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MOLECULAR BIOLOGY

Inhibition of CRISPR-Cas12a DNA targeting by

nucleosomes and chromatin

Isabel Strohkendl'*, Fatema A. Saifuddin’*3, Bryan A. Gibson® Michael K. Rosen®,

Rick Russell'*, llya J. Finkelstein>*

Genome engineering nucleases must access chromatinized DNA. Here, we investigate how AsCas12a cleaves DNA
within human nucleosomes and phase-condensed nucleosome arrays. Using quantitative kinetics approaches, we
show that dynamic nucleosome unwrapping regulates target accessibility to Cas12a and determines the extent to
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which both steps of binding—PAM recognition and R-loop formation—are inhibited by the nucleosome. Relaxing
DNA wrapping within the nucleosome by reducing DNA bendability, adding histone modifications, or introduc-
ing target-proximal dCas9 enhances DNA cleavage rates over 10-fold. Unexpectedly, Cas12a readily cleaves inter-
nucleosomal linker DNA within chromatin-like, phase-separated nucleosome arrays. DNA targeting is reduced
only ~5-fold due to neighboring nucleosomes and chromatin compaction. This work explains the observation
that on-target cleavage within nucleosomes occurs less often than off-target cleavage within nucleosome-depleted
genomic regions in cells. We conclude that nucleosome unwrapping regulates accessibility to CRISPR-Cas nucle-
ases and propose that increasing nucleosome breathing dynamics will improve DNA targeting in eukaryotic cells.

INTRODUCTION

Class 2 CRISPR-Cas nucleases Cas12a and Cas9 are precision
genome-editing tools that are evolutionarily and structurally dis-
tinct yet share several key reaction steps (1-3). Class 2 nucleases
first identify a protospacer adjacent motif (PAM) via protein-DNA
contacts. PAM binding causes local DNA unwinding and initiates
directional strand invasion by the CRISPR RNA (crRNA) (4). An
R-loop between the crRNA guide sequence and the complementary
target DNA extends toward the PAM-distal end of the target DNA
strand, forming the bound ternary complex. Upon R-loop forma-
tion, the nuclease is activated and cleaves the target and nontarget
DNA strands to generate a DNA break (5). R-loop extension is
rate-limiting for cleavage by Cas12a and Cas9 in vitro and more
sensitive to mismatches for Casl2a (6-9), providing a mechanis-
tic explanation for Casl2a’s observed higher specificity in vivo
(8, 10-15).

In eukaryotic cells, Cas nucleases must navigate chromatin. Our
understanding of how chromatin reduces nuclease activity is limited
to Streptococcus pyogenes Cas9. DNA cleavage is reduced at nucleo-
somal sites in cells (16, 17), and actively transcribed regions are more
susceptible to cleavage than dense heterochromatin (16, 18-22).
Furthermore, a bound nucleosome reduces Cas9 cleavage rates
in vitro (16, 23, 24). While these studies establish that Cas9 is inhib-
ited by nucleosomes, we do not fully understand the kinetic basis
for this inhibition, how higher-order nucleosome assemblies regu-
late DNA accessibility, and how these mechanisms extend to Cas12a.

Nucleosomes are the smallest structural unit of eukaryotic
genome organization, consisting of 147 base pairs (bp) of DNA
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wrapped ~1.7 times around a histone octamer (25-27). Consecutive
nucleosomes are separated by 10 to 50 bp of linker DNA, appearing
as beads on a string (28-31). Textbook models of higher-order
chromatin organization picture nucleosomes arranged into a 30-nm
fiber, whereas recent findings suggest that chromatin is less struc-
tured and highly dynamic (32). At the level of the nucleosome,
DNA transiently unwraps from the histone octamer and rewraps in
a phenomenon known as “nucleosome breathing” (33, 34). Tran-
scription factors and site-specific DNA binding proteins exploit
nucleosome breathing to bind their target sites (35, 36), but the
stepwise unwrapping of DNA from nucleosome edges leads to ex-
ponentially reduced site exposure near the nucleosome dyad (37, 38).
Nucleosomes also increase the dissociation rate of transcription fac-
tors by several orders of magnitude (39). The dynamics and accessi-
bility of nucleosomal DNA may be further affected by electrostatic
interactions between the highly polarized nucleosomes (40). The high
valence of nucleosome arrays enables ion-driven self-association
into condensed, phase-separated droplets, mimicking chromatin in
the nucleus (41, 42). Defining the impact of chromatin on Casl2a
DNA targeting and the mechanistic basis of this impact could give
insights into potential strategies to improve the efficiency and spec-
ificity of Cas12a as a genome-editing tool.

Here, we analyze Casl2a cleavage kinetics on nucleosomal sub-
strates. We show that the unwrapping dynamics of a mononucleo-
some regulate Cas12a cleavage efficiency, as was previously reported
for Cas9 (23). Our data are consistent with a model in which nucleo-
some breathing regulates accessibility to Cas12a binding (36, 43, 44).
At nucleosome edges, Casl2a remains in a rate-limiting binding
regime in which both PAM recognition and R-loop propagation are
inhibited by the nucleosome, leading to overall binding inhibition
of several orders of magnitude. Unexpectedly, we see substantial
cleavage inhibition beyond the canonical nucleosome core particle.
Unwrapping the nucleosome by DNA sequence changes, histone
modifications, or nuclease dead Cas9 (dCas9) binding increases
Casl2a access. In contrast, the linker sequences between nucleosomes
remain readily accessible to Casl2a, even in higher-order phase-
separated assemblies representative of chromatin. Our results define
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the impact of nucleosomes on Casl2a activity and highlight strate-
gies for modulating nucleosome breathing dynamics to increase
DNA accessibility in eukaryotic genome editing.

RESULTS

Cas12a cleavage is inhibited across the entire

nucleosome wrap

To understand how the nucleosome influences Cas12a cleavage, we
designed crRNAs to target sequences adjacent to 5'-TTTA PAMs
within an extended Widom 601 nucleosome positioning DNA
sequence (Fig. 1A and table S1) (45). Using a strong positioning
sequence permits efficient reconstitution of homogenous nucleo-
somes and nucleosome arrays (see below) and allows direct com-
parisons with other studies conducted on this DNA substrate
(16, 23, 24, 46, 47). The DNA was extended to include two Cas12a
targets that are 16 and 34 bp beyond the nucleosome core particle and
end-labeled using a fluorescent dye during polymerase chain reac-
tion (PCR) amplification. Human nucleosomes were reconstituted

via salt dialysis of the DNA with the purified human histone oc-
tamer (fig. S1A) (48). For DNA cleavage measurements, purified
Acidaminococcus sp. Cas12a (henceforth referred to as Cas12a; fig.
S1B) was assembled with precursor crRNA to form a ribonucleo-
protein (RNP) complex that was directed to a single target in the DNA
substrate. Cleavage reactions for each Casl2a target were carried
out in parallel on the DNA and nucleosome substrates at 100 nM
Casl2a, 25°C (Fig. 1B). Time points were sampled from each reac-
tion and quenched with EDTA and proteinase K to remove histones
from the nucleosomal DNA and bound Cas12a from all reactions.
The DNA products were resolved on native polyacrylamide gels
and quantified to obtain the cleavage rates (Fig. 1C, fig. S1C, and
table S2).

Casl2a cleavage was inhibited for all nucleosome-occluded tar-
gets. Targets 3 and 4, positioned within the central wrap of the nucleo-
some, showed no detectable cleavage after 24 hours (<6 x 107 7%
Fig. 1D), indicating inhibition of at least 1000-fold relative to the
nucleosome-free DNA. Targets 2 and 5, only partially overlapping
with the edges of the nucleosome, were inhibited 100- and 15-fold,

Widom positioning sequencs ® G601ATA | [ : |
i’ e _4’ 601RTA I I — ]
[1Tbp [T I [ e 278] O 60TMF I — | ]
<« E— — —
1 3 5 6
10
v
=] K )
B DNA or 100 nM Cas12a-crRNA gz
nuc [ [}
& +'® nd.  nd s
At Prot.K quench S ¥
g2 Q
O& o)
g
PAGE 0.1+ 4
T 4 1 2 3 4 5 6
ar
c DNA get Nuc Target
12 5 e 2 NOUTS e 24 hoUI'S
d e o el Uncut " F
H3Y41 YD 4
ol el N | 2D ) 0§ 5 [ 23
S X B
H3K56 e J:g; }' ) b2
< N oy VR
D : ADNA ©Nuc U0 SO Sy
* =
v L &= N S 10+ J
57 0.1 =, = o2
&% : 3 *
g o 001} 1 5% | = nd.  nd. |
3 X 2 3
o -3L i U .=
i o1t ]
10 vy
1 2 3 4 5 6 1 2 3 4 5 6
Target Target

Fig. 1. DNA unwrapping regulates Cas12a cleavage of nucleosomal targets. (A) The Widom 601 positioning sequence is divided into quartiles indicating the inner
(Iland Ill) and outer (I and IV) wrap and is flanked by DNA. “****": four TA dinucleotide repeats that produce tight wrapping of the inner left quartile. Arrows: Cas12a targets,
pointing in the direction of R-loop formation; for top arrows, R-loop forms with the Crick (bottom) strand, and for bottom arrows, R-loop forms with the Watson (top)
strand. (B) Cleavage reaction setup. nuc, nucleosome substrate. (C) Representative gels of target 4 cleavage by Cas12a. (D) Cleavage rates for the six DNA and nucleosome
Cas12a targets at 25°C. Downward arrows signify that the value is an upper limit due to the lack of detectable cleavage. (E) Top: Diagram depicting variant 601 constructs
(fig. S1E). Bottom: Cas12a cleavage of variant nucleosome substrates normalized to original 601 nucleosome substrate. (F) Top: Crystal structure of the 601 nucleosome
[Protein Data Bank (PDB): 3LZ0 (80)] highlighting the amino acid modifications H3Y41E and H3K56Q, which mimic H3Y41ph and H3K56ac. Bottom: Cleavage rates of H3
mutant nucleosome normalized to the original wt nucleosome. n.d., no data, as no cleavage was observed for targets 3 and 4 for all nucleosome substrates. (D to F) Each
data point is the mean of at least three replicates; error bars: SEM.
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respectively [target 2: 1.35 (+0.16) x 107 s™'; target 5: 2.58 (+0.29) x
107* 57!, mean + SEM of three biological replicates]. We attribute
the asymmetric inhibition of the edge targets to the nonpalindromic
601 sequence and its asymmetric interactions with the histone oc-
tamer. The greater inhibition observed for target 2 is consistent
with previous biophysical studies that noted greater bendability and
tighter wrapping of the DNA around the histone octamer at this site
(also see below) (46, 49). Targets 1 and 6, positioned in the nucleosome-
flanking DNA, were cleaved comparably to nucleosome-free DNA
substrates with rates of 2.72 (£0.40) x 107 s! and 8.2 (£1.6) x
107*s7, respectively. Cleavage rates of the targets on the DNA sub-
strates varied sixfold, which we attribute to DNA sequence-dependent
binding and cleavage (Fig. 1D). In sum, our results show strong
position-dependent cleavage inhibition by the nucleosome.

We next measured nucleosome-mediated inhibition of Cas12a
at 37°C (fig. S1D). Cleavage rates of the isolated DNA increased up
to 13-fold and maintained a similar pattern of preferred target se-
quences, although now within a smaller ~3-fold range. In the con-
text of the nucleosome, the inner wrap targets 3 and 4 showed
detectable cleavage after 24 hours, resulting in ~2000-fold inhibi-
tion with rates of 5.2 (+1.9) x 10° s and 4.2 (£1.6) x 107°s7%, re-
spectively. Targets 2 and 5 were inhibited only five- and twofold
with cleavage rates of 1.87 (+£0.55) x 1025 and5.9 (£1.7) x 10757},
respectively. The smaller inhibition at 37°C than at 25°C can be ex-
plained by increased nucleosome unwrapping at higher tempera-
tures (50, 51). We conclude that the nucleosome broadly inhibits
RNA-guided nucleases and that this inhibition is strongly depen-
dent on the proximity of the target DNA to the nucleosome dyad
(16,17, 23, 24).

