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Casl12a is one of the most commonly used Cas proteins for genome editing and gene regulation. The first
key step for Casl2a to fulfill its function is to search for its target among numerous nonspecific and off-
target sites. Casl2a utilizes one-dimensional diffusion along the contour of dsDNA to efficiently search
for its target. However, due to a lack of structural information of the transient diffusing complex, the
residues mediating the one-dimensional diffusion of Casl2a are unknown. Here, combining single-
molecule and ensemble assays, we found that nonspecific interactions between Casl2a and dsDNA at
the PAM downstream cause asymmetric target search regions of Casl2a flanking the PAM site, which
guided us to identify a positive-charge-enriched alpha helix in the REC2 domain serving as a conserved
element to facilitate one-dimensional diffusion-driven target search of AsCasl?a, LbCasl?a and
FnCasl12a. In addition, this alpha helix assists the target cleavage process of AsCasl2a via stabilizing the
cleavage states. Thus, neutralizing positive charges within this helix not only significantly slows target
search but also enhances the specificity of AsCasl2a both in vitro and in living cells. Similar behaviors are
detected when residues mediating diffusion of SpCas9 are mutated. Thus, engineering residues
mediating diffusion on dsDNA is a new avenue to optimize and enrich the versatile CRISPR-Cas toolbox.
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guided DNA-binding activities, which can be fused with other
effector proteins and be repurposed for gene regulation, base

Introduction

The clustered regularly interspaced short palindromic repeat
(CRISPR) systems and CRISPR-associated (CRISPR-Cas)
proteins are identified in archaea and bacteria as defense
systems to target foreign nucleic acids.' The widely used Cas9
and Casl2a proteins both belong to Class 2 CRISPR-Cas
systems, whose effector modules only consist of a single
protein.*” Cas9 and Cas12a have been widely used for genome
editing, as they can be guided by single-stranded RNAs to
recognize, to bind and to cleave their target adjacent to a PAM
sequence in double-stranded DNA (dsDNA) with high
specificity.*** In addition, dead Cas9 (dCas9), Cas9 nickase
(nCas9) and dead Cas12a (dCas12a) have been engineered by
mutating their nuclease domains while retaining their RNA-
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editing, prime editing and so on.**"** Using split-Cas9 proteins
or guide RNAs with unique structural elements, the activity of
Cas9 and Cas12a can be switched on by chemical or optical
inputs.?**’

For all Cas proteins and Cas protein-based effectors, the first
key step is to locate their correct targets among numerous
nonspecific and off-target sites in the complicated cellular
environments. In general, DNA-binding proteins combine
three-dimensional (3D) diffusion in the solution and one-
dimensional (1D) diffusion along the contour of dsDNA to
efficiently search for their cognate target sites on genomic
DNA.**" Previous studies have confirmed that both Cas9 and
Cas12a combine 3D and 1D diffusion to effectively facilitate
their target search processes.*”*® 1D diffusion of proteins on
dsDNA is usually mediated by repetitive transient binding
events driven by non-specific electrostatic interactions between
them. Although numerous structures of Cas proteins in their
apo states or in the complexes with DNA and RNA have been
resolved,** the transient Cas protein DNA binding domains
mediating 1D diffusion-driven target search are less well char-
acterized. Thus, engineering the residues mediating 1D diffu-
sion of Cas proteins has never been used or even tested as
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a strategy to improve their specificity or to modify their
functions.

In this study, we revealed that all three commonly used
Cas12a orthologs, AsCas12a, LbCas12a and FnCas12a, display
asymmetric 1D diffusion-driven target search regions flanking
the PAM of their targets, suggesting that there are additional
DNA-binding sites in Cas12a, besides the PI (PAM-interacting)
domain, to mediate the 1D diffusion. A positive-charge-
enriched alpha helix in the REC2 domain is identified as
a conserved element to mediate 1D diffusion of all three Cas12a
proteins. Neutralizing the positive charge in this helix not only
significantly diminishes the contribution of 1D diffusion and
reduces target search rates of all three Cas12a proteins, but also
slows the target cleavage rate of AsCas12a by destabilizing its
DNA-cleavage states. Lastly, by combining the non-specific
binding sites between SpCas9 and dsDNA identified in our
previous study,** we demonstrated that modulating the residues
mediating 1D diffusion of AsCas12a and SpCas9 improves their
target specificity in vitro and in live cells. Thus, our work
provides a new avenue to optimize and engineer versatile Cas
protein-based tools.

Results and discussion
Asymmetric target search regions of Cas12a flanking PAM

Previous studies have shown that Cas12a displays 1D diffusion
on dsDNA to search for its targets.**** Inspired by our previous
report showing that the SpCas9 protein displays asymmetric
target search regions flanking its PAM,* we applied similar
single-molecule fluorescence assays to examine whether Cas12a
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exhibits similar behaviors (Fig. 1). dsDNAs were immobilized on
the slide surface via streptavidin and biotin linkage (Fig. 1a).
Then, the Cy3-labeled Cas12a/crRNA was allowed to flow into
the channel containing immobilized dsDNA, which contained 6
matched bases towards crRNA at its PAM proximal end. Such
design permits transient partial R-loop formation at the target
site to generate a fluorescence signal in single-molecule trajec-
tories. The dwell times of the transiently formed Cas12a/crRNA/
dsDNA complex were 40-200 ms (Fig. S11), which are signifi-
cantly longer than the transient binding between Cas12a and
dsDNA without PAM and target sites (<5 ms, Fig. S2}). Thus,
with 10 ms exposure time, only binding events of Cas12a on the
correct target site were captured. The time from injection until
the appearance of an individual Cy3 signal was recorded and
assigned as the appearance time (Fig. 1b), representing the time
spent by Cas12a/crRNA to search for its target via both 3D and
1D diffusion processes. The distributions of appearance time
under various conditions were fitted by single-exponential
decay to quantify apparent target search rates (Fig. 1c-h and
S371). The search rates of a series of dsDNA with different lengths
enable us to quantify the 1D diffusion length.

