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Site-Specific Labeling Reveals Cas9 Induces Partial
Unwinding Without RNA/DNA Pairing in Sequences
Distal to the PAM
Yue Li,1,{ Yukang Liu,1,{ Jaideep Singh,1 Narin S. Tangprasertchai,1,{ Ravi Trivedi,1 Yun Fang,1 and Peter Z. Qin1,2,*

Abstract
CRISPR-Cas9 is an RNA-guided nuclease that has been widely adapted for genome engineering. A key determi-
nant in Cas9 target selection is DNA duplex unwinding to form an R-loop, in which the single-stranded RNA
guide hybridizes with one of the DNA strands. To advance understanding on DNA unwinding by Cas9, we com-
bined two types of spectroscopic label, 2-aminopurine and nitroxide spin-label, to investigate unwinding at a
specific DNA base pair induced by Streptococcus pyogenes Cas9. Data obtained with RNA guide lengths varying
from 13 to 20 nucleotide revealed that the DNA segment distal to the protospacer adjacent motif can adopt a
‘‘partial unwinding’’ state, in which a mixture of DNA-paired and DNA-unwound populations exist in equilibrium.
Significant unwinding can occur at positions not supported by RNA/DNA pairing, and the degree of unwinding
depends on RNA guide length and modulates DNA cleavage activity. The results shed light on Cas9 target se-
lection and may inform developments of genome-engineering strategies.

Introduction
CRISPR-Cas9 is an RNA-guided endonuclease and has

been adapted for genome engineering and manipulation

in many organisms.1–4 Mechanistic understanding of Cas9

target recognition has set the foundation for an extensive

array of Cas9-based applications in genome editing, tran-

scription regulation, epigenetic modulation, and imag-

ing,5–7 and remains critical for overcoming remaining

obstacles, such as the off-target effects that result in Cas9

targeting of undesired genomic sites.8,9

Cas9 recognizes specific double-stranded DNAs using

an effector complex composed of a single Cas9 protein

activated by two CRISPR-encoded small RNAs that can

be engineered as one single-guide-RNA (sgRNA).1–4 The

DNA target is determined by: (1) base pairing between

a single-stranded guide of the sgRNA and a segment of

the DNA target strand designated as the protospacer,

and (2) a short protospacer adjacent motif (PAM) within

the target DNA.1

The Cas9 effector discriminates correct versus incor-

rect targets through a series of coordinated conforma-

tional changes that allosterically control its nuclease

activities.8,9 Upon encountering a double-stranded DNA,

Cas9 recognizes the proper PAM via protein–DNA inter-

actions, kinks, and locally unwinds the PAM-adjacent

protospacer to allow the DNA target strand (TS) to at-

tempt base pairing with the RNA guide. A correct DNA

target, which maintains Watson–Crick base pairing be-

tween the TS and the RNA guide, forms a stable R

loop with a TS/RNA-guide hybrid duplex and an un-

wound DNA nontarget strand (NTS). Following R-loop

formation, additional conformational changes occur to

cleave the target DNA.

Given the central role of DNA unwinding and R-loop

formation in Cas9 target discrimination, it is essential to

understand the relationship between Cas9 activities and

R-loop structure and dynamics.10–24 Studies have revealed

that Cas9 unwinds the DNA sequentially in a PAM-
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proximal-to-distal direction,11,12 with PAM-proximal

8–12 base-pair (bp) of the RNA/DNA hybrid seeding

the R-loop to attain complete binding affinity to a tar-

get.11,15 Furthermore, PAM-distal R-loop coordinates

Cas9 nuclease conformational changes and serves as

checkpoint(s) in discriminating against incorrect tar-

gets.13,16,17 However, the relationship between DNA un-

winding, formation of the RNA/DNA hybrid, and

coordination with nuclease domain movements is highly

complex, and current understanding is not yet complete.

To dissect the interplay between DNA unwinding,

R-loop formation, and Cas9 activities, information on

the state of DNA pairing at specific sites of the proto-

spacer is critical. Previously, we have reported the use

of a biophysical method, site-directed spin labeling, to

monitor Cas9-induced DNA unwinding;18 and others

have used 2-aminopurine (2AP), the fluorescence of

which depends on the nucleobase stacking state, to mon-

itor R-loop formation in Cas920,24,25 and Cas12a.26 Here,

we used a combination of 2AP and spin labeling to inves-

tigate Streptococcus pyogenes Cas9 (hereafter Cas9)-

induced DNA unwinding at the PAM-distal region that

plays a key role in coordinating conformational changes

of the nuclease domains.13,16,17

Work reported focused on sgRNAs with the guide se-

quence matching the DNA target, but guide lengths var-

ied from 13 to 20 nucleotide (nt) (Fig. 1), which are

expected to provide snapshots of the R-loop as DNA un-

winding propagates sequentially. The data revealed sig-

nificant unwinding at a PAM-distal DNA position, even

without pairing to the RNA guide. The PAM-distal seg-

ment was found to adopt a ‘‘partial unwinding’’ state,

in which a mixture of DNA-paired and DNA-unwound

populations exist in equilibrium, with the degree of un-

winding depending on RNA guide length and modulating

DNA double-stranded cleavage activity. The results shed

light on Cas9 target selection that may aid the develop-

ment of strategies to enhance Cas9 specificity in genome

engineering.