Nucleosome breathing increases Cas12a cleavage efficiency
Our kinetic results are consistent with the hypothesis that transient
unwrapping of DNA from the histone octamer limits Cas12a cleav-
age rates. The effects of nucleosome breathing would be most pro-
nounced at the edges of the nucleosome wrap (targets 2 and 5) and
would be nearly absent for the highest-affinity histone-DNA inter-
actions (nucleosome dyad; targets 3 and 4). We tested this hypoth-
esis by measuring the cleavage of 601 variants that alter nucleosome
wrapping dynamics (Fig. 1E and fig. S1E) (46). Tight wrapping of
the 601 DNA around the histone octamer is due, in part, to a series
of “TA” dinucleotides spaced 10 bp apart (asterisks in Fig. 1A)
(45, 46). We reasoned that adding TA dinucleotides would decrease
Casl2a cleavage rates of local DNA and removing TA dinucleotides
would increase cleavage rates.

Removing TA repeats from the tightly wrapped left side of the
601 sequence (601ATA) increased the cleavage rate of target 2 by
fivefold, with the cleavage rate approaching that of the opposite
edge target 5 (Fig. 1E). Conversely, adding additional TA repeats to
the inner right quartile (601RTA) reduced the target 5 cleavage rate
by sixfold and also increased the target 2 cleavage rate by approxi-
mately threefold so that both targets were cleaved at the same rate.
Flipping the inner half sequence centered around the dyad (601MF)
increased the target 2 cleavage rate by nearly twofold and decreased
the target 5 cleavage rate by fourfold. The observed changes in
Casl2a cleavage rates of the edge targets reflect changes in the flex-
ibility of the adjacent, interior sequences. These changes in cleav-
age efficiency were qualitatively consistent with force-induced
nucleosome unwrapping: 601RTA DNA is equally likely to unwrap
from either side of the nucleosome when under tension and the
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edge-specific unwrapping probabilities of the 601MF DNA are op-
posite from those of the original 601 substrate (46). We note that all
601 variants change the sequence of the nucleosome inner wrap, yet
cleavage rate changes are evident at the outer wrap edges. These
cleavage rates demonstrate that increased unwrapping in one-half
of the positioning sequence leads to tightening of the opposite
DNA—a phenomenon documented previously (46, 52, 53).

Histone posttranslational modifications (PTMs) also alter nu-
cleosome unwrapping dynamics (54). Phosphorylation of H3Y41
and acetylation of H3K56, associated with increased DNA metab-
olism, both increase nucleosomal DNA accessibility by increasing
the unwrapping dynamics (highlighted in Fig. 1F) (36, 54, 55). We
performed Casl2a cleavage reactions on a reconstituted human nu-
cleosome containing amino acid substitutions in histone H3 (Y41E
and K56Q), which are experimentally verified mimics of phospho-
rylated Y41 (Y41ph) and acetylated K56 (K56ac) PTMs (55). The
nucleosome edge targets 2 and 5 were cleaved 21-fold and 3-fold
faster than in the wild-type (wt) nucleosome, respectively, within
5-fold of their associated DNA cleavage rates (Fig. 1F). The large,
asymmetric increase in the cleavage rates suggests that histone
PTMs that alter nucleosome stability will affect DNA accessibility to
Cas nucleases (36). Targets 3 and 4 remain refractory to cleavage
within the mutant H3 nucleosome, indicating that the inner dyad
remains inaccessible at 25°C. As expected, the cleavage rates for tar-
gets 1 and 6 within nucleosome-flanking DNA were identical to
those for the wt nucleosome. Collectively, these results show that
cleavage by Casl12a is influenced by the mechanical properties of the
nucleosome’s histone-DNA interactions. We conclude that the
Casl12a cleavage rate is primarily regulated by nucleosomal DNA
accessibility.

Nucleosomes inhibit PAM recognition and R-loop propagation
We previously showed that R-loop formation—the second step in
DNA binding—is rate-limiting for Cas12a-mediated cleavage of
short (60-bp) substrates. Thus, the cleavage rates with subsaturating
concentrations of Cas12a report on the two-step DNA binding pro-
cess, and the maximal cleavage rate with saturating Cas12a concen-
tration is a direct measure of the R-loop propagation rate (8). We
used this mechanistic insight to determine whether each binding
step is inhibited by the nucleosome and to determine the extent of
inhibition.

We measured the DNA binding rates for targets 1, 2, 5, and 6 by
performing cleavage reactions with Cas12a concentrations ranging
from 5 to 400 nM (Fig. 2A). From the concentration-dependent
cleavage rates, we determined the second-order rate constant (kmayx/
Ki/2; kmax, rate of R-loop formation; K;/,, PAM binding affinity),
which represents the overall rate constant for the two-step DNA
binding process. Even without the nucleosome present, the binding
rate constants for the four targets vary by two orders of magnitude
(table S2). With the nucleosome present, Casl12a binding to the
edge targets 2 and 5 was substantially inhibited, as the rate constant
decreased for target 2 by 330-fold to 205 (+15) M s™*, and for tar-
get 5 by 1100-fold to 5.451 (£0.045) x 10° M™' s, As expected, the
flanking targets 1 and 6 were relatively insensitive to the nucleo-
some, with the ky.x/Kj/2 values changing less than twofold [to 2.208
(£0.029) and 0.245 (+0.010) x 10° M ™' 5", respectively].