For the target dsDNAs of the DN-PAM-31 series, the distance
between PAM and the 3’ end of the non-target strand (NTS)
remains constant at 31 bp and the distance between PAM and
the 5" end of the NTS varies from 3 bp to 200 bp (Fig. 1a left,
Table S17). The DN-PAM-31 series enable us to quantify the
effect of PAM upstream extension on the target search process
of Casl2a. Both AsCasl2a and LbCasl2a exhibit similar
behaviors, whose apparent search rates increase by 2-3 fold
with an extension of PAM upstream (Fig. 1i and j). The effective
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Fig. 1 Single-molecule fluorescence assays quantifying 1D diffusion of AsCasl2a, LbCasl2a and FnCasl2a. (a) dsDNAs with upstream and
downstream extensions of PAM are named DN-PAM-31 and D25-PAM-N, respectively. 6-matched base pairs between crRNA and target DNA at
the PAM-proximal end are shown in red. M is an abbreviation for matched base pairs at the PAM-proximal end. The PAM is shown in yellow. For
DN-PAM-31 dsDNAs, the distance between PAM and the 3’ end of the NTS remains at 31 bp and the distance between PAM and the 5" end of the
NTS varies from 3 bp to 200 bp (left). For D25-PAM-N dsDNAs, the distance between PAM and the 5" end of the NTS remains at 25 bp and the
distance between PAM and the 3’ end of the NTS varies from 11 bp to 206 bp (right). (b) A representative single-molecule trace. The time from
injecting Cy3-labeled crRNA/Casl12a onto immobilized dsDNA until the appearance of the binding event, indicated by the appearance of the Cy3
signal (blue arrow), was recorded. (c and d) Distributions of the appearance time of AsCas12a-WT on DN-PAM-31 dsDNAs (c) and D25-PAM-N
dsDNAs (d), which were fitted by single exponential decay. Distributions of one repeat are shown. Values were mean + SEM from three replicates.
(e and f) Distributions of the appearance time of LbCas12a-WT on DN-PAM-31 dsDNAs (e) and D25-PAM-N dsDNAs (f). (g and h) Distributions of
the appearance time of FnCas12a-WT on DN-PAM-31 dsDNAs (g) and D25-PAM-N dsDNAs (h). (i—-k) The apparent target search rates (ko) of
AsCasl2a-WT (i), LbCas12a-WT (j) and FnCasl2a-WT (k) were affected by the extension of dsDNA. Values were mean + SEM from three
replicates.
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search lengths of AsCas12a and LbCas12a on PAM upstream are
~11 bp and ~18 bp, respectively, with a maximal search rate of
40-50 uM " ™. However, for FnCas12a, its target search rate is
significantly reduced (the maximal value ~5.6 pM~* s~ ") and its
effective search length is shrunk to a few bp (Fig. 1k). The salt
concentration and crowding reagent only have a minor effect on
the target search behaviors of FnCas12a (Fig. S47). To verify that
the Cy3 signal captured in our assay (Fig. 1b) is truly the result
of Cas12a binding to the target site, we performed additional
single-molecule fluorescence resonance energy transfer (FRET)
measurements, in which FRET between Cy5-labeled dsDNA and
Cy3-labeled crRNA was used to pinpoint the binding of Cas12a/
crRNA on the target site (Fig. S5a and bt). Both the single-
molecule FRET assay and the single-molecule fluorescence
assay with only Cy3 signals had similar results, confirming the
accuracy of our measurements (Fig. 1 and S57).

Next, we used the D25-PAM-N series to quantify the effect of
PAM downstream extension on the target search of Cas12a, in
which the distance between PAM and the 5’ end of the NTS
remains constant at 25 bp and the distance between PAM and
the 3" end of the NTS varies from 11 bp to 206 bp (Fig. 1a right,
Table S17). The downstream extension of PAM also accelerates
target search rates of AsCas12a and LbCas12a by 2-3 fold to 55—
60 uM~' s7' (Fig. 1i and j). The effective search lengths of
AsCas12a and LbCas12a on PAM downstream are ~33 bp and
~23 bp, respectively, which are longer than their search lengths
on PAM upstream (Fig. 1i and j). Although FnCas12a displays
a slower target search rate than AsCasl2a and LbCas12a, its
search length on PAM downstream is still longer than the one
on PAM upstream (Fig. 1k). Together, our single-molecule
assays confirmed that Cas12a combines both 3D and 1D diffu-
sion to accelerate the target search process on dsDNA. In
addition, in line with our previous finding on SpCas9,**
AsCas12a, LbCasl2a and FnCasl2a all exhibit asymmetric
target search regions flanking PAM, suggesting that, besides the
PAM-interacting residues, there are additional nonspecific
interactions between Casl12a and dsDNA at the PAM down-
stream to facilitate 1D diffusion.

Cas12a displays extremely weak binding towards isolated
PAM sites randomly located on dsDNA (<30 ms),* which is
beyond the time resolution of our experimental design and will
not contribute to our analysis. In our experiments, AsCas12a
and FnCasl12a shared the same crRNA sequence, whereas
LbCas12a formed a binary complex with another different
crRNA previously used® (Table S21). We confirmed that
switching between these two crRNAs only has minor effects on
the target search dynamics of Cas12a (Fig. S61). Therefore, the
distinctive target search dynamics among AsCas12a, LbCas12a
and FnCas12a captured in Fig. 1 are mainly caused by the
differences in protein sequences.

Critical residues mediating 1D diffusion of Cas12a

In our previous studies, SpCas9 exhibits similar asymmetric
target search behaviours to those of Cas12a, guiding us to reveal
a non-specific binding site between SpCas9 and intact dsDNA
~8 bp downstream of the PAM to mediate 1D diffusion.**

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Asymmetric target search of Cas12a shown in Fig. 1 indicated
that the non-specific binding site mediating 1D diffusion of
Cas12a on dsDNA is also located at the downstream of PAM.
However, the target sequence of Cas9 is located at the PAM
upstream, whereas the target sequence of Cas12a is located at
the PAM downstream. Thus, in the published structures of the
Cas12a/crRNA/dsDNA ternary complex, the PAM downstream
dsDNA is already unwound to form an R-loop with crRNA.*>*
Furthermore, due to the instantaneous, fast and unstable
search process of Casl2a, non-specific interaction between
Cas12a and intact dsDNA has not been identified yet. Never-
theless, we hypothesized that the positively charged residues in
the cavity formed by REC1, REC2, RuvC and Nuc domains to
interact with the RNA/DNA heteroduplex and NTS might
contribute to non-specific interactions with intact dsDNA to
mediate 1D diffusion of Cas12a. Based on the published
structure,”” we selected two positively charged residues and
seven regions with enriched positively charged residues as
candidates for further examination (Fig. 2a, Table S3t).

Next, we generated nine AsCasl2a mutants by mutating
positively charged residues within the candidate regions to
alanine (Table S3t). All of these mutants retained their abilities
to recognize and to cleave the dsDNA target (Fig. S71). Then,
how extensions of PAM upstream and downstream affect
apparent target search rates of these AsCas12a mutants were
examined using the assays described above (Fig. 2b).
AsCas12a'®*, AsCas12a®'3'® and AsCas12a'''®*''*” had
similar apparent target search rates as AsCas12a-WT. Although
AsCas12a’*™13 AsCas12a'%%719%5 AsCas12a®®”, AsCas12a3867393
and AsCas12a'>*>*%8 digplayed slower target search rates than
AsCas12a-WT, the sensitivity of their search rates towards the
extension of PAM upstream and downstream remained almost
the same as that of AsCas12a-WT. On the other hand,
AsCas12a*°®™*"® not only exhibited the slowest target search
rates among all mutants but also showed the least sensitivity
towards the extension of the PAM upstream and downstream
(Fig. 2b). With the DN-PAM-31 series and the D25-PAM-N series
used in Fig. 1, we further confirmed that mutating positively
charged residues lys400, lys403, lys406, lys408, arg411 and
lys414 to alanine slowed the target search process by 7-8 fold
and reduced the search length of 1D diffusion (Fig. 2¢c-d, i and
S8a, bt). With improved time resolution (0.7 ms per frame), we
revealed that the nonspecific binding rate of AsCas12a%%°*
with dsDNA containing no PAM and no target is almost the
same as that of AsCas12a-WT, indicating that mutations of the
corresponding site do not affect the 3D collision between
AsCas12a and dsDNA (Fig. S2at). However, the transient dwell
time of AsCas12a****" on nonspecific dsDNA is shorter (~2
fold) than that of AsCas12a-WT, indicating that these positively
charged residues contribute to nonspecific interactions
between AsCas12a and dsDNA. Together, we identified that
residues 400-415 are the key elements to non-specifically
interact with dsDNA to mediate 1D diffusion of AsCas12a and
to facilitate target search.

In the Cas12a/crRNA/DNA ternary complex, residues 400-
415 of AsCas12a formed an alpha helix to interact with the RNA/
DNA heteroduplex at the PAM distal end.*” Through sequence

Chem. Sci., 2023, 14, 3839-3851 | 3841
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Fig.2 Residues mediating 1D diffusion and target search of Casl12a. (a) Structure of AsCas12a/crRNA/dsDNA (PDB: 5b43). The AsCasl12a protein,
crRNA, TS and NTS are shown in gray, orange, green and blue, respectively. Residues 1054, 301-313 and 1118-1127 are shown in magenta.
Residues 92-113, 1086-1095, 887, 386-393, and 1282-1288 are shown in cyan. Residues 400-415 are shown in red. (b) The apparent target
search rates (ko) of AsCas12a-WT and AsCas12a-mutants on dsDNAs with extensions of PAM upstream and downstream and their relative ratios.
Values were mean + SEM from three replicates. (c and d) Distributions of the appearance time of AsCas12a*°°~4!> on DN-PAM-31 dsDNAs (c) and
D25-PAM-N dsDNAs (d), which were fitted by single exponential decay. Distributions of one repeat are shown. Values were mean + SEM from
three replicates. (e and f) Distributions of the appearance time of LbCas12a°8°73°! on DN-PAM-31 dsDNAs (e) and D25-PAM-N dsDNAs (f). (g and
h) Distributions of the appearance time of FnCas12a***~44° on DN-PAM-31 dsDNAs (g) and D25-PAM-N dsDNAs (h). (i—k) The apparent target
search rates of AsCas12a*°%~%% (i), LbCas12a%8°3! (j) and FnCas12a**4~*4° (k) were affected by the extension of dsDNA. Values were mean +

SEM from three replicates.

and structure alignment, we identified their corresponding
sequences in LbCasl2a and FnCasl2a and generated
LbCas12a*°7*%" and FnCas12a***™**°, respectively, by mutating
positively charged residues in the corresponding regions to
alanine (Table S371). AlphaFold predictions show that mutations
at the REC2 domain do not disrupt the structure of Cas12a
proteins (Fig. S91). Similar to AsCas12a***'®, LbCas12a*%°3"
and FnCas12a®* ™" both exhibited significantly reduced
apparent search rates and shortened diffusional search lengths
compared with their WT proteins (Fig. 2e-h, j and k and S8c-f¥).
Thus, this alpha helix serves as a conserved element among the
three Casl2a orthologs to mediate 1D diffusion during the
target search process.

AsCas12a, LbCas12a and FnCas12a all contain six positively
charged residues in the alpha helix dominating their 1D diffu-
sion on dsDNA (Table S31). LbCas12a**>%, which was con-
structed by mutating only four arg and lys residues facing the
RNA/DNA heteroduplex to alanine, displayed a ~3.5 fold
decrease in apparent target search rates compared to LbCas12a-
WT and was still ~2 fold faster than LbCas12a*#°7*°! (Fig. $10%).
LbCas12a®”>7%' having three additional nearby lys mutated to
alanine, displayed a further reduced search rate compared to
LbCas12a*#°! (Fig. $107). With improved time resolution, we
found that reducing positively charged residues within and near
the alpha helix reduces the dwell time of LbCas12a on non-
specific DNA and weakens the electrostatic interaction
between LbCasi2a and DNA (Fig. S2bf). These results
confirmed that positively charged residues within and near this
alpha helix all contribute to mediating 1D diffusion via non-
specific electrostatic interactions with dsDNA.

3842 | Chem. Sci, 2023, 14, 3839-3851

FnCas12a shows significantly slower target search rates and
shorter search lengths than AsCasl2a and LbCasl2a. We
questioned whether their different target search behaviors are
caused solely by this alpha helix and its orientation (Fig. S11aft).
Thus, we created two chimera proteins, AsCas12a**~415F and
FnCas12a(*3#494s by switching their helix sequences (Table
S31). AsCas12a°415Fn displayed slower search rates than
AsCas12a-WT, but its rates were still ~5 fold faster than that of
FnCas12a-WT. FnCas12a(***4494s exhibited even slower rates
than FnCas12a-WT (Fig. S117). Therefore, exchanging the
sequences of this alpha helix cannot switch the behaviors of
AsCas12a and FnCasl12a. Consistent with our results, Alpha-
Fold* predicts that AsCas12a°**15" adopts a similar struc-
ture to that of AsCas12a-WT, whereas FnCas12a(#34-4494s 3dopts
a similar structure to that of FnCas12a-WT (Fig. S11f}). Thus, we
speculate that these are additional factors that determine the
orientation of this alpha helix causing differences among
Cas12a orthologs.

Residues 400-415 of AsCas12a affect the dynamics of dsDNA
cleavage

K414 in residues 400-415 of AsCas12a,*> R386 and K391 in
residues 380-391 of LbCas12a® and K447 in residues 434-449
of FnCas12a* are shown to interact with the RNA/DNA hetero-
duplex in the Cas12a/crRNA/dsDNA ternary complex. Therefore,
we questioned whether the helix mediating 1D diffusion of
Cas12a also contributes to the target cleavage process of the
ternary complex after target search and PAM recognition. We
applied the single-molecule FRET assay developed in previous

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Conformational dynamics of Casl12a while mediating DNA cleavage. (a) Cartoons and a typical SmFRET trajectory illustrating the cor-
responding states of Casl12a. Cy3 (green dots) was labeled at the 3’ end of crRNA, and Cy5 (red dots) was labeled at the target strand located 28 nt
downstream of the PAM. Under 532 nm laser excitation, spontaneous appearance of Cy3 and FRET signals represents the binding of Cas12a on
immobilized dsDNAs, leading to the transition from a Cas12a/crRNA binary complex (B state) to a ternary complex containing a partially formed
R-loop (T1 state). The T1 state might further transit to the NTS pre-cleavage state (T2) and TS pre-cleavage states (T3 and T4). (b—g) Time-
dependent FRET probability density plots of Casl2a-WT and Casl2a-mutants with fully matched dsDNA (b-d) and AsCasl2a proteins with
partially matched dsDNAs (e—g). MM is an abbreviation for mismatched base pairs at the PAM-distal end. Time-dependent FRET probability
density plots were synchronized at the appearance of FRET (defined as t = 0O in the left panel of each sub-figure) or at the disappearance of FRET
(defined as t = O in the right panel of each sub-figure), from which FRET changes of Cas12a after complex formation or before disassembly of the
ternary complex can be carefully examined, respectively. () Energy landscapes of Cas12a-WTs and Casl2a-mutants with fully matched dsDNA.
(i) Energy landscapes of AsCas12a-WT and AsCas12a*°°~%1> with partially matched dsDNAs.
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Fig. 4 Specificity of Cas12a and SpCas9 in vitro and in vivo. (a) DNA cleavage assays of AsCas12a-WT and AsCas12a*°°~4!% at 25 °C for 16 min.
Substrates that carry O, 3, 6, 7 or 8 mismatched bases toward the crRNA at the PAM distal end are referred to as 3MM-, 6MM-, 7MM- and 8MM-
dsDNA, respectively. (b) Cleavage percentage of AsCasl12a-WT and AsCas12a*°%~*1° towards fully matched and partially matched dsDNAs. The
uncleaved (2281 bp) and cleaved (~1140 bp) products were separated by 1% agarose gel. (c) DNA cleavage by LbCas12a-WT and LbCas12580~3%1
at 25 °C for 16 min. (d) Cleavage percentage of LbCas12a-WT and LbCas12a%%°~*°! towards fully matched and partially matched dsDNAs. (e)
Schematic of bacterial interference assay targeting the zrap gene. Cleavage of the zrap gene results in cell death. (f) Cell death percentage using
AsCasl12a-WT or AsCas12a*°°~*5 targeting the zrap gene. (g) Schematic of GFP disruption assay in HEK293T cells. Cleavage of the GFP gene
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studies to examine the dynamic processes from Cas12a/crRNA/
dsDNA ternary complex formation until the release of the
dsDNA fragment after cleavage (Fig. 3a).***' In our assay, Cy3
was labeled at the 3’ end of crRNA and Cy5 was labeled at the
target strand located 28 nt downstream of the PAM (Table S47).
After injecting the Cy3-labeled Cas12a/crRNA complex into the
flow chamber containing immobilized Cy5-labeled dsDNA, the
appearance of Cy3/Cy5 signals and change of Cy3/Cy5 FRET
efficiencies were caused by the formation of the Cas12a/crRNA/
dsDNA complex followed by a series of conformational changes.
Based on single-molecule trajectories, five distinctive states
were identified, including a non-fluorescence state (B) repre-
senting the binary complex before binding with dsDNA and four
FRET states (T1, T2, T3 and T4) representing different confor-
mational states of the ternary complex (Fig. 3a). Based on the
previous assignment, T1 is the initiation state containing
a partially formed R-loop, T2 is the NTS pre-cleavage state, and
T3 and T4 are two target strand (TS) pre-cleavage states.***!
Thus, the transition from B to T1 represents the overall target
search process affected by 1D diffusion, whereas the transition
from T1 to T3 and T4 states represent a series of conformational
changes to complete dsDNA cleavage after Cas12a/crRNA/
dsDNA ternary complex formation. From individual single-
molecule trajectories, dwell times of these five states and tran-
sition rates among them were quantified (Fig. S12-5S147), from
which the differences in free energies among these states and
the energy barriers along the cleavage pathway were quantified
and used to plot energy landscapes of different Cas12a with
fully matched or partially matched dsDNA targets (Fig. 3).

In the presence of the fully- matched dsDNA targets,
AsCas12a***™*" displayed significantly different FRET patterns
from AsCas12a-WT showing that AsCas12a***™*"® is much less
likely to transit into high-FRET TS pre-cleavage states (T3 and
T4) (Fig. 3b and S127). Energy landscapes and transition rates
showed that removing positively charged residues in the helix
400-415 of AsCasl12a not only decreases the ternary complex
formation rate by ~9 fold but also destabilizes T3 and T4 states.
After ternary complex formation, AsCas12a*%°*'® is less favor-
able to transit from T1 to the TS pre-cleavage states (T3 and T4)
than AsCas12a-WT, indicated by its reduced transition rates
from low FRET to high FRET states and elevated free energies of
T2, T3 and T4 states (Fig. 3b, h and S14t). Although the ternary
complex formation rate of LbCas12a*%°%! was greatly reduced,
unlike AsCas12a*°®™*'%  its transition rates between T1, T2, T3
and T4 states remained almost the same as that of LbCas12a-
WT (Fig. S13 and S147). Therefore, LbCas12a’*°°" and
LbCas12a-WT exhibited similar FRET patterns, illustrating
similar conformational dynamics transiting from T1 to T4
(Fig. 3c and S12%). Consistent with the results shown above,
disrupting positively charged residues in the helix 434-449 of

View Article Online
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FnCas12a had only minor effects on the ternary complex
formation rate, transition rates among T1-T4 states and the
overall energy landscapes (Fig. 3d, h and S13, S147).

Among the three Casl2a orthologs, conformational
dynamics of AsCas12a during target search and DNA cleavage is
affected the most. When mismatches were introduced into the
PAM-distal end between crRNA and dsDNA, the probabilities of
AsCas12a***™*" to sample high-FRET TS pre-cleavage states
were further reduced (Fig. 3e-g and S12-S14+1). Quantification
analysis showed that, in the presence of partially matched
dsDNAs, the free energies of T3 and T4 states of AsCas12a*%°~*1*
are 4-6 kT higher than those of AsCas12a-WT (Fig. 3i).
Together, residues 400-415 of AsCasl12a not only mediate 1D
diffusion to facilitate target search but also play important roles
in assisting the formation of DNA cleavage states. Disrupting
positively charged residues in 400-415 decreases the cleavage
activity of AsCasl2a and increases its sensitivity towards
mismatches between crRNA and dsDNA. Thus, AsCas12a?%°*°
might exhibit higher specificity than AsCas12a-WT, which will
be examined in the following assays.

AsCas12a*°**"> exhibits improved DNA cleavage and gene
editing specificity

To examine the target specificity of AsCas12a-WT and
AsCas12a***™*"® we performed in vitro DNA cleavage assays
(Fig. 4a, b, S15, S16a and Table S51). Consistent with our
speculation based on single-molecule FRET measurements,
AsCas12a*°*™"® displayed lower cleavage activities, slower
cleavage rates and higher specificity than AsCas12a-WT.
Particularly, AsCas12a*°**"> had no detectable cleavage target-
ing 7MM dsDNA containing 7 mismatches at the PAM-distal
end in 16 min, whereas AsCas12a-WT displays moderate
cleavage activity towards 7MM dsDNA. On the other hand,
LbCas12a-WT and LbCas12a*%°7°! exhibited similar cleavage
activities and specificity in in vitro assays (Fig. 4c, d and S16b,
S177). Our single-molecule FRET measurements showed that
both AsCas12a*°**" and LbCas12a®*°°! displayed a slower
effective target search rate to form a ternary complex than their
Cas12a-WT proteins, whereas only AsCas12a****'® displayed
a reduced probability to transit into DNA pre-cleavage states
after ternary complex formation. Therefore, the specificity of
AsCas12a is mainly modulated by its conformational dynamics
after ternary complex formation and is not sensitive to the
target search process.

Next, we aimed to examine whether AsCas12a*°*™*'> exhibi-
ted improved specificity in living cells. When targeting zrap
(zinc resistance associated protein), an essential gene of
Escherichia coli, AsCas12a-WT can tolerate up to 7 mismatched
bases at the PAM-distal end without reduction of its editing

causes loss of GFP fluorescence. (h and i) GFP disruption percentage using AsCasl2a-WT or AsCas12a#°°~#'% targeting site 1 (n) and site 2 (i)
located within GFP. (j) DNA cleavage assays of SpCas9-WT and SpCas9tt®1—1156 gt 25 °C for 16 min. (k) Cleavage percentage of SpCas9-WT and
SpCas9Si—11% targeting fully matched and partially matched substrates. The uncleaved (2188 bp) and cleaved (~1090 bp) products were
separated by 1% agarose gel. () Schematic of bacterial interference assay targeting the zrap gene using SpCas9. (m) Cell death percentage using
SpCas9-WT and SpCas9t51~11%€ targeting the zrap gene. Significances were determined via a 2-tailed student's t-test between two groups. ns =
not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. Data were mean + SEM from three replicates.
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efficiency. Although 6 mismatched bases located at the PAM-
distal end have almost no influences on the editing efficiency
of AsCas12a*°**"*| 7 mismatched bases significantly reduce its
editing efficiency (Fig. 4e, f and S16¢, Table S67). In addition, we
used GFP disruption assay with HEK293T cells harboring the
GFP gene to examine the editing specificity of AsCas12a in
mammalian cells (Fig. 4g). Two different sites were examined
(Fig. 4h, i and S16d, e, Table S6%). For both sites, crRNA con-
taining 3 PAM-distal mismatches towards the target exhibited
similar editing efficiencies to that of the fully matched one, and
the editing efficiencies of AsCas12a**®*"> were always lower
than those of AsCas12a-WT. 7 or 8 PAM-distal mismatches
completely abolish editing of AsCas12a under our experimental
conditions. When 6 PAM-distal mismatches were introduced,
AsCas12a***™*" displayed much lower editing efficiency than
that of AsCas12a-WT with site 1, whereas both AsCas12a*%°™4!°
and AsCas12a-WT had almost no editing with site 2. Together,
AsCas12a*°™*" exhibits improved editing specificity compared
to AsCas12a-WT in both E. coli and HEK293T cells.

Our previous studies showed that facilitated diffusion of
SpCas9 is mediated by nonspecific interactions between resi-
dues 1151-1156 of SpCas9 and dsDNA.** We questioned
whether these nonspecific interactions also affect the specificity
of SpCas9. Thus, we constructed SpCas9'">*~"**® by mutating
all amino acids within this region to alanine (Tables S37). Using
the in vitro cleavage assay and the E. coli editing assay described
above, we revealed that SpCas9''®'~''°® has better specificity
than SpCas9-WT (Fig. 4j-m, S16f, g and S18, Tables S6-S77).
Therefore, our results showed that modulating residues

Nonspecific binding residues
AsCas12a: 400-415
LbCas12a: 380-391

FnCas12a: 434-449
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mediating target search of Cas proteins on dsDNA is a potential
alternative route to optimize their specificity.

The non-specific DNA binding site in the REC2 domain
modulates target search and DNA cleavage

Class II type V CRISPR-Cas12a is a RNA-guided DNA endonu-
clease and provides an alternative to class II type II CRISPR-Cas9
for gene editing and engineering. Previous structural,
biochemical and single-molecule studies have shed light on the
working mechanisms of the Cas12a protein. It uses long-range
hopping and 1D diffusion for a short distance on dsDNA to
facilitate its target search process.**** After recognizing the PAM
sequence, Casl2a undergoes a series of conformational
changes to unwind dsDNA, to form an R-loop and to cleave the
NTS and TS using its RuvC domain sequentially, leaving a 5’
overhang distal to the PAM site.”?**™>%% In this study, we
applied single-molecule assays with dsDNA strands to shed
light on residues mediating 1D diffusion of Cas12a. We revealed
that the three Casl2a orthologs display asymmetric target
search regions flanking the PAM biased towards the down-
stream, suggesting that there are non-specific interactions
between Casl2a and intact dsDNA at the PAM downstream
during transient 1D diffusion.

However, the target of Cas12a is also located the downstream
of the PAM site, which is unwound to form an R-loop with
crRNA in the Cas12a/crRNA/dsDNA ternary complex. Thus, we
are unable to obtain a stable structure to illustrate non-specific
interactions between Cas12a and the intact dsDNA at the PAM
downstream as we did with SpCas9.** After examining several

PAM recognition

—

— L

PAM-reéognition residues -=== M

LY
NN NN NN NN IR

(T 2=

1D diffusion

Mediated by nonspecific binding
residues of Cas12a

TS cleavage

O I [k ;_'EEIII]:ZI — I
\ Fragments
dissociation

‘ ‘R-Ioop formation

Nonspecific binding residues assist the cleavage process
of AsCas12a

Fig.5 A scheme demonstrating the contribution of the DNA non-specific binding site in the REC2 domain to target search and DNA cleavage. A
freely diffusing Cas12a/crRNA molecule binds to dsDNA through 3D random collision to form transient complexes mediated by the non-specific
binding site and to initiate 1D diffusion in a relatively short range to search for PAM. PAM recognition causes R-loop formation and extension,
which further triggers the sequential cleavage of the NTS and TS by the RuvC domain. For AsCas12a, the non-specific binding site plays an
additional role besides mediating 1D diffusion, which is in stabilizing DNA cleavage states and facilitating DNA cleavage. Casl2a proteins are
shown in gray. crRNAs and nonspecific dsDNAs are shown in black. The target DNA and PAM sequences are shown in red and yellow,
respectively.
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potential sites, we identified that an alpha helix in the REC2
domain (residues 400-415 of AsCas12a, 380-391 of LbCas12a
and 434-449 of FnCas12a) plays the key role in mediating 1D
diffusion to facilitate target search (Fig. 5). Disrupting the non-
specific interactions between this helix and dsDNA significantly
diminishes the contribution of 1D diffusion, shortens the
search length and reduces the apparent target search rate by up
to 10 fold. The alpha helix (residues 400-415) of AsCas12a plays
additional roles in stabilizing NTS and TS cleavage states.
Neutralizing positively charged residues within this region
destabilizes cleavage states by 4-6 kgT to slow cleavage. In
summary, our study identified unknown non-specific interac-
tions between the REC2 domain of Cas12a and dsDNA, which
contributes to both target search and cleavage processes. Our
findings provide further insights regarding the working mech-
anisms of Cas12a proteins and a new strategy to engineer them
for future applications.

AsCas12a, LbCas12a and FnCas12a share great similarities
in their sequences and structures. However, previous studies
have shown that FnCas12a is inefficient or inactive at multiple
loci in human cells.”**** Biochemical assays show that
FnCas12a displays a slower target search rate than AsCasl2a
and LbCas12a, which is likely caused by its shortened 1D
diffusion length (Fig. 1). Although all Cas12a proteins contain
six positively charged residues in the non-specific binding alpha
helix, contributions of the FnCas12a alpha helix to 1D diffusion
are the smallest. Switching the sequences of the non-specific
binding alpha helix between FnCas12a and AsCas12a cannot
alter their differences in target search (Fig. S117), suggesting
that there are additional elements regulating the interactions
between the alpha helix and intact dsDNA in the transient
Cas12a/crRNA/dsDNA complex during 1D diffusion.

Weakening interactions between Cas proteins and DNA or
RNA strands is a common strategy to enhance their specificity
by sacrificing their nuclease activities.**> In agreement with
this principle, both AsCas12a*°°™*!* and SpCas9******¢ exhibit
weaker non-specific interactions with dsDNA, and higher
specificity and slower cleavage rates than their wild-type
proteins. On the other hand, although interactions with
dsDNA are weakened in LbCas12a***°') its apparent DNA
cleavage rate still remain almost the same as that of LbCas12-
WT and is much faster than that of AsCas12a’®®™*'® and
AsCas12a-WT (Fig. S15 and S17%), which explains why
LbCas12a-WT and LbCas12a**°7*°! exhibit similar specificities.

To date, there are several routes to engineer Cas12a and Cas9
to enhance their functions or to achieve new functions. Dis-
rupting electrostatic interactions between Cas proteins and the
NTS/TS, truncating crRNA/sgRNA and partially substituting the
RNA with DNA have been wused to improve their
specificity.>**7%%> Destabilizing the active conformation of
Casl12a by mutating the bridge helix of Cas12a, changing the
energy potential of crRNA base pairing to the target DNA by
partial replacement of crRNA with DNA and disrupting poten-
tial interactions between Cas12a and the NTS by constructing
an AsCas12a-K949A mutant can improve the specificity of
Cas12a.%*%% Here, we demonstrated that modifying non-
specific DNA binding sites of Cas proteins mediating 1D

© 2023 The Author(s). Published by the Royal Society of Chemistry
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diffusion is a new additional strategy to engineer Cas12a and
Cas9 and to modulate their specificities. In addition to cleavage
specificity, evolving PAM-interacting domains can alter or
expand their PAM compatibility.®*** Mutations in catalytic sites
can generate a nickase or catalytically dead Cas protein
(dCas12a and dCas9), which can be fused with additional
modulators to achieve site-specific transcription activation/
repression, base editing and so on.'*%!820216566 Recently, the
split-protein strategy and a chemically controlled autoinhibited
RNA switch have been used to engineer temporally controlled
Cas protein-based effectors responding to light or
ligands."*****¢ We speculated that the response speed of
temporally controlled Cas protein-based effectors might be
adjustable by modifying their non-specific DNA binding sites.
The engineering strategy we described in this study is compat-
ible with other engineering methods to expand the CRISPR-Cas
toolbox.

Conclusions

In this work, we establish single-molecule fluorescence assays
to the dissect dynamics of Casl2a complexes during target
search and cleavage processes. We pinpoint a positive-charge-
enriched alpha helix in the REC2 domain serving as
a conserved element to interact with intact dsDNA during the
target search process and to mediate one-dimensional diffusion
of AsCas12a, LbCas12a and FnCas12a. In addition, this alpha
helix assists the target cleavage process of AsCasl12a via stabi-
lizing the cleavage states. We further demonstrate that engi-
neering residues mediating diffusion not only significantly
affects the target search process but also modulates the target
specificity of AsCas12 and SpCas9 both in vitro and in living
cells. All in all, our work provides a novel strategy to engineer
Cas proteins, which is compatible with current strategies, to
enrich the versatile Cas protein-based tools.

Experimental
Reagents

DNA oligonucleotides and crRNA with amine modification on
the specific site were purchased from Sangon Biotech and
Takara, respectively. Suflo-Cyanine3 (NHS ester) and Suflo-
Cyanine5 (NHS ester) were purchased from Lumiprobe. Ultra-
Pure™ 1 M Tris-HCI pH 7.5, 1 M MgCl, and 5 M NaCl were
purchased from Invitrogen. Other common materials and
reagents were purchased from Sigma or Amresco.