Methods
Protein expression and purification
Plasmids encoding Cas9 (pMJ806) and catalytically inac-

tive dCas9 (pMJ841, containing D10A/H840A mutations)1

were obtained from Addgene (www.addgene.org/), and

the proteins were expressed and purified following previ-

ously described procedures1,18 (Supplementary Material

section S.1.1). Purified proteins were stored at �80�C in a

‘‘Storage Buffer’’ (20 mM tris[hydroxymethyl]amino-

methane [Tris], pH 7.5, 250 mM NaCl, 5% glycerol,

5 mM MgCl2, and 0.5 mM tris[2-carboxyethyl]phosphine

hydrochloride [TCEP]).

DNA preparation
All DNA strands (unmodified, 2AP-substituted, and

phosphorothioate-modified; see Fig. 1 and Supplemen-

tary Material section S1.2 for sequences) were produced

by solid-phase chemical synthesis and obtained com-

mercially (Integrated DNA Technologies). DNA con-

centrations were determined by 260 nm absorbance

using values of extinction coefficient e provided by the

vendor.

To form a target DNA duplex (unmodified or with a

specific label[s]), the desired TS and NTS strands were

mixed in a 1:1 molar ratio in an annealing buffer

(50 mM Tris, pH 7.5, 100 mM NaCl) and then incubated

overnight at room temperature. The mixture was purified

by size exclusion chromatography (SEC) using Superdex

FIG. 1. Constructs for studying Cas9-induced PAM-distal unwinding with the single-guide (sgRNA) varying in
length. The Cas9 protein is represented by light blue ovals. The 55 bp target DNA sequence is shown, with the
protospacer underlined and the PAM shown in orange. Purple nucleotides indicate 2AP substitutions, and red
phosphate groups (p) indicate R5 spin-labeling sites. Each sgRNA is represented by a thick colored line indicating its
guide length, with those guides containing an extra 5¢-g marked with an extra-thin line. Insets show the chemical
structure of the R5 nitroxide spin label (left) and 2AP (right). See Supplementary Material section S1 for more
details.
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200 increase 10/300 GL column (GE Healthcare) in either

the annealing buffer or a reaction buffer (20 mM Tris, pH

7.5; 100 mM KCl, 5% glycerol, and 5 mM MgCl2). The

purified DNA duplexes were stored at �20�C.

sgRNA preparation
All sgRNAs had the same 80 nt core with guides match-

ing the target DNA but varied in length (Supplementary

Material section S1.3). The sgRNAs were prepared by

T7 in vitro transcription using double-stranded DNA

templates constructed by overlapping PCR (Supplemen-

tary Material section S1.3). Transcription reactions

were carried out following reported procedures.18,27

Transcribed RNAs were purified by urea polyacrylamide

gel electrophoresis, redissolved in ME buffer (10 mM

MOPS, pH 6.5, and 1 mM EDTA) and stored at �20�C.

RNA concentrations were determined based on absor-

bance at 260 nm, with the extinction coefficient (e) esti-

mated as e = number of nucleotide· 10,000 M�1$cm�1.

Preparation of dCas9 ternary complexes
for spectroscopy measurements
A ternary complex was assembled in the reaction buf-

fer with the dCas9/sgRNA/DNA molar ratio being

1:1.25:1.25. Before assembling the ternary complex, the

sgRNA was heated at 95�C for 1 min in the ME buffer

and cooled at room temperature for 1 min. The sgRNA

solution was then adjusted with an appropriate amount

of salt to match the reaction buffer and then combined

with the appropriate amount of dCas9 in the storage buf-

fer. The dCas9/sgRNA mixture was incubated at room

temperature for 10 min and then the desired DNA duplex

was added in either the annealing buffer or the reaction

buffer. The dCas9/sgRNA/DNA mixture was incubated

at 37�C for 30 min and then purified using SEC in the

reaction buffer.

For the 2AP assay, homogenous complex fractions

from the SEC purification were pooled (*2 mL) and

used directly for measurements. Complexes for spin la-

beling measurements were further processed as described

below.

The 2AP assay
For a given 2AP-containing sample, fluorescence emis-

sion was measured using a Fluorolog Spectrofluorometer

(Horiba Jobin Yvon), with excitation set at 320 nm to

minimize dCas9 emission interference (Supplementary

Material section S3.1). Absorbance was obtained imme-

diately after the fluorescence measurement on a LAMBDA

UV/Vis/NIR Spectrophotometers (PerkinElmer). The

background-corrected emission spectrum (F, obtained

by subtracting the corresponding buffer emission) was

normalized by the 260 nm absorbance (A260) of the same

sample to obtain:

F

A260
=K � e2AP

e
� u (1)

where e2AP is the extinction coefficient of 2AP at 320 nm,

e is the extinction coefficient of the sample at 260 nm, u
is the quantum yield of 2AP, and K is a constant indepen-

dent of the sample concentration and 2AP properties (see

full derivation in Supplementary Material section S3.2).

Furthermore, using the F/A260 values at 370 nm (the ap-

proximate 2AP emission maxima) of a given state

[(F370/A260)] and that of the corresponding duplex

[(F370/A260)duplex], one can obtain:

F370=A260

� �
F370=A260

� �
duplex

=
K � e2AP

e � u
K � e2AP

eduplex
� uduplex

=
eduplex

e
� u
uduplex

(2)

with (e) being the extinction coefficient of the sample,

(eduplex) being the extinction coefficient of the free

duplex, (u) being the 2AP quantum yield within the sam-

ple, and (uduplex) being the 2AP quantum yield within the

free duplex. Therefore, one can obtain ratio (u), the nor-

malized 2AP quantum yield of a given sample (u) to that

of the corresponding free duplex (uduplex) as:

ratio uð Þ = u
uduplex

=
e

eduplex

� �
�

F370=A260

� �
F370=A260

� �
duplex

(3)

Double Electron–Electron Resonance spectroscopy
Double Electron–Electron Resonance (DEER) was used to

measure distances between a pair of R5 nitroxide labels at-

tached at desired sites of the target DNA duplex. R5 label-

ing with a site-specific phosphorothioate-modified DNA

strand was carried out as previously described.28,29 Appro-

priate labeled strands were combined to form a target

duplex as described above, and the duplex was purified

using a HiTrap desalting column (GE Healthcare),

which removed the unattached nitroxides and any excess

single-stranded DNAs. The purified duplexes were either

measured directly or used for dCas9 ternary complex as-

sembly following procedures described above.

For DEER measurements, a purified duplex or ternary

complex sample was concentrated and buffer exchanged

to a deuterium oxide (D2O 99.6%) reaction buffer using

a 50 kDa cutoff concentrator (Amicon). Deuterated

glycerol-d8 was added to obtain a final deuterated glyc-

erol concentration of 30% (v/v). Each DEER sample

was approximately 30lL, with the sample concentration
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estimated to 30–60 lM. The sample was loaded into a

quartz capillary (2.0 mm ID · 2.4 mm OD; Fiber Optic

Center, Inc.), flash frozen with liquid nitrogen, and used

immediately for data acquisition.

DEER measurements were carried out at 50 K on a

Bruker ELEXSYS E580 X-band spectrometer with an

ER4118-MS3-EN resonator. A dead-time free four-pulse

scheme was used,30 with the pump pulse frequency set

at the center of the nitroxide spectrum and the observer

frequency being approximately 70 MHz lower. The ob-

server p pulse was 32 ns. The pump p pulse, optimized

using a nutation experiment, was set between 8 and 16

ns. The delay between the observer p/2 and p pulses

was set to 420 ns to minimize deuterium ESEEM. The

video bandwidth was fixed at 20 MHz. The shot repetition

time was set between 1,000 and 1,400ls. Accumulation

time in each measurement was approximately 20–24 h,

with 100 shots per point.

DEER data were processed and analyzed using the

LongDistances (LongDistances1000, released September

2020) program developed by Christian Altenbach in the

Hubbell group (https://sites.google.com/site/altenbach/

labview-programs/epr-programs/long-distances).31,32 Dis-

tance distributions were calculated from the optimized

background-corrected time-domain echo evolution traces

by Tikhonov regularization, with the optimal regulari-

zation parameter (i.e., smoothness) determined by the

program. Error ranges in the distance distributions were

obtained using the default error analysis settings.

Gaussian decomposition analysis of the distance distri-

bution within the reliably measured range was performed

using the Gaussian multiple peak fitting function in

Origin 2018. Supplemental DEER data analysis carried

out according to the recently published community

guideline33 was performed via Consensus DEER Analy-

zer34,35 in DEERAnalysis 2021.36

DNA cleavage assays
Kinetics of double-stranded DNA cleavage was mea-

sured using a ScaI linearized pUC19 plasmid with the tar-

get DNA sequence (Fig. 1) subcloned between restriction

sites HindIII and BamHI (carried out by GeneScript).

For a given reaction, the Cas9/sgRNA ribonucleoprotein

(RNP) complex at a designated concentration was assem-

bled with a protein/sgRNA molar ratio of 1:1.2 and incu-

bated in the reaction buffer for 10 min at 37�C.

Linearized plasmid DNA substrate (5 nM) was then

added. The reaction was allowed to proceed at 37�C for

the desired time, and then stopped by adding a denaturing

loading dye (New England Biolabs; cat. # B7024S sup-

plemented with 0.48% sodium dodecyl sulfate and

60 mM EDTA) with the volume ratio between the dye

and the sample being 1:5. The reactions were loaded on

a 1% agarose ethidium bromide gel to resolve the precur-

sors and cleaved products.

Gels were imaged using a Gel Doc XR+ Gel Docu-

mentation System (Bio-Rad). DNA bands were selected

and quantified by ImageLab v6.0.1, with background cor-

rected using baseline adjustment. The fraction of precursor,

frac(pre), at each time point reaction was calculated as:

frac preð Þ = IU
IU þ IC1 þ IC2

(4)

were IU is the precursor band intensity and IC1 and IC2 are

the intensities of cleaved product 1 and product 2. The re-

action rate constant, kobs, was determined by fitting the

time dependence of frac(pre) to a single exponential

decay (Origin 2018):

frac preð Þ = a � e� kobs�t þ 1� að Þ (5)

where a is the active fraction of the DNA cleaved. For

each kobs value reported, triplicate measurements were

carried out to obtain the average and standard deviation.

Results
Monitoring Cas9-induced DNA unwinding
at individual nucleotide using 2-aminopurine
fluorescence
To assess Cas9-induced DNA unwinding, 2AP was sub-

stituted, one at a time, at three positions of a target duplex

(Fig. 1 and Supplementary Material section S1.2), with

2AP@nts +14 and 2AP@nts +17 placed at NTS to mon-

itor the PAM-distal segment (i.e., beyond PAM +13), and

2AP@ts-6 placed at TS upstream of PAM to serve as a

no-unwinding control. Note that with the free DNAs,

the concentration normalized F370/A260 values (equations

[1] and [2]) differed at different sites (Supplementary

Material section 3.3), reflecting the influence of local

DNA sequence on 2AP quantum yield. To minimize

the impact of such DNA local sequence variation on

analyzing Cas9-induced unwinding, the ‘‘ratio uð Þ’’ met-

ric (equation [3]) was developed to benchmark a Cas9-

bound DNA to the corresponding free DNA duplex.

Furthermore, control experiments showed that unmodi-

fied and 2AP-substituted DNA duplexes bound to the

dCas9 ternary complex containing the full-length 20 nt

guide (‘‘g-20 complex’’; Fig. 2A) in a similar fashion

(Supplementary Material section S2), indicating 2AP

substitutions did not significantly impact ternary com-

plex formation. In addition, no measurable dissociation

of DNA from the purified ternary complexes was detec-

ted, thus ensuring the observed 2AP signal (and later

spin labels) provides information on the bound DNA

(Supplementary Material section S1.4).
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Figure 2 shows 2AP data obtained with the g-20

complex. At ts-6, F/A260 was very low (Fig. 2B) and

ratio uð Þ = 0.83 – 0.26 (Fig. 2C and Supplementary Mate-

rial section S3.3), both suggesting very little difference

between the g-20 complex and the free DNA duplex.

This indicates that 2AP@ts-6 is stacked and is consis-

tent with the expectation that Cas9 does not unwind

DNA at this site. For 2AP@nts +14 and nts +17, F/A260

was large (Fig. 2B), and ratio uð Þ was determined, respec-

tively, to be 24.1 – 4.0 and 16.5 – 1.9 (Fig. 2C and Sup-

plementary Material section S3.3). These observations

indicate unstacking of DNA bases at nts +17 and nts

+14, suggesting extensive unwinding at PAM +14 and

PAM +17. Also, ratio uð Þ differs between 2AP@nts +14

and 2AP@nts +17 (Fig. 2 and Supplementary Material

section S3.3), which may reflect differences in the local

environment at the unwound nts +14 and nts +17 sites.

Collectively, data obtained with the g-20 complex

established the validity of our 2AP protocol to monitor

site-specific Cas9-induced DNA unwinding.

2AP measurements revealed partial PAM-distal DNA
unwinding with a subset of truncated guides
With the 2AP assay, we proceeded to examine DNA

unwinding, with the RNA guide length varied from 13

to 20 nt (Fig. 3). Note that these sgRNAs, which have

guides of more than 12 nt, can maintain a similar DNA

binding affinity as that of the full-length 20 nt guide

sgRNA.17,37 Furthermore, data reported on these trun-

cated guides were obtained from SEC-purified ternary

complexes (Supplementary Material section S1.4), assur-

ing that the information is pertinent to the bound DNAs

within the ternary complex.

With 2AP@nts +17, the g-20 (i.e., full-length) and

g-18 guides, which support matching RNA/DNA pairing

at the PAM +17, gave high ratio uð Þ (Fig. 3B and Supple-

mentary Material section S3.3), indicating a large degree

of unwinding at PAM +17. The g-16¢ guide, which ter-

minated at the PAM +17 with an rG-dT mismatch, also

gave a high ratio uð Þ (Fig. 3B and Supplementary Mate-

rial sections S3.3 and S3.4), indicating a large degree

of unwinding even with a mismatch RNA/DNA pair-

ing at PAM +17. Interestingly, characteristic differences

were observed between the three guides (g-13, g-14¢, and

g-15¢) that do not support RNA/DNA pairing at PAM +17

(Fig. 3A and B). The g-13 complex (ratioðuÞ = 1.5 – 0.2;

Fig. 3B and Supplementary Material section S3) showed

only small ratio uð Þ increases compared to that of the free

duplex, indicating that the 13 nt guide induces very little

unwinding at the PAM +17 position, although it may dis-

turb the local DNA stacking environment. Interestingly,

both the g-14¢ (15 nt) and g-15¢ (16 nt) gave ratio uð Þ val-

ues that are clearly larger than that of g-13 but smaller

than those for g-20, g-18, and g-16¢ complexes (Fig. 3B

FIG. 2. Monitoring site-specific DNA unwinding with 2AP. (A) Schematic representation of the target DNA with
the full-length g-20 guide. 2AP positions are indicated by purple circles. (B) Representative F/A260 spectra obtained
with the g-20 dCas9 ternary complexes. (C) A bar graph of ratio (j) obtained for the free and bound 2AP labeled
duplexes. Error bars represent standard deviations obtained from multiple repeats (see Supplementary Material
section S3.3). The significance of the difference between two samples were assessed with the unpaired t-test:
****p < 0.0001; ***0.0001<p < 0.001; **0.001 < p < 0.01; *0.01 < p < 0.05; NS, not significant ( p ‡ 0.05).
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and Supplementary Material section S3.3). This indicates

that the PAM +17 position can be unwound by g-14¢ and

g-15¢ but likely not to the same extent as that by g-20,

g-18, and g-16¢. Given that g-14¢ and g-15¢ do not

allow RNA/DNA pairing at the PAM-distal +17 position,

the 2AP data indicate that such partial unwinding occurs

in the absence of RNA/DNA pairing.

The 2AP@nts +14 data show a similar guide-length

dependence as that of nts +17 (Fig. 3C and Supplemen-

tary Material section S3.3). Both g-20 and g-18 gave

high ratio uð Þ values, indicating a large degree of unwind-

ing, while g-13 gave a very small ratio uð Þ, suggesting lit-

tle DNA unwinding. Interestingly, the g-14¢, g-15¢ and

g-16¢ guides all gave intermediate ratio uð Þ values that

are higher than that of g-13 but clearly below that of

g-20. This suggests that PAM +14 undergoes partial but

not complete unwinding, even though all these three

guides support matching RNA/DNA pairing at PAM

+14 (Fig. 3A). Control experiments showed that the

occurrence of partial unwinding is not impacted by the

terminal single RNA/DNA mismatch presented beyond

the PAM +14 site (Supplementary Material section S3.4).

Furthermore, the ratio uð Þ values for g-16¢ and g-18 guides

were different for 2AP@nts +14 but were comparable for

2AP@nts +17 (Fig. 3B and C). It is not clear whether this

reflects a difference in Cas9-induced unwinding or arises

from effects on 2AP emission due to the intrinsic DNA

sequence (i.e., different neighboring nucleotides at nst

+14 and nst +17).

Overall, the 2AP data revealed that with 15 or 16 nt

guides that are able to support a stable RNA/DNA hybrid

beyond the seed region, the PAM-distal segment (i.e.,

PAM+14 to +20) undergoes partial unwinding, with the

degree of partial unwinding increased in a guide-length-

dependent fashion. In addition, unwinding at a specific

PAM-distal position (i.e., +17 vs. +14) depends primarily

on the RNA guide length but not on whether RNA/DNA

pairing was allowed.

Spin-labeling measurements supported partial
PAM-distal DNA unwinding without RNA/DNA
pairing
To evaluate conclusions drawn from the 2AP data further,

we measured inter-strand distances using a nucleotide-

FIG. 3. PAM-distal unwinding with variable guide length monitored by 2AP. (A) Schematic representation of the
target DNA and the sgRNAs with variable guide lengths. 2AP positions are indicated by purple circles. (B) A bar
graph of ratio (j) obtained for samples with nts +17 substituted by 2AP. (C) A bar graph of ratio (j) obtained for
samples with nts +14 substituted by 2AP. Error bars represent standard deviations obtained from multiple repeats
(see Supplementary Material section S3.3). The significance of the difference between two samples were assessed
with the unpaired t-test: ****p < 0.0001; *** 0.0001 < p < 0.001; **0.001 < p < 0.01; *0.01 < p < 0.05. For more
information, see Supplementary Material section S3.3.
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independent nitroxide spin label to monitor Cas9-induced

DNA unwinding.18 In this work, we placed a pair of the

R5 labels at backbone phosphate positions directly across

the DNA duplex (Fig. 1) and used DEER to measure inter-

nitroxide distances. Control studies showed that R5 labels

did not significantly perturb ternary complex formation (Sup-

plementary Material section S2). With a dCas9/g-20 ternary

complex, measured inter-R5 distances at PAM-adjacent po-

sitions were consistent with those expected from a high-

resolution structure with resolved corresponding TS and

NTS DNA sites (Supplementary Material section S4.1).

This further validated the use of the R5 labels and

DEER to monitor Cas9-induced DNA unwinding.

To examine PAM-distal unwinding, DEER measure-

ments were carried out so that the shape of the inter-R5

distance distributions was reliably determined to *50 Å38

(Fig. 4 and Supplementary Material section S4.2). At

the PAM +17 position, with unbound DNA, the distance

FIG. 4. Monitoring unwinding at PAM +17 using spin labeling. (A) Schematic of the target DNA and the sgRNAs
with variable guide lengths. The pair of R5 labels is indicated by the yellow arrows. (B) DEER data obtained for the
free duplex (top row), the g-20 ternary complex (middle row), and the g-15¢ ternary complex (bottom row). For each
data set, the left panel shows the overlay of the background-corrected echo evolution trace (black) and the best-fit
result (red; more details in Supplementary Material section S4.1). The middle panel shows the corresponding
distance distribution, with gray shading indicating the error range, the blue dash line indicating the upper limit of
the reliable shape of the measured distribution, and the optimized smoothness determined by the LongDistances
program being 9.28, 12.50, and 9.28, respectively, for duplex, g-20, and g-15¢. The right panel shows the Gaussian
decomposition analysis of the distance distribution within the reliably measured range, with each of the Gaussian
components shown in colored dashed curves and a black dash line marking the 26 Å population representing the
paired DNA. Note that for the free duplex, populations centered beyond 30 Å (indicated by *) may largely arise
from intermolecular interactions due to duplex stacking (see Supplementary Material section S4.2.3.2).
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distribution showed a major population (92%) at 26 Å

(Fig. 4B), consistent with previously reported studies

of R5-labeled DNAs.39,40 Upon binding to the g-20 com-

plex (Fig. 4B), a significant population (35.8%) centered

at *40 Å with a broad distribution (half-width *12 Å)

was observed. This likely represents unwound DNA with

heterogeneous conformations. Below 30 Å, the 26 Å peak

representing the duplex disappeared. Instead, two popula-

tions, centered at 29 and 23 Å, were observed. These two

populations likely represent DNA conformations that are

deformed from the duplex, thus also representing Cas9-

induced unwinding. However, one cannot rule out that

within the g-20 complex, contacts between R5 and the

protein or RNA may also contribute. Overall, the clear

changes in distance distribution between the free and

g-20-complex-bound DNA indicated a high degree of

DNA unwinding at PAM +17. This is consistent with

the 2AP data showing that g-20 induces large 2AP emis-

sion increases (Fig. 3B).

Interestingly, with the g-15¢ complex, the DEER-

measured distance distribution at PAM +17 was dis-

tinct from either the free duplex or the g-20 complex

(Fig. 4B). The distance distribution showed a population

(37.1%) centered at 25 Å. This is nearly identical to

the 26 Å peak observed with the free duplex, and there-

fore it was assigned as DNA populations that remained

duplexed. On the other hand, features of unwound DNA

were observed: populations (14%) at a distance >30 Å

that represents heterogeneous unwound DNA; a 28 Å

population (40.4%) that was nearly identical to the

29 Å population in the g-20 complex; and a 20 Å popu-

lation (9.5%) that was similar to the 23 Å population in

the g-20 complex. Furthermore, analyzing the DEER

trace using Consensus DEER Analyzer,34 which carries

out automatic data analysis using a neural network appro-

ach different from that of LongDistances,32 also revealed

a major population centered at 26 Å, which represents the

DNA duplex, as well as others that represent unwound

DNA (Supplementary Material section S4.2). Taken

together, although the g-15¢ guide is 16 nt long and there-

fore does not support RNA/DNA pairing at PAM +17,

DEER measurements with the g-15¢ complex revealed

the presence of both duplexed and unwound DNA, thus

supporting the conclusion of partial DNA unwinding

that was drawn from the 2AP@PAM +17 data (Fig. 3B).

DEER measurements were also carried out with a pair

of R5 labels at PAM +14 (Supplementary Material sec-

tion S4.3). The data indicated that g-20 induced a higher

degree of DNA unwinding than that with g-15¢ (Supple-

mentary Material section S4.3). This is consistent with

the 2AP data showing that PAM +14 undergoes partial

unwinding with the truncated g-15¢ guide, even though

matching RNA/DNA pairing can be supported at this po-

sition (Fig. 3C). This further strengthens the notion that

unwinding at a specific PAM-distal position depends to

a large degree on the RNA guide length.

Partial PAM-distal DNA unwinding correlated
with double-strand cleavage activities
In parallel to the 2AP and spin-labeling measurements,

the rates of double-stranded DNA cleavage, kcat, of Cas9

RNP containing varying length guides were measured

in vitro under saturating single-turnover conditions (Fig. 5

and Supplementary Material section S5). No double-

strand cleavage was observed with g-13 (Supplementary

Material section S5). As the guide lengthens, kcat increa-

ses, approaching the fast limit of our detection with g-20

and g-18 (Fig. 5B). Interestingly, kcat of g-15¢ ([2.0–
0.0] · 10–2 min�1) and g-14¢ ([9.0– 0.8] · 10–3 min�1)

were substantially lower than that of g-20 ([27.8 – 1.0]

min�1), g-18 ([13.4 – 4.7] min�1), and g-16¢ ([1.3– 0.2]

min�1). Overall, guide-length dependences in kcat

(Fig. 5B) and 2AP ratio(u) (Fig. 3B and C) showed similar

patterns. Specifically, a plot of ln kcatð Þ versus 2AP@nts

+17 ratio uð Þ can be fit linearly with anR2 of 0.98 (Fig. 5C).

Given that ratio uð Þ reflects the degree of Cas9-induced

unwinding, the data indicate a strong correlation between

Cas9 cleavage activities and PAM-distal unwinding. In

particular, while g-14¢ and g-15¢ do not support RNA/

DNA pairing at PAM-distal sites of +17 and beyond,

they induce partial unwinding and support DNA cleavage

to an extent. This indicates that partial unwinding at PAM-

distal sites (e.g., PAM +17), when it occurs, is sufficient to

support double-strand cleavage of DNA by Cas9.

Discussion
PAM-distal partial unwinding in the absence
of RNA/DNA pairing
In this study, 2AP fluorescence and site-directed spin

labeling together revealed that Cas9 induces significant

PAM-distal protospacer unwinding even in the absence

of pairing to the RNA guide (Fig. 6). Specifically, at

PAM +17 and with the truncated 16 nt (g-15¢) guide,

spin-labeling measurements revealed the presence of

both unwound DNA and paired duplex (Fig. 4), and the

observed intermediate 2AP emission enhancement

(Fig. 3B) indicated a mixture of high-emission unstacked

2AP resided in unwound DNAs and low-emission

stacked 2AP within the paired duplex. The PAM +14

data (Fig. 3C and Supplementary Material section S4.3)

also revealed the coexistence of paired and unwound

DNA with g-14¢ and g-15¢ guides that support RNA/

DNA pairing. Overall, with the g-14¢ and g-15¢ guides,

PAM-distal DNA base pairs beyond the hybrid can start
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to unwind, while those supported by the RNA/DNA hy-

brid can maintain DNA/DNA pairing (Fig. 6), resulting

in a ‘‘partial unwinding’’ model, in which a mixture of

DNA-paired and DNA-unwound populations exist in

equilibrium (Fig. 6).

This partial unwinding model (Fig. 6) is consistent

with prior studies on Cas9-induced DNA unwinding

and R-loop dynamics.12,13,18,19,21,23 In particular, Josephs

et al. reported atomic force microscopy studies of Cas9

with 20 nt (gRNA) and 18 nt (tru-gRNA) guides,13 and

FIG. 6. A model of PAM-distal partial unwinding with truncated RNA guides. As the RNA guide lengthens beyond
15 nt (dashed yellow), the PAM-distal segment of the protospacer (shown in red lines) undergoes partial unwinding
to adopt a state in which DNA-paired (left) and DNA-unwound (right) populations co-exist in equilibrium.
Protospacer positions beyond the RNA/DNA hybrid can unwind to a significant degree to allow Cas9 cleavage with
truncated guides.

FIG. 5. Double-strand DNA cleavage by Cas9 with variable guide lengths. (A) A representative cleavage data set
obtained with 100 nM g-15¢ ribonucleoprotein complex. Top: agarose gel showing time-dependent conversion of
the linearized plasmid precursor to products. Bottom: single exponential fitting to obtain kobs, which represents kcat.
(B) A bar graph showing kcat measured with different length of RNA guides. See Supplementary Material section S5
for more details. (C) A plot of ln kcatð Þ versus ratio uð Þ values obtained for 2AP@nts +17 with the corresponding
guides. The red line represents a linear fit. Error bars of ln kcatð Þ and ratio uð Þ represent standard deviations obtained
from at least three repeats.
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postulated the ‘‘R-loop breathing’’ model in which the

guide length modulates the equilibrium between the

PAM-distal DNA paired and DNA-unwound (i.e., DNA/

RNA pairing) states, with R-loop stability from sites 14

to 17 modulating Cas9 activity on matched versus mis-

matched targets. Okafor et al. studied DNA unwinding

with 17, 18, and 20 nt guides using single-molecule

FRET with a pair of fluorophores attached at PAM-

proximal (ts +6) and PAM-distal (nts +16) sites,21 and

revealed equilibrium between paired and unwound DNA

that varied between the 20 nt and the shorter 17/18 nt

guides. Work reported here shows that further shortening

the guide to 16 and 15 nt also induces an appreciable de-

gree of DNA unwinding, including the PAM +17 position

that is not supported by RNA/DNA pairing (i.e., g-15¢
and g-14¢; Figs. 3 and 4 and Supplementary Material sec-

tion S4). The finding is enabled by the use of the R5 spin

label and 2AP that report on DNA unwinding at specific

individual nucleotides and is a step forward from prior

studies focusing on unwinding at positions supported

by the RNA guide.13,21

The degree of partial unwinding depends on RNA
guide length and modulates cleavage activity
The data reported here support a model that at the PAM-

distal protospacer segment, the equilibrium between the

DNA-paired and DNA-unwound states is controlled pri-

marily by the RNA guide length. As revealed by guide-

length-dependent 2AP emission enhancements (Fig. 3),

the long 20 nt (g-20) and 18 nt (g-18) guides tilt the equi-

librium largely toward the unwound state, the short 13 nt

(g-13) guide induces very little, if any, DNA unwinding

beyond the PAM +14 site, and the 15 nt (g-14¢) and

16 nt (g-15¢) guides support a mixture of paired and un-

wound DNAs. Studies have shown that in the Cas9/

sgRNA complex, the PAM-adjacent 10 nt of the RNA

guide is prepositioned, while the rest is disordered,41

and an 8–12 bp PAM-adjacent RNA/DNA hybrid is

required and sufficient for stable Cas9 binding to a

DNA target.11,12,15,17 The observation that with 15 nt

(g-14 ¢) or longer guides unwinding occurs at positions

not paired with RNA (Figs. 3 and 4 and Supplementary

Material section S4) suggests that Cas9 has an ability to

unwind DNA ahead of the RNA/DNA hybrid. Such abil-

ity could be used to expose the DNA target strand and

allow it to search for and pair with the portion of the

RNA guide that is not prepositioned. Furthermore, 2AP

and cleavage data from the g-14¢ (15 nt) and g-15¢
(16 nt) guides show differences from the longer ones

(Figs. 3 and 5), indicating a characteristic difference in

DNA unwinding and Cas9 activation between these two

groups of guides. This may be related to a previous

AFM study showing that interactions between the gRNA

and the target DNA at or near PAM +16 is connected

to Cas9 conformational changes.13

Our data show a strong correlation between Cas9

double-strand DNA cleavage activities and PAM-distal

unwinding (Fig. 5C). It has been established upon sta-

ble binding to its DNA target, the Cas9 HNH nuclease

domain transitions from an inactive to an active state in

order to achieve DNA cleavage,11,16,17,22 and RNA guide

truncations impede HNH transition.17 Studies with 20 nt

full-length guides containing mismatches also have

linked DNA unwinding to Cas9 cleavage rate.19 With

the truncated guides (i.e., g-14¢ and g-15¢), a significant

fraction of PAM-distal protospacer is not unwound,

which likely traps HNH in the inactive conformation

and reduces cleavage rates (Fig. 5). Together, the data

suggest that PAM-distal protospacer unwinding allows

HNH to transition from the inactive to an active state,

which overall controls the DNA cleavage activity of

Cas9.

Combined 2AP and spin labeling for monitoring
CRISPR-induced DNA unwinding
2AP is a well-developed and facile tool for monitoring

changes of base stacking in nucleic acids and has been

employed to investigate CRISPR-Cas-induced DNA

unwinding, particularly the kinetics of DNA unwind-

ing.20,24–26 However, 2AP fluorescence signal is im-

pacted by complex factors, rendering its interpretation

primarily qualitative. In this work, we implemented the

F/A260 and ratio uð Þ metrics (Methods) to better assess

2AP quantum yield changes and to minimize interfer-

ences due to variations in sample concentration and

neighboring DNA sequence effect. In addition to 2AP,

these metrics should generally be applicable to other

modified fluorescent nucleotide labels. More importantly,

the 2AP data were collaborated with distance measure-

ments using spin labels. Although more labor-intensive

in terms of sample preparation and data acquisition,

spin labeling provides quantitative distance distribution

profiles that are highly informative, specifically in reveal-

ing the presence of both paired and unwound DNAs

(Fig. 4 and Supplementary Material section S4). As

demonstrated here, the combined use of 2AP and spin

labeling allows a better understanding of the target

DNA conformation. This is advantageous for studying

CRISPR-induced DNA unwinding.

Conclusion
The work reported here revealed that Cas9 could unwind

the PAM-distal segment of the protospacer to a significant

degree in the absence of pairing between the RNA guide
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and the DNA target strand, and the equilibrium between

the DNA-paired and DNA-unwound populations depends

on RNA guide length and modulates double-strand DNA

cleavage activity. While this work clearly demonstrates

truncated RNA guides support PAM-distal partial un-

winding on the one target sequence studied, it also raises

intriguing questions on how partial unwinding may vary

depending on different DNA target sequences and on

match and/or mismatch between the DNA target and

the RNA guide. Truncated RNA guides have been emplo-

yed to reduce Cas9 off-target effects with variable suc-

cesses.42,43 In the future, an in-depth understanding on

the relationship between truncated guides, PAM-distal

partial unwinding, and Cas9 activity would be highly

beneficial for gene-editing applications.
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