To test whether Cas12a binding remains rate-limiting for DNA
cleavage in the presence of a nucleosome, we measured dissociation
of nuclease dead Cas12 (dCasl2a) at these targets. We found that
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Fig. 2. Nucleosomes inhibit Cas12a’s two-step DNA binding. (A) Concentration-dependent Cas12a cleavage plots of DNA (dark triangles) and nucleosome substrates
(light circles). Colored lines: Hyperbolic curve fitting. Second-order rate constants for each target are written below. The asterisk indicates that the target 5 DNA cleavage
second-order rate constant is a lower limit due to lack of data points in the concentration-dependent phase. Each data point is the mean of at least three replicates; error
bars: SEM. (B) Dissociation rates determined by electrophoretic mobility shift assay (fig. S2). Data points represent at least duplicates; error bars: SEM. (C) Diagrams show-
ing the calculated nucleosomal inhibition on Cas12a PAM recognition and R-loop formation (fig. 52C). Kpam (Cas12a affinity for the targets’ PAM) increases and kg jo0p (rate

of R-loop formation) decreases due to the nucleosome.

dissociation required hours and was much slower than DNA cleav-
age from the bound complex (Fig. 2B and fig. S2). Thus, DNA bind-
ing remains rate-limiting for cleavage, and the second-order rate
constants for cleavage reflect the binding kinetics in the presence
and absence of the nucleosome. Therefore, the presence of a bound
nucleosome greatly decreases the Cas12a binding rate, consistent
with a model of restricted access to Cas12a.

Next, we dissected the decreased Cas12a binding rate for targets
2 and 5. The decreases in the second-order rate constant noted
above could result from weakened binding to the PAM sequence,
slower R-loop formation, or both. To determine the effect on R-loop
formation, we focused on the maximal cleavage rate. This maximal
rate for nucleosome cleavage reports directly on the rate of R-loop
formation [6.6 (+2.1) and 77.4 (+6.7) x 107> s for targets 2 and 5,
respectively], as cleavage of both DNA strands is expected to be
much faster (8). In the absence of the nucleosome, the maximal rate
constants are at least 10-fold larger, indicating inhibition of R-loop
formation by the nucleosome. Furthermore, this rate constant
modestly underestimates the inhibition because the cleavage reac-
tion on DNA substrates becomes limited by the slower cleavage of
the target strand at high Cas12a concentrations (8). Comparison
with the R-loop formation rate as directly measured from nontarget
strand (NTS) cleavage on oligonucleotide substrates (fig. S2C and
table S3) reveals that the nucleosome slows R-loop formation for
targets 2 and 5 by 91- and 29-fold, respectively. The larger inhibi-
tion for R-loop propagation at target 2 is consistent with the nucleo-
some entry region being more tightly wrapped than the exit region.
A comparison of the Kj/, values from NTS and nucleosome cleavage
shows that PAM recognition is also inhibited 7.4-fold and 15-fold
for targets 2 and 5 in the nucleosome, respectively (Fig. 2C). Com-
bining the effects measured for each binding step individually gives
values of 670 (+400)-fold and 440 (+87)-fold for inhibition to tar-
gets 2 and 5, respectively—the same within error as determined
from the second-order rate constants.
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Our results show that the nucleosome inhibits both PAM recog-
nition and R-loop formation, even beyond the edge of the canonical
nucleosome core particle (Fig. 2C). This inhibition likely arises
from the steric clashes between the similarly sized nucleosome and
Cas12a RNP. PAM recognition and R-loop propagation occur within
a narrow protein channel (56, 57), and the orientation of Casl2a’s
edge targets within our substrate forces the REC and NUC lobes to
point toward and overlap with the nucleosome core—creating a ste-
ric clash. Thus, nucleosome unwrapping dynamics will dominate
both PAM recognition and R-loop propagation rates for targets that
are close to the nucleosome.

Proximally targeted Cas nucleases trap unwrapped
nucleosomes

Cas nuclease cleavage efficiency in cells can be enhanced by cotar-
geting dCas9 near the intended genomic cut site (termed proxy-
CRISPR) (58). The biochemical basis for this enhanced cleavage is
unknown. We reasoned that dCas9 captures nucleosomal DNA
while it is transiently unwrapped, thereby increasing the accessibil-
ity of the proximal DNA substrate for the nuclease-active Casl2a.
To directly test this model, we targeted S. pyogenes dCas9 (fig. S1B)
to sequences with the canonical 3’-GGN PAM adjacent to the four
Casl2a targets that either fully or partially overlap with the nucleo-
some (Fig. 3A). dCas9 RNPs targeting a single proxy site (p2, p5, or
p5*) were preincubated with the nucleosome substrate for 30 min
before adding Cas12a RNP to begin the cleavage reaction (Fig. 3B).
Targets 3 and 4 remained uncleaved over 24 hours when dCas9 was
directed to any of the adjacent or flanking sites (fig. S3A), showing
that dCas9 is not able to disassemble or shift the nucleosome away
from its dyad.

Target 2 cleavage rates increased more than threefold when
dCas9 was prebound to an adjacent sequence within the wt nucleo-
some (target 2p, 24 bp away; Fig. 3C, orange circles), consistent with
the model that nucleosome breathing dynamics dictate cleavage
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Fig. 3. Steric interference by a proximal nuclease enhances nucleosomal DNA
cleavage. (A) Diagram depicting dCas9 (light blue arrows) and Cas12a (color-coded
arrows) targets. Only targets discussed in the main text are included here; others
are shown in fig. S3. (B) Proxy-CRISPR reaction scheme. (C) Proxy-CRISPR nucleo-
some cleavage rates for indicated dCas9 and Cas12a pairs. n.a., original nucleo-
some cleavage rate without dCas9 prebound. Data points are normalized to the
DNA cleavage rate of each target. Each data point is the mean of three replicates;
error bars: SEM. (D) SpCas9 [PDB: 4UN3 (87)] modeled to bind target 5p, 13 bp away
from the nucleosome [PDB: 3LZ0 (80)]. Linker DNA was generated using sequence
to structure modeling. Extension of the distal linker DNA shows a steric clash with
the bound Cas9.

rates. In contrast, dCas9 targeted to 5p inhibited Cas12a cleavage of
target 5 on the DNA substrate—presumably because of a steric
clash between the two RNPs (6 bp separate the two PAMs; fig. S3B).
When dCas9 targets 5p* (18 bp away from target 5), the Casl12a
cleavage rate for nucleosomal target 5 did not change (Fig. 3C, pur-
ple circles, and table S4). Target 5 is within the more unwrapped
nucleosome edge, indicating that a proximal dCas9 does not in-
crease accessibility further and may have a deleterious effect on
cleavage when the two targets are too close. We speculate that be-
cause target 2 is more tightly wrapped than target 5, prebinding
dCas9 peels the DNA from the histone octamer, favoring an un-
wrapped state. Increasing intrinsic nucleosome breathing via H3
(Y41E, K56Q) mutations reduces the cleavage enhancements ob-
served with dCas9 at target 2 (Fig. 3C).