Plasmid construction, and protein expression and
purification

LbCas12a, AsCas12a and FnCas12a were expressed in Escher-
ichia coli strain BL21 (DE3) using the expression plasmid pGEX-
6P-1, a gift from Dr Zhiwei Huang,* which contains an N-
terminal GST tag and a precise protease cleavage site (HRV 3C
site). Protein mutations were constructed by point mutations or
homologous recombination confirmed by DNA sequencing.
Cas12a wild-type or mutants were purified as previously
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described.*"** Briefly, E. Coli BL21 (DE3) contained the Cas12a
expression plasmid grown in an LB medium (100 pg mL™"
ampicillin) at 37 °C to an OD600 of 0.6-0.8. Protein expression
was induced by 0.7 mM isopropyl B-p-1-thiogalactopyranoside
(IPTG) and cultured for 12-16 h at 16 °C. The cells were har-
vested, and then sonicated in lysis buffer (50 mM Tris-HCI pH
7.5, 500 mM NacCl, 1 mM MgCl,, and 1 mM TCEP) with 1 mM
protease-inhibitor PMSF (Sigma). Cell debris was removed by
centrifugation at 14 000 rpm. The supernatant was incubated
with glutathione sepharose 4B (GS4B) beads (GE Healthcare) in
lysis buffer, and then eluted by using GSH elution buffer
(50 mM Tris-HCI pH 7.5, 500 mM NacCl, 1 mM MgCl,, 1 mM
TCEP, and 20 mM GSH). The GST tag was removed by incu-
bating the protein with HRV 3C protease (protein : protease =
25:1) overnight. The protein was further purified by ion-
exchange chromatography with a Source S column (GE
Healthcare), and eluted with a linear gradient of 0.15-1 M NaCl
(buffer A: 50 mM MES pH 6.0, 150 mM NacCl, 1 mM TCEP; buffer
B: 50 mM MES pH 6.0, 1 M NaCl, and 1 mM TCEP). The purity of
the protein was verified by SDS-PAGE electrophoresis. The
protein was concentrated in lysis buffer, flash-frozen in
aliquots, and stored at —80 °C.

SpCas9 wild-type and mutants were expressed in Escherichia
coli strain BL21 (DE3) using the expression plasmid pM]J806
(Addgene plasmid # 39312) and purified as previously
described.®” Briefly, cells were sonicated in lysis buffer (20 mM
HEPES pH 7.5, 500 mM NaCl, 1 mM TCEP, and 10% glycerol)
with 1 mM PMSF and debris was removed by centrifugation.
The supernatant was incubated with Ni-NTA agarose (Qiagen) in
lysis buffer, and then eluted with elution buffer (20 mM HEPES
pH 7.5,250 mM KCI, 1 mM TCEP, and 150 mM imidazole). After
removing the Hiss-MBP affinity tag, the protein was further
purified by using a Source S column, and eluted with a linear
gradient of 0-1 M KClI (buffer A: 20 mM HEPES pH 7.5, 0 M KCl,
1 mM TCEP; buffer B: 20 mM HEPES pH 7.5, 1 M KCl, and 1 mM
TCEP). The protein was concentrated in storage buffer (50 mM
Tris-HCI pH 7.5, 150 mM KCl, and 1 mM TCEP), flash-frozen in
aliquots, and stored at —80 °C.

Labeling of nucleic acids

Nucleic acids were labeled with fluorophores by reacting with N-
hydroxysuccinimido (NHS)-ester derived fluorophores. Briefly,
DNA or crRNA strands were dissolved to 0.4-1 mM in 10 mM
NaHCO; (Sigma) buffer and mixed with NHS-fluorophores at
a 1:10 molar ratio. Then the labeling mixture was kept at room
temperature (~23 °C) for two hours in the dark. The labeled
products were purified by ethanol precipitation and resus-
pended in nuclease-free water (Life tech). The labeling efficiency
was calculated by measuring the absorption of nucleic acids at
260 nm and the absorption of fluorophores at 549 nm or
649 nm. Overall, the labeling efficiencies of nucleic acids used
in this study were 80-90%.

In vitro cleavage assay

dsDNA (2281bp) for Cas12a and dsDNA (2188 bp) for Cas9 with
target sites were generated from the plasmid by PCR
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amplification and purified using 1% agarose gel. The proto-
spacer and PAM sequences for Cas12a or Cas9 were located at
the center of the dsDNA. crRNA or sgRNA was pre-annealed at
85 °C for 10 min and then slowly cooled down to room
temperature by 0.2 °C s~'. To ensure that all proteins formed
binary complexes with their corresponding RNAs, we mixed Cas
proteins with a 2x molar excess of the annealed-RNAs in the
reaction buffer (Cas12a: 50 mM Tris-HCI pH 7.5, 100 mM Nacl,
10 mM MgCl,, 1 mM DTT; Cas9: 50 mM Tris-HCI pH 7.5,
100 mM KCl, 5 mM MgCl,, and 1 mM DTT) at 25 °C for 25
minutes. For cleavage activity measurement of Cas12a proteins,
100 nM Cas12a/crRNA was used to cleave the 7 nM dsDNA at 25
°C for 16 min and 30 min in the reaction buffer. Cleavage was
terminated by adding 6x DNA loading buffer (15% Ficoll®-400,
66 mM EDTA, 20 mM Tris-HCI pH 8.0, 0.12% SDS, and 0.09%
bromophenol blue). For cleavage assays of dsDNA with
mismatches at the PAM distal end as shown in Fig. 4 and S16,}
100 nM Cas12a/crRNA or SpCas9/sgRNA was used to cleave the
7 nM dsDNAs with fully matched or mismatched target sites at
25 °C for 16 min. For time-dependent cleavage assays of dsDNA
with mismatches at the PAM distal end as shown in Fig. S15,
S17 and S18,7 50 nM Cas12a/crRNA or 100 nM SpCas9/sgRNA
was used to cleave the 7 nM dsDNA at 25 °C for 16 s, 32 s,
1 min, 2 min, 4 min, 8§ min, 16 min, 30 min and 60 min,
respectively. Uncleaved and cleaved products were separated by
using 1% agarose gel and cleavage percentages were deter-
mined by Gaussian fitting.

Bacterial-based negative selection assay

For a negative selection assay based on the zrap gene in
Escherichia coli for AsCasl2a, a plasmid engineered from
BPK764,%* with a chloramphenicol resistance gene capable of
expressing crRNA as well as Cas12a, was transformed into BL21
which has a kanamycin resistance gene in its genome. Then, it
was incubated on ice for 25 min, heat shocked at 42 °C for 1 min
30 s, followed by 60 min recovery in LB media. Transformants
were then plated on LB agar containing 50 pug mL ™' kanamycin
and 25 pg mL " chloramphenicol in the absence of IPTG.
Cleavage of the zrap gene can result in cell death. The plasmid
expressing crRNA without a spacer sequence was used as the
control. The survival ratio was obtained by counting the number
of surviving colonies and compared with that of the control.
For a negative selection assay based on the zrap gene in
Escherichia coli for SpCas9, BPK764 that can express SpCas9 was
transformed into BL21. Then, the plasmid engineered from
PBSTNAV®® that can transcribe sgRNA targeting the conserved
zrap gene was transformed into BL21, which was plated on LB
agar containing 100 pg mL~ ' ampicillin and 25 pg mL ™"
chloramphenicol. pBSTNAV without sgRNA sequences was used
as a control. The cleavage of essential zrap genes will result in
the death of the bacteria; otherwise, the bacteria will survive.

