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ABSTRACT: CRISPR-Cas9 has been adapted as a readily
programmable genome manipulation agent, and continuing
technological advances rely on an in-depth mechanistic under-
standing of Cas9 target discrimination. Cas9 interrogates a target by
unwinding the DNA duplex to form an R-loop, where the RNA
guide hybridizes with one of the DNA strands. It has been shown
that RNA guides shorter than the normal length of 20-nucleotide
(-nt) support Cas9 cleavage activity by enabling partial unwinding
beyond the RNA/DNA hybrid. To investigate whether DNA
segment beyond the RNA/DNA hybrid can impact Cas9 target
discrimination with truncated guides, Cas9 double-stranded DNA
cleavage rates (k) were measured with 16-nt guides on targets with
varying sequences at +17 to +20 positions distal to the protospacer-
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adjacent-motif (PAM). The data reveal a log—linear inverse correlation between k., and the PAM+(17—20) DNA duplex
dissociation free energy (AG?\IN(U_ZO)), with sequences having smaller AGONN(W—ZO) showing faster cleavage and a higher degree of

unwinding. The results indicate that, with a 16-nt guide, “peripheral’

" DNA sequences beyond the RNA/DNA hybrid contribute to

target discrimination by tuning the cleavage reaction transition state through the modulation of PAM-distal unwinding. The finding
provides mechanistic insights for the further development of strategies that use RNA guide truncation to enhance Cas9 specificity.

RISPR-Cas9 has been a revolutionary tool for genome

engineering and manipulation, and its power stems from
mechanistic understanding on how Cas9 specifically acquires a
target within a complex genome:' " (i) base-pairing between a
segment (the “guide” or “guide sequence”) of the single-guide
RNA (sgRNA) and a segment of DNA designated as the
protospacer and (ii) protein—DNA interactions with a short
protospacer-adjacent-motif (PAM). However, Cas9 has been
shown to bind and cleave genomic targets containing
mismatches with the RNA guide, resulting in undesired off-
target effects that are detrimental for applications.”~” Advances
in understanding Cas9 targeting mechanisms have led to
protein and sgRNA engineering that greatly enhances
specificity’™"* and remain the key for further development of
Cas9-based applications.

Studies have revealed that Cas9 discriminates a target
through unwinding of the DNA duplex to form a three-
stranded R-loop, in which the DNA target-strand (TS) forms a
hybrid with the RNA guide.'*~"® While the guide of an sgRNA
is generally 20-nucleotide (nt) long, formation of a stable
RNA/DNA hybrid at the PAM-proximal 8—12 base-pair (bp)
segment is sufficient to attain complete binding affinity by the
Cas9 ribonucleoprotein complex.'”'® Subsequently, the
structure and dynamics of the R-loop at the PAM-distal
segment coordinates Cas9 nuclease conformational changes,
which serve as checkpoint(s) in preventing cleavage of
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incorrect targets.'®'°7>* It has also been shown that RNA
guides shorter than 20-nt can support Cas9 cleavage
activities.”””* > Compared to the 20-nt guide, using truncated
guides leads to a shorter RNA/DNA hybrid with a smaller
number of RNA/DNA pairings, which would likely amplify the
role of RNA-guide/DNA-target mismatch(es), thus enhancing
Cas9 specificity.”””*

Recently, we reported that, for RNA guides that are longer
than 15-nt, the Cas9 ribonucleoprotein complex partially
unwinds PAM-distal DNA beyond the RNA/DNA hybrid, and
the rate of double-stranded DNA cleavage correlates with the
degree of PAM-distal unwinding.”® This would imply that, with
truncated guides, intrinsic properties of the DNA protospacer
beyond the RNA/DNA hybrid could modulate Cas9 cleavage
rates by tuning the PAM-distal unwinding. Specifically, we
hypothesize that the duplex dissociation free energy, which
measures the stand-alone DNA duplex stability, can serve as an
indicator of the ability of DNA to unwind upon interacting
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with Cas9, and it would thus correlate with the observed Cas9
double-strand cleavage rate.

In this study, we tested this hypothesis by examining
cleavage activities of Streptococcus pyogenes Cas9 (referred to as
“Cas9”) ribonucleoprotein complexes containing 16-nt RNA
guides on DNA substrates with varying PAM+(17—-20)
sequences. The measured cleavage rates at saturation (k)
show a good log—linear inverse correlation with AG?\IN(U_ZO),
the PAM+(17—20) segment DNA dissociation free energy.
Sequences with smaller AGy(17-20) (less stable) were shown
to unwind to a larger degree by a 2-amino-purine (2AP)
fluorescence assay and indeed yielded larger k., ie., faster
cleavage. In addition, k. was found to be most impacted by
protospacer base-pairings at PAM+17 and +18. The data
demonstrate that with a 16-nt guide, “peripheral” DNA
sequences beyond the RNA/DNA hybrid impact target
discrimination by tuning the transition state through
modulation of PAM-distal unwinding. The finding provides a
mechanistic basis for further development of strategies that use
RNA guide truncation to reduce “off-target” effects.

B MATERIALS AND METHODS

Protein Expression and Purification. Plasmids encoding
Streptococcus pyogenes Cas9 (pMJ806) and catalytically inactive
dCas9 (pMJ841, containing D10A/H840A mutations) were
obtained from Addgene (http://www.addgene.org/), and the
proteins were expressed and purified following previously
described procedures.”**° Purified proteins were stored at —80
°C in a “Storage Buffer” with 20 mM tris, pH 7.5, 250 mM
NaCl, 5% glycerol, S mM MgCl, and 0.5 mM tris(2-
carboxyethyl)phosphine hydrochloride (TCEP).

sgRNA Preparation. sgRNAs with the same 80-nt core but
varying in guide sequence and length were synthesized by T7
in vitro transcription. The double-stranded DNA templates for
transcription were prepared by overlapping PCR as previously
described.” Transcriptions and sgRNA purifications were
carried out following previously reported procedures.*®
Purified sgRNAs were dissolved in ME buffer (10 mM
MOPS, pH 6.5, and 1 mM EDTA) and stored at —20 °C.

DNA Cleavage Assays. Detailed information for Cas9
target sequences is presented in Supporting Information (SI,
sect. S1.1). The Cas9 target was embedded in either a Scal
linearized pUC19 plasmid (Figure S1, Table S1) or a fragment
(~700 bp) obtained by PCR amplification of exon 3 of the
human EMXI1 gene. Control experiments showed that
differences in the peripheral DNA beyond the 20-nt
protospacer had no impact on the measured cleavage rates
(SL, sect. S1.2). For a given Cas9 cleavage reaction, the
Cas9:sgRNA ribonucleoprotein (RNP) complex at a desired
concentration was assembled with a protein:sgRNA molar
ratio of 1:1.2 by incubation in the reaction buffer (20 mM Tris,
pH 7.5, 100 mM KCl, S mM MgCl,) for 10 min at 37 °C. A
given DNA substrate was then added to a final concentration
of 5 nM. The reaction was allowed to proceed at 37 °C for the
desired time and then stopped by addition of denaturing
loading dye equal to 1/5th of the reaction sample volume
(New England BioLabs cat. no. B7024S supplemented with
0.48% SDS and 60 mM EDTA). The stopped reactions were
loaded on a 1% agarose ethidium bromide gel to resolve the
uncleaved precursors and cleaved products. Gels were imaged
using a Gel Doc XR+ Gel Documentation System (Bio-Rad).
DNA bands were selected and quantified by ImageLab 6.0.1,
with background correction done by using baseline adjust-
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ment. The fraction of products, fpm, at each time point of a
reaction was calculated as

f Ieit Iy
pro I+ 1+ 1,

(1)

with Iy being the uncleaved “precursor” band intensity and I,
and I, being intensities of cleaved products 1 (top band) and
2 (bottom band), respectively. It has been established that the
active Cas9 concentrations used in this study were at saturating
conditions.”® The reaction rate constant, which represents k_,,
was determined by fitting the time dependence of f,, to a
single-exponential using Origin 2018:
fo = a(1 =)

pro

)

with a being the active fraction of the target DNA. Multiple
measurements were carried out to obtain the average and
standard deviation for each reported k., value.

2-Amino-Purine (2AP) Fluorescence Assay for Assess-
ing Cas9-Induced DNA Unwinding. DNA strands (un-
modified and 2AP-substituted, SI, sect. S3, Table S3) were
obtained by solid-phase chemical synthesis from a commercial
source (Integrated DNA Technologies, Coralville, 1A). To
form a target DNA duplex (unmodified or with a 2AP label),
the desired target-strand (TS) and nontarget-strand (NTS)
were mixed in a 1:1 molar ratio in an “Annealing Buffer” (50
mM Tris, pH 7.5, 100 mM NaCl) and then incubated at room
temperature overnight. The mixture was purified by size
exclusion chromatography (SEC) using a Superdex 200
increase 10/300 GL column (GE Healthcare) in Annealing
Buffer. The purified DNA duplexes were stored at —20 °C for
future use.

The catalytically inactive dCas9/sgRNA mixture was first
incubated at room temperature for 10 min, followed by
addition of the desired DNA duplex in Reaction Buffer, with
dCas9:sgRNA:DNA in a molar ratio of 1:1.25:1.25. The
ternary mixture was then incubated at 37 °C for 30 min and
purified using SEC in a buffer composed of 20 mM Tris, pH
7.5, 5% glycerol, 5 mM MgCl,, and 100 mM KCI
Homogenous complex fractions were pooled (~2 mL) and
used directly for measurements.

For a given 2AP-containing sample, fluorescence emission
was measured using a Fluorolog Spectrofluorometer (Horiba
Jobin Yvon, Edison, NJ) with excitation set at 320 nm to
minimize dCas9 emission interference.”> Absorbance was
obtained immediately after the fluorescence measurement on
a LAMBDA UV/vis/NIR Spectrophotometer (PerkinElmer).
The normalized 2AP quantum yield of a tested sample with
respect to the corresponding DNA duplex, ratio(¢), was
obtained using the concentration-normalized background-
correcztgtd 2AP emission (F/A) as described in our previous
study.™

(Fsm/ Ao )

(F
eduplex ( 370/ Ay )duplex

17 €

q)duplex

ratio(g) =
3)

where € and &g, are the extinction coefficients at 260 nm for
the sample and the duplex, respectively; Fj,, is the back-
ground-corrected 2AP emission of the sample at 370 nm; A,
is the absorbance of the same sample at 260 nm; (F;,,/
Azéo)dupleX is the F/A value for the corresponding duplex.
Multiple Linear Regression Analysis. To dissect the
correlation between Cas9 cleavage rates and the intrinsic
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Figure 1. PAM-distal sequence beyond the RNA/DNA hybrid modulates double-stranded DNA cleavage by Cas9 with a 16-nt guide. (A)
Schematic representation of DNA substrates. Cas9 target sequence embedded in a linearized pUC19 plasmid was shown by letters, with the PAM
highlighted in yellow, the 20-nt protospacer highlighted in blue, the TS sequence represented by uppercase letters, the NTS sequence represented
by lowercase letters, and the 16-nt RNA guide indicated with orange uppercase letters. The variable sequence at PAM+(17—20) was indicated by
red letters. (B) Double-stranded DNA cleavage results for substrates Spara (left) and Sgcgg (right). Representative electrophoresis images of the
time course are shown on top, and the corresponding PAM-distal variable sequences and AGYy(j7—) values are shown at the bottom, with
nucleotides varying from positions PAM+17 through +20 (colored) but fixed at +16 and +21 (black). AGONN<17_7_O> values were calculated based on
the nearest-neighbor parameters as described in the Materials and Methods. (C) Single-exponential fit (eq 2) to derived cleavage rate constants for
data sets shown in (B). The examples shown here gave k., = 1.28 min™" and a = 0.95 for Spsrs and k., = 0.08 min™" and a = 0.96 for Sgcgg

dissociation propensity of a given DNA duplex sequence, the
dissociation free energy (AGyy) of a designated segment of a
DNA/DNA duplex or DNA/RNA hybrid was calculated based
on the nearest-neighbor model. Nearest-neighbor parameters
reported for DNA/DNA duplex”’ and RNA/DNA hybrid*®
were used to compute the sequence-dependent standard-state
dissociation enthalpy (AH®) and entropy (AS°) from which
the standard-state dissociation free energy, AGRy, was
calculated as

AGgy = AH® — TAS° (4)
where T = 310.15 K.

Multiple linear regression (MLR) models were trained to
predict the measured k., using the AGyy values of various
input sequences as features (%'). Training determines the set of

parameters <—/f> that will lead to the best predictions of

In(k,), as shown below.
In(kcat) = ﬂo + x]ﬂl + x?ﬂz + - (5)

Model performance is measured using the adjusted coefficient
of determination, Radjz, which accounts for the number of
features included in modeling to avoid overfitting. AGyy can
be presented to the model as individual features associated
with each dinucleotide step or as a single feature covering
multiple steps. For example, if the entire PAM+(17—20)
segment is considered as a whole, the sum of AGYy of five
dinucleotides spanning the segment, AGONN(17_20), is the only
feature:

AGI(\)IN(U—ZO) = AGI(\)IN(16/17) + AGI(\)IN(N/IS)
+ AGI(\)IN(18/19) + AGI(\)IN(19/ZO) + AGI(\)IN(ZO/ZI) (6a)

and the model is fit to the following:

2543

ln(kcat) = ﬂo + AGI(\)IN(17—20)‘:[}1

Alternatively, a model considering all five dinucleotides
separately contains five features:

In(k.,) = B, + AGI(\)IN(le/n)'ﬁl + AGI(\)IN(N/IS)'ﬁz
+ AGI(\)IN(ls/19)‘ﬁ3 + AGI(\)IN(19/20)'ﬁ4 + AGI(\)IN(zo/u)'ﬁs
(6c)
The total number of features can then be reduced by removing
features that do not appear to be sufficiently informative of k.,

as described. For example, a model considering only
dinucleotides 17/18 and 18/19 contains two features:

ln(kcat) = ﬂo + AGI(\)IN(17/18)'161 + AGI(\)IN(18/19)':BZ

(6b)

(6d)

B RESULTS

Cas9 Cleavage with a 16-Nucleotide Guide Is Highly
Correlated with DNA Duplex Stability beyond the RNA/
DNA Hybrid. To assess the impact of the DNA segment
beyond the RNA/DNA hybrid on Cas9 activity, we first
measured double-strand cleavage rates of Cas9 ribonucleopro-
tein complexes containing a 16-nt guide (Figure 1A, designated
as g-16). The DNA substrates have the same PAM+(1—16)
sequences that fully match the RNA guide but vary in their
PAM+(17—20) segment (Figure 1A, SI, sect. S1). Each DNA
substrate was designated as Syxnn, With the 4-letter subscript
indicating PAM+(17—20) nucleotides on the TS in the ' to 3’
direction. For example, Spors represents a DNA duplex
sequence with the PAM+(17—20) positions being (S'-
TATA-3') on the TS and (3’-atat-5') on the NTS, while
Sccag represents a sequence containing TS (5'-GCGG-3') and
NTS (3'-cgce-S’) at the PAM+(17—20) positions (Figure 1B,
Table S1). Note that varying the PAM+(17—20) positions
could give rise to AGONN(17_20) ranging from 3.57 to 10.07 kcal/
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mol. In this work, 26 substrates were studied that uniformly
cover the full range of the possible AGONN(17_20) (Table S2).

Figure 1 shows representative examples of a time course
analysis of cleavage on St,ra and Sgcgg. With both substrates,
the linearized duplexed precursor was cleaved completely into
two shorter fragments (Figure 1B), and the time course of
product generation was fit nicely with a single-exponential
model (eq 2) to yield the cleavage reaction rate (Figure 1C),
which represents k., of the reaction.”” The measurements
yielded k., = (0.08 + 0.01 min™") for Sgcgg, which is ~16
times slower than that of Spar, (1.29 + 0.05 min™"') (Figure
1C, Table S2). Note that AGRy(17-20) is 10.00 keal/mol for
Sccag and 3.57 keal/mol for Sy (Figure 1B, Table S2). As
such, the data clearly show that a difference in AGONN(W—ZO)
results in a difference in Cas9 cleavage, with the more stable
duplex (ie., Sgcgg with a higher AG%N(N_ZO)) cleaving more
slowly.

The correlation between k_,, and AG%N(”_ZO) was found to
hold for the 26 substrates studied (Figure 2, Table S2). Linear
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Figure 2. Linear regression analysis of In(k,) vs AG?\IN(”,ZO). Black
dots represent data obtained on the 26 substrates, and the red line
represents the best linear fit. See Table S2 for further information.

regression analysis between In(k,) and AGONN(17_20) (eq 6b,
Materials and Methods) yielded a relationship of In(k.) =
—0.52 X AGln(17-20) + 1.94, with R,4” being 0.67 (Figure 2).
Radj2 indicates a high degree of linear dependence of In(k.,) on
AGONN(17_20). The negative slope of —0.52 indicates that a
sequence with a higher AG?\IN(U—ZO)) which is expected to form
a more stable duplex, would have a smaller k.. Analysis of the
26 substrates clearly supports the notion that the DNA duplex
stability at PAM+(17—20) modulates Cas9 cleavage when
using a 16-nt guide.

While Radi2 of 0.67 indicates a high degree of correlation
between cleavage (i.e, k) and duplex stability beyond the
RNA/DNA hybrid (AG?\IN(U_ZO)), we do note that in some
cases similar AGONN(w—zo) yields quite different k.. (Figure 2,
Table S2). This suggests additional sequence- and/or position-
dependent factors may contribute to modulating Cas9
cleavage. Additional analysis indicates that the stacking energy
of the PAM-distal NTS also contributes to modulating Cas9
cleavage rate (SI, sect. $2.2). However, more work is needed to
fully elucidate the role of these factors (see also Discussion).

PAM-Distal Sequences beyond the RNA/DNA Hybrid
Tunes Cleavage Activity by Modulating Cas9-Induced
DNA Unwinding. Our working hypothesis is that the duplex
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segment beyond the RNA/DNA hybrid tunes cleavage with
the 16-nt RNA guide (Figures 1 and 2) by affecting the degree
of Cas9-induced PAM-distal unwinding. To test this, a
previously developed 2-amino-purine (2AP) assay” was
applied to assess unwinding of two DNA substrates, Stara
and Sg,ra (Figure 3, SI, sect. S3). In these measurements, the
adenine of the TS PAM+18 position was substituted with 2AP
(Figure 3A). The concentration-normalized 2AP fluorescence,
which is proportional to the 2AP emission quantum yield, was
measured for the DNA duplex and the corresponding ternary
complex with the matching g-16 RNA guide. The ratio
between the quantum yield of the ternary complex and that of
the duplex, ratio(¢) (eq 3), reports the degree of DNA
unwinding in the Cas9 ternary complex, with higher ratio(¢)
indicating more unwinding.z‘ The results show that Sp,r,,
which has a AG?\]N(U_ZO) of 3.57 kcal/mol, gives a ratio(¢) of
7.55 + 0.55, which is significantly higher than that of 4.58 +
0.53 obtained for Sgara, which has a AGONN(”_ZO) of 5.50 kcal/
mol (Figure 3A,B). This indicates that Spars, which has a
lower duplex stability, as indicated by the smaller AGONN(”_ZO),
allows a larger degree of DNA unwinding. Indeed, cleavage of
Stata was faster than that of Sgara (Figure 3C), consistent
with the notion that a larger degree of unwinding allows for
higher activity.

Furthermore, with the 16-nt guide, studies show that the
measured k., has a measurable dependence on the
concentration of KClI in the reaction buffer, with k., clearly
decreasing with increasing [KCl] (SI, sect. S4). This is
consistent with the notion that increasing KCI concentration
enhances DNA duplex stability, subsequently reducing DNA
unwinding and impeding Cas9 cleavage. Together, the data
strongly support the hypothesis that PAM-distal DNA
sequences modulate unwinding and, in turn, tune Cas9
cleavage activity.

PAM+(17—20) DNA Tunes in Vitro Cleavage Activity
with Multiple 16-nt RNA Guide Sequences. To evaluate if
the guide sequence also plays a role in the modulation of Cas9
cleavage rates by the PAM+(17—20) positions, studies were
carried out on samples containing different 16-nt RNA guide
sequences, which vary in the stability between the TS and NTS
strands (AGYy(1_1¢)) as well as that between the RNA-guide
and the DNA TS(AGRp(1-1s)) (Figure 4). Analysis showed
that R,4* between In(k,) and AGg4(;_14) as well as AGyp(1_16)
were negative and that between In(k,,) and AAG(_,4 =
AGRp(1-16) — AGly(1-16) Was 0.14 (Figure 4B). These results
indicate that there is no strong correlation between the
observed in vitro cleavage activity and the varying sequences at
the PAM+(1—16) segment involved in RNA/DNA inter-
actions. On the other hand, an Radjz of 0.85 was obtained
between the measured In(k,,) values and the corresponding
AGONN(17_20), the DNA duplex dissociation free energy for the
PAM+(17—20) segment beyond the RNA/DNA hybrid
(Figure 4B). Furthermore, the additional data points fit nicely
to the linear regression model originally obtained from
analyzing the 26 Syynn sequences using the original 16-nt
RNA guide (SI, sect. SS). Together, the results indicate that
PAM+(17—-20) positions are predictive of Cas9 activity with
multiple 16-nt RNA guides.

PAM + 17 and 18 Nucleotides Are Most Influential in
Determining k., when Using g-16 RNA Guides. The
analysis reported in Figure 2 considered the stability over the
entire segment of PAM+(17—20) (eqs 6a and 6b, Materials
and Methods). However, the five dinucleotides within this
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Figure 3. Sequence-dependent PAM-distal unwinding assessed by the 2AP fluorescence assay. (A) Representative concentration-normalized 2AP
emission spectra (F/A) for substrates Spars (left) and Sgara. (B) Measured average ratio(¢) values for substrates Spyry (left) and Sgara. See SI,
sect. S3 for more details. (C) k.,, measurements for Syars and Sgara- The examples shown here gave k., = 1.28 min™" and a = 0.95 for Sy,r, and
ke = 024 min~' and a = 0.95 for Sgara.

(A)  Sample 1 Sample 2

NTS 5’-—acaagcaatgggctggctgaggcctgggacca—3’ NTS 5’'—gaagcccggggccgccattgacagagggacaa—3’
TS 3’'—TGTTCGTTACCCGACCGACTCCGGACCCTGGT—5’ TS 3’'—CTTCGGGCCCCGGCGGTAACTGTCTCCCTGTT—5"

Sample 3 Sample 4

NTS 5’'—tgccagtctgaagtggaatgccatgtgggetg—3’ NTS 5'—tgccacggcgaagtggaatgccatgtgggetg—3’
TS 3’'—ACGGTCAGACTTCACCTTACGGTACACCCGAC—-5'TS 3’/—ACGGTGCCGCTTCACCTTACGGTACACCCGAC—5'

(B)

sample In(k,,) A615)11\1(17—20) Ang(l—lﬁ) A(;11213(1—16) AAG(01—16)
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
1 -1.10 6.86 24.83 24.11 -0.72
2 -3.22 9.63 23.71 21.18 -2.53
3 -1.44 6.50 20.53 19.95 -0.58
4 -2.84 10.00 20.53 19.95 -0.58
Rgdj 0.85 -0.46 -0.13 0.14

Figure 4. Sequences of the 16-nt RNA guide do not significantly influence cleavage activity. (A) Detailed sequence of four samples with three
different 16-nt guide sequences. (B) Analysis of the corresponding linear correlation between In(k,) and different aspects of the thermodynamic
stability of the samples.
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segment are not equal in their positioning within the Cas9
RNP, particularly with respect to the RNA/DNA hybrid. To
examine whether the contribution to Cas9 activation from
individual positions varies, we further carried out MLR analysis
on models predicting In(k.,,) of 26 sequences, considering the
stability of every dinucleotide step along the PAM+(17—20)
DNA as individual features (e.g, eq 6c, Materials and
Methods).

Table 1 summarizes the Radi2 values that are obtained for a
given model, with the row number indicating the starting

Table 1. Rad Values Obtained from MLR Analysis of
In(k_,) vs AGNN(16 /17) of All Possible Contiguous Stretches
of the PAM+(17—20) DNA

start/end 17 18 19 20 21
16 0.29 0.77 0.80 0.79 0.78
17 0.73 0.78 0.78 0.77
18 0.55 0.54 0.54
19 0.26 0.26
20 0.17

position of the first dinucleotide and the column number
indicating the final position of the last dinucleotide considered.
For example, the cell corresponding to row 17 column 18
indicates that a model with one feature, the dissociation free
energy of dinucleotide 17/18 (i.e., AGNN(17/18)), gave an Rad]
value of 0.73 (Table 1, row 17, column 18). This is higher than
that obtained with the PAM+(17—20) segment considered as a
whole (R,4” = 0.67, Figure 2), indicating that positions PAM
+(17—18) alone can better predict the measured activities.
Expanding to a two-feature model by addlng dinucleotide 18/
19 (i.e, eq 6d) returned an even higher R odj 2 0f 0.78 (Table 1,
row 17, column 19), while further 1nclud1ng 19/20 and 20/21
dinucleotides did not improve Rad, (Table 1, row 17, columns
20 and 21).

The conclusion that positions PAM+(17—18) are the most
influential on the measured Cas9 activity can be drawn
similarly from data shown in row 16 of Table 1, as models
including positions PAM+(17—18) gave high Rad, values (0.77
and 0.80, Table 1, row 16, columns 18 and 19), while including
additional positions did not result in model improvement.
Furthermore, models including only the PAM+(19-20)
positions gave R,y < 0.26 (Table 1, rows 19 and row 20),
indicating these positions have little influence on Cas9 activity.

Taken together, the analysis shows that, with the 16-nt
guide, the contribution to Cas9 activation from individual
positions varies, with the PAM+(17—18) positions playing the
dominant role.

Bl DISCUSSION

Data presented clearly demonstrate that, for Cas9 enzymes
containing 16-nt RNA guides, DNA protospacer sequences
beyond the RNA/DNA hybrid tune Cas9 cleavage rates (i.e.,
k.) (Figures 1 and 2). This is linked to variable capacities for
DNA unwinding (Figure 3), which can be predicted to a high
degree by the computed intrinsic duplex stability at the DNA
protospacer segment beyond the RNA/DNA hybrid (ie.,
AGNNm 20))- As the transition state free energy barrier of
Cas9 cleavage (AG?) is proportional to ln(kcat), the observed
linear correlation between ln(kcat) and AGNN(17 20) (Flgure 2)
therefore indicates that AG* is proportional to AGNN(17 20)-
This reveals that DNA unwinding at the PAM+(17—20)

2546

positions is the major factor that tunes the transition state for
the Cas9 enzyme with the 16-nt guide. This further expands
the prior finding that truncated guides support partial
protospacer unwinding beyond the RNA/DNA hybrid, and
the degree of unwinding is correlated with Cas9 cleavage
activity.25

Our analysis also revealed that the PAM+(17—18) positions
are the most influential in determining k., while positions
PAM+(19—20) show little impact (Table 1). An atomic force
microscopy study has indicated that PAM+(14—17) RNA/
DNA hybrid stability, which is directly linked to unwmdlng of
DNA, serves as a gate to control Cas9 activation.'” A recent
study reported that Cas9 twists and bends the PAM-proximal
DNA duplex to enable RNA/DNA hybrid formation and
propagation.”” We have previously proposed that PAM-distal
unwinding beyond RNA/DNA hybrid occurs as part of the
sequential mechanism for R-loop formation and that, in order
to propagate the R-loop, Cas9 is able to “pre-unwind” PAM-
distal DNA base-pair(s) ahead of the RNA/DNA hybrid to
expose the target strand and assess pairing with the RNA
guide.”> With the 16-nt guide, the RNA/DNA hybrid formally
terminates at PAM+16, and Cas9’s “pre-unwinding” ability is
likely responsible for unwinding the PAM+(17—20) segment.
Given that PAM+(17—18) is adjacent to the terminus of the
RNA/DNA hybrid, their DNA stability (i.e., high AGNN(lé /17)
and/or AGNN(17/18)) likely impacts the ablhty of Cas9 to “pre-
unwind”, in particular unwinding at PAM+17/18 that
influences the “gate”, thus accounting for their significant
roles in tuning cleavage rates (Table 1).

Note that duplex stability is one aspect of DNA shape, which
is defined as the intrinsic physical properties of a DNA duplex
that are collectively determined by its sequence.’” Our results
expand on prior reports that DNA shape contributes to target
discrimination in Cas9>' and Casl2a.’> While Cas9 activity
significantly correlates with intrinsic DNA duplex stability
(Figures 1 and 2), additional DNA shape or sequence-
dependent features may influence Cas9 function with 16-nt
guides. One aspect may be intrinsic single-stranded properties
of the DNA (SI, sect. S2.2), although much more work is
needed in this area. Furthermore, variations in protein—DNA
interactions may play a role. With 20-nt guides, contacts
between the protein and the PAM-distal segment of the RNA/
DNA hybrid play a key role in facilitating conformational
changes to achieve the catalytically competent state.'®>°~*>3
With 16-nt guides, RNA nucleotides at PAM+(17—20) are
completely missing. The resulting loss of RNA/protein and
RNA/DNA interactions may render the protein to directly
interrogate the DNA duplex, thus elevating the role of intrinsic
shape features of the DNA duplex, including the PAM+(17—
20) stability, as reported here (Figures 1 and 2). On the other
hand, the lack of PAM+(17—20) nucleotides in the RNA guide
results in loss of negative charges, steric bulkiness, and
functional groups for hydrogen bonding and ion coordination,
all of which may impact the protein—RNA—DNA interactions
that drive the system to the catalytically active conforma-
tion.'®?°72%3% Ag such, it remains to be learned whether
intrinsic DNA duplex stability plays a similar role between the
16-nt guides studied here and other ones, such as 20-nt guides
with PAM+(17—20) mismatches to target DNA or longer
truncated guides (i.e, 17-nt or 18-nt guides) that extend the
RNA/DNA hybrid.

RNA guide truncation has been used as one of the strategies
to enhance Cas9 specificity, and it has been reported that 18-nt

https://doi.org/10.1021/acs.biochem.3c00250
Biochemistry 2023, 62, 2541—-2548


https://pubs.acs.org/doi/suppl/10.1021/acs.biochem.3c00250/suppl_file/bi3c00250_si_001.pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.3c00250?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Biochemistry

pubs.acs.org/biochemistry

and 17-nt guides can siggniﬁcantly reduce off-target effects in
human genome editing.2 >* However, guides shorter than 17-
nt do not appear to exhibit cleavage activity in cells.””** Data
presented here indicate that, with a 16-nt guide, Cas9 cleavage
could occur in vitro and could differ by more than 50-fold
depending on the PAM+(17—20) DNA sequence (Figure 2,
Table S2). This suggests that, while selecting genomic targets
for 16-nt guides, consideration of the “peripheral” PAM+(17—
20) positions may provide additional information that
promotes successful editing. In addition, we note that rules
for defining an optimal target matching a 16-nt guide may
differ from those matching a 20-nt guide or other truncated
guides (e.g,, 17-nt or 18-nt guides), especially considering the
role of the PAM-distal RNA/DNA hybrid in enabling Cas9
activation.'®*°~**** Much remains to be learned about Cas9
activation with 16-nt and other truncated guides.

B CONCLUSION

In conclusion, the data presented show that, with 16-nt guides,
intrinsic DNA duplex stability at the PAM+(17-20)
protospacer segment modulates Cas9-induced PAM-distal
unwinding, which in turn tunes the transition state of the
cleavage reaction, thus impacting Cas9 activity. This clearly
demonstrates that, with a 16-nt guide, “peripheral” DNA
sequences beyond the DNA/RNA hybrid play a role in Cas9
target discrimination. The finding provides a mechanistic
understanding for further developing strategies based on RNA
guide truncation to enhance Cas9 specificity and reduce “off-
target” effects.
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