Unexpectedly, we also see a 12-fold enhancement in target 2
cleavage by Cas12a when dCas9 is prebound to the distal target 5p.
The stronger effect of the distal proxy-CRISPR pair suggests that
cleavage enhancement may also arise due to steric clashes between
the bound dCas9 and the DNA that emerges from the alternate end
of the nucleosome (Fig. 3D). We propose that binding dCas9 near
the nucleosome core particle peels DNA away from the nucleosome
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core and also creates steric interference for the flanking DNA at the
opposite edge (59). Our proxy-CRISPR results further highlight the
importance of nucleosome unwrapping as a key regulator of DNA
cleavage by Cas12a (and likely other Cas nucleases) and provide an-
other approach to increasing accessibility of nucleosome-occluded
targets.

DNA accessibility is minimally affected by chromatin phase
separation

Regularly spaced arrays of nucleosomes, separated by 10 to 50 bp of
linker DNA, make up chromatin in the cell (30, 31). Interactions
between the histone tails of neighboring nucleosomes in such an
array can induce liquid-liquid phase separation of nucleosomal ar-
rays, forming a chromatin compartment at high cell-like densities
(41). We investigated how Cas12a cleavage kinetics are altered in
nucleosome arrays under phase-separated conditions. The DNA
substrate consists of 12 repeats of the 601 positioning sequence,
separated by 46- and 53-bp unique linker sequences (Fig. 4A).
Casl2a “linker” targets between the fourth and fifth nucleosomes
(L4/5) and the eighth and ninth nucleosomes (L8/9) are 9 to 13 bp
away from the 601 sequences—leaving sufficient space for Casl2a
to bind entirely within the linker (5). The “edge” target, Ex5, has a
12-bp overlap with the more loosely wrapped edge of the fifth nu-
cleosome. We confirmed that Cas12a RNPs targeting the L4/5
linker can enter the liquid-like chromatin compartments under
these conditions by assembling Cas12a with a fluorescent crRNA
and observing colocalization with H2B-labeled nucleosomes
(Fig. 4B). This observation is consistent with our previous fluores-
cence recovery after photobleaching results and the penetration of
transcription factors and chromatin modifiers within chromatin
droplets (41). In contrast, a Cas12a RNP prebound to a competitor
target DNA did not colocalize with the chromatin compartments
and a Cas12a RNP with a nontargeting crRNA showed only faint
colocalization signal (fig. S4A), confirming that Cas12a entry into
droplets depends on DNA binding.

We measured Casl2a cleavage rates on phase-separated nucleo-
some arrays and nucleosome-free DNA under identical buffer con-
ditions (Fig. 4C and table S5). Cleavage reaction time points were
resolved on 1% agarose gels stained with ethidium bromide (Fig. 4D).
Cleavage rates for all three targets on nucleosome-free DNA sub-
strates range from 1 x 107> to 8 x 107 s at physiological concen-
trations of mono- and divalent salts (Fig. 4E). When nucleosome
arrays are phase-separated, cleavage of linker targets L4/5 and L8/9
is inhibited only ~3-fold at 100 nM Cas12a. Target Ex5 shows 19-fold
cleavage inhibition—combining the inhibition of R-loop propaga-
tion into the nucleosome and the impact of chromatin. Microscopy
time courses show shrinking and dissolution of chromatin droplets
upon cleavage, as expected from the phase separation behavior of
shorter nucleosome arrays (fig. S4B). Because cleavage and drop-
let dissolution appear to proceed on similar time scales, we attribute
the majority of Casl2a-mediated cleavage to occur within the
phase-separated droplets.

To better characterize the inhibition on Casl2a cleavage by
phase separation, we measured target L4/5 cleavage rates at variable
Casl2a concentrations (Fig. 4F). We note that the cleavage time
courses of phase-separated nucleosome arrays at lower Casl2a
concentrations show biphasic behavior (fig. S4C), but due to
the small amplitude of the second phase, all reactions are fit by a
single exponential. The resulting second-order rate constants are
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Fig. 4. Phase-separated nucleosome arrays minimally inhibit DNA accessibility. (A) Diagram of a 12-mer 601 array. Gray boxes: 601 positioning sequences; black
lines: unique linker DNAs. Cas12a targets are highlighted (L4/5, magenta; Ex5, green; L8/9, cyan), and the associated arrows represent direction of R-loop formation.
(B) Phase-separated nucleosome array droplets colocalize with dCas12a-L4/5. Histone H2B is labeled with AF594; L4/5 crRNA is labeled with AF488. Scale bar, 10 um.
(C) Reaction scheme depicting Cas12a cleavage of DNA arrays or phase-separated nucleosome arrays. (D) Representative agarose gel showing Cas12a cleavage of
phase-separated nucleosome arrays, detected by ethidium bromide. All reactions are from the same gel; the black line represents cropping of the gel. (E) Cas12a cleavage
plot of DNA and nucleosome arrays. Data points are color-coordinated with (A). Rates are included in table S5. (F) Concentration-dependent Cas12a cleavage of L4/5,
targeting DNA, and nucleosome arrays. (E and F) Each data point represents the mean of at least three replicates (exception: DNA cleavage at 30 and 200 nM Cas12a was
done in duplicate). Error bars: SEM. (G) Model of Cas12a cleavage inhibition by the nucleosome and chromatin. Chromatin has a small impact on Cas12a cleavage efficiency,

which can be attributed to neighboring nucleosomes. The nucleosome inhibits Cas12a binding to wrapped DNA.