Genome editing in fluorescent reporter human cells

The GFP stable expressed HEK293T reporter cells were seeded
into 96-well plates and transfected 12-18 h later at 60-70%
confluency according to the manufacturer's protocol with
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lipofectamine 3000 (Life Technologies) and 200 ng of plasmid
DNA encoding Cas12a and crRNA. 24 h after transfection, GFP
HEK293T reporter cells that were successfully transfected were
selected by adding 1.5 mg mL " puromycin to the cell culture
media for 48 h. A fresh medium with puromycin was added to
the transfected HEK293T reporter cells for an additional 24 h
before replacing them with cell culture media without puro-
mycin. The cells were passaged regularly to maintain sub-
confluent conditions and then analyzed in 96-well round
bottom plates on an Attune NxT Flow Cytometer with an auto-
sampler. The cells were analyzed on the flow cytometer after 7
days to track the disruption of the GFP gene in cells.

Acquisition of single-molecule fluorescence data

All our smFRET experiments were performed at 25 °C. Unless
specifically mentioned, all complex formations and single-
molecule imaging were carried out in the reaction buffer
(50 mM Tris-HCI pH 7.5, 100 mM NaCl, 10 mM MgCl, and
1 mM DTT) with an oxygen scavenging system (3 mg mL ™"
glucose, 100 pg mL ™" glucose oxidase (Sigma-Aldrich), 40 pg
mL " catalase (Roche), 1 mM cyclooctatetraene (COT, Sigma-
Aldrich), 1 mM 4-nitrobenzylalcohol (NBA, Sigma-Aldrich),
and 1.5 mM  6-hydroxy-2,5,7,8-tetramethyl-chromane-2-
carboxylic acid (Trolox, Sigma-Aldrich)). Single-molecule FRET
measurements were performed on an objective-type TIRF
microscope, based on a Nikon Eclipse Ti-E with an EMCCD
camera (Andor iXon Ultra 897), and solid state 532 and 640 nm
excitation lasers (Coherent Inc. OBIS Smart Lasers).*® Fluores-
cence emission from the probes was collected by using the
microscope and spectrally separated by using interference
dichroic (T635lpxr, Chroma) and bandpass filters, ET585/65m
(Chroma, Cy3) and ET700/75m (Chroma, Cy5). All SmFRET
movies were collected using Cell Vision software (Beijing
Coolight Technology).

Single-molecule fluorescence experiments quantifying the
target search rate

DN-PAM-31 or D25-PAM-N dsDNAs were generated from the
plasmid by PCR amplification, and then purified using agarose
or native PAGE gels.

For a single-molecule fluorescence assay, the biotinylated
dsDNAs were immobilized on the slide via biotin-streptavidin
interaction. The unbound DNAs were removed by washing
with reaction buffer. To ensure all crRNA formed the binary
complex, Cy3-labeled crRNA was pre-incubated with excess
Casl2a (Cy3-RNA:Casl2a = 1:3 molar ratio) at 1 pM in the
reaction buffer (50 mM Tris-HCI pH 7.5, 100 mM NacCl, 10 mM
MgCl,, and 1 mM DTT) at 25 °C for 25 min. Then, the binary
complex was diluted to the corresponding concentration. The
target search processes were recorded in the reaction imaging
buffer. For experiments with different salt concentrations, the
buffer was 50 mM Tris-HCI pH 7.5, 10 mM MgCl,, and 1 mM
DTT supplied with 20 mM to 100 mM NacCl. For the experiment
with a crowding agent, the buffer was 50 mM Tris-HCI pH 7.5,
100 mM NaCl, 10 mM MgCl,, 1 mM DTT, and 5% PEG-8000 (w/
v). The target search rates of Cas12a/crRNA were determined by
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recording each appearance time when an individual binding
event occurred. All movies were acquired at 10 ms per frame
with shrunk exposure area to eliminate the dead time between
frames.

For a single-molecule FRET assay, Cy5-labeled dsDNAs were
immobilized on the surface. FRET signals between Cy3-labeled
crRNA and Cy5-labeled dsDNA were used to probe the binding
of Cas12a/crRNA on the target site. All movies were acquired at
10 ms per frame. The apparent target search rates k., were
calculated as follows:

1

kon =
lappearance X [Cas12a/RNA]

in which Z,ppearance is the appearance time from the injection of
Cas12a/crRNA until the appearance of Casl2a/crRNA on
immobilized dsDNA, [Cas12a/RNA] is the concentration of the
Cas12a/crRNA binary complex.

The apparent target search rates k,, as a function of the
extension length of dsDNA as shown in Fig. 1i-k and S10c} were
fitted to the theoretical sliding length dependence curve:”®

a-+bx tanh(L/SL\/i>

where L is the extension length of dsDNA and S is the effective
search length.

Single-molecule FRET experiments capturing the dynamics of
the Cas12a ternary complex

For a single-molecule FRET assay to capture the conformational
dynamics of the Cas12a ternary complex on fully matched or
partially matched DNAs, dsDNA was immobilized on the cover
slide. The binary complex was formed by incubating Cy3-
labeled RNA and Cas12a with a molar ratio of 1:3 at 25 °C in
the reaction buffer. The collection of movies started several
seconds before the Cy3-labeled crRNA/Cas12a binary complex
was allowed to flow and were recorded with 500 ms per frame
without dead time between frames.

Single-molecule FRET data analysis

The ollected movies were analyzed by the custom-made soft-
ware program developed as an Image] plugin (http://
rsb.info.nih.gov/ij). Fluorescence spots were fitted by using
a 2D Gaussian function within a 9-pixel by 9-pixel area,
matching the donor and acceptor spots using a variant of the
Hough transform.”™ The background subtracted total volume
of the 2D Gaussian peak was used as raw fluorescence
intensity I.

For a single-molecule FRET assay to detect the conforma-
tional dynamics of the Casl12a ternary complex, FRET traces
which displayed anti-correlation behaviors between donor and
acceptor fluorescent signals were picked and kinetics informa-
tion was further analyzed by a Hidden Markov Model based
software.” Four FRET states from low to high FRET values were
identified as T1-T4 states. The freely diffused binary complex
state before Cas12a/crRNA binds to dsDNA was the B (binary)
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state. Transition rates (k) among FRET states were extracted
from their dwell times. Relative free energies were calculated via

AG, — AG, = kT In (ka*b)
kb—»u
in which kg is the Boltzmann constant, T is the temperature,
and k,_, and &, _ , are the transition rates from state a to b and
from state b to a, respectively. The B state was set as the ground
state (AG = 0). The energy barrier from state a to b was calcu-
lated using —kgT In(k,—1,) + 0.5 kgT.

Data availability
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All other data are available from the corresponding author upon
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