactions or indirect allosteric couplings.25 We calcu-
lated the overlap between each mode and the observed
conformational changes and the cumulative squared
overlap of the lowest 20 modes (see Methods). Encourag-
ingly, ~52% of the observed large conformational
changes (RMSD =29 A) are captured by the lowest 20
modes, with mode 1 and 9 contributing the most [see
Fig. 2(a)]. The collective motions predicted by these
modes are energetically favored by the unbound struc-
ture and can be driven by binding of SpyCas9 to sgRNA.
Mode 1 describes a downward rotation of the Hel-I
domain together with an upward rotation of the Hel-III
domain [see Fig. 3(a)], which partially account for the
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large displacements of these alpha-helical domains from
the unbound structure to the binary complex [see Fig.
1(a,b)]. Mode 9 describes large concerted rotations of the
alpha-helical domains, accompanied by smaller displace-
ments of the PI and the HNH domain [see Fig. 3(b)].
The combination of the lowest 20 modes accurately
describes the amplitude of motions in the RuvC, the
HNH, and the PI domain of the NUC lobe, while
the large motions in the three alpha-helical domains of
the REC lobe are underestimated [see Fig. 2(b)].

Similarly, we evaluated the lowest 20 modes solved
from the binary complex in comparison with the confor-
mational changes observed from the binary complex to
two tertiary complexes—one in a cleavage-competent
state (PDB id: 5F9R) and another in a post-cleavage
product state (PDB id: 4UN3). Reassuringly, the lowest
20 modes capture 56% (82%) of the observed conforma-
tional changes in SpyCas9 from 4ZT0 to 5F9R (4UN3)
with RMSD =13 A (10 A). The following three top-
contributing modes [see Fig. 2(a)] were identified:

Mode 1 predicts concerted upward rotations of the
Hel-1, the Hel-II, and the lower PI domain toward the
HNH domain, leading to further closing of the central
channel between the NUC and the REC lobe [see
Fig. 3(c)];

Mode 4 predicts concerted upward rotations of the
three alpha-helical domains, a downward rotation of the
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Figure 3

Structural motions predicted by top-contributing modes: (a) and (b) show the vector plots for motions of residues which were predicted by mode
1 and mode 9 of the unbound structure (PDB id: 4CMP). (c), (d), and (e) show the vector plots for motions of residues which were predicted by
mode 1, 4, and 8 of the binary complex (PDB id: 4ZT0). The color coding for SpyCas9 domains is the same as Figure 1. Key domain motions are
shown by thick arrows colored by domain.

HNH domain, and a leftward shift of the upper PI
domain [see Fig. 3(d)];

Mode 8 predicts concerted downward rotations of the
three alpha-helical domains, a downward rotation of the
HNH domain, and closing of the lower PI domain
toward the Hel-I domain, leading to further closing of
the central channel [see Fig. 3(e)].

For the conformational changes from 4ZT0 to 5F9R,
the combination of the lowest 20 modes accurately
describes the amplitude of motions in most domains
except the N-terminal half of the Hel-II domain and the
HNH domain [see Fig. 2(c)]. For the conformational
changes from 4ZT0 to 4UN3, the combination of the
lowest 20 modes nicely describes the amplitude of
motions in all domains but the N-terminal half of the
Hel-II domain [see Fig. 2(d)].

In sum, the 20 lowest modes (i.e., <0.6% of all
modes) capture 52-82% of the observed functionally
important structural changes in SpyCas9 upon binding
with sgRNA and dsDNA (see Fig. 1). These encouraging
findings strongly support the use of ENM-based NMA to
analyze functional motions in SpyCas9. Despite overall
agreement, the motions in some domains are not well
described by the lowest 20 modes. We reason that these

motions are energetically unfavorable and may therefore
occur later during the conformational transitions (see
below).