1.71 (+0.02) x 10° M s  and 3.4 (+0.2) x 10* M~ s}, demonstrat-
ing a ~5-fold inhibition on Cas12a target search upon nucleosome
array phase separation.

The inhibition on Casl2a target search may be due to steric oc-
clusion of the linker DNA by neighboring nucleosomes and/or phase
separation of the nucleosome arrays. To test the first possibility, we
repeated Casl2a cleavage of target L4/5 within a dinucleosome,
which does not undergo phase separation under these conditions
(fig. S5 and table S5). The second-order rate constant was threefold
lower on a dinucleosome relative to the matched DNA substrate
alone [2.23 (£0.03) x 10° M' s™" and 7.15 (+0.08) x 10* M ' s,
respectively]. This indicates that neighboring nucleosomes, and not
phase separation per se, significantly inhibit the Cas12a target search.
Increased nucleosome unwrapping within H3 (Y41E and K56Q)
containing dinucleosomes only accelerated L4/5 target cleavage
50% relative to wt dinucleosomes [second-order rate constant: 11.0
(£0.1) x 10* M7 s7Y fig. S5D]. These results show that adjacent
nucleosomes can moderately inhibit Cas12a accessibility to linker
DNA, but that this linker DNA remains accessible to Cas nucleases
even in liquid condensates where chromatin is organized at high
cell-like densities.

Strohkendl et al., Sci. Adv. 2021; 7 : eabd6030 10 March 2021

DISCUSSION
Here, we use quantitative kinetics to show that nucleosome breath-
ing regulates cleavage by Casl2a. The nucleosome inhibits DNA
cleavage by blocking both PAM recognition and R-loop propaga-
tion (Fig. 4G). At 25°C, the inner nucleosome wrap is completely
inaccessible to Cas12a, and binding is inhibited almost three orders
of magnitude at nucleosome edges. At 37°C, cleavage within the inner
wrap is inhibited three orders of magnitude relative to nucleosome-
free DNA, and edge targets are inhibited less than fivefold. Multi-
ple studies have characterized how mismatches within the R-loop
can reduce Cas9 and Cas12a binding and cleavage several orders of
magnitude in vitro (8, 60-69). Here, we show that the nucleosome
is a more potent barrier to DNA binding than nearly all of these
partially matched targets. Our results thus explain the observation
that off-target cleavage in nucleosome-depleted regions is more
likely to occur than on-target cleavage within a nucleosome in cells
(18, 20). More broadly, these results highlight the importance of
nucleosome dynamics in base editing, CRISPRi, and other strate-
gies that exploit targeted DNA binding by Cas9 and Cas12a.

Our results indicate that dynamic, transient unwrapping of
DNA from the ends of the nucleosome is critical for access to the
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DNA by Casl12a. Thus, increasing nucleosome unwrapping via changes
to the DNA flexibility, histone modifications, or proximal dCas9
binding increases the corresponding Cas12a cleavage rates. Even when
dCas9 is not in direct contact with the nucleosome, it can increase
nucleosome unwrapping by altering the mechanical properties of
the adjacent DNA and by sterically clashing with the distal linker
DNA of a nucleosome—providing an explanation for increased ef-
ficiency of in vivo Cas9 double-targeting strategies like proxy-CRISPR
(58, 70). Modifications within the histone tails can also influence
nucleosome unwrapping dynamics (54, 71). The histone tail-DNA
contacts have been suggested to ensure inner wrap stability during
outer wrap unwinding (72), while in vitro assays have shown them
to have modest effects on nucleosome edge site exposure (73). Thus,
the simplest expectations are that PTMs within the tails will increase
the accessibility of edge targets to Cas12a, analogous to the mutant
H3 nucleosomes used in our study, and that targeted histone mod-
ifications may be useful for improving Cas nuclease activity at hard-
to-cleave genomic targets.

Our results are broadly consistent with previous studies that show
strong inhibition of Cas9 cleavage within the nucleosome (16, 17, 23, 24).
In addition to quantifying inhibition of both PAM recognition and
R-loop formation of Cas12 binding, we demonstrate that PAM recog-
nition can be hindered beyond the canonical nucleosome core. Greater
unwrapping toward the nucleosome dyad is necessary for targets
positioned more centrally within the nucleosome, and conversely, as
targets are positioned farther away from the nucleosome, the impor-
tance of unwrapping is reduced (shown by the faded Cas12a in Fig. 4G).

In addition to class 2 nucleases, the type I CRISPR-Cascade
RNA-guided effector complexes are increasingly repurposed for
mammalian genome editing (74-76). These CRISPR systems also
recognize targets via a two-step binding mechanism. We speculate
that the nucleosome will inhibit type I effector complexes by block-
ing PAM recognition and R-loop propagation. Notably, type I family
CRISPR systems include Cas3, a processive adenosine 5'-triphosphate
(ATP)-dependent nuclease/helicase to destroy foreign DNA. Future
studies will be required to probe how Cascade binds nucleosomal
DNA and how the Cascade/Cas3 complex navigates through this
roadblock (77, 78).

Last, we observed that Cas12a can rapidly cleave condensed,
chromatin-like DNA that is compartmentalized in a phase-separated
droplet. Chromatin droplet condensation exerts almost no inhibitory
effect on Cal2a cleavage, albeit without the linker histone H1 (41)
or the heterochromatin-promoting HP1 protein (79). Rather, it is the
presence of neighboring nucleosomes that modestly inhibits Cas12a
target search of linker DNA. Chromatin droplet dissolution following
DNA cleavage raises the possibility that DNA breaks in cells can help
increase accessibility for host repair proteins by shifting local equi-
librium away from phase-separated chromatin compartments. Future
studies will need to elucidate how dense, heterogenous, and target-
poor chromatin may further affect CRISPR-Cas cleavage kinetics
following condensation. In sum, our work highlights that dynamics
of the nucleosome core particle, rather than higher-order chromatin-
like organization, is the key regulator of Cas12a cleavage efficiency.

