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Abstract
To protect against mobile genetic elements (MGEs), some bacteria and archaea have clustered regularly inter-
spaced short palindromic repeats-CRISPR associated (CRISPR-Cas) adaptive immune systems. CRISPR RNAs
(crRNAs) bound to Cas nucleases hybridize to MGEs based on sequence complementarity to guide the nucleases
to cleave the MGEs. This programmable DNA cleavage has been harnessed for gene editing. Safety concerns
include off-target and guide RNA (gRNA)-free DNA cleavages, both of which are observed in the Cas nuclease
commonly used for gene editing, Streptococcus pyogenes Cas9 (SpyCas9). We developed a SpyCas9 variant (Spy-
Cas9H982A) devoid of gRNA-free DNA cleavage activity that is more selective for on-target cleavage. The H982A
substitution in the metal-dependent RuvC active site reduces Mn2+-dependent gRNA-free DNA cleavage by
*167-fold. Mechanistic molecular dynamics analysis shows that Mn2+, but not Mg2+, produces a gRNA-free
DNA cleavage competent state that is disrupted by the H982A substitution. Our study demonstrates the feasi-
bility of modulating cation:protein interactions to engineer safer gene editing tools.

Introduction
CRISPR-Cas (clustered regularly interspaced short palin-

dromic repeats-CRISPR associated) systems are RNA-

directed adaptive immune systems present in bacteria

and archaea.1–3 The CRISPR locus retains immunologi-

cal memory of past mobile genetic element (MGE) infec-

tions as short pieces of intruder genome that are

transcribed into CRISPR RNA (crRNA). The crRNA as-

sembles with Cas proteins and the RNA-protein complex

is guided, sequence-specifically, to the invading genome

for cleavage and inactivation upon subsequent attacks.

The sequence-specificity is established by the comple-

mentarity between the guide region of the crRNA and

the invading DNA or RNA. CRISPR systems possess in-

herent mechanisms, such as the protospacer adjacent

motif (PAM) or the protospacer-flanking site (PFS) to

differentiate self and invading nucleic acid.4 The

crRNA-dependent nucleic acid targeting and cleavage

features of Cas proteins have been repurposed into pow-

erful genome and biotechnological applications.5

Of the numerous CRISPR systems,6 Cas9, the signa-

ture protein of type II CRISPR-Cas systems, is being

widely used for gene editing and gene therapy applica-

tions due to the simplistic requirements of a single mul-

tidomain Cas9 protein and a single-guide RNA

(sgRNA, fusion of crRNA, and trans-activating crRNA

[tracrRNA]) for sequence-specific DNA cleavage.7

Cas9 uses HNH and RuvC endonuclease domains, re-

spectively, to cleave the complementary strand (target

strand DNA, TS-DNA) and noncomplementary strand

(nontarget strand DNA, NTS-DNA) of a double-stranded

DNA (dsDNA).7,8

One of the hallmarks of Cas9’s DNA cleavage is the

intricate and orchestrated changes in conformation of

the different domains of Cas9, sgRNA, and the DNA to

establish site-specific DNA cleavage.9 Cas9 has a bilobed

architecture consisting of a recognition (REC) lobe and a

nuclease (NUC) lobe, which is connected by an arginine-

rich bridge helix.8,10 The apo-Cas9 crystal structure

shows a self-inhibitory form of the protein where the
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endonuclease domains are not easily accessible for DNA

cleavage,10 even though studies have shown that Cas9 can

bind nonspecifically to DNA in the absence of sgRNA.11

Formation of binary (Cas9-sgRNA) and ternary (Cas9-

sgRNA-DNA) complexes are tightly regulated by orches-

trated protein domain movements.8–10,12,13 To ensure

sequence-specificity of DNA cleavage, the conforma-

tional transitions of HNH and RuvC are regulated by

RNA:DNA base pairing at the PAM-distal end of the

R-loop.14,15 Even though RuvC is conformationally

dependent on the HNH transition to access the scissile

phosphates,12,14 DNA cleavage occurs in a concerted

manner.16–18 Molecular dynamic (MD) simulations

have revealed that several allosteric mechanisms medi-

ated by different domains of Cas9, PAM-identification,

and DNA binding are essential for DNA cleavage.18–24

In spite of the intricate conformational changes essen-

tial for sequence-specific DNA cleavage, we previously

showed that Cas proteins can promote promiscuous

DNA cleavage when cognate guide-RNA is absent.25

This activity, called guide RNA (gRNA)-free (also

known as RNA-independent and guide-free) DNA cleav-

age25,26 manifests differently in different Cas endonucle-

ases, is PAM independent, and requires specific divalent

metals (such as Mn2+ or Co2+) under in vitro conditions.

Streptococcus pyogenes (Spy) Cas9 demonstrated robust

degradation of single-stranded circular plasmid in a

gRNA-free manner, using its RuvC domain.25 The pres-

ence of even one of the cognate RNAs (crRNA or

tracrRNA) does not abolish SpyCas9’s gRNA-free

DNA cleavage activity.25

Other studies have reported effects of gRNA-free

DNA cleavage. It was shown that several Cas12a ortho-

logs possess gRNA-free single and dsDNA cleavage

activities with diverse divalent cations, including Mg2+

ions.27 SpyCas9 and Campylobacter jejuni Cas9 (Cje-

Cas9) were shown to promote gRNA-free DNA cleavage

under cellular conditions in human cells, resulting in in-

duction of p53 and c-H2AX DNA damage markers.26

This study establishes that cellular conditions (both diva-

lent metal concentrations and forms of DNA) can pro-

mote gRNA-free DNA cleavage activity.26 Studies have

also indicated that Cas9 is a virulence factor in C. jejuni,

where it acts as a cytotoxic agent that is essential for a

successful infection of human tissue.28 These studies

show the ability of Cas9 to cleave DNA promiscuously

and the ability of the RuvC domain of Cas9 to attain

a DNA cleavage competent state in the absence of

large conformational rearrangements enabled by RNA

and DNA binding. Such promiscuous DNA cleav-

ages can potentially reduce the fidelity of genome appli-

cations.

We focused on Cas9’s RuvC domain to identify resi-

dues that have differential effects toward gRNA-

dependent and gRNA-free DNA cleavages. We identified

that the H982 residue plays a critical role in promoting

gRNA-free DNA cleavage and that it only has a supporting

role in catalyzing gRNA-dependent DNA cleavage. The

substitution of His982 to Ala (SpyCas9H982A) causes

*167-fold reduction in Mn2+-mediated gRNA-free

DNA cleavage and the variant adapts a modified mecha-

nism to maintain efficient gRNA-dependent DNA cleav-

age. Previous studies have shown that H982A

substitution lowers off-target DNA cleavage,29,30 impli-

cating that this substitution can reduce unwarranted ge-

nome changes from both off-target and gRNA-free

DNA cleavages. MD simulations show that H982 con-

tributes to maintaining the Mn2+A-Asp10 (RuvC’s cata-

lytic residue) interaction at a distance that enables DNA

scission in the absence of sgRNA. Protein engineering

to remove gRNA-free DNA cleavage will further

improve the safety of SpyCas9-based genome tools.

Materials and Methods
Protein purification
Site-directed mutagenesis (SDM) (see Supplementary

Table S1 in the Supplementary Information for primer se-

quences) was used to introduce the H982A substitution

(SpyCas9H982A) using the Addgene plasmid PMJ806.7

We used previously established protocols to purify

wild-type SpyCas9 (SpyCas9WT) and SpyCas9H982A.7,25

Briefly, Rosetta (DE3) cells were grown in 2XYT me-

dium until optical density at 600 nm reached 0.8

and then were induced with 0.2mM Isopropyl-ß-D-

thiogalactopyranoside (IPTG) overnight at 18�C. Cas9
was purified over three columns consisting of Nickel

nitrilotriacetic acid (Ni-NTA), cation exchange (SP

HP), and size exclusion chromatography (S-300). The

final pure fractions were concentrated and the protein al-

iquots were stored at �80�C (Supplementary Informa-

tion).7,25

Production of sgRNA and plasmid substrate
for gRNA-dependent DNA cleavage assays
In vitro run-off transcription and annealing of sgRNA

(sequence in Supplementary Table S1 in the Supplemen-

tary Information) for gRNA-dependent DNA cleavage as-

says were performed as previously described.31 Plasmids

containing matched and mismatched target sequences

were from a previous study.31 Supercoiled bands were

extracted out of an agarose gel using a kit (QIAquick

Gel Extraction Kit; Qiagen, Hilden, Germany) for use

as the substrate.
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In vitro SpyCas9 activity assays
Detailed methods are described in the Supplementary

Materials and Method in the Supplementary Information.

Unless otherwise stated, the gRNA-free DNA cleavage

reactions contained 1 · buffer (20mM HEPES pH 7.5,

150mM KCl, 2mM TCEP), 100 ng (*4.5 nM) single-

stranded plasmid DNA (M13mp18, NEB, N4040S),

10mM divalent metal, and 100 nM SpyCas9. The

gRNA-dependent dsDNA cleavage reaction contained

1 · cleavage buffer (20mM Tris pH 7.5, 100mM KCl,

5% [v/v] glycerol and 0.5mM TCEP), 100 ng (*5 nM)

double-stranded plasmid DNA (pUC19) containing a tar-

get site complementary to the guide region of the sgRNA

(for time-course assays) or with some mismatches (MM)

to the guide region (for off-target DNA cleavage assays),

10mM divalent metal, 120 nM sgRNA, and 100 nM Spy-

Cas9. For mismatch analysis, we used pUC19 plasmids

holding MM at position 3, 5, and 18 with respect to

PAM following our previous protocols.18

Quantification of DNA cleavage

gRNA-free DNA cleavage of single-stranded plas-
mids. The agarose gel images were analyzed using

ImageJ software32 to measure the band intensities of

the substrate, which included both the circular and linear

forms of M13mp18. For each lane, the remaining inten-

sity of substrate (C) was normalized to that of the no-

protein control lane (C0) to obtain the fraction of DNA

precursor remaining (PM13mp18).

PM13mp18 =
C

C0
(1a)

Three replications were averaged, and the program

MATLAB (Natick, MA) was used to fit the following

one-exponential decay equation to calculate the rate con-

stant for gRNA-free DNA degradation:

PM13mp18 = e� kobst (1b)

where t is time (min), and kobs is the observed DNA deg-

radation rate constant (min�1).

gRNA-dependent DNA cleavage of supercoiled
plasmids. gRNA-dependent activities were character-

ized using supercoiled plasmid DNA substrates as previ-

ously reported.18 Briefly, cleavage reaction time-points

were run on agarose gels to resolve the supercoiled,

nicked, and linear DNAs. The normalized fractions of

supercoiled precursor (P), nicked intermediate (N), and

linear (L) at each time-point were computed as described;

then fit globally using a custom-built MATLAB pro-

gram.33 Fitting followed a parallel-sequential model as

represented by Equations (2)–(4):

P = 1� a � 1� e� k1,HNH þ k1,RuvCð Þ�t
h i

(2)

N =NTS þNNTS (3)

NTS = a � k1,HNH
(k1,HNH þ k1,RuvC)� k2,RuvC

�

� e� k2,RuvC �t � e� k1,HNH þ k1,RuvCð Þ�t
h i�

(3a)

NNTS = a � k1,RuvC
(k1,HNH þ k1,RuvC)� k2,HNH

�

� e� k2,HNH �t � e� k1,HNH þ k1,RuvCð Þ�t
h i�

(3b)

L = LTS,NTS þ LNTS,TS (4)

with P: fraction of supercoiled precursor; N: fraction of

the total nicked product; NTS: fraction of product with

only the target-strand (TS) nicked; NNTS: fraction of prod-

uct with only the nontarget-strand (NTS) nicked; LTS,NTS:

fraction of linear product generated from the TS-pathway

(i.e., first cut on TS by HNH and then the second cut on

NTS by RuvC); LNTS,TS: fraction of linear product

LTS,NTS

= a � k1,HNH
k1,HNH þ k1,RuvC

� k1,HNH
(k1,HNH þ k1,RuvC)� k2,RuvC

� e� k2,RuvC �t þ k1,HNH � k2,RuvC
(k1,HNH þ k1,RuvC � k2,RuvC) � k1,HNH þ k1,RuvCð Þ � e

� k1,HNH þ k1,RuvCð Þ�t
� �

(4a)

LNTS,TS

= a � k1,RuvC
k1,HNH þ k1,RuvC

� k1,RuvC
(k1,HNH þ k1,RuvC)� k2,HNH

� e� k2,HNH �t þ k1,RuvC � k2,HNH
(k1,HNH þ k1,RuvC � k2,HNH) � k1,HNH þ k1,RuvCð Þ � e

� k1,HNH þ k1,RuvCð Þ�t
� �

(4b)
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generated from the NTS-pathway (i.e., first cut on NTS

by RuvC and then the second cut on TS by HNH); L: frac-

tion of total linear product; a, active fraction of the precur-
sor; k1,HNH, rate constant for nicking the TS of the precursor

by the HNH domain; k1,RuvC, rate constant for nicking the

NTS of the precursor by the RuvC domain; k2,HNH, rate

constant for the HNH cleaving the TS of the nicked product

produced by the RuvC domain; k2,RuvC, rate constant for the

RuvC cleaving the NTS of the nicked product produced by

the HNH domain. The observed DNA cleavage rate con-

stants are represented in units of min�1.

Off-target analysis. The results of the off-target DNA

cleavage assays were graphed using the average DNA

linearization for three independent replications. Linear

fraction was obtained by dividing the intensity of the lin-

ear band (L) by the sum of the intensities of the nicked

(N), L, and supercoiled (SC) bands as follows:

Frac Lð Þ = L

NþLþSC
(5)

In all DNA cleavage assays, standard error of the mean

(SEM) of the DNA band intensity values was calculated

to describe the variation among the replications.31

Set up of SpyCas9-NTS-DNA complex models
for MD simulations

Initial structure of SpyCas9-NTS-DNA com-
plex. Following literature precedence,34 models for

MD simulation were obtained by stripping sgRNA and

TS-DNA from the structural ensemble of a catalytically

active SpyCas9 complex that was developed for our pre-

vious study (full active state of model B18 that contains

SpyCas9-sgRNA-TS-DNA-NTS-DNA derived from the

experimental structure PDB ID: 5F9R).12 SpyCas9WT-

NTS-DNA-Mn2+ came from SpyCas9WT-NTS-DNA-Mg2+

via Mn2+ replacement. SpyCas9H982A-NTS-DNA-Mn2+

was set up by substituting His982 to Ala in SpyCas9WT-

NTS-DNA-Mn2+. The results of Figure 5 and Supplementary

Figures S1B, S10, S11, and S13 in the Supplementary

Information were based on these models.

Set up of SpyCas9-NTS-DNA ion-perturbation mod-
el. Based on the two-metal-ion model for SpyCas9’s

RuvC cleavage, there are two catalytic Mg2+/Mn2+ ions

(Supplementary Fig. S1 in the Supplementary Informa-

tion). The one closer to H982 is Mg2+A/Mn2+A, and the

other one is Mg2+B/Mn2+B (Fig. 6A).35 Ion perturbation

models were used to investigate the role of residue 982

in the recruitment of Mg2+A/Mn2+A to the catalytic cen-

ter. The original Mg2+A/Mn2+A was removed and ten

Mg2+/Mn2+ ions were randomly placed around the

RuvC enzymatic center. After equilibration, the new

ion with the shortest distance to the originally removed

Mg2+A/Mn2+A location was named as ‘‘perturbed

Mg2+A/Mn2+A’’ for analysis in Figure 6 (the bottom

scheme for Fig. 6A). The results of Figures 6 and 7 and

Supplementary Figures S12 and S14 in the Supplemen-

tary Information were based on these models.

Further details about procedures used for MD simula-

tions, free energy of binding estimations (MM/GBSA

and MM/PBSA), and other data analyses are in the Sup-

plementary Information. No IRB approvals were required

for this work.

Results
Residues in the RuvC active site of SpyCas9
contributes differently toward gRNA-free DNA
cleavage
Previously we had shown that gRNA-free DNA cleavage

is performed by the RuvC active site in SpyCas9.25 We

analyzed the configuration of amino acids, divalent met-

als, and nucleic acids in SpyCas9’s RuvC endonuclease

domain to select residues that may contribute uniquely

to gRNA-free DNA cleavage. Analysis of the RuvC ac-

tive site in apoCas9 (PDB ID: 4CMQ10) shows that es-

sential residues for gRNA-dependent DNA cleavage

(D10, E762, H983, and D986) and a nonessential residue

E766 is involved in the octahedral coordination of the

Mn2+ ions (Supplementary Fig. S1A in the Supplemen-

tary Information). Analyzing the RuvC active site in

the MD traces for gRNA-free DNA cleavage, H982 is

identified as the second shell coordinating residue for

Mn2+, with it being closer to Mn2+A (Supplementary

Fig. S1B in the Supplementary Information).

We selected E766 and H982 as possible candidates

that can promote gRNA-free DNA cleavage without

impacting gRNA-dependent DNA cleavage, possibly by

structuring the catalytically competent state for gRNA-

free DNA cleavage. We created combinations of E766A,

H982A, and H983A variants (SpyCas9E766A, SpyCa-

s9H982A, SpyCas9E766/H982A, and SpyCas9E766/H983A)

to test the roles of these residues in gRNA-free DNA

cleavage (Supplementary Fig. S2 in the Supplementary

Information).

In vitro gRNA-free DNA cleavage showed that Spy-

Cas9E766A does not remove gRNA-free cleavage activity

(Supplementary Fig. S2A in the Supplementary Informa-

tion). SpyCas9H982A has negligible gRNA-free DNA

cleavage activity even at 500 nM protein concentration

with Mn2+ (Supplementary Figs. S2B and S3 in the Sup-

plementary Information); however, it is active for gRNA-

dependent DNA cleavage with 100 nM Cas9-sgRNA
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(RNP) concentration (Supplementary Fig. S2E in the

Supplementary Information). The double substitution

variant SpyCas9E766A/H982A does not noticeably decrease

the gRNA-free activity relative to the single substitution

variant SpyCas9H982A (Supplementary Fig. S2B and C in

the Supplementary Information), so the SpyCas9H982A

variant was chosen for further in-depth analyses toward

its role in gRNA-free DNA cleavage.

His982 of SpyCas9’s RuvC active site is a major
enhancer of gRNA-free DNA cleavage
To analyze the effect of H982 on gRNA-free DNA cleav-

age, we tested gRNA-free DNA cleavage with different

divalent metal ions at two different concentrations

(Fig. 1A and Supplementary Fig. S4 in the Supplemen-

tary Information). Results from a two-sided t-test showed

that the H982A substitution significantly impairs the abil-

ity of SpyCas9 to catalyze gRNA-free DNA cleavage

with 1 and 10mM Mn2+, 1mM Co2+, and 10mM Ni2+.

In SpyCas9H982A, gRNA-free DNA cleavage is reduced

by 74% and 96% for 1 and 10mM Mn2+, respectively,

53% for 1mMCo2+, and 100% for 10mMNi2+ (Fig. 1B).

Divalent metal titration assays with Mn2+ and Co2+

showed that gRNA-free DNA cleavage is concentration-

dependent and that the H982A substitution inhibits

gRNA-free DNA cleavage at higher metal concentrations

compared to SpyCas9WT (Supplementary Fig. S5 in the

Supplementary Information). SpyCas9WT can completely

degrade all the substrate with 25lM Mn2+ (10lM also

induces significant gRNA-free DNA cleavage with Spy-

Cas9WT), while a significant amount (*76%) of the sub-

strate is left uncleaved at 10mM Mn2+ in the case of

SpyCas9H982A. For Co2+, SpyCas9WT completely de-

graded all the substrate at a concentration of 100lM,

while SpyCas9H982A required 500lM Co2+ to achieve

this (Supplementary Fig. S5 in the Supplementary Infor-

mation). The results indicate that based on the sidechain

substitution and the type of divalent metal, SpyCas9

RuvC varies in its ability to catalyze gRNA-free DNA

cleavage.

To quantify the inhibition of gRNA-free DNA cleav-

age by the H982A substitution, we measured the rate con-

stants (kobs) for the disappearance of the single-stranded

M13mp18 DNA substrate at different conditions

(Fig. 2, Supplementary Fig. S6 in the Supplementary

Information, and Table 1).

Compared to SpyCas9WT, the H982A substitution re-

duced the gRNA-free DNA cleavage rate constant by

*167-fold with Mn2+ and *18-fold with Co2+ (Fig. 2,

Supplementary Fig. S6 in the Supplementary Informa-

tion, and Table 1). While both Mn2+ and Co2+ can pro-

mote gRNA-free DNA cleavage at a similar efficiency

in SpyCas9WT (*1 and 0.7min�1 respectively), there

is an approximately sevenfold (*0.006min�1 vs.

*0.04min�1) difference between the kobs of SpyCas9
H982A

obtained with Mn2+ and Co2+ (Table 1). These observa-

tions strongly support our idea that RuvC residues and

their interactions with divalent metal ions play a signifi-

cant role in catalyzing gRNA-free DNA cleavage and

that the effect is distinct based on the type of the divalent

metal.

SpyCas9H982A variant retains efficient gRNA-
dependent DNA cleavage
Since gRNA-dependent DNA cleavage is essential for

gene-editing applications, we proceeded to test the effect

of H982A substitution in gRNA-dependent DNA cleav-

age (Fig. 3). Time-course experiments were carried

using supercoiled DNA substrates with pre-formed

Cas9-sgRNA complexes, and the data were analyzed

with a parallel-sequential model, where SpyCas9 uses

two independent pathways in a parallel fashion to linear-

ize dsDNA.18 One of the pathways is designated as the

TS pathway, in which the DNA is first nicked at the TS

by HNH with a rate constant of k1,HNH, followed by lin-

earization by RuvC with a rate constant of k2,RuvC. In

the parallel NTS pathway, the DNA is first nicked at

the NTS by RuvC with a rate constant of k1,RuvC, followed

by linearization by HNH with a rate constant of k2,HNH.
18

The analyses yielded highly similar k1,HNH and k1,RuvC
values for SpyCas9WT and SpyCas9H982A (Table 2). The

ratio of (k1,HNH+k1,RuvC), which collectively reflects the

decay of the supercoiled precursor to the nicked interme-

diates, was 1.01 between SpyCas9H982A and SpyCas9WT

(Table 3), indicating that the H982A substitution does not

impact the first-step of nicking of the DNA. For the

second-step of nicked to linear conversion, k2,RuvC and

k2,HNH values showed differences between SpyCas9WT

and SpyCas9H982A (Table 2). The ratio of (k2,RuvC/

k1,HNH), which measures the efficiency of converting

the TS nicked intermediate to linear product, was 0.007

between SpyCas9H982A and SpyCas9WT (Table 3), indi-

cating that the H982A substitution impairs nicked to lin-

ear conversion through the TS-pathway by *100-fold.

On the other hand, the ratio of (k2,HNH/k1,RuvC), which

measures the efficiency of converting the NTS nicked in-

termediate to linear product, was *17 between SpyCa-

s9H982A and SpyCas9WT (Table 3), indicating that the

H982A substitution enhances linearization through the

NTS-pathway by *17-fold. With differential impacts

on the TS- and NTS-pathways, SpyCas9H982A is slower

in the overall conversion of nicked to linear DNA

(Fig. 3A, B). Additionally, gRNA-dependent DNA cleav-

age without preincubation of Cas9 and sgRNA before
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FIG. 1. Divalent metal dependence of gRNA-free DNA cleavage. (A) Representative agarose gels that were
quantified to construct the bar graph in (B) (total reaction time = 30min). Supplementary Figure S4 in the
Supplementary Information has the uncropped gels and shows a wider variety of metals. (B) The fraction of cleaved
single-stranded M13mp18 DNA [Pcleaved M13mp18 = 1-PM13mp18, with PM13mp18 defined by Eq. (1a), Pcleaved M13mp18] is
plotted for four conditions: SpyCas9WT (WT) and SpyCas9H982A (H982A) protein, and 1 and 10mM divalent metal. As
observed, Mg2+ was expected to have very little gRNA-free DNA cleavage with SpyCas9WT. Also as observed, Mn2+,
Co2+, and Ni2+ were expected to facilitate significant gRNA-free DNA cleavage in SpyCas9WT. The error bars plotted
are SEM of three replications shown as black circles. According to the two-sample t-test, there is a significant
difference between the SpyCas9WT and SpyCas9H982A for 1 and 10mM Mn2+, 1mM Co2+, and 10mM Ni2+. *p £ 0.001.
C, circular; D, degraded; L, linear; SEM, standard error of the mean; SpyCas9WT, wild-type SpyCas9; WT, wild-type;
SpyCas9H982A, H982A-variant of SpyCas9; H982A, H982A variant.
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adding the DNA precursor yielded slower, yet compara-

ble results (Supplementary Fig. S7 in the Supplementary

Information). There is a 5-fold increase in DNA lineari-

zation through the NTS-pathway in this experiment (Sup-

plementary Fig. S7 in the Supplementary Information).

Taken together, with a similar level of nicking and the

modified use of NTS-pathway, we conclude this variant

to possess acceptable levels of gRNA-dependent DNA

cleavage while maintaining >150-fold reduction in

gRNA-free DNA cleavage.

To assess the impact of H982A substitution in Cas9’s

DNA cleavage using the two independent endonuclease

domains, we performed FAM-labeled oligo DNA cleav-

age assays to monitor individual DNA cleavages by the

HNH domain and the RuvC domain (Supplementary

Figs. S8 and S9 in the Supplementary Information).

The results show that cleavage by the HNH domain of

both SpyCas9WT and SpyCas9H982A are similar (Supple-

mentary Fig. S8 in the Supplementary Information),

while differences are observed in the RuvC cleavage (Sup-

plementary Fig. S9A in the Supplementary Information).

To quantify the effect on RuvC cleavage, we calcu-

lated rate constants for NTS cleavage by SpyCas9H982A

(Supplementary Fig. S9B in the Supplementary Informa-

tion) and SpyCas9WT (Supplementary Fig. S9C in the

Supplementary Information). For SpyCas9WT, we were

able to adequately fit NTS cleavage to a single-

exponential decay with a large kobs (*5min�1). For

Table 1. Rate constants for guide RNA-free DNA cleavage
measured from the single exponential fitting [kobs, Eq. (1b)]
of data shown in Figure 2 and Supplementary Figure S6
in the Supplementary Information

Enzyme-divalent metal kobs (min�1)

SpyCas9WT-Mn2+ 1.0– 0.3
SpyCas9H982A-Mn2+ 0.006– 0.002
SpyCas9WT-Co2+ 0.7– 0.4
SpyCas9H982A-Co2+ 0.04– 0.01

SpyCas9WT, wild-type SpyCas9; SpyCas9H982A, H982A-variant of SpyCas9.

FIG. 2. Rate constants (kobs, min�1) and representative gels for gRNA-free cleavage of single-stranded M13mp18
DNA with Mn2+. Single exponential fit [cyan line, Eq. (1b)] of average fraction of uncleaved DNA [Eq. (1a), PM13mp18]
plotted against time (t, min) for (A) SpyCas9WT-Mn2+ and (B) SpyCas9H982A-Mn2+. The data points (magenta) are the
average of three replications with SEM shown as error bars. MSE represents the deviation of data points from the
single exponential fit line. The error reported for kobs is the 95% confidence interval determined with the MATLAB
fitting program. C, circular; D, degraded; MSE, mean square error; SEM, standard error of the mean.
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SpyCas9H982A, we were able to adequately fit NTS cleav-

age only to a double-exponential decay. The kfast is large

(* 4min�1), which is similar to kobs for RuvC cleavage

by SpyCas9WT. These data show that H982A substitution

alters the cleave mechanism of RuvC slightly without

negatively impacting HNH cleavage and that the effect

on gRNA-dependent DNA cleavage does not signifi-

cantly reduce DNA linearization by the variant.

His982Ala substitution selectively enhances DNA
mismatch sensitivity of SpyCas9
We tested whether the H982A substitution decreases

DNA cleavage when there is an imperfect complementar-

ity between the guide region of the gRNA and the DNA

substrate, which will assess its off-target DNA cleavage

sensitivity. A selected set of DNA substrates with a single

mismatch at the 3rd, 5th, or 18th nt (MM3, MM5, and

FIG. 3. Assessment of gRNA-dependent DNA cleavage at 37�C with Mg2+. Reactions were performed after
preincubation of Cas9-gRNA to form the binary complex before the addition of supercoiled substrate DNA. (A)
Representative gels for gRNA-dependent DNA cleavage with preincubation of Cas9 and sgRNA. (B) Graphs showing
the global fit of the precursor (P), nicked (N), and linear (L) forms of DNA in the gRNA-dependent DNA cleavage
reactions catalyzed by SpyCas9WT and SpyCas9H982A. We used a parallel sequential model that we described
previously18 for data analysis [Eqs. (2–4)]. Results from a similar experiment where Cas9 and sgRNA were not
preincubated is shown in Supplementary Figure S7 in the Supplementary Information. sgRNA, single guide RNA.

Table 2. Kinetic parameters obtained from fitting to the parallel-sequential model for gRNA-dependent DNA cleavage
by SpyCas9WT and SpyCas9H982A

Enzyme Active fraction k1,HNH (min�1) k2,RuvC (min�1) k1,RuvC (min�1) k2,HNH (min�1)

SpyCas9WT 0.94– 0.02 4.00– 0.55 2.25– 0.36 0.74– 0.21 0.04– 0.02
SpyCas9H982A 0.93– 0.02 4.20– 0.66 0.02– 0.00 0.59– 0.27 0.55– 0.67

The experiment was conducted at 37�Cwith preincubation of Cas9 and gRNA to form the binary complex. Controls showed that the fitted value reported
here were independent of the starting trial values, indicating that the experimental data sets can be sufficiently analyzed by the parallel-sequential model.
The uncertainty ranges, which were obtained from the fitting program, gave a larger value for k2,HNH of SpyCas9H982A as compared to the other parameters,
the reason behind this is unclear.

gRNA, guide RNA.
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MM18, respectively) position downstream of the PAM

was used for gRNA-dependent off-target DNA cleavage

assays. The total reaction time for this assay is 15min

using Mg2+ as the divalent metal ion. Previous studies

have shown that PAM-proximal mismatches are cleaved

at varying efficiencies by SpyCas9 based on the mis-

match position, whereas as PAM-distal mismatches are

cleaved at similar efficiencies as the completely matched

DNA.7,36 The results from our mismatch cleavage assay

showed that SpyCas9H982A generally has a lower effi-

ciency in linearizing DNA substrates with a correspond-

ing accumulation of nicked DNA (Fig. 4A).

Comparing the different mismatches, SpyCas9H982A

was better than SpyCas9WT at discriminating a mismatch

at position 5 (Fig. 4B). To further assess the specificity

effects, we calculated MCH/MM for each protein to

find the discrimination effect compared to the efficiency

of cleaving matched (MCH) DNA (Fig. 4C). The results

show that SpyCas9H982A is more selective relative to

SpyCas9WT for MM5 since the ratio of matched DNA

cleaved to that of MM5 is higher for SpyCas9H982A

than for SpyCas9WT. For MM18, even though SpyCa-

s9H982A has lower total linear DNA compared to Spy-

Cas9WT (Fig. 4B), the MCH/MM18 ratio shows that

both proteins have the same level of selectivity against

mismatches in the 18th nt position. For MM3, Spy-

Cas9WT shows more discrimination than SpyCas9H982A

(Fig. 4C). These results show that SpyCas9H982A has a

slightly improved mismatch discrimination toward the

PAM-proximal DNA mismatches, which is dependent

on the position of the mismatch with respect to the PAM.

Relative to Mg2+, Mn2+ enhances NTS-DNA:
SpyCas9WT:divalent metal ion interactions
in a gRNA-free environment, but the H982A
substitution prevents this enhancement.
To elucidate the effects of the H982A substitution in

gRNA-free DNA cleavage, we performed three sets of

500 ns MD simulations after removing gRNA and TS-

DNA from the MD structure (SpyCas9WT-gRNA-TS-

DNA-NTS-DNA-Mg2+) from our previous study18: (1)

SpyCas9WT complexed with NTS-DNA and Mg2+

(SpyCas9WT-NTS-DNA-Mg2+), (2) SpyCas9WT complexed

with NTS-DNA and Mn2+ (SpyCas9WT-NTS-DNA-Mn2+),

and (3) SpyCas9H982A complexed with NTS-DNA and

Mn2+ (SpyCas9H982A-NTS-DNA-Mn2+) (Fig. 5A, B).

Our results showed significant differences for the three

settings at the SpyCas9-NTS-DNA interface. Measuring

the interactions within 2.5 Å between SpyCas9 and the en-

tire length of the NTS-DNA, SpyCas9WT-NTS-DNA-Mn2+

showed more contacts (average number=131) than

SpyCas9WT-NTS-DNA-Mg2+ (average number= 116) and
SpyCas9H982A-NTS-DNA-Mn2+ (average number=115)
(Fig. 5C). These results indicate that in the absence of

gRNA, Mn2+ facilitates more contacts between SpyCas9

and NTS-DNA than does Mg2+; however, the H982A sub-

stitution prevents Mn2+ from facilitating those contacts.

The free energy calculations further support the result

of the contact analyses. SpyCas9WT-NTS-DNA-Mn2+

showed lower free energy of binding between Spy-

Cas9WT and NTS-DNA (�200.1 – 19.82 kcal/mol)

than SpyCas9WT-NTS-DNA-Mg2+ (�175.7–17.07 kcal/

mol) and SpyCas9H982A-NTS-DNA-Mn2+ (�181.8–12.42
kcal/mol) (Fig. 5D).

The contact analysis between NTS-DNA and SpyCas9

suggests that Mn2+ enhances the interactions between the

NTS-DNA and SpyCas9 at multiple locations. Several

key residues of SpyCas9 contributed to the interac-

tions in SpyCas9WT-NTS-DNA-Mn2+, but such inter-

actions are absent in SpyCas9WT-NTS-DNA-Mg2+ and

SpyCas9H982A-NTS-DNA-Mn2+ in our simulations. The

distances of DG-7P@H22–Lys 961@HG2, DC-3P@H3¢–
Asn 14@OD1, and DC-3P@H5¢–Thr 13@OG1were main-

tained within 2.5 Å in SpyCas9WT-NTS-DNA-Mn2+

(Supplementary Fig. S10A and B in the Supplementary

Information; purple lines in Supplementary Fig. S10C–E

in the Supplementary Information), but these interactions

were partially lost in SpyCas9WT-NTS-DNA-Mg2+ (green

lines in Supplementary Fig. S10C–E in the Supplemen-

tary Information) and SpyCas9H982A-NTS-DNA-Mn2+

(red lines in Supplementary Fig. S10C–E in the Supple-

mentary Information). The comparisons imply that

Mn2+ improves overall interactions between SpyCas9WT

and NTS-DNA, but the H982A substitution reverses the

effects of Mn2+.

To assess the stabilization of the RuvC catalytic center,

we compared key interactions between NTS-DNA and

catalytic ions (Mg2+/Mn2+) that were placed in the cata-

lytic center based on the positions of Mn2+A andMn2+B in

an experimental structure (PDB ID: 4CMQ),10 where

both the metals are present at a distance competent for

DNA cleavage. In our simulations representing a gRNA-

free condition, Mn2+A, but not Mg2+A, formed a new

interaction with DC-3P (@OP2); however, the H982A

substitution disrupted this interaction (Supplementary

Table 3. Comparison of the relative use of target-strand and
nontarget-strand pathways

Enzyme k1,HNH+k1,RuvC k2,RuvC/k1,HNH k2,HNH/k1,RuvC

SpyCas9WT 4.74 0.563 0.054
SpyCas9H982A 4.79 0.005 0.932
SpyCas9H982A/

SpyCas9WT ratio
1.01 0.01 17.26
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Fig. S11 in the Supplementary Information), thus indicat-

ing H982’s role in maintaining DNA close to the cata-

lytic center.

H982A substitution impairs Mn2+ recruitment in the
RuvC catalytic center
To test if H982 assists Mn2+ recruitment and stabilization

of the RuvC catalytic center, we perturbed the RuvC cat-

alytic center by removing the Mg2+A/Mn2+A, which coor-

dinates with Asp10 and Asp 986 (the upper scheme in

Fig. 6A), and randomly added 10 new Mg2+/Mn2+ ions

close to the RuvC catalytic center at the beginning of

our MD simulations (the bottom scheme in Fig. 6A).

We measured the distance between Asp 10 and Mg2+A/

Mn2+A during the simulation window of 100–500 ns

(Fig. 6C) and showed the distance distribution between

D10 and Mg2+A/Mn2+A in Figure 6B.

The interaction between D10 and the metal (A) in

SpyCas9WT-NTS-DNA-Mg2+ is at 4.4 Å (green line in

Fig. 6B; Supplementary Fig. S12A in the Supplementary

Information), while it decreases to*2 Å in SpyCas9WT-

NTS-DNA-Mn2+ (purple line in Fig. 6B), suggesting the

stabilized coordination between the oxygen of Asp 10

and Mn2+A ready for DNA cleavage (Supplementary

Fig. S12B in the Supplementary Information).

In SpyCas9H982A-NTS-DNA-Mn2+ simulations, the

Mn2+A moves very far from the RuvC catalytic center

(*54 Å; red line in Fig. 6B; Supplementary Fig. S12C

in the Supplementary Information). We also noticed

that there is a disassociation between Asp 10 and

Mg2+A, with Mg2+A interacting with the negatively

charged atom nearby (DC-3P@OP2) (Supplementary

Fig. S12A in the Supplementary Information). In com-

parison, the ensemble from SpyCas9WT-NTS-DNA-

Mn2+ (Supplementary Fig. S12B in the Supplementary

Information) showed that two Mn2+ ions are well-

coordinated with D10 due to the formation of a new coordi-

nation between -4P and Mn2+A, providing the ideal

two-metal-ion catalytic distances,35 which will favor

gRNA-free DNA cleavage with Mn2+, and not with Mg2+.

‰
FIG. 4. Mismatched DNA substrate cleavage assay to
assess on-target selectivity (off-target discrimination).
The activity being tested is SpyCas9’s gRNA-dependent
DNA cleavage of supercoiled, double-stranded pUC19
DNA in the presence of Mg2+, and the DNA substrates
vary based on the presence of mismatches between
the gRNA and the TS-DNA at positions 3 (MM3), 5
(MM5), and 18 (MM18) nucleotides away from the
PAM. Total reaction time is 15min. (A) Representative
gel and (B) quantification of fraction of DNA linearized
for each lane [Eq. (5)]. Control reactions have no
protein. According to the two-sample t-test with a
p-value of 0.05, there is a significant difference between
SpyCas9WT (WT) and SpyCas9H982A (H982A) for each
substrate type. (C) Graph of the ratio of the fraction of
matched DNA linearized over the fraction of
mismatched DNA linearized (MCH/MM) such that a
high ratio corresponds to greater selectivity for
cleavage of the MCH substrate relative to the mismatch
substrate. According to the two-sample t-test with a
p-value of 0.05, there is a significant difference between
the WT and H982A MCH/MM with MM3 (where
SpyCas9WT is more specific than SpyCas9H982A) and with
MM5 (where SpyCas9H982A is more specific than
SpyCas9WT), but not with MM18. The error bars plotted
are SEM of three replications shown as black circles.
*p £ 0.05, **p £ 0.01, ***p £ 0.001. MM, mismatches; PAM,
protospacer adjacent motif; SpyCas9, Streptococcus
pyogenes Cas9; TS-DNA, target strand DNA.
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We further calculated the free energy of binding (D)
between Mg2+A/Mn2+A and the rest of complex using

molecular mechanics generalized Born surface area anal-

ysis which demonstrated that D of SpyCas9WT-NTS-

DNA-Mn2+ (D =�22.6 – 3.32 kcal/mol) was lower than

D of SpyCas9WT-NTS-DNA-Mg2+ (D= 36.0– 3.48 kcal/

mol) (Fig. 6D). The binding free energy analysis demon-

strates that the ensemble of SpyCas9WT-NTS-DNA-Mn2+

is the energetically favored structure for DNA cleav-

age. The negatively charged residues Asp10, Asp986,

and -4P of NTS-DNA play a crucial role in gener-

ating a significantly negative binding free energy

between Mn2+A and SpyCas9WT-NTS-DNA, as evi-

denced by Supplementary Tables S4 and S5 and

Supplementary Figure S12 in the Supplementary Infor-

mation. However, this contribution is lost when Mn2+A
is replaced with Mg2+, resulting in a positive bind-

ing free energy for the SpyCas9WT-NTS-DNA-Mg2+

system.

We note that the choice of water models can have an

impact on the thermodynamic and kinetic properties of

magnesium binding affinity, as suggested by previous

studies.37,38 Therefore, conducting additional compari-

sons using different water models would provide a better

understanding of the observed differences in the free en-

ergy of binding analysis. Together, the ion perturbation

analysis implies that H982 plays an important role in

Mn2+ recruitment and stabilization in the absence of

gRNA, supporting the deactivation of gRNA-free DNA

cleavage in SpyCas9H982A.

FIG. 5. Comparison of the interactions between SpyCas9WT/SpyCas9H982A and NTS-DNA. (A) Structural model of
SpyCas9 complexed with NTS-DNA for MD simulation. HNH and RuvC are the two endonuclease domains of
SpyCas9. The model is based on the SpyCas9 complex developed for our previous study (full active state of model
B18 after stripping sgRNA and TS-DNA). The dashed black rectangle denotes the location of residue H982 in
SpyCas9. The dashed black circles highlight the interactions between NTS-DNA and SpyCas9. (B) Three structural
settings for comparisons in this study. (C) The distributions of the average number of contacts between SpyCas9WT/
SpyCas9H982A and NTS-DNA during simulations (note that atom distances between Cas9 and NTS-DNA within 2.5 Å
are considered as contacts). (100–400 ns; accumulated 12,000 frames.) (D) Free energy of binding between
SpyCas9WT/SpyCas9H982A and NTS-DNA in simulations via molecular mechanics generalized Born surface area
calculation. (200–300 ns; accumulated 3000 frames.) MD, molecular dynamics; NTS-DNA, nontarget strand DNA.
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FIG. 6. Ion perturbation results comparing the ability of SpyCas9WT versus SpyCas9H982A RuvC to recruit Mg2+/
Mn2+. (A) Scheme of ion perturbation using SpyCas9WT-NTS-DNA-Mn2+ as an example. The upper scheme presents
the well-coordinated Mn2+A and Mn2+B, before Mn2+A removal. The bottom scheme shows the newly added Mn2+

that is nearest the original location of Mn2+A. (B) Distance distribution of the interactions between D10 (@OD1) and
perturbed Mg2+A/Mn2+A in simulations. (C) Distance of the interactions between D10 (@OD1/OD2) and perturbed
Mg2+A/Mn2+A in 0–500 ns simulations. (D) Free energy of binding between Mg2+A/Mn2+A and SpyCas9WT complexed
with nontarget strand DNA (NTS-DNA) in simulations via molecular mechanics generalized Born surface area
calculation.

‰
FIG. 7. The role of a water molecule in the Mn2+ recruitment. (A, B) The representative structure of SpyCas9WT-
NTS-DNA-Mn2+ before (A) and after (B) the formation of Mn2+A-D10 coordination. (C) The representative structure of
SpyCas9H982A-NTS-DNA-Mn2+shown after Mn2+A moves away from D10. (D, E) Distance analysis for the Mn2+A-D10
reconnection and the water dissociation in SpyCas9WT-NTS-DNA-Mn2+. (D) Distance analysis for Mn2+A–D10 @OD2
(H982). (E) Distance analysis for Mn2+A–WAT @O (H982). (F) Distance analysis for H982@ND1–WAT@H2 for the water
between the added Mn2+ and D10 interacting with H982 in SpyCas9WT-NTS-DNA-Mn2+. (G, H) Distance analysis for the
Mn2+A-D10 departure and the water behavior in SpyCas9H982A-NTS-DNA-Mn2+. (G) Distance analysis for Mn2+A–D10
@OD2 (H982A). (H) Distance analysis for Mn2+A–WAT @O (H982A). (I) Distance analysis for H982A@O–WAT @H1
(H982A). ‘‘Wat/WAT’’ denoted as a water molecule. The dashed pink line shows the transition time point from (A) to (B).
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Proposed mechanism of gRNA-free DNA cleavage
promoted by H982
To further investigate how H982 and H982A affect Mn2+

recruitment, we compared the trajectories of SpyCas9WT-

NTS-DNA-Mn2+ and SpyCas9H982A-NTS-DNA-Mn2+

during the ion perturbation simulations. Initially in

SpyCas9WT-NTS-DNA-Mn2+, a water molecule is ob-

served coordinating with Mn2+, preventing the recruit-

ment of Mn2+ to orient D10 in for catalysis (Fig. 7A).

Eventually, H982 pulls the water molecule away from

Mn2+A to facilitate the formation of a stable interaction

between Mn2+ and D10 (Fig. 7B). When H982 was sub-

stituted with alanine, however, H982A was not able to

pull water from Mn2+A to expose Mn2+A to form new co-

ordination with D10 (Fig. 7C). Distance analysis was

used to delineate the effect of the H982A substitution

on the movements of WAT and Mn2+A (Fig. 7D–F for

H982 and Fig. 7G–I for H982A).

Based on these observations, we hypothesize that

H982 might assist Mn2+ recruitment by pulling away

the Mn2+-coordinated water to facilitate the formation

of an interaction between Mn2+ and D10. Since H982A

cannot pull away the water molecule, it cannot facilitate

the recruitment of Mn2+ to form the catalytic center. This

hypothesis might explain why H982A reverses the effect

of Mn2+ and impairs gRNA-free DNA cleavage activity.

Discussion
Differential regulation of the gRNA-free
and RNA-guided DNA cleavage activities is possible
because of different substrate and catalytic metal
placement requirements
Our MD simulations suggest that Mn2+ promotes gRNA-

free DNA cleavage by ideal placement of the single

stranded-DNA (ssDNA) along the RuvC catalytic center

such that it is accessible for DNA cleavage. Our MD sim-

ulations with the H982A substitution suggest that H982 is

needed to recruit Mn2+ to the metal (A) position in RuvC,

according to the two-metal-ion catalysis model, for Mn2+-

mediated ssDNA substrate positioning and cleavage. Since

H982 is not required for the positioning of Mg2+ and

dsDNA for RNA-guided DNA cleavage, the H982A sub-

stitution is a way to prevent gRNA-free ssDNA cleavage

even in a gene-editing context, where Mn2+ is present in

the cell. Further quantum mechanics/molecular mechanics

calculations will help delineate the differences in the orga-

nization of the RuvC active site in the presence of gRNA

with Mg2+ versus Mn2+ that are expected based on the dif-

ference in H982-dependence for metal recruitment and

RNA-guided dsDNA cleavage rates.

A possible explanation for why Co2+ can still promote

DNA cleavage is that the higher electronegativity of Co2+

may enable enhanced metal coordination even in the ab-

sence of H982. Nevertheless, an *18-fold reduction in

the rate constant of SpyCas9H982A compared to that in

SpyCas9WT indicates that H982 plays a role in stabilizing

Co2+ under gRNA-free conditions.

RuvC active site of Cas9 is histidine-rich which
provides flexibility in DNA cleavage mechanisms
There are three histidine residues (H982, H983, and

H985) in SpyCas9’s RuvC active site and their preva-

lence indicates that these residues may partially compen-

sate for each other as general (Lewis) bases as indicated

by the ability of imidazole to rescue the activity of the

SpyCas9H982A/H983D/H985A variant.30 Studies have

shown that the main catalytic mediator for gRNA-

dependent DNA cleavage is H983,19 with a complete in-

activity of ntDNA cleavage with a H983A substitution in

the presence of Mg2+,39 (Supplementary Fig. S2G in the

Supplementary Information). Interestingly, Mn2+ can

partially rescue the gRNA-dependent DNA cleavage ac-

tivity in H983A or H983G substitutions, but its rescue ef-

fect is significantly reduced in H983G/H982A double

substitution.39 The extra histidine residues in the RuvC

site may enable the enzyme to adapt to different types

of DNA cleavage conditions and use Mn2+ as a catalytic

metal for gRNA-free DNA cleavage activity.

Other enzymes such as eukaryotic topoisomerase II

showed higher dsDNA cleavage activity in the presence

of Mn2+, Ca2+, or Co2+ than in the presence of Mg2+.40

As ligands, Mg2+ and Mn2+ both prefer octahedral coor-

dination geometry, but Mn2+ generally shows higher pro-

tein binding affinity than Mg2+when the Irving–Williams

series is applied to describe stability between divalent

metals and metalloproteins.41

Our data shows that H982 plays a very prominent role in

SpyCas9’s gRNA-free DNA cleavage, with H982A substi-

tution causing *167-fold reduction in Mn2+-mediated

gRNA-free DNA cleavage. MD simulation results showed

that H982 directly contributes to Mn2+ recruitment, stabi-

lizing Mn2+A-D10 interaction, and stabilizing Cas9-NTS-

DNA interactions. Dürr et al. reported that in HIV-1

RNase H, the conserved histidine (H1126) not only serves

as a general base for the enzymatic reaction but also serves

as a recruiter of a third metal ion to facilitate product re-

lease in HIV-1 RNase H.42 Our data implies that for Spy-

Cas9’s gRNA-free DNA cleavage, H983 still acts as the

base, while H982 is involved in metal coordination and

DNA binding, since a H982A variant is unable to perform

gRNA-free DNA cleavage (Supplementary Fig. S2B in the

Supplementary Information).

H982A substitution also contributes toward increased

DNA mismatch discrimination. Our analysis using
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selected DNA mismatches (Fig. 4) along with existing

studies in the field shows that H982A substitution

makes SpyCas9 more sensitive to DNA mismatches.29,30

The H982A and H983D variants and the double variant

(H982A/H983D) were able to discriminate mismatches

in positions 1–19 with different efficiencies.30 These re-

sults indicate that SpyCas9H982A can reduce both

gRNA-free and off-target DNA cleavages, two of the un-

desirable effects of SpyCas9-based genome applications.

RuvC is organized as an autonomous endonuclease
that can access and cleave DNA without gRNA-
dependent conformational changes
Previous studies have established that the conformational

changes upon gRNA and DNA binding are essential for

concerted cleavage needed to make a dsDNA break

through gRNA-dependent DNA cleavage.8–10,12,13 For

gRNA-free DNA cleavage, these conformational changes

seem to be dispensable for RuvC to cleave ssDNA. The

fact that SpyCas9 preferentially degrades ssDNA by

gRNA-free DNA cleavage points to RuvC’s ability to accom-

modate only ssDNA in its catalytic center without the exten-

sive conformational changes mediated by sgRNA binding.

It is possible that the improved SpyCas9-NTS-DNA

interactions in the presence of Mn2+ that are mediated

by H982 provides RuvC access and energetics to cleave

DNA in a gRNA-free manner.10 In this sense, gRNA-

free DNA cleavage is much like the trans-DNA cleavage

that is an aftermath of cis-cleavage in Cas12a, where the

RuvC active site is exposed for progressive ssDNA deg-

radation.43,44 It can be envisioned that interactions of

H982, Mn2+, and ssDNA are similar to activation needed

for Cas12a’s trans-cleavage by keeping RuvC active site

accessible for progressive degradation of ssDNA.

Conclusion
Divalent metals can fine-tune the activity of several

nucleic-acid catalyzing enzymes. We utilized this prop-

erty to engineer SpyCas9. Since SpyCas9 is a powerful

tool for clinical gene therapy, it will raise critical con-

cerns if its DNA cleavage specificity is impaired by cer-

tain divalent metal cations. Our current study offers

perspectives on modulating divalent metal-binding

properties to remove unwarranted DNA cleavages by

Cas enzymes.

Accession Codes
SpyCas9 UniProt ID: Q99ZW2.
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