To further analyze the flexibility of different domains
in SpyCas9, we used the lowest 20 modes to calculate the
cumulative flexibility (CF, see Methods) at individual res-
idue positions of SpyCas9 in the unbound form, the
binary complex, and the tertiary complex [See Fig. 4(a)].
High/low CF implies high/low flexibility. The following
domains exhibit high flexibility in all three structures:
the C-terminal section of Hel-I domain (residues 315 to
447), the Hel-1II domain, the HNH domain, and the PI
domain [see Fig. 4(a)]. Among them, the HNH domain
is known to be highly dynamic, which is disordered in a
crystal structure of SpyCas9,24 and exists in a dynamic
equilibrium between an inactive and an active configura-
tion as shown by a single-molecule study.%0 The PI
domain is involved in binding of dsDNA and recognition
of PAM,28 and is partially disordered in the unbound
structure of SpyCas9.2> The intrinsic flexibility of the PI
domain may enable it to interact readily with specific
nucleotides of the target DNA. Overall, the unbound
form exhibits higher flexibility than the binary and the
tertiary complex [see Fig. 4(a)], particularly in the Hel-I,
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Figure 4

Results of flexibility and hotspot analysis: (a) Cumulative flexibility (CF) and (3A/A) as a function of residue position for the unbound structure
(red), the binary complex (blue), and the cleavage-competent tertiary complex (green), where only (8A/A) values for the top 5% hotspot residues are
shown as impulses topped with a dot, the positions of sgRNA-binding and dsDNA-binding residues are marked by vertical lines colored in black and
gray, the positions of two nuclease cleavage sites (D10 and H840) are marked by two black dots, and various SpyCas9 domains are marked by
horizontal bars with the same color coding as Figure 1. (b), (c), and (d) show the three SpyCas9 structures colored by CF (red/blue for high/low CF)
with hotspot residues shown as beads colored by domain (with the same color coding as Fig. 1). Some clusters of hotspot residues are circled.

the Hel-1II, and the PI domain, owning to closure of the
central channel and binding of sgRNA and dsDNA to
these domains.2>—27

We then related the findings of our flexibility analysis

to the following functional motifs/sites of SpyCas9 [see
Fig. 4(a)]:

a.

The two nuclease cleavage sites (D10 of the RuvC
domain and H840 of the HNH domain) are both
near CF minima with low flexibility, which may con-
fer local stability and precise coordination needed for
a catalytic reaction as observed in other enzymes.®1

. The L1 and L2 linkers (two key hinge regions of the

HNH domain2? near its N and C terminus, see Fig 1)
are both near CF minima, with L1 having greater CF
than L2. This is consistent with the observation that
L2 is ordered (with low flexibility) and L1 is disor-
dered (with high flexibility) in the unbound structure
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and the binary complex. L1 and L2 are in contact
with dsDNA in the tertiary complex,27 hinting for a
possible coupling of the HNH domain motion [see
Fig. 1(b,c)] with binding and melting of dsDNA.

. Six clusters of sgRNA-binding residues [see Fig. 2(f)

of Ref. 26] are near CF minima [residues R71, F164,
N407, R447, N501, and T740 in the binary complex;
residues R71, F164, 1410, 1448, A488, and T740 in the
tertiary complex, see Fig. 4(a)], which may confer
local stability needed for binding of sgRNA.

. Most DNA-binding residues in the tertiary complex

are near CF minima [e.g., residues T270, 1448, R655,
A764, T924, and A984, see Fig. 4(a)]. However, some
DNA-binding residues in the PI domain are near local
CF maxima, including the PAM recognition motif
1332DRKRY1336, and the phosphate lock loop
(K1107-S1109), supporting a key role of flexibility in
PAM recognition (via residues R1333 and R133528)
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Table |
Hotspot Residues in Three SpyCas9 Structures

PDB id (chain ids)

Hotspot residues

4CMP (B)

R70* Y72 T73 R74* K76 N77 C80 D95 E102 E103 H116 P117* P133 T134* E171* G172 N202 S204 S217* G231 K268 Y325 1363*

S368 0369* E370 N394 E396 K401* Q402* R403* T404* F446™* R447* N504 E505 K673 G676 K710 A711 Q712* V713
D718 S719 G773* K775 0894 T941 K942 Y943 N946 D947 K948 1949 1950 G1011* D1012 S1172 E1175* K1176 N1177 L1194

