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ABSTRACT:CRISPR Cas9 is a widely employed genome-editing tool with functionaliw";} “"i; v
reliant on the ability of the Cas9 endonuclease to introduce siekspa&s in double-stranded AN 8~ o
DNA. In this system, an intriguing allosteric communication has been suggested to controlitgZ"
DNA cleavage activity througéxibility of the catalytic HNH domain. Here, solution NMR{, &&/¢&
experiments and a novel Gaussian-accelerated molecular dynamics (GaMD) simulation methge. 25
are used to capture the structural and dynamic determinants of allosteric signaling witifA’the “"qf
HNH domain. We reveal the existence of a millisecond time scale dynamic pathway that spafi§"”
HNH from the region interfacing the adjacent RuvC nuclease and propagates up to the DNA
recognition lobe in full-length CRISRFas9. Thesendings reveal a potential route of signal transduction within the CRISPR

Cas9 HNH nuclease, advancing our understanding of the allosteric pathway of activation. Further, considering the role of alloste
signaling in the specity of CRISPRCas9, this work poses the mechanistic basis for novel enginesiagreed at improving

its genome-editing capability.

INTRODUCTION conformational activation of both nucleases, therefore
l{sontrolling the DNA cleavage actiityDetailed knowledge

p{c}his allosteric mechanism and of the conformational control
exerted by HNH is essential for understanding Cas9 function

The CRISPRCas9 enzyme machine has exciting applicatio
in genome editing, and numerous investigations have sough
harness its mechanism for therapeutic bioengiriéetiag9 el : . : -
is an RNA-guided DNA endonuclease, which generat8§d for engineering@ts aimed at improving the spety
double-stranded breaks in DNA bt recognizing its © this system through modulation of its allosteric sigifaling.
protospacer-adjacent motif (PAM) sequence and then cIeaviHbth's_ respect, an m_—depth investigation necessitates the use _of
the two DNA strands via the HNH and RuvC nucleaséEXPerimental techniques such as solution nuclear magnetic
domaing. Structural studies of Cas9 have employed crystaligésonance (NMR) to quantify the motional time scales critical

graphi¢ © and cryo-ENF techniques, revealing several well-to this allosteric crosstalk. NMR can readily detect subtle
de ned subdomains, including the catalytic domains, §onformationaluctuations at the molecular level with precise

recognition (REC) lobe, and a PAM interacting (PI) regioninformation about the local dynamics on picosecond (ps) to
(Figure A). In parallel, Fister resonance energy transfer Nanosecond (ns) time scale;s (i.e., the s_o-called fast dynamics)
(FRET) techniques provided insight into the large-scal@S Well as those occurring over microsecorg)stg
conformational changes that occur during nucleic acighilliseconds (ms) (i.e., slow dzynamlcs), both of which
processing.'* These and other biophysical studies havecontribute to allosteric signalfifig:” The power of solution

been invaluable to our current understanding of CasBMR is magnied when coupled to MD simulatiotié that
function*>*® Building on this experimental information, capture proteinuctuations and conformations on the same
computational investigations have been carried out to descrifge scales of NMR experiment®rimg an interpretation at

the conformational and dynamic requirements underlyinde atomic scale while also describing the subtle changes that
Cas9 mechanistic action. All-atom molecular dynamics (MDBharacterize protein allostery.

simulations have described the conformational activation ofHere, we probe the structural and dynamic determinants of
the Cas9 protein toward the binding and enzymatic processigjosteric signaling in the Cas9 HNH nuclease by means of
of nucleic acid$. *® These investigations also revealed thesolution NMR and all-atom MD simulations. A novel construct
ability of Cas9 to propagate the DNA binding signal across the

HNH and RuvC nuclease domains for concerted cleavage @fceived: September 30, 2019

double-stranded DNA. Notably, biochemical experiments published: December 30, 2019

and MD simulations have jointly indicated a dynamically

driven allosteric signal throughout Cas9, where the intrinsic

exibility of the catalgtiHNH domain regulates the

© 2019 American Chemical Society https://dx.doi.org/10.1021/jacs.9b10521
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previously been shown to access slow dynamical motions in
biomolecules, in excellent agreement with NMR experi-
ments’® ° However, the use of aMD for large biomolecular
systems, such as CRISERBS9, can sar from high statistical
noise, which hampers the characterization of the correct
statistical ensembfe? To overcome this limitation, a novel
Gaussian-accelerated MD (GaMD) methduas been
proposed, which uses harmonic functions to construct a
boost potential that is adaptively added to the simulation (see
the Materials and Methoagection). GaMD has been applied

to large biomolecular complexes, successfully describing the
long time scale dynamics of CRISE&sS" 3¢ and G-
protein-coupled receptdfs® Hence, while overcoming the
limitations of the early aMD methodology, GaMD still holds
the capability to describe slow dynamical motions, which are
relevant for allostety,and to provide an atomic-level
comparison with NMR experimetits® As a result of our
experimental and theoretical approach, we identify a dynamic
pathway that connects HNH and RuvC through contiguous
ms time scale motions while also highlighting its propagation
to the REC lobe to enable the information transfer for
concerted cleavage of DNA. Structure-based prediction of the
NMR chemical shifts further reveal the agreement between
experiments and computations, indicating that the structural/
dynamic features derived from GaMD simulations represent
the experimental results well at the molecular level. Overall, the
integrated approach employed in this study enabled access to
the intrinsic conformationalctuations of the Cas9 HNH
nuclease, which are essential for allosteric signaling in
CRISPR Cas9. Our combined NMR and theoretical approach
paves the way for complete mapping of allosteric signaling and
determination of its role in the enzymatic function and
specicity of Cas9.

RESULTS

Structural Features of the HNH Nuclease.To
determine the structural features of the isolated HNH domain,
we employed solution NMR and X-ray crystallography. First,

Figure 1.NMR Spectrum of HNH. (a) Architecture of the Cas9 the structure of the HNH domaifigure A) was derived

rotein (PDB code: 4UN3)highlighting its domains as follows: -
ENH (gr(een), RuvC (blue),)PEM ignterzgcting region (PI, gold), and from the assigned! l.SN HSQC NMR spectrupﬂgure B)
recognition lobe (REC, gray). In the close-up view, a model of tf@nd backbone assignmént@ackbone assignments were
HNH structure determined from NMR data (green) is overlaid withuploaded to the CS23D server in order to predict the HNH
that of HNH from full-length Cas9 (gray). t) N HSQC NMR structure from composite NMR chemical shift inthéesure
spectrum of the HNH nuclease domain fBorpyogen€as9 (inset 1A shows a model of the HNH structure determined from
reports two peaks out of range). (c) Consensus chemical shift indBMR data (close-up view, green) overlaid with that of HNH
(CSi), indicating the predicted secondary structure for the HNHyom full-length Cas9 (gray). The predicted structure is
construct based on the NMR chemical shifts (black bars from 0 tor%markably similar to that of full-length Cas9 (PDB code:
e e s o e Sheet s Wi 4UN3) displying C root.mean-squarec-deviation RMSD -
length Cas9 (shown on top of the graph as sequence;hsitbal 0.688 A. The NMR model alsp h_|gh||ghts small helical turns in
and -sheet regions indicated as tubes and arrows). regions of poor electron density in full-length Cas9 structure as

well as an extension of the C-termiriaglix.

The secondary structure of this construct determined from
of the HNH nuclease domain fr@npyogen@as9 has been C and C chemical shift indices is in good agreement with
engineered that maintains the fold and properties of the wilthat of the HNH domain from full-length Cag®j(re C),
type (WT, i.e., full-length) Cas9 protein and allows thendicating that the engineered protein is a good representation
characterization of its multitime-scale conformational dynaraf this fold in solution. Circular dichroism (CD) spectroscopy
ics by solution NMR spectroscopy and MD simulations. Tds consistent with a predominantielical proteinHigure
comprehensively access the slow time scale dynamics of Sk in agreement with the X-ray structure of full-lengt’Cas9.
system at the atomic level, we performed accelerated MBterestingly, the thermal stability of this engineered construct
(aMD). aMD is an enhanced sampling methodology thais 12°C higher than that of full-length Cas9, despite identical
applies a boost potential to the simulation, thereby acceleratimgino acid sequences, and is soluble to concentrations
transitions between low-energy states. The method hasceeding 1 mM.
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The similarity of our construct to that of HNH from full- E802 and T8585872 form two exible loop regions, as
length Cas9 supports the reliability of the predicted structursuggested by NMR. Anhelix is introduced in residues
A further conrmation is provided by the X-ray crystal Q794 E798, and an additional solvent-exposed loop com-
structure of the HNH construct solved at 1.3 A resolutiorprised of residues T858872 forms a smakhelix at D861
(Figure 3. This X-ray crystal structure aligns well to that 0fR864 Figure 2inset bottom), also observed in the structural
model from the NMR chemical shifts. Lastly, a small extension
of the C-terminal-helix is also commed in this novel X-ray
structure.

Experimental Conformational Dynamics of the HNH
Nuclease. In order to experimentally probe time scales
relevant to allostery, west analyzed the dynamics of HNH
with the method of Bracken and co-wofKetgre, potential
sites of psns and s ms exibility have been iderad
through analysis of tRegR, product. Motions on each of these
time scales contribute to allostery;ngsmotions have been
associated with allosteric activation a&st@ molecules
induce favorable changes in gomational entropgy:**
leading to a population shift from inactive to active states,
while s ms processes are often commensurate with the rates
of catalytic reactiofig!® With respect to the individual
longitudinal and transverse relaxation rateR;Rh@roduct
) _ attenuates the contribution of motional anisotropy and more
Figure 2.X-ray structure of HNH. X-ray structure of the isolated clearly illuminates sites of chemical exchangB,Rshealues

HNH domain (PDB code: 6056, green), solved at 1.30 A resolutio . - . <
is overlaid with the X-ray structure of the HNH domain from fuII-I}br each residue in HNH-(gure & andTable S) highlight

lengthS. pyogen€as9 (PDB code: 4UN3, grdy). several locations of ps and s ms exibility. Twenty
residues displd¥R, values above 1.5f the 10% trimmed
full-length Cas9 (PDB code 4UKAnd the predicted NMR ~ Mean due to the signant inuence oRrelated to s ms
structure with C RMSD values of 0.549 and 0.479 A, motion. Measure®R.,, parameters are consistent with this
respectively, with the most sigant dierence due to a interpretation figures &, S2, S3, and Table)SA lower
crystal contact in the experimental lattice pushing the Niumber of residues (i.e., 13) fall below df5the mean,
terminal helix inward-{gure 2inset top). suggesting the potentialuence of psns dynamics at these
The overall fold of HNH from full-length Cas9 is thereforesites, with the medRR, value corresponding to an average
well maintained in the isolated domain. The residues L791order parameter ) value of 0.85, where

Figure 3.HNH Dynamics Measured by NMR. (a) Plot&&%, R., and order paramete®(determined from model-free analysis, df,, *H-
[**N]-NOE measurements) for the HNH nucleRg®, parameters were measured at 600 (black) and 850 (red) MHz. Red dashed IRg on the
plot denotes the 1.5rom the 10% trimmed mean of the d&ig(right, top) ands’ (right, bottom) values are mapped onto the HNH structure

and colored according to the adjacent legends. (b) Selected CPMG relaxation dispersion curves collected at 600 (solid lines) and 850 (dast

lines) MHz.
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@ = W Steady-stattH-[N] NOE were HNH. This well-dened subset ofexible residues within

also measured, and the order paran®ewés determined HNH therefore_ bridges  the .RUVC and RE.CZ mtgrfaces,
for assigned residues in HNH with RELARegions of ps forming a contiguous dynamic pathway within the isolated
ns exibility (i.e., high cogurational entropy) are observed in E“: dgngn. Lh:_SINp:g‘EV?Z’ oexible reildq?hstﬁonneqltmbgl]
residues 82843 and 890904. Consistent with these data, in _RuvL and - agrees well with the available
the X-ray structure of full-length Cas9 residues88a2are experimental evidence that indicate the existence of allosteric
exposed toward the solvent while residue989Gomprise communication within CRISPRas9. PreVI.Ol.JS expenmenta[
exible loop regiofisn order to expand on this analysis, we studies revealed that the nuclease activity of the spatially

. . —distant HNH and RuvC domains is coupled, facilitating
guanti ed the conformational exchange parameters assomapéﬁ y
with millisecond dynamics of the HNH nuclease by Carr Concerted cleavage of the DNA straridsparallel, MD

. ; . . . .~ simulations have shown that HNH and RuvC display highly
Purcell l\/_Ielboom Gill (CPMG) relaxqtlon dlspersm.n experi- coupled dynamical motidisThis prior work employed
ments Cigure 8 andTa_bIe SE Residues displaying slow Community Network Analy$isto structure the Cas9
&?ggscg%émg7gé)g?ggC?(SCf;\?gfgmlj?égoKEE?ZGJDgZ%S’ correlations, revealing a strong communication channel
H840, V841'8851 D85£3 K855 E87’3 and'L900 . fuII'-Ien etween HNH and RuvC. Taken together, experiments and
Casg, Man1 of th,ese s',tes aré also,'nd'cated Rhe 9mulations have indicated a tight dynafoioss-talk

s y nes . Indi kﬂl.p between HNH and RuvC, which underlie their coupled

analysis. Rates of conformational exchiggat these sites

: ~ nuclease function. The REC2 region has been recently
range from 900 to 2900"svith an averade, = 1761+ 414, suggested to be involved in the activation of HNH through

Interestinglyke, val-ues determmed fr'om_ CPMG experments, %3 osteric regulation that also implicates the REC3'fegion.
show an approximate bimodal distribution, W'lth a Iarg%he authors have shown that upon binding a complementary
number of residues showing 100&k,, 2000 s” and  pN\A:DNA structure prone to undergo DNA cleavage the
fewer residues with 2000k, 3000 s (Figure SH RECS3 region modulates the motions of the neighboring REC2,
Regions with largég, values are primarily cored to the \ypich in tumn contacts HNH and sterically regulates its access
periphery and N-terminus of HNH. Residues with sikgller , 10 scissile phosphate. MD simulations of the fully activated
values comprise the majority of the HNREC interface and CRISPR Cas9 complex revealed that highly coupled motions
central dynamlq core. . between REC2, REC3, and HNH are critical for the activation

Allosteric Signaling Pathway. The ms dynamics ot the catalytic domain toward cleavage, supporting the
observed in CPMG relaxation dispersion experiments are é%fistence of an allosteric sigihal.
particular interest for the ic_Jenatic_)n of the Cas9 signaling A recent experimental study has further suggested that
pathways due to the established importance of slow dynamiggd s js critical in regulating the rearrangements of the DNA
motions in allosteric regulatiénResidues displaying slow  for doyble-strand cleavage via the HNH and RuvC nuclease
time scale (ms) dynamicgaple Spform clusters in three  45m3ing0 Taken together, thesedings strongly support the
regions of HNH Eigure 4red spheres), two of which are the 1comes of the NMR experiments reported here, suggesting
mfnerface with .the region REC2 of the recognition lobe angh 5+ the dynamic pathway spanning the isolated HNH domain
with RuvC (i.e., the HNHREC2 and HNHRuvC g responsible for the information transfer between RuvC and
interfaces), while the third region is located in the core ohgco.

To gain insight into the allosteric signaling pathway within
full-length Cas9, the complete CRISB&9 system in
complex with the nucleic acidgas subjected to extensive
computational analbyses that are suitable for the detection of
allosteric eects’®* >3We combined correlation analyses and
network models derived from graph theory to determine the
most relevant pathways across HNH communicating RuvC
with REC2. The computed pathways are composed by residue-
to-residue steps that optimize the overall correlation (i.e., the
momentum transport) between amino acids 789/794 and
841/858 (belonging to HNH but adjacent to RuvC and REC2,
respectively). This yields an estimation of the principal
channels of communication between RuvC and REC2.
Interestingly, the pathway that maximizes the dynamic
transmission between RuvC and REC2 through Hiidré
4, orange spheres) agrees remarkably well with the pathway
experimentally idenéid in the HNH construct via CPMG
Figure 4.Allosteric signaling across HNH. Flexible residues in theelaxation dispersiorFiure 4 red spheres). Residues
HNH construct (green) measured by CPMG relaxation dispersi05e|onging to the computational pathway are*GTID4,

NMR (red sphere_s)_ gnd the theoretical aIIoste_rlc pathway (orangR,797¢, E798, Y812, L813, Y814, L816Q817, N818,
transparent) optimizing the overall correlation between HNHG819, R82(Q D825, 1830, V838 D839, H840, 184, /842,

residues at the RuvC (blue) and REC2 (gray) interfacesc&igni
number of the sites idergd by NMR are within the top 10 optimal P843, Q844, N854, K855 V856, L857, T858, R8K9

pathways calculated from MD trajectories, suggesting that ttR860, D861, and K862, where the asterisk indicates that
experimentally measured dynamic pathway spanning the HN#EY also show slow dynamics in the HNH construct (as
domain correlates well with the computationally derived pathwegxperimentally idenéid via CPMG relaxation dispersion and
for optimal information transfer. RR, (+1.5), Tables S1 and pand the dagger indicates
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residues unassigned by RMImportantly, while our spin relaxation, more sophisticated methods that enhance the
experimental approach is restricted to the slow dynamgampling of the cogurational space are required to access the
residues, the computation of the optimal pathways consideslewer motion quangd by solution NMR. Accelerated MD is
motions on every possible time scale within the simulatea biased-potential methGdyhich adds a boost potential to
window. Therefore, dirences between the two approacheshe potential energy surface (PES3ctvely decreasing the
may originate from the fast-dynamic component present in tlemergy barriers separating low-energy states, thus accelerating
simulated pathways. On the other hand, seveeagrdies the occurrence of slower dynamic events. As shown by several
between the relaxation dispersion network and the compuiadependent reports, the method accurately reproduces the
tionally derived network are due to missing NMR assignmergkow dynamics captured by solution NMR in biomolecular
for these residues (daggers). systems? 39 therefore providing comparison with the
These missing assignments are, in some cases, dueexperimental results reported here.
exchange broadening of the NMR signal, indicative of a highlyThe simulated trajectories have been analyzed to compare
exible site. Also of note are the many sites of NMR-detectéioe conformational dynamics of HNH in its isolated form and
ms motions directly adjacent to the MD-optimized pathwayn full-length Cas9. We employed principal component analysis
Examples from the MD (NMR) pathways are as follows: (1JPCA), an established method to extract the dominant
Y812 Y814 (Y815); (2) D825, 1830 (E827, L828, D829); (3) collective motions from theuctuations of a simulated
D839 (Vv838, H840); and (4) N854, V856, L857, T858 ensemble. By performing PCA, the dynamics of HNH along
(D853, K855). This consensus between the dynamic pathwahe rst principal mode of motiorusually referred to as
experimentally observed in the HNH construct by NMR andessential dynamits reveals remarkable similarities in full-

in full-length Cas9 by MD suggests that the RENH length Cas9 and in the isolated form, indicating that the
RuvC communication channel is conserved in the full-lengttonformational dynamics of HNH in full-length Cas9 are
enzyme. preserved in the isolated domaifigires S6 and 57

To establish the functional role of the allosteric pathway waterestingly, the residues of HNH that experimentally display
performed mutational studies. We introduced alanine muteis dynamics (i.e., as captured from the CPMG relaxation
tions into all residues belonging to the computational pathwalyspersion ang;R, (+1.5 ) measurements) are characterized
that also show ms dynamics in CPMG relaxation dispersitny short amplitude motions in both the isolated form of HNH
studies (G792, Q794, K797, E798, L816, Q817, N818, R82fmd when embedded in full-length Cas9. Notably, these
V838, H840, 1841, K855). We then computed theresidues form a contiguous dynamic pathway, which is also
communication pathways between amino acids 789/794 afmlind through network analysigy(ire 3. This indicates that
841/858, analogously to the WT systétigure 3. As a the allosteric pathway ideeti through CPMG relaxation
result, the communication pathway is disrupted, loosening thespersion and network analysis is aligned to the principal
communication in the core of HNHrigure S5A We also mode of motion derived from the simulated ensemble.
mutated all residues that experimentally show ms dynamic#nalysis of the root-mean-squaretuations (RMSF) of
(Table Sp, con rming the disruption of the allosteric pathway individual C atoms further shows that the residues with slow
(Figure S5B Previous biochemical studies of systemati¢ime scale motions (experimentally idedtivia NMR)
alanine scanning of the positively charged residues in the HNtisplay small uctuations in the simulations of both the
domain provide further insight into how the disruption of thasolated HNH and full-length Cag9gure SB This indicates
allosteric pathway caneat Cas9 functioti. In particular, that short amplitude motions and smalttuations are
alanine mutation of two residues, K855 and K810, modulatesnserved in the regions that form a continuous ms dynamic
o -target cleavage of semicomplementary DNAs. Notablyathway connecting REG2NH RuvC Eigure 4. In this
K855 is shown here to be a key element of the allosteriespect, it is important to note that short amplitude motions as
pathway, as idenéd by both computations and CPMG well as smalluctuations do not directly correspond to slow
relaxation dispersiorFigure 3. This indicates that by time scale dynamical motions. However, the consensus
substituting this key allosteric residue, the selectivity abserved in both the HNH construct and within full-length
CRISPRCas9 is ected and highlights the potential for Cas9 indicates similar intrinsic dynamics along the pathway
modulation of allosteric communication to aid in the design afonnecting RECHNH RuvC, which has been experimen-
improved CRISPRCas9 systems. This hypothesis, which idally derived via NMR Ffgure 4. Inspection of the
also supported by previous experinfienarrants further  conformational ensemble accessed during the simulations
investigation by NMR and molecular simulations and iseveals that the isolated HNH domain resembles the ensemble
currently underway in our laboratories. of the full-length system overall, with a remarkable similarity in

Conformational Dynamics of HNH in Full-Length terms of short amplitude motions and laetuations for the
Cas9.In order to compare the conformational dynamics ofesidues within the RECANH RuvC pathwayHjgure Sp
this novel HNH construct with those of full-length Cas9 and t@verall, the analysis of the conformational dynamics shows
further interpret the outcomes of solution NMR experimentghat the HNH construct maintains the fold observed in full-
we performed all-atom MD simulations of the isolated HNHength Cas9 in both the NMR structure based ofth&N-
domain (starting from the model structure predicted by NMRHSQC data and the X-ray structure of the isolated HNH
as well as from our newly determined X-ray structure) and dbmain. This supports the connection between conformational
the X-ray structure of full-length Ca$®. access the slower dynamics captured via solution NMR and those of HNH
time scale dynamics of the systems, we performed acceleratsile full-length Cas9.

MD simulations using a Gaussian-accelerated MD (GaMD) Simulated Ensemble and NMR ExperimentsTo gain
method®® which has been shown to describe thand ms  insight into how well the structural and dynamical features
dynamics of CRISPRas9 quite welf*>*° Indeed, while  captured by GaMD simulations represent the NMR experi-
classical MD can detect fast stochastic motions responsiblerfugnts at the molecular level, the simulated trajectories were
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used to compute NMR chemical shifts with the SHIFTX2 DISCUSSION
code’’ We detected excellent sequence-spagreement
between predicted and experimentaldC, and G, chemical
shifts for the isolated HNH domairrigure %. The

The power of the CRISPRas9 system is its ability to
perform targeted genome editimgivowith high e ciency

and increasingly improved spati->*>%°? |n this system,

an intriguing allosteric communication has been suggested to
propagate the DNA binding signal across the HNH and RuvC
nuclease domains to facilitate their concerted cleavage of the
two DNA strand$’’ In this process the intrinsiexibility of

the catalytic HNH domain would regulate the information
transfer, exerting conformational control. Here, solution NMR
experiments are used to capture the intrinsic motions
responsible for the allosteric signaling across the HNH
domain. We use a novel engineered construct of HNH that
maintains the conformation arekibility of full-length Cas9

to reveal the existence of a ms time scale dynamic pathway.
This network spans the HNH domain from the region
interfacing the RuvC domain and propagates up to the REC
lobe at the level of the REC2 regiéig(re J. In-depth
analysis of the allosteric signaling within full-length Cas9 has
been performed by employing theoretical approaches that are
suited for the detection of allosterieas’®>* >° Indeed, the
dynamic pathway experimentally observed in the HNH
construct is conserved in full-length Cas@ute 3,

con rming the existence of a communication channel between
REC2 HNH RuvC. This continuous pathway cors the

direct communication between the two catalytic domains,
originally identied by the experimental work of Sterriberg
and supported by MD simulatichsnd also discloses their
connection to the REC2 region. In this respect, single-
molecule FRET experiments have indicated that REC2 is
Figure 5. Experimental vs simulated carbon chemical shifts¢ritical for the activation of HNH through an allosteric
Experimental and simulated NMR chemical shift&Cof(top), mechanism that also involves the REC3 régtaeordingly,

13C (center), and*®C, (bottom) plotted for each residue in the in the fully activated complex, the REC3 region would
HNH domain. Data in each plot compare the experimental chemicatodulate the motions of the neighboring REC2, which in
shifts (green circles) with those calculated from simulations of thtern contacts HNH and regulates its access to the scissile
isolated HNH domain (blue diamonds) and of the full-length Cashosphate. By doing so the REC region would atsteasser
complex (black circles). All simulated spectra were computed f§y the formation of a RNA:DNA structure prone to DNA
described iMaterials and Methodsilizing GaMD trajectories. cleavage, transferring the DNA binding information to the
catalytic HNH domain in an allosteric manner. A tight

experimental distributions of backbone amide groups algynamical interplay between REREC3 and HNH has also
display remarkable agreement between experimental Jffn detected via MD simulations of the fully activated
simulated valuesigure S10 This is a strong indication CRISPRCas9 complex, revealing that highly coupled motions
that the GaMD ensemble properly represents the NMRf these regions are at the basis of the activation of HNH for
experiments at a molecular level. Another important aspectdNA cleavag€. A recent important contribution further
these simulations is the similarity of HNH in full-length Cas§uggested that REC2 regulates the rearrangements of the DNA
and its isolated forrigure Sshows that these forms of HNH t0 attain_double-strand cleavages via the HNH and RuvC
display very similar CC , and G, chemical shifts as well, nuclease%’.AItc_)gether, thes_e experlmentgl outcomes strongly
indicating that HNH presents similar spectral trends when it gUpport the nding of a continuous dynamic pathway spanning
isolated or in full-length Cas9. This is therefore a furthedNH from RuvC to REC2 and suggest its functional role for
indication that the structural dynamics of the HNH constructhe allosteric transmission. To further investigate the motions
predicted by NMR are comparable to those of HNH in full-associated with allosteric signaling, the conformational
length Cas9, supporting the comparison performed heréynamics of the HNH domain was investigated by accelerated
Importantly, the observed agreement between the computdtP simulations, which can probe long time ssa#éd ms

and experimental spectra is also observed in the simulati®tions in remarkable agment with NMR experi-
replicasFigure SI0Finally, to account foctuations inthe ~ ments:® *° Analysis of these conformational dynamics shows
C , C, and G chemical shifts during the simulated ensemblehat the HNH construct maintains the overall fold observed in
we computed carbon chemical shifts over a set of static modiil-length Cas9 and indicates conserved short amplitude
derived from the GaMD trajectories (details are reported imotions and lowuctuations in the regions that form the ms
the Sl). We observe lowuctuations in the carbon chemical dynamic pathway connecting REBRH RuvC. Taken
shifts within the simulated ensembfégure S1)1 also together, these computational outcomes suggest that the
retaining excellent agreement with experimental measurementsnsic conformational dynamics experimentally igenti
(Figure S1P in the HNH construct reasonably resemble the dynamics of
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HNH in the full complex, supporting the connection betweerscaled using XB%and Aimless in the CCP4 program Siifthe
the two systems. Finally, mixed machine learning artdNH domain from full-lengtts. pyogendsas9 was used for
structure-based prediction of NMR chemical shifts from thQOIeISITJ(a;ertvellacemenlf Z?B t,COde: 4?’\‘3?“ Phaslel; ',?d.the,
simulated trajectories have also revealed the agreem v aré packageterative rounds of manual building in
between experiments and computations, indicating that t of " and renement in PHENIX yielded theial HNH domain

. ] . . . ucture.
structural/dynamic features derived via GaMD simulations \r Spectroscopy. NMR spin relaxation experiments were

represent the experimental results at the atomic and molecWafried out at 600 and 850 MHz on Bruker Avance NEO and Avance
level. IIl HD spectrometers, respectively. All NMR spectra were processed
Overall, by combining solution NMR experiments and MDwith NMRPip&® and analyzed in SPARKYBackbone chemical
simulations, we idengid a dynamic pathway for information shift data was uploaded to the CS23D server for secondary structure
transfer across the catalytic HNH domain of the CRISPR calculations, and a fragment library including the structure of full-
Cas9 system. This pathway, which spans HNH from the RuJgngth Cas9 (PDB code: 4UNS) was used. @arcell Meiboom
nuclease interface up to the REC2 region in full-length Cas9 G4l (CPMG) NMR experiments were adapted from the report of

L : P mer and co-workerand performed at 258 with a constant
suggested to be critical for allosteric transmission, propagatiffl’ ~. period of 40 ms, a 2.0 s recycle delay, quints of

the DNA binding signal across the recognition lobe and thgeer 0 625 0.714, 0.833, 1.0, 1.25, 1.5, 1.667, 2.5, 5, 10, and 20 ms.
nuclease domains (HNH _and RuvC) for concerted cleavage gk|axation dispersion s were generated by plotRiys 1/

the two DNA strands. This study also representssth&tep  and exchange parameters were obtainedtéofithese data carried
toward a complete mapping of the allosteric pathway in Cas@t with in-house scripts and in RELAX under the, REeRex,

through solution NMR experiments. In this respect, despifeollinger (lTSMFK01), and CarveRichards (CR72 and CR72-Full)
modern experimental practices such as perdeut%}’ationr,ﬂodeIS‘l.Z7 Two- eld relaxation dispersion data wersimulta-
transverse relaxation-optimized spectroscopy (Tﬁbsy),neously, and uncertainty values were obtained from replicate spectra
sparse isotopic Iabel?ﬁgand 15\-detectior® the complete (see theSupportlng InformatlorSI)_. LongltU(_jlnaI_ and transverse
characterization of the slow dynamical motions responsible gxatlon rates were measured with relaxation time2)o#y, 80,

o . . . . , 160%2), 200, 240, 288@), 320, 360, and 400 ms fgrand
allosteric signaling has remained challenging due to the siz ,8.36(2), 12.54, 16.72, 20:), 25.08¢2), 29.26, 33.44,

the polypeptide chain of the Cas9 protelt60 kDa). Future 37 65 and 41.8 ms fby. Peak intensities were quastiin Sparky,
investigationsreliant upon ongoing experiments and COMPU-and the resulting decay pes were analyzed in Mathematica with
tations in our research groupsill include the investigation errors determined from thited parameters. Steady-staitg!™N]
of the information transfer between HNH and RuvC and thé\OE were measured with a 6 s relaxation delay followed by a 3 s
allosteric role of theirexible interconnecting loops. saturation (delay) for the saturated (unsaturated) experiments. All
Further, our joint NMR/MD investigations are being relaxa_tion experiments were carried out in a temperature-compen-
employed to understand the role of the recognition regiofidted interleaved manner. Model-free analysis using th&tgiai
within the allosteric activation. This is of key importance sin({glrlr;"fc‘l'ftg“m";f‘es dCF?rr(;'t(e)g 6%“ on dwitt NMR data in RELAX with
mlijlﬁtloggnwé?rll?rgﬁhziccztil\(/)gt?gnd:)sftaHllfl:zezsarmt&(reessp'ecit to Computational Structural Models. MD simulations were

s ¥ performed on several model systems of the CRT3BR complex
of the enzyme toward on-target DNA Sequéf’ﬁf‘éé. AS  and isolated HNH domain. MD simulations of the CRIS®@E9
such, by providing fundamental understanding of the intrinsigmplex were based on the X-ray structure of the full-length wild-type
allosteric signaling within the catalytic HNH domain, thewT) Cas9 protein, solved at 2.58 A resolution (PDB code: 4UN3).
present study poses the basis for the complete mapping of fftés system comprises a total of 1368 amino acids, combined with
allosteric pathway in Cas9 and its role in the on-targe®NA and DNA (details are in tisd). This nucleoprotein complex
Specicity’ he|p|ng engineering)ﬁs aimed at improving the Wwas used to simulate the CRISERs9 complex as WT and with

genome editing capability of the Cas9 enzyme. alanine mutations. Two mutated model systems were built by
substituting alanine at key residues within the allosteric pathway

identi ed in this work. Therst mutant system substitutes alanine at
MATERIALS AND METHODS residues belonging to the computational pathway that also show slow
Protein Expression and Puri cation. The HNH domain ofS. dynamics via CPMG relaxation dispersion (G792, Q794, K797, E798,
pyogene3as9 (residues 77808) was engineered into a pET15b L816, Q817, N818, R820, V838, H840, 1841, K855:e ¥, while a
vector with an N-terminal Hitg and expressed in Rosetta(DE3) second mutant system introduces alanine mutations at all residues
cells in M9 minimal medium containing MEM vitamins, lg®@ that experimentally show ms dynariiiable Sp MD simulations of
CaC}. Cells were induced with 0.5 mM IPTG after reaching arthe isolated HNH domain were based on both the NMR model
ODggo 0f 0.8 1.0 and grown for 188 h at 22°C post induction.  derived from théH *N-HSQC dataRigure A, close-up view) and
The cells were harvested by centrifugation, resuspended én a buthe X-ray structure of HNH solved in this work at 1.3 A resolution
containing 20 mM HEPES, 500 mM KCI, and 5 mM imidazole at pH Figure . Both systems are composed of residues9@85and

8.0, lysed by ultrasonication, and pdrion a Ni NTA column. align well to the HNH domain in the X-ray structure of WT
NMR samples were dialyzed into aebgontaining 20 mM HEPES, CRISPR Cas9 (details are in th@).> All model systems were
80 mM KCI, 1 mM DTT, and 7.5% (v/v),D at pH 7.4. embedded in explicit water, adding d¢¢aunterions to neutralize the

X-ray Crystallography. Following TEV cleavage of thegHias, total charge. A total o220 000 atoms and a box sizeBf5x 110
HNH was subsequently puaril by HiPrep 16/60 Sephacryl 100 S- x 147 & has been reached for the CRISE&9 complex, while
100 HR gel Itration chromatography. Crystals were obtained with 25000 atoms and a box size B2 x 62 x 60 & characterize the
sitting drop vapor dision at room temperature with 48 mg/mL isolated HNH domain from both NMR and X-ray.
HNH 1:1 with the Molecular Dimensions Morpheus | Screen Molecular Dynamics (MD) Simulations.The above-mentioned
condition E4 (0.1 M mixture of [imidazole and MES] pH 6.5, 25%model systems were equilibrated through conventional MD. We
(v/v) mixture of 2-methyl-2,4-pentanediol, PEG1000, and PEG335mployed the Ambed2SB forceeld, which includes th®9bsc0
and 0.3 M mixture of diethylene glycol, triethylene glycolcorrections for DN&A and the 99bscO+OL3 corrections for
tetraethylene glycol, and pentaethlyene glycoljacBon data ~ RNA!*"*This force eld model has been shown to properly describe
were collected on a Rigaku MicroMax-003i sealed tube X-rdlge conformational dynamics of CRISE&59 during extensive MD
generator with a Saturn 944 HG CCD detector and processed asinulations, performed using both claSsital and accelerated
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MD.3**% |t has also been employed to perform msiltentinuous if ky is calculated between 0 and 1. Otherlgis®calculated using
MD simulationé® preserving the overall fold of the structure andeq 4 instead of being set to 1 directly as described in the original
capturing critical conformational changes. The TIP3P model wamper® GaMD yields a canonical average of an ensemble by
employed for watéf. Hydrogen atoms were added assumingreweighting each point in the cgaration space on the masi
standard bond lengths and constrained to their equilibrium positigmotential by the strength of the Boltzmann factor of the bias energy
with the SHAKE algorithm. Temperature control (300 K) wasexp[ V(ry,)] at that particular point.
performed via Langevin dynaffiiesth a collision frequency= 1. On the basis of extensive tests on the CRIG&$® systeft>581
Pressure control was accomplished by coupling the system tath& system threshold energ¥ is V. for all GaMD simulations.
Berendsen barosthat a reference pressure of 1 atm and a relaxatiohe boost potential was applied dual-boosttheme, in which two
time of 2 ps. All simulations have been carried out through a weleceleration potentials are applied simultaneously to the system: (i)
established protocol described irh&ID simulations were carried the torsional terms only and (ii) across the entire potential. A time
out in the NVT ensemble, collectinb00 ns for each system (for a step of 2 fs was used. The maximum, minimum, average, and standard
total of 500 ns of production runs). These well-equilibrated systemdeviation values of the system poteMigl,Vpin, Vayg and ) were
have been used as the starting point for Gaussian accelerated btRained from an initial 12 ns NPT simulation with no boost
(GaMD, details below). All simulations were performed with theotential. GaMD simulations were applied to the CRIS&R
GPU version of AMBER 1%. complex and our HNH domain construct. Each GaMD simulation
Gaussian Accelerated MD Simulations (GaMD)Accelerated proceeded with a50 ns run, in which the boost potential was
MD (aMD) is an enhanced sampling method that adds a boosdipdated every 1.6 ns, thus reaching equilibrium. Fid@yns of
potential to the potential energy surface (PE&jtieely decreasing GaMD simulations was carried out in the NVT ensemble for each
the energy barriers and accelerating transitions between low-enesgstem in two replicas. Considering that we have simulated three
state$® The method extends the capability of MD simulations ovemodel systems of the CRISRRs9 complex (one system as WT
long time scales, capturing slavand ms motions in excellent and two systems including alanine mutations, as described above) and
comparability with solution NMR experim&ht¥ Here, we applied  two model systems of the isolated HNH domain (as derived from
a novel and robust aMD method, namely, a Gaussian aMBMR and X-ray crystallography), a totala# s of GaMD for the
(GaMD)*® which uses harmonic functions to construct a boosiCRISPR Cas9 complex andL.6 s of GaMD for the isolated HNH
potential that is adaptively added to the PES, enabling unconstrairdmmain were completed. Notably, the simulation leng#06fns
enhanced sampling and simultaneous reweighting of the canonijeat replica has shown to exhaustively explore the conformational

ensemble. space of the CRISPRas9 systef®!

Considering a system withatoms at positiong(r), when the Determination of the Allosteric Pathways across the HNH
system potentim(r) is lower than a threshold enemyhe energy Domal!‘l. The allosteric pathWay for |nf0.rmat|0n tran‘sfer has been
surface is modid by a boost potential as mvestlgated by employing correlation analysis and graph

theory!®>* °° First, the generalized correlations JjG@hich

V¥ =M)+ ) VYr<E (1) capture noncollinear correlations between pairs of resihags

are computed (details are in 8% In a second phase, the;
V(1) = lk( ES \( ))? used as a metric to build a dynamical network model of the Protein.
T ) In this model the protein amino acid residues constitute the nodes of
the dynamical network graph, connected by edges (residue pair
where k is the harmonic force constant. The two adjustableconnection). Edge lengths, i.e., the internode distances in the graph,

parameter& andk are automatically determined by applying the are dened using th&G; coe cients according to
following three criteria. First, for any two arbitrary potential values

V;(r) andV,(r) found on the original energy surfacé i < Vu(r), w; = Slog GG (6)
V should be a monotonic function that does not change the relati

order of the biased potential valuesVig(r) < V,*(r). Second, if

V¥ (r) < V,*(r), the potential dierence observed on the smoothe

ve . .
n the present work, two nodes were considered connected if any
d heavy atom of the two residues was within 5 A of each other (i.e.,

energy surface should be smaller than that of the originat,(ke., distance cutg for at least the 70% of the simulation time (i.e., frame

* * * P, N rimy a cuto ). This leads to the deition of a set of elementg of the
eq\s/llggngz () Vi*(n). By combining therst two criteria with graph. In the third phase of the protocol, the optimal pathways for the

information transfer between two nodes (i.e., two amino acids) are
de ned using the Dijkstra algorithm, whietis the roads, composed
X ©) by internode connections, that minimize the total distance (and
therefore maximize the correlation) between amino acids. In the
whereVy,, andVp,are the system minimum and maximum potentialpresent study, this protocol was applied on the trajectories of the full-
energies. To ensure tieaf 4is validk must satisfk 1/ Vi length Cas9 simulated fo00 ns of GaMD simulations and
Vinan By deningk  ky 1/Via  Vminthen 0 <k 1. Lastly, the  averaged over two replicas. The Dijkstra algorithm was applied
standard deviation ofV must be narrow enough to ensure accuratebetween the amino acids 789/794 and 841/858, which belong to
reweighting using cumulant expansion to the second oydek(E HNH and are located at the interface with RuvC and REC2,
Vadg v o WhereVygand , are the average and standard respectively. As a result, the routes that maximize the correlation
deviation of the system potential energigs,is the standard  between amino acids 789/794 and 841/858 are ieenfiroviding

Vinax B Vi

deviation of V, and , as a user-speed upper limit (e.g., 2gT) residue to residue pathways that optimize the correlations (i.e., the
for accurate reweighting. Wisis set to the lower bour= Vi, momentum transport). With the optimal motion transmission
according teq 4 k; can be calculated as pathway, the following 50 suboptimal information channels where
B . computed, accumulated, and plotted on the 3D struEtgree 3
ko = min(1.0.k,)= mi O_oleaXS Vmir,; to account for the COﬂtI’ibL.JtiO.n of .the most likely suboptimal
0 0 v ViaxS Vaug @ pathways. To gain further insights into the REGH RuvC

signal transfer, this analysis was extended to the catalytic residues of
Alternatively, when the threshold enErigyset to its upper boufd the RuvC domain. Spemally, the pathways that maximize the
= Vo + 17K, Ky is dynamic correlation were computed between the amino acids of
HNH located at the interface with REC2 (841/858) and the RuvC
o Vmaxé Vi catalytic residues (S15, H983, D986, D10, and E762). Finally, the
ko= ko & v 8v. analysis of the signaling pathways across HNH was also performed on
v * Tavg min (5) two CRISPRCas9 systems that introduce alanine mutations of the
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key residues forming the allosteric pathway igeriti this work
(G792, Q794, K797, E798, L816, Q817, N818, R820, V838, H84
1841, K855Figure ¥ and that experimentally display slow dynamics
(Table Sp
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