MATERIALS AND METHODS
Nucleic acids and proteins
All DNA oligos and GeneBlocks were purchased from Integrated
DNA Technologies (IDT) (table S1). crRNA for Cas12a and single
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guide RNA (sgRNA) for Cas9 were purchased from IDT or Synthego
(table S1). The mononucleosome 601 substrate was amplified from
a GeneBlock sequence with primers that include a 5’-Cy5 for fluo-
rescence imaging. Unincorporated primers were removed using
the Zymo DNA Clean and Concentrator Kit. Oligonucleotides used
to measure NTS cleavage were 5'-radiolabeled with [y-**P]ATP
(PerkinElmer) as described previously (8).

The dinucleosome substrate was ordered as a pUC57 vector
from Biomatik. The plasmid was transformed into BL21 cells, and
the Qiagen Plasmid Mega Kit was used according to the manufac-
turer’s instructions to purify the plasmid. The dinucleosome DNA
was cut and separated from the plasmid DNA by restriction enzyme
digestion (Bam HI-HF and Kpn 1-HF) and polyacrylamide gel sep-
aration. Excised bands of dinucleosome DNA were placed in tris-
EDTA bulffer, placed at —80°C for 30 min, and then incubated at
37°C overnight. Dinucleosome DNA was concentrated using Amicon
Ultracel 30K spin columns. DNA arrays of 12 x 601 sequences were
produced as described previously (41).

AsCas12a and nuclease dead AsCasl2a (dCasl2a) and SpCas9
(dCas9) were expressed and purified as described previously (fig.
S1B) (8, 63) . Human histone octamers were purchased from The
Histone Source. H3 mutations Y41E and K56Q were made sequen-
tially using primers with the mutated nucleotides. The H3 mutant
plasmid was sent to The Histone Source for protein purification.

Nucleosome reconstitution

Nucleosomes were reconstituted via salt dialysis (48). Briefly, 10- to
15-pl reactions containing Cy5-labeled 601 DNAs (200 ng/pl) were
mixed with human histone octamer at varying octamer: DNA mo-
lar ratios, typically 1:1 to 2:1, in 2 M NaCl. Reconstitution reactions
were transferred to dialysis buttons (10,000 molecular weight cut-
off, Millipore) equilibrated in High Salt Reconstitution Buffer
[10 mM tris-HCIL, (pH 7.5), 2 M NaCl, 1 mM EDTA (pH 8.0), 1 mM
dithiothreitol (DTT)]. Reconstitutions were done at 4°C using a
one-way pump in which No Salt Reconstitution Buffer [10 mM tris-
HCI (pH 7.5), 1 mM EDTA (pH 8.0), 1 mM DTT] was flowed into
the dialysis buffer until the dialysis buttons were at 250 mM NaClL
Dialyzed reactions were then further dialyzed against 500 ml of TCS
buffer [20 mM tris-HCI (pH 7.5), 1 mM EDTA (pH 8.0), 1 mM
DTT, 0.5% NP-40] for 1 hour and then de-aggregated by centrif-
ugation at 4°C, max speed. The fraction of Cy5-labeled 601 DNA
incorporated into nucleosomes was determined by native poly-
acrylamide gel electrophoresis.

Dinucleosomes were reconstituted via salt dialysis with slight
modifications: Unlabeled dinucleosome DNA was kept at 100 ng/ul;
salt dialysis occurred in a stepwise manner in which reconstitution
reactions were dialyzed against buffer with 1.5, 1, 0.6, and 0.25 M
NaCl; the fraction of DNA incorporated into dinucleosomes was
determined via ethidium bromide detection. Nucleosome arrays with
fluorescent H2B were reconstituted as described previously (41).

RNP complex assembly

Cas12a RNPs were assembled before each cleavage experiment
using purified Cas12a and a precursor crRNA (pre-crRNA) that
contained the full direct repeat sequence and a guide sequence com-
plementary to one of the six targets within the 601 DNA substrate.
Assembly reactions were performed by incubating Casl2a with
a ~2-fold excess of crRNA for 30 min at 25°C in 50 mM tris-HCI
(pH 8.0), 100 mM NacCl, 5 mM MgCl,, and 2 mM DTT. dCas9
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RNPs were assembled with their sgRNAs using the same protocol.
For nucleosome array experiments, NaCl was switched to NaOAc.

Mononucleosome cleavage kinetics

Casl2a cleavage reactions were performed in the same buffer con-
ditions as the assembly reaction. All cleavage reactions were initiated
by adding the 601 DNA (or nucleosome) substrate to the assembled
Cas12a RNP at 25°C. Mononucleosome reactions included 1 to 2 nM
DNA and 100 nM Cas12a RNP, unless otherwise indicated. At var-
ious time points, 10 ul of samples of the cleavage reaction was with-
drawn and stopped in 5 pl of quench solution [30% glycerol with
Orange G dye, 100 mM EDTA (pH 8.0), 0.02% SDS, proteinase K
(2 pg/ub)].

Quenched samples were incubated at 52°C for 1 hour to ensure
protein digestion by proteinase K (Thermo Fisher Scientific), re-
solved on a 10% native gel [0.5x tris-borate EDTA (TBE)], and
scanned with Typhoon FLA 9500 (GE Healthcare) using the preset
Cy5 detection settings. Bands of fluorescence corresponding to sub-
strate and cleaved product were quantified using ImageQuant 5.2
(GE Healthcare). DNA cleavage rates were the same regardless of
which end of the 601 DNA substrate was labeled with Cy5, indicat-
ing that the fluorophore did not affect DNA cleavage by Cas12a.

Supporting cleavage reactions of the short oligo duplexes (fig. S2C
and tables S1 and S3) were performed as described previously (8)
but with buffer conditions altered to better match the buffer condi-
tions of the mononucleosome substrate reactions: 50 mM tris
(pH 8.0), 100 mM NaCl, 5 mM MgCl,, 2 mM DTT, bovine serum
albumin (BSA) (0.2 mg/ml). Quenched samples were resolved over
a 20% denaturing polyacrylamide gel containing 7 M urea. Gels were
exposed, imaged, and analyzed as previously described (8).

For proxy-CRISPR cleavage reactions (Fig. 3 and table S4), DNA
substrates were preincubated with dCas9 for 30 min. The cleavage
reactions were initiated by addition of 100 nM Cas12a. The final
concentration of dCas9 was 50 nM. Time points were sampled, and
gels were analyzed as described above.

Mononucleosome dissociation kinetics

dCasl2a-crRNA complexes were incubated with reconstituted nu-
cleosomes for at least 2 hours (21 hours for target 2) to promote
maximum binding at 25°C. Buffer conditions were the same as the
cleavage reactions described above. The dCas12a protein includes a
RuvC nuclease-inactivating point mutation (D908A), preventing
DNA cleavage (56). Prebinding was done at above the Kj/, values
calculated from concentration-dependent cleavage reactions: 360 nM
Casl2a for targets 1, 5, and 6 and 500 nM for target 2. Dissociation
reactions were diluted to 100 nM Cas12a, and Cas12a rebinding to
the substrate was prevented by addition of the target strand (com-
plementary to the crRNA; table S1) in fivefold excess to Casl2a.
Time points were sampled, mixed with prechilled loading buffer,
put on ice-cold water, and immediately loaded onto a prerun, chilled
native 5% polyacrylamide gel in 0.5x TBE. The gel and running
buffer were supplemented with 5 mM MgCl, and 5% glycerol to
stabilize complexes and prevent disassembly in the gel. The gel
was maintained at 4°C during the run to further prevent complex
dissociation. The signal that migrated above “nucleosome-only”
and “DNA-bound Casl2a” bands was considered part of the
“nucleosome-bound complex” and was normalized to a “no binding”
control lane in which nucleosome substrate and chase were pre-
mixed before addition of dCas12a (representing ¢ = o).
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Nucleosome array cleavage kinetics

Nucleosome arrays were incubated in Phase Separation Buffer
[50 mM tris-HCI (pH 8.0), 100 mM NaOAc, 5 mM MgCl,, 2 mM
DTT, BSA (0.1 mg/ml), 5% glycerol] at 1.4x the final nucleosome
concentration for 30 min at 25°C. This preincubation step was
maintained for DNA-only substrates. After preincubation, reactions
were initiated by addition of 0.4x volumes of preassembled Cas12a
to the DNA substrate, bringing the nucleosome final concentration
to 100 nM. At various time points, 6-ul aliquots were withdrawn
and stopped in 3 ul of quench solution (as defined above for mono-
nucleosome reactions). Following digestion with proteinase K at
52°C, samples were run on a 1% agarose gel and stained with
ethidium bromide. Gels were scanned using Typhoon FLA 9500
(GE Healthcare) using fluorescence excitation and emission wave-
lengths of 532 and 600 nm, respectively. Bands of fluorescence cor-
responding to substrate and cleaved product were quantified using
ImageQuant 5.2 (GE Healthcare).

Fluorescence microscopy of phase-separated arrays
Nucleosome arrays with Alexa Fluor 594-labeled histone H2B
(16.7%) were prepared as described above. Glass coverslips were
passivated by 10-min incubation in BSA buffer [40 mM tris (pH 7.5),
100 mM NaCl, 1 mM MgCl,, 1 mM DTT, BSA (0.2 mg/ml)], rinsed
with deionized water, and quickly dried with nitrogen gas. Micros-
copy samples were sandwiched between a passivated coverslip and
glass slide with double-sticky tape outlining the channel barriers.
Samples were visualized on an Eclipse Ti microscope (Nikon) equipped
with a 60x water-immersion objective [1.2 numerical aperture (NA),
Nikon], complementary metal-oxide semiconductor (CMOS) cam-
era (Zyla 5.5, Andor), and motorized stage (ProScan III, Prior). A
light-emitting diode (LED) light source (SOLA-SE-II, Lumencor)
was used to illuminate AF594-labeled histone octamers or AF488-
labeled crRNA using filter sets (49004 and 49002, Chroma). Data
were collected with 200-ms exposure, 2 x 2 binning using Micro-
manager v1.4 software.

Fluorescent Cas12a RNPs were assembled as described above
but with Cas12a protein in slight excess of the 3'-AF488 crRNA. For
colocalization experiments, 100 nM dCas12a was mixed with 100 nM
nucleosome (8.3 nM arrays). For time courses, wt Cas12a RNPs
were used at 100 nM (per target). For monitoring DNA cleavage by
Eco Rl as a positive control, 20 U of Eco RI-HF was used for 2 pmol
of nucleosome.

Dinucleosome cleavage kinetics

Dinucleosome cleavage reactions were carried out in the same buf-
fer conditions as nucleosome array reactions, and the 30-min pre-
incubation step was maintained. The final nucleosome concentration
was 6 nM. Time points were resolved on a 10% native gel (0.5x
TBE) and detected with ethidium bromide. Cleavage gels were
scanned and analyzed as described for nucleosome array reactions.

Quantification and statistical analysis

All cleavage reactions were performed at least three times at the in-
dicated Cas12a concentration for each target, unless otherwise stated.
Dinucleosome cleavage reactions were done at least twice for each
Casl2a concentration. The progress curves were fit by a single ex-
ponential function to determine the observed rate, and the reported
values reflect the average + SEM from these replicates. All
data fitting was performed with KaleidaGraph. If reconstituted
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mononucleosomes had a nonnegligible amount of unincorporated
Cy5-labeled DNA (maximum 20%), nucleosomal cleavage data
were fit by a double exponential function in which the cleaved
product corresponding to unincorporated DNA was constrained by
previously determined rate and amplitude. To determine kpax and
K2, the dependence of the observed rate constant on Casl2a con-
centration was analyzed by performing weighted data fit using a
hyperbolic curve. The reported kp,y and K, reflect the derived
values * error of the fit.

Casl12a dissociation progress curves were fit by a decreasing sin-
gle exponential function, and the rate constants reported reflect the
average + SEM from at least two replicate experiments. Microscopy
experiments were replicated at least three times per condition, and
time courses were repeated twice.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabd6030/DC1

View/request a protocol for this paper from Bio-protocol.
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