H1241 Q1256
4770 (AB)

Q194 D257* L258 A259 E260* P344 E345 K348 F352 D353 D364* G365* G366* S368* K536 P537 S581 G582 E584 D585 D700

V713 Q768 T769 T770* K772 G773* K775 R778* E779% K782* N888* A889 K890 0894 Y943* D944* E945* N946* D94T*
K948* 1949* 1950* S1109 P1137 K1148 V1149 E1150 K1151 G1152* K1155 K1156 L1157 K1158 S1159 V1160 K1161
E1162 M1169 E1170 S1172 S1173 K1176 K1185 G1186 Y1187 K1188* E1189 D1193 E1243 K1244 K1246 G1366

5F9R (ABCD)

A214 R215 L216 A259 E260* D261 R340 P344 E345 K348 F352 D353 0354 S355 D364* G365* G366* N394 R395 E396 N497

R557* K558 S581 G582 V583 E584 D585 R586 N588 H698* Q709* V713 T770% Q771 K772 Q774* K775 R778* E779* K782*
G906 S909* E910* D947* K948* V1015 11029* G1030* R1114* N1115* S1116* D1117* K1118* V1149 E1150 K1151 G1152%
K1153* K1155 K1156 L1157 K1158 S1159 V1160 K1161 E1162 S1172 K1185 G1186 K1188* D1193 T1337

Note: The conserved residues (identified by the ConSurf server®”

and DNA strands separation (via the phosphate lock
loop28).

In sum, our CF analysis revealed a number of flexible
domains (e.g., the HNH domain, the PI domain, etc)
consistent with previous structural and functional stud-
ies, along with several low/high-flexibility regions
involved in DNA cleavage and binding of sgRNA/dsDNA.
The flexibility of these key domains/regions is fine-tuned
according to their functional roles.

Next, we used an ENM-based perturbation analysis
(see Methods) to identify a small set of hotspot residues
that control the collective motions described by the
lowest 20 modes (see Fig. 4 and Table I). To this end, we
calculated for each residue position an average score (3
/A) that assesses the overall importance of this residue
position to the energetics of the lowest 20 modes (see
Methods). We selected top 5% hotspot residue positions
as ranked by (3A/L).

In the unbound structure, hotspot residues are clus-
tered in the bridge helix and nearby domains [such as
Hel-I and Hel-I1I, as circled in Fig. 4(b)], at the interface
between the Hel-I domain and the Hel-II domain [as cir-
cled in Fig. 4(b)], at the interfaces between the HNH
domain and neighboring domains (including PI, Hel-II,
and the L1 linker), and at the interface between the PI
domain and the Hel-III domain [as circled in Fig. 4(b)].

In the binary complex, hotspot residues are distributed
at the interfaces between the HNH domain and nearby
domains (including Hel-II, Hel-III, PI, and the L1 link-
er), within the PI domain [as circled in Fig. 4(c)], and at
the interface between the PI domain and the Hel-I
domain [as circled in Fig. 4(c)].

In the tertiary complex, hotspot residues are located at
the interfaces between the HNH domain and adjacent
domains (e.g., Hel-II, Hel-III, L1, and L2), between
neighboring alpha-helical domains [as circled in Fig.
4(d)], within the PI domain [as circled in Fig. 4(d)], and
at the interface between the PI domain and the Hel-I
domain [as circled in Fig. 4(d)].

with a grade >8) are marked with star.

In sum, the predicted hotspot residues overlap well
with known functional motifs/domains involved in
sgRNA/dsDNA binding (including the bridge helix,30 the
Hel-1 domain,24 the PAM recognition motif,28 and the
phosphate lock loop28), and other key hinge regions that
control large domain motions in SpyCas9 (such as the
bridge helix,25 the L1, and the L2 linker27’29). These
agreements support the functional importance of the
above hotspot residues. These hotspot residues may allo-
sterically couple the binding of sgRNA and dsDNA to
large conformational changes required for R-loop forma-
tion and DNA cleavage. Therefore, by perturbing these
key residues with point mutations, one can fine-tune the
energetics of these conformational changes and improve
the DNA targeting specificity of the Cas9 systems. An
increase in the energy cost is expected to lower the prob-
ability of off-target cleavage of DNA sequences which are
imperfectly based-paired with the guide RNA.

Transition pathway modeling predicts a
sequence of domain motions in SpyCas9
during its transitions to the binary and the
tertiary complex

Finally, we have modeled two structural transitions
from the unbound SpyCas9 in the inactive state2> to a
binary SpyCas9-sgRNA complex in the pre-target-bound
state,20 and then to a tertiary SpyCas9-sgRNA-dsDNA
complex in the cleavage-competent state.2” To fully
explore these transitions, we must go beyond NMA
which is limited to structural fluctuations in the vicinity
of the known structures, and sample large conformation-
al changes far away from the crystal structures of Spy-
Cas9.25-28 To this end, we employed a transition
pathway modeling method based on the interpolated ENM
(iENM>7, see Methods) to predict a pathway of intermedi-
ate conformations that connect the unbound SpyCas9
structure to the binary complex, and then to the tertiary
complex. This method was previously applied to various
large protein complexes to delineate a sequence of
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Figure 5

Results of transition pathway modeling for (a) the unbound-to-binary transition and (b) the binary-to-tertiary transition. The reaction coordinates
(RC) of various domains are plotted as a function of the overall RC for the entire SpyCas9. The lines and points are colored by domain using the
same color coding as Figure 1. See Supporting Information Movies S1 and S2 for structural details of the predicted pathways. [Color figure can be

viewed at wileyonlinelibrary.com]

structural motions involving different functional domains
during a conformational transition,32,50,56,59,62-66 By
performing a reaction-coordinate (RC) analysis of the pre-
dicted transition pathway (see Methods), we can determine
the motional order of various domains (with early/late
moving domains having high/low RC values, see Fig. 5).
First, we constructed a transition pathway starting
from the sgRNA-bound structure of SpyCas9 (PDB id:
47T0, chains A and B) toward the unbound structure
(PDB id: 4CMP, chain B). Then we reversed this pathway
to obtain a series of conformational changes caused by
sgRNA loading, leading to the central channel formation
(see Supporting Information Movie S1). By comparing
the RCs of various SpyCas9 domains at the middle of
the transition pathway [near RC,; =0.5, see Fig. 5(a)],
we found RCynu > RCruyve > RCpp ~ RCpyy ~ RCyyer >
RCyep111 > RCyyel., which implies the following motional
order: HNH — RuvC — PI, BH, and Hel-I — Hel-III
— Hel-II. This order is consistent with the finding that
the lowest 20 modes of the unbound structure describe
the motions in the NUC lobe better than the REC lobe
[see Fig. 2(b)]. Interestingly, the motions of BH, Hel-],
and PI follow very similar RC curves [see Fig. 5(a)], sug-
gesting that they undergo coupled motions upon sgRNA
binding. The late motions of Hel-II and Hel-III are likely
driven by the earlier motions of BH and Hel-I which
directly interact with the sgRNA [see Fig. 1(b)]. Our
findings highlight the allosteric nature of the sgRNA-
loading-induced conformational changes that propagate
from sgRNA-interacting domains (such as BH and Hel-I)
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to distant domains (such as Hel-III and Hel-II) during
the transition.

Next, we built a transition pathway beginning from
the sgRNA-dsDNA-bound structure of SpyCas9 (PDB id:
5F9R, chains A to D) toward the binary complex (PDB
id: 4ZT0, chains A and B), and then reversed this path-
way to obtain a sequence of domain motions induced by
dsDNA binding that lead to the dsDNA strands separa-
tion and the R-loop formation (see Supporting Informa-
tion Movie S2). By comparing the RCs of the SpyCas9
domains at the middle of the transition pathway,
we found RCHelfI > RCBH > RCPI > RCHelfIII > RCHNH ~
RCruvc ~ RCyel.1, which implies the following motional
order: Hel-I — BH — PI — Hel-III — HNH, RuvC,
and Hel-II [see Fig. 5(b)]. The above order is consistent
with the finding that the lowest 20 modes of the binary
complex did not well describe the motions in Hel-II and
HNH [see Fig. 2(c)]. The early motions of Hel-I, BH,
and PI allow further closing of the central channel for
dsDNA binding and PAM recognition (see Supporting
Information Movie S2), which is consistent with the
domain motions predicted by mode 1 [see Fig. 3(c)].
Subsequently, the central channel re-opens, and the two
DNA strands separate with the target strand forming a
hybrid duplex with the seed region of sgRNA and the
non-target strand moving toward the RuvC domain (see
Supporting Information Movie S2). Remarkably, the
HNH domain undergoes a large rotation to move its cat-
alytic residue H840 toward the cleavage site (at the
nucleotide G13) on the target strand by ~30 A (see
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Supporting Information Movie S2), while the catalytic
residue D10 of the RuvC domain moves by ~20 A to the
cleavage site (at the nucleotide A17) on the non-target
strand. Although the HNH and the RuvC domain move
at similar pace [see Fig. 5(b)], after the transition the
H840-G13 distance is ~10 A greater than the D10-A17
distance, which explains why the cleavage reactions occur
earlier in the RuvC nuclease than the HNH nuclease.20
The above motional order is consistent with the func-
tional implication that dsDNA binding and PAM recog-
nition are prerequisite to enable subsequent DNA strands
separation, R-loop formation (in the seed region), and
DNA cleavage.8 Our predicted pathway is consistent with
the following model of Cas9 proposed in Ref. 26: the
pre-ordered PAM recognition site initiates DNA interro-
gation, followed by base pairing between a PAM-
proximal segment of the target DNA strand and the
pre-ordered seed region in the sgRNA accompanied by
dsDNA melting, and then the hybrid duplex between the
guide RNA and the target DNA strand extends further,
triggering additional displacements of the RuvC and the
HNH domain toward their cleavage-competent positions.

In sum, our transition pathway modeling has pre-
dicted distinct sequences of domain motions during the
two key conformational transitions in SpyCas9, offering
new structural insights to these transitions which are not
available from structural comparison or linear morphing
between known structures. A prominent feature of the
binary-to-tertiary transition is a transient closing fol-
lowed by reopening between the two lobes, suggesting
that Cas9 may adopt an even more closed conformation
than observed in the tertiary complex.

CONCLUSIONS

In summary, we have performed a comprehensive
coarse-grained modeling of the Cas9 dynamics using an
array of ENM-based analyses. Our findings are in broad
agreement with previous structural and functional find-
ings of Cas9: a. Our NMA predicted 2-3 key modes of
domain motions that capture >50% of the crystallo-
graphically observed structural changes from the
unbound SpyCas9 to the binary complex and then the
tertiary complex, which are critical to formation of the
central channel, recognition of the PAM, and the DNA
strands separation. b. Our flexibility analysis identified
specific regions with high/low flexibility that coincide
with known functional sites (including the sgRNA/
dsDNA-binding sites, the nuclease cleavage sites, the
PAM recognition motif, the phosphate lock loop, and
the L1 and the L2 linker of the HNH domain).

Our modeling has made the following new predictions
for future experiments to test: a. We predicted a small
set of dynamically important hotspot residues at key
domain interfaces and functional sites, which offer

promising targets for engineering Cas9 mutants with
improved specificity. b. By modeling the two conforma-
tional transitions of SpyCas9 from the unbound form to
the binary complex and then the tertiary complex, we
predicted a sequence of domain motions and intermedi-
ate conformations (e.g., a more closed conformation of
the two lobes than observed in the tertiary complex),
which can be tested by FRET-based dynamic distance
measurement or cross-linking experiment.

Taken together, our findings have offered new struc-
tural and dynamic insights to the Cas9-mediated DNA
targeting and cleavage mechanism (i.e., how sgRNA and
dsDNA binding allosterically trigger subsequent structur-
al changes in proximal and distal domains). In future
studies, it will be interesting to perform direct MD simu-
lation of the structural dynamics of Cas9 at atomic reso-
lutions, which will require overcoming the time-scale
limit of such simulations via software and hardware
innovations.
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