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SUMMARY

The specific nature of CRISPR-Cas12a makes it a desirable RNA-guided endonuclease for biotechnology

and therapeutic applications. To understand how R-loop formation within the compact Cas12a enables

target recognition and nuclease activation, we used cryo-electron microscopy to capture wild-type Acidami-

nococcus sp. Cas12a R-loop intermediates and DNA delivery into the RuvC active site. Stages of Cas12a

R-loop formation—starting from a 5-bp seed—are marked by distinct REC domain arrangements. Dramatic

domain flexibility limits contacts until nearly complete R-loop formation, when the non-target strand is pulled

across the RuvC nuclease and coordinated domain docking promotes efficient cleavage. Next, substantial

domain movements enable target strand repositioning into the RuvC active site. Between cleavage events,

the RuvC lid conformationally resets to occlude the active site, requiring re-activation. These snapshots build

a structural model depicting Cas12a DNA targeting that rationalizes observed specificity and highlights

mechanistic comparisons to other class 2 effectors.

INTRODUCTION

CRISPR-Cas12a has been repurposed for genome editing and

biotechnological applications owing to its readily adaptable

RNA-guided targeting capabilities: Cas12a specifically recog-

nizes unique DNA sequences, cleaves double-stranded DNA

targets, and non-specifically cleaves single-stranded DNA

(ssDNA) in trans.1–5 Once Cas12a assembles with and pro-

cesses its crRNA (CRISPR RNA), it scans DNA in search of a

short, T-rich protospacer adjacent motif (PAM) to initiate target

recognition (Figure 1A). Rapid equilibrium PAM binding leads

to local DNA melting that allows the crRNA guide to invade the

duplex DNA and form a 20-base pair (bp) R-loop with the com-

plementary target DNA.6,7 Cas12a R-loop formation triggers

activation of a single RuvC nuclease domain in rapid succession

so mismatches between the crRNA guide and target strand (TS)

are kinetically discriminated against during R-loop formation.

The late transition state of R-loop formation ensures high spec-

ificity in both binding and cleavage.6

Cas12a functions similarly to the well-studied SpyCas9 as

both rely on rate-limiting R-loop formation by a 20-nt crRNA

guide to activate target DNA cleavage.8–11 However, differences

in activity and specificity profiles suggest they have distinct un-

derlying mechanisms that must be influenced by their protein ar-

chitecture.12–14 From Cas12a structures, it is known that the Rec

lobe must rearrange to accommodate the helical 20-bp R-loop

and expose the RuvC nuclease domain.7,15–21 Single-molecule

studies have further described protein conformational changes

that enable double-stranded DNA cleavage.22–27 Given the

importance rate-limiting R-loop formation has in nuclease acti-

vation and off-target rejection, structures of the R-loop during

formation would lead to better understanding of the underlying

mechanism driving Cas12a activity and specificity. Additionally,

as a new wave of minimal type V CRISPR effectors are being

pursued for genome editing applications, understanding the

functional importance of lost domains could guide engineering

efforts to improve their efficiency.28–33

To examine how Cas12a interrogates its DNA target and tran-

sitions into the catalytically active state, we used cryo-electron

microscopy (cryo-EM) to capture structures of wild-type (WT)

Cas12a during R-loop formation and DNA cleavage. We show

that Cas12a first interrogates 5 bp of target DNA before dramatic

REC domain flexibility accommodates R-loop extension but pre-

cludes contacts that would stabilize intermediates and drive

propagation. Only during formation of the final few base pairs

do all domains fully dock onto the R-loop, forming contacts
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throughout the majority of the RNA-DNA heteroduplex. Delayed

domain docking is also associated with contacts that promote

RuvC exposure. The non-target strand (NTS) is then captured

in the RuvC active site, poised for cleavage. After NTS cleavage,

we observe dramatic movement while the downstream TS

bends into the RuvC active site.

RESULTS

Structures of Cas12a on pathway to cleavage

To capture various intermediates of WT Cas12a during R-loop

formation, we used DNA duplex substrates with increasing

amounts of complementarity to the crRNA guide assembled

with WT Acidaminococcus sp. Cas12a (herein referred to

as Cas12a) (Figure 1B; Table S1). Cas12a-crRNA-DNA incuba-

tion times were varied to maximize binding and minimize cleav-

age before vitrification, guided by our previous kinetic charac-

terization.6,23 From these four cryo-EM samples, we obtained

six distinct R-loop intermediate structures with nominal resolu-

tions ranging from 3.3 to 3.7 Å (Figures 1C, S1, and S2;

Table 1).

The 8-bp target dataset yielded two structures with well-

resolved 5 and 8 bp of contiguous R-loop density (5- and 8-bp

R-loops; Figures 1C and S2A). An additional class of 5-bp

R-loop without a resolved REC1 demonstrates the domain flexi-

bility duringR-loopseeding. Interestingly, in the5-and8-bpstruc-

tures, density for the unpaired crRNA guide continues past the

nascent R-loop, suggesting a repeated pre-ordering mechanism

to promote efficient R-loop propagation to subsequent bases.

The 12-bp target dataset produced a new intermediate with

only 10 bp of the R-loop resolved and an unresolved REC2

domain (Figures 1C and S2B), correlating extension past the

seed through the middle of the R-loop with high conformational

flexibility. The 16-bp target dataset continued to highlight the dy-

namic nature of the REC2 domain and structural heterogeneity

within the PAM-distal half of the R-loop (Figure S2C). Within

this dataset, we captured clear 15- and 16-bp structures with

the NTS approaching the RuvC active site (Figure 1C). Other

structural classes within the 16-bp dataset had unresolved

REC2 domains and occluded RuvC active sites. Finally, we

resolved Cas12a with the full R-loop and the intact NTS poised

for cleavage in the catalytically competent RuvC active site
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Figure 1. Cas12a R-loop intermediates captured by cryo-EM

(A) Reaction scheme describing Cas12a DNA targeting.

(B) Target DNA substrates with varying lengths of complementarity to the crRNA guide sequence used for cryo-EM.

(C) DNA-bound Cas12a cryo-EM structures are shown in order of increasing R-loop base pairs resolved. Below, densities for nucleic acids are shown at a 90�

angle to the overall structure. Varying contour thresholds were used to produce continuous NTS density. Maps are colored according to the protein domain map

and R-loop schematic. REC1 and REC2, Recognition domains; PI, PAM-interacting domain; WED, Wedge domain; BH, Bridge helix; RuvC, RuvC nuclease

domain; Nuc, Nuc domain. Gray ovals are used to highlight missing density for the Rec2 domain. See also Figures S1 and S2.
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Table 1. Cryo-EM data collection and model statistics

5 bp

(EMDB-40441)

(PDB: 8SFH)

8 bp

(EMDB-40442)

(PDB: 8SFI)

10 bp

(EMDB-40443)

(PDB: 8SFJ)

15 bp (EMDB-

40444)

(PDB: 8SFL)

16 bp (EMDB-

40445)

(PDB: 8SFN)

20 bp

(EMDB-40446)

(PDB: 8SFO)

TSps-TS in active

site (EMDB-40447)

(PDB: 8SFP)

TSps-RuvC

exposed

(EMDB-40448)

(PDB; 8SFQ)

TSps-extended

(EMDB-40449)

(PDB: 8SFR)

Data collection and processing

Voltage (kV) 300 300 300 300 300 200 300 300 300

Electron

exposure (e�/Å2)

80 80 80 80 80 49 80 80 80

Defocus range (mm) �1.5 to �2.5

Pixel size (Å) 0.833 0.833 0.833 0.833 0.833 0.94 0.833 0.833 0.833

Symmetry imposed C1

Initial particle

images (no.)

1,624,766 1,624,766 1,509,051 3,758,114 3,758,114 582,836 3,288,205 3,288,205 3,288,205

Final particle

images (no.)

60,595 47,461 122,723 158,948 97,787 154,794 25,296 104,326 105,267

Map resolution (Å) 3.42 3.51 3.35 3.27 3.29 3.33 3.76 3.45 3.57

FSC threshold 0.143

Map resolution

range (Å)

2.5–6.5

Refinement

Initial model used

(PDB code)

– – – – – 5B43 – – –

Model resolution (Å) 3.7 3.8 3.8 3.6 3.6 3.6 3.9 3.7 3.8

FSC threshold 0.5

Map sharpening

B factor (Å2)

132.2 128.5 173.6 162.8 145.3 154.4 152.1 165.7 172.4

Map correlation

coefficient

0.83 0.78 0.76 0.78 0.72 0.81 0.83 0.87 0.88

Model composition

Non-hydrogen Atoms 12,407 11,477 10,207 12,973 12,807 12,606 12,062 12,045 12,047

Protein Residues 1,286 1,227 1,001 1,296 1,302 1,240 1,240 1,240 1,240

Nucleotides 91 70 97 114 104 119 93 92 92

Ligand – – – – – MG: 2 – – –

Mean B factors (Å2)

Protein 72.43 83.33 75.53 82.36 86.01 64.92 127.68 121.39 109.43

Nucleotides 131.56 106.3 129.35 182.19 141.65 105.18 124.34 122.06 115.71

RMSDs

Bond lengths (Å) 0.006 0.005 0.005 0.005 0.006 0.004 0.005 0.005 0.005

Bond angles (�) 0.991 0.986 1.059 0.912 1.028 0.798 1.095 0.994 0.948

(Continued on next page)
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(Figures 1C and S2E). This previously uncaptured structure

demonstrates the mechanism of RuvC-mediated cleavage while

remaining consistent with previously published X-ray crystal

structures7,16,17,20 and cryo-EM models.19

Together, these structures of WT Cas12a depict transient in-

termediate states of R-loop and lead to several broad observa-

tions: (1) the number of R-loop base pairs resolved is not always

equal to the extent of target complementarity, hinting at the rela-

tive position of energetic barriers during R-loop formation; (2)

REC2 is not resolved during middle R-loop propagation; and

(3) the distal DNA migrates from projecting out the front of

Cas12a to the back during R-loop propagation and threads the

NTS along the RuvC domain.

Cas12a uses a 5-bp seed

Cas12a, like other RNA-guided effectors, relies on a seed region

within the R-loop to promote efficient guide:target Watson-Crick

base pairing and stringent discrimination against sequence

mismatches.7,34–37 A previously published binary complex of

FnCas12a7 showed the first five nucleotides of the crRNA guide

exposed and pre-ordered in A-form-like geometry, suggesting a

5-bp seed consistent with preliminary mismatch data.1 Here, we

present the first structures of Cas12a recognizing a 5-bp seed.

The 5-bp structure closely resembles Cas12a bound to guide

RNA (Figure S3A) (Fn: 6.38 Å root-mean-square deviation

[RMSD]).7Thefirst threenucleotidesofdisplacedNTSaregripped

by the PI (PAM interacting) domain, and the REC1 domain has

shifted outward to accommodate formation of an A-form hetero-

duplex. The majority of contacts are concentrated within the first

few base pairs of the R-loop and are made by the WED (Wedge)

and PI domains (Figures 2A and S3B). The REC1 domain makes

few non-specific stabilizing contacts to the R-loop at the end of

the seed (K51, N175, R176). The TS and NTS rehybridize at the

6th base pair positioned between the RuvC domain and the

REC1 helix-loop-helix, directing the distal DNA to exit the com-

plex. The DNA at the R-loop-DNA junction sits atop a bulky loop

in the RuvC domain (previously referred to as ‘‘septum’’18) with

K1054 projecting into the minor groove of the DNA (Figure 2A).

During the processing of this dataset, we also identified a

structural class with an identical 5-bp R-loop and an unresolved

REC1 domain (density is nearly absent starting where REC1

hinges, Figure S3C). This reconstruction most likely precedes

the Cas12a with the resolved REC1 domain and hints at REC1

flexibility and a static REC2 during initial target search.22,38,39

To probe the role of the RuvC loop within the early R-loop

structures, we purified a loop deletion (LD) mutant (D1,049–

1,058) and measured its effect on cleavage of a matched and

mismatched targets (Figure 2B). LD did not have a measurable

effect on NTS cleavage of the matched target (PT) (5.03 ± 0.44

vs. 6.25 ± 0.73 min�1 for WT) but resulted in reduced cleavage

of a single-nucleotide mismatch (A4T) at position 4 of the

R-loop (0.080 ± 0.016 vs. 0.172 ± 0.015 min�1 for WT;

Table S2). The minor reduction in cleavage rate of the seed

mismatch substrate reports that the loop was contributing to

the stability of the 5-bp intermediate over the PAM-bound state

in the WT enzyme. The increase in observed specificity by the

LD mutant likely arises by destabilizing the early R-loop interme-

diate and increasing the rate of R-loop collapse for both DNAT
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substrates, resulting in a measurable decrease in the presence

of mismatches.

Given the differences in targeting efficiency between in vitro

and cellular contexts, we tested the effect of the seed-stabiliz-

ing loop in E. coli, using a plasmid interference assay (Fig-

ure S3D).40 WT Cas12a led to efficient plasmid interference

when targeting the matched target (Figure S3E); however,

expression of the LD mutant led to minimal plasmid interfer-

ence as seen by reduced GFP fluorescence. These results sup-

port the importance of the bulky loop for seed stability during

R-loop formation.

Fast dissociation kinetics of early and middle R-loop

intermediates promote efficient target search

The 8-bp intermediate resembles previous Cas12a structures

with an 8-bpR-loop (Fn: 10.6 Å RMSD; Lb: 5.3 Å RMSD)19,41 (Fig-

ure S3A). The REC1 domain rotates toward the NUC lobe by

�15 Å and encloses on the R-loop, forming a network of new

contacts along the crRNA backbone from positions 5 to 8 and

along the TS (Figures 2C and S3F). The newly formed base pairs

and contacts could be expected to strongly stabilize the 8-bp in-

termediate; however, this would contradict the working model

that Cas12a relies on a readily reversible R-loop to discriminate

against incorrect DNA sequences.

To functionally measure the stability of shorter R-loop species,

we tested their ability to competitively inhibit Cas12a targeting the

matched target DNA (Figure 2D). The 8- or 12-bpDNA targets pre-

bound to Cas12a (pink and brown, respectively) did not result in

reduced cleavage of the PT DNA (black)—neither in amplitude

nor rate—reporting that Cas12a R-loops 12 bp or shorter rapidly

collapse at a rate faster than R-loop formation. This is consistent

with the lack of observed single-molecule binding events to

short targets.22 The 16-bp competitor target (cyan and dark

blue) demonstrated inhibition dependent on pre-incubation time,

reporting that this intermediate R-loop can be stably bound but

likely remains within the readily reversible region of the R-loop.

The 20-bp competitor effectively inhibits all cleavage of the PT

DNA and demonstrates that Cas12a is stably bound to amatched

target by 30 s with little dissociation. This rapid R-loop intermedi-

ate collapse likely acts as a mechanism to ensure Cas12a does

not get sequestered at incorrect DNA sequences and is able to

efficiently search for the correct target.

The fast dissociation kinetics of these competition reactions

means the early and middle intermediates observed in our

cryo-EM datasets represent transient structures during revers-

ible R-loop formation. Indeed, reconstructions resembling the

5- and 8-bpR-loop structures were also identified in the datasets

of the 12- and 16-bp targets, further supporting that these states
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Figure 2. Cas12a rapidly checks for DNA complementarity with a 5-bp seed

(A) Structure of Cas12a with a 5-bp R-loop shown in surface representation. Top zoomed-in view highlights the WED and REC1 contacts of the 5-bp R-loop.

Portions of REC1 that do not contact the R-loop have been removed for clarity. Bottom zoomed-in view highlights the R-loop-DNA junction that sits atop the bulky

RuvC loop.

(B) WT and LD NTS cleavage of the matched 20-bp target (PT) and a single mismatch target (A4T). WT Cas12a marked by solid circles, LD Cas12a marked by

hollow circles.

(C) Structure of Cas12a with an 8-bp R-loop shown in surface representation. Arrows denote domain movements from the 5-bp structure. Zoomed-in view of the

8-bp R-loop highlights additional REC1 contacts along the crRNA backbone and minor groove.

(D) Competition cleavage assay to test the ability of R-loop intermediate structures to stably bind Cas12a and inhibit cleavage of the matched PT DNA.

Competitor DNAs were pre-incubated with Cas12a (variable times noted) before addition of labeled PT DNA. Plot shows competition time courses of NTS

cleavage of the PT substrate. In (B) and (D), example cleavage reactions with six time points are fit to a single exponential curve (not all time points are shown).

Only a single replicate is shown for each condition. See also Figure S3.
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are representative of early intermediates on pathway to DNA

cleavage.

REC2 flexibility accommodates R-loop extension but

delays contacts

REC2 domain conformational flexibility is one of the most dra-

matic series of changes seen within the R-loop intermediate

structures. A structural consequence of REC2 domain flexibility

is the structural state of the BH domain (here considered inclu-

sive of RuvC II helix 1). Our R-loop intermediate structures

show that the BH W958 starts to dislodge from the increasingly

mobile REC2 in the 8-bp structure, resulting in BH flexibility dur-

ingmiddle R-loop propagation (Figure 3A). This lack of rigidity al-

lows a necessary conformational rearrangement within the two
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Figure 3. Middle R-loop propagation is marked by REC2 flexibility, delaying R-loop contacts and RuvC activation

(A) Structures of Cas12a showing the lower back half of the protein during R-loop propagation. Protein domains are shown as the reconstruction maps, and

nucleic acids are shown asmodels. WED and PI domains are removed for clarity. REC2 becomes dislodged as the R-loop extends past the seed and then returns

to a cleavage-competent conformation after R-loop reaches 16 bp. BH domain flexibility is also seen.

(B) Diagram of the 20-bp R-loop contacts grouped according to length of the R-loop when contacts were resolved (5 bp: yellow; 8 bp: orange; 16 bp: blue; 20 bp:

gray). R-loop and amino acids are colored as in Figure 1. BH contacts from the 16-bp structure are associated with less well-resolved signal and called with

reduced confidence.

(C) Overlay of late R-loop intermediates onto the 20-bp R-loop (gray) to demonstrate the change in R-loop shape. crRNA guide bases are labeled.

(D) Zoomed-in side view of RuvC lid and BH highlights the change in contacts made by E1008 and K1009 during R-loop formation. The 15-bp model is overlayed

with the 5-, 8-, and 10-bp intermediates in gray. See also Figure S4.

(E) Example time course of NTS cleavage by Cas12a of DNA substrates that form a 16- or 20-bp R-loop.

(F) Example time course of NTS cleavage by the DREC2 mutant.
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BHhelices but prevents contacts from stabilizing nascent R-loop

base pairs as they form (Figure 3B). In the 16-bp structure, REC2

begins to dock onto the R-loop in the correct orientation,

but it remains at low occupancy likely due to insufficient stabiliz-

ing contacts. Additionally, the BH is anchored within REC2, but

the helices have not yet fully formed (Figure 3A). REC2 domain

flexibility during middle and late R-loop formation is further

demonstrated in the remaining structural classes from the

12- and 16-bp datasets that have an unresolved REC2 domain

(Figures S2B and S2C).

Additionally, the growing R-loop is centrally located within the

Cas12a channel and diverges from the path of the final 20-bp

R-loop heteroduplex (Figure 3C). This contrasts with the first

half of the R-loop, which remains in an A-form helix. As captured

in the 15-bp structure, starting at position 10, the minor groove

narrows and the heteroduplex stretches to enable TS:crRNA

base pairing despite the constraints imposed by the continuous

NTS lining the NUC lobe. The resulting deformed and misposi-

tioned distal R-loop prevents premature REC2 docking into the

correct arrangement.

Only after the 16th base pair is formed, domain docking is

observed and upstream contacts are made throughout the

R-loop via the backbone and minor groove (Figures 3B and

S3G): REC1 shifts inward to the R-loop, contacting the TS

from positions 13 to 16; REC2 begins to dock within the minor

groove, contacting both phosphate backbones and several ba-

ses from positions 10 to 14; and the BH begins to make contact

with the crRNA backbone at positions 11 and 12. Finally, forma-

tion of the complete 20-bp R-loop supports stable REC2 (and

BH) docking and additional contacts are made throughout,

from positions 8 to 20 of the R-loop.

The observed flexibility of Cas12a and the structurally hetero-

geneous nature of the middle R-loop intermediates show that

propagation past the early R-loop proceeds without protein con-

tacts guiding heteroduplex formation. Instead, R-loop propaga-

tion must be driven by the energetics of DNA base pair melting

and RNA:DNA base pair formation. The lack of stabilizing con-

tacts by Cas12a is also a logical explanation for the rapid

R-loop collapse of early and middle R-loop intermediates.

Late REC2 docking promotes catalysis

Cas12a requires an R-loop of at least �15 bp to activate cleav-

age by the RuvC nuclease.1,19,23,42 The integrity of the BH has

also been shown to influence DNA cleavage and offers a method

for signal transduction—communicating sufficient R-loop recog-

nition by the REC lobe to the NUC lobe where the RuvC domain

is located.24,25,43 Our late R-loop intermediates provide the

structural framework to explain how the minimum R-loop length

leads to nuclease activation.

As the R-loop forms, the RuvC active site is occluded by the

RuvC lid up to the 15-bp structure. At the same time, changes

to the BH are seen during R-loop formation: by 10 bp, the BH

is partially unresolved; and at 15 bp, the BH can be kinked

away from the R-loop due to a misaligned REC2 domain (Fig-

ure 3D). In contrast, the 20-bp R-loop with the RuvC active site

exposed to a coordinated NTS has the BH anchored into a prop-

erly docked REC2 and contacts the minor groove of the R-loop.

The conformational rearrangement of the BH enables contacts

with the newly formed RuvC lid a helix that now exposes the

active site: lid K1009 contacts the BH via Q941 and D945, and

lid E1008 is pulled up by BH R951, supporting the raised confor-

mation of the lid (Figure 3D). These structural changes are

consistent with contacts seen in the binary and post-cleavage

ternary complex of FnCas12a.7,18,19

The coordinated changes seen in the early R-loops versus

the complete 20-bp R-loop suggest that REC2 docking contrib-

utes to RuvC exposure via the BH. Accordingly, unstable REC2

docking in the 16-bp structure allows flexibility in the BH

and RuvC lid a helix that reduces contacts and causes less

well-resolved density (Figure S4A). Our structural observations

are consistent with previous biochemical characterizations

of the BH, which demonstrate that structural integrity of the

helices and the anchoring tryptophan is important for DNA

cleavage.17,24,25,43,44 A proposed mechanistic model resulting

from this combined data is that R-loops with sufficient lengths

to permit semi-stable REC2 docking will achieve RuvC activa-

tion via BH contacts but at reduced efficiencies caused by

REC2, and BH, flexibility.

In support of this model, NTS cleavage of the 16-bp target

occurred at a 5-fold reduced rate, compared with that of the

20-bp R-loop (1.32 ± 0.31 min�1; Figure 3E). Because rate-

limiting R-loop formation of the 20-bp target could mask pen-

alties on cleavage, we also tested trans-cleavage by Cas12a

activated with single-stranded substrates to isolate the RuvC

exposure step (Figure S4B). The 16-bp R-loop resulted in

22-fold slower rates than the 20-bp R-loop (3.8 (±0.57) vs. 81

(±11) 3 104 M�1 min�1, respectively), which is in agreement

with theR5-fold penalty observed for NTS cleavage (Figure 3E).

To further test the role of REC2 docking in RuvC activation via

anchoring the BH, we removed the REC2 domain (DREC2).

Cleavage of the 20-bp target NTS was dramatically reduced by

65-fold (0.0963 ± 0.0081 min�1), compared with WT Cas12a,

and NTS cleavage of the 16-bp target was reduced 83-fold

(0.0158 ± 0.0089 min�1; Figures 3F and S4C). This Cas12a

mutant confirms the importance of the REC2 domain for RuvC

activation and, interestingly, resembles a hypothetical ancestral

Cas12 effector that lacks REC domain insertions. Similarly, these

enzymes are marked by poor nuclease activity.33

These data highlight the role of REC2 docking in sensing

R-loop length and communicating the signal to the RuvC domain

via the BH, promoting activation. Because REC2 requires that

the R-loop has both sufficient length (�16 bp) and correct geom-

etry to properly dock, it acts as a delayed checkpoint for Cas12a

activation. Off-target DNA sequences outside of the seed could

favor R-loop collapse or introduce R-loop helix distortions, such

as kinks or minor groove changes, limiting the likelihood of REC2

docking.45,46 This late conformational checkpoint enables spec-

ificity against mismatches positioned late in the R-loop and,

once achieved, promotes RuvC exposure.

NTS poised for cleavage in the active site

During final base pairing, domain docking begins and the

R-loop-DNA junction moves from being positioned within the

central cavity of Cas12a (16 bp) to exiting out the back of

Cas12a between REC2 and the Nuc domain stem (20 bp),

causing the elongating single-stranded NTS to traverse across
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Figure 4. Structures of RuvC-mediated DNA cleavage by Cas12a

(A) Structure of Cas12a with a complete 20-bp R-loop and continuous NTS in the RuvC active site shown in surface representation. Zoomed-in view of the NTS

held in the RuvC active site. F999 base stacks with base 16 of the NTS upstream of the scissile phosphate. See also Figure S4.

(B) Coordinated RuvC active site for NTS cleavage. Catalytic residues (D908, E993, and D1263) are labeled.

(C) Overlay of 15- (gray) and 20-bp structures shows the steric clash between the NTS and the RuvC lid when not arranged as an a helix.

(D) NTS and TS cleavage of the 20- and 16-bp substrates measured for WT and RuvC lid mutants. Colored circles represent individual replicates. Black lines

define the mean ± standard error of the mean (SEM).

(E) Free energy profiles capturing the transition of the RuvC lid from a helix (RMSD � 1) to unstructured loop (RMSD � 4) during different stages of R-loop

formation (Figure S4H show potential mean force [PMF] profile convergence). The standard deviation of the free energy profiles obtained for the respective

convergence plots is shown by the translucent colors.

(legend continued on next page)
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the RuvC domain, just below the lid a helix (Figures 4A and S4D).

Thanks to short sample incubation time guided by previous ki-

netic characterization of DNA targeting,6 the 20-bp structure

captures the NTS in the RuvC active site before cleavage.

The NTS is positioned upstream between the REC1 helix-

loop-helix and RuvC domain, propped up downstream by the

Nuc stem, and secured across the RuvC active site by a network

of positively charged residues (R912, K949, K1072, R1127,

R1172, R1226, N1295) (Figures 4A and S4E). The narrow pocket

between the RuvC and Nuc domains forces a bent conformation

in the DNA. The NTS engages the RuvC lid a helix solely via F999

and R1003. F999 base stacks with the NTS upstream of the scis-

sile phosphate, modeled as position 16, and R1003 contacts the

bases downstream. The RuvC catalytic residues D908, E993,

and D1263 coordinate with the scissile phosphate. We observe

two regions of continuous density in the active site that we puta-

tively assign to twoMg2+ ions (Figures 4B andS4F). This catalytic

architecture resembles what has been seen for other class 2

RuvC nucleases with substrate in the active site.47,48 Similarly,

the observed base stacking interaction enforcing a DNA kink

adjacent to the scissile phosphate has also been seen in other

class 2 RuvC nucleases.46,47,49–51 Overlaying the 20-bp struc-

ture onto the 15-bp intermediate with an occluded active site

clearly shows that the RuvC lid regulates active site exposure

and must be displaced �8 Å to accommodate and engage the

NTS in the active site (Figure 4C).

To understand the role of the RuvC lid a helix in catalysis, we

tested Cas12a mutants that disrupt lid-DNA contacts seen in the

20-bp structure. We made alanine substitutions of F999 and

R1003 and tested cleavage. Surprisingly, there was no defect

observed for NTS cleavage of the 20-bp target by the F999A

and R1003A mutants (Figures 4D and S4G), and we reasoned

that a penalty could be masked by other mechanistic features

(e.g., network of positive residues holding the NTS across the

active site, rate-limiting R-loop formation). To test this hypothe-

sis, we repeated the cleavage assay with the 16-bp target. NTS

cleavage of the 16-bp target showed substantial 25- and 14-fold

defects, respectively, for the F999A and R1003A mutants,

compared with WT Cas12a (0.052 ± 0.007 and 0.097 ±

0.019 min�1; Table S2), highlighting their role in stabilizing the

NTS in the active site, particularly when the NTS is not stabilized

by complete R-loop formation.

To observe F999A penalties more directly on RuvC activation,

we measured trans-cleavage by Cas12a complexed with single-

stranded activators (Figure S4G). In stark contrast to WT

Cas12a, the F999A mutant showed no trans-cleavage of the sin-

gle-stranded substrate after 48 h when activated with a 20- or

16-bp R-loop. This complete loss of measurable activity under-

scores the importance of F999 base stacking to stabilize a

DNA substrate within the RuvC active site. Validating structural

observations, these cleavage data demonstrate the role of the

lid in not only regulating exposure of the RuvC active site but

also promoting DNA binding to the active site.

MD simulations probe RuvC exposure during R-loop

formation

To better understand the role and dynamics of the RuvC lid dur-

ing initial activation for NTS cleavage, we turned tomolecular dy-

namics (MD) simulations using the adaptively biasedMD (ABMD)

method.52,53 This is an advanced enhanced sampling technique

that aims at capturing rare events, which we used to investigate

the transitioning of the lid from a loop to an a helix. We took three

structures representing different stages of the RuvC lid during

R-loop formation: 5-bp R-loop with the lid as an unstructured

loop, the 16-bp R-loop representing a less stable a helix (form-

ing), and the 20-bp R-loop representing a completed transition

into the activated state with an a helix. Between these structures,

we directed the RuvC lid to transition between an unstructured

loop and the a helix as modeled in the 20-bp structure (minima

at RMSD � 1) and determined the associated energetic cost

and thus likelihood (Figures 4E and S4H).

As expected from our early R-loop structures, the 5-bp free

energy profile shows an incredibly high energy barrier of

20 kcal/mol to achieve an a-helical lid. This substantial barrier af-

firms that the RuvC active site will not spontaneously become

exposed without the presence of DNA substrate. In contrast,

the 20-bp structure—as modeled with the a-helical lid engaged

with the NTS in the active site—is the most stable state and is re-

inforced by contacts from the BH, the NTS, and the proximal

R-loop. An immediate 6 kcal/mol energetic cost is required to

break the helicity of the lid and is associated with the loss of

the stabilizing lid contact K1000-E1016 (Figure S4H).

Throughout the simulation toward an unstructured loop, the

NTS does not leave the active site and remains base stacked

to F999.

Consistent with the 16-bp complex representing a more tran-

sient state along the R-loop formation pathway, the relevant free

energy profile does not reach an a-helical state as stable as the

20-bp complex. Energetic barriers between the minima are

smaller (<1.5 kcal/mol) than those seen for the 20-bp structure.

Although the original structure modeled the F999-NTS base

stacking interaction, it is lost during the MD simulation, and the

NTS scissile phosphate moves �6 Å away from the active site.

Comparison of the 16- and 20-bp MD simulations highlights

the importance of the F999 base stacking interaction to stabilize

the NTS in the active site. The complete binding of the NTS in the

RuvC pocket also appears to further stabilize the a-helical

conformation of the lid, essentially committing the DNA for

(F) Post-NTS cleavage Cas12a structures show Cas12a in a ‘‘closed’’ conformation with the active site exposed or occupied by the TS and Cas12a in an

‘‘extended’’ conformation. See also Figures S1 and S5.

(G) Models from (F) aligned by REC1 and the R-loop to show extent of NUC lobe movements to bring the TS to the active site.

(H) Structure of Cas12a with the TS in the RuvC active site shown in surface representation. Zoomed-in view of R-loop base pairs 18–20 melted to enable TS

bending into the RuvC active site.

(I) Zoomed-in view of the TS interacting with the RuvC lid, making similar contacts as the NTS. F999 base stacks with base 23 of the TS upstream of the scissile

phosphate.

(J) Aligned TSps structures with TS in the active site or in the ‘‘extended’’ conformation (gray) to show the RuvC lid transition between cleavage events.

ll
OPEN ACCESSArticle

Molecular Cell 84, 1–15, July 25, 2024 9

Please cite this article in press as: Strohkendl et al., Cas12a domain flexibility guides R-loop formation and forces RuvC resetting, Molecular Cell (2024),

https://doi.org/10.1016/j.molcel.2024.06.007



cleavage. Thus, the expectation would be that DNA product

release after RuvC-mediated cleavage would cause the RuvC

lid to easily transition back to a more energetically stable un-

structured loop and occlude the active site.

Dramatic conformational changes precede TS cleavage

and reset the active site

An outstanding question is how the TS reaches the distant RuvC

nuclease to achieve correct polarity and scissile phosphate

accessibility.27,54 MD simulations suggest that the REC2 and

Nuc domains use coordinated movements to guide the TS into

the active site.55 Single-molecule experiments also point to

conformational changes required for TS cleavage, but these

changes have not been structurally chacterized.19,22,23,26,27 To

provide direct structural insights into this process, we prepared

Cas12a with a 20-bp target modified with phosphorothioate (ps)

linkages at potential TS cleavage sites to prevent cleavage and

product release. From this sample, multiple rounds of three-

dimensional variability analyses demonstrated the dramatic

domain flexibility involved in RuvC-mediated TS cleavage and

captured the TS in the active site (Table 1; Figures S1 and S4).

Most prominently, the post-NTS cleavage states highlight

REC2 movements. A substantial class of particles resulted in

structures aligned with a fully formed R-loop, cleaved NTS,

and no resolved REC2 domain (Figure S5). The Nuc domain

swings back and outward up to 12 Å relative to the 20-bp

R-loop structure. Density between the Nuc domain stem loop

and R-loop suggests that the Nuc domain remains bound to

the R-loop and distal DNA after REC2 dissociation. These struc-

tures could represent the recently described Nuc-driven

clamped state co-occurring with NTS (and TS) cleavage before

DNA release and demonstrate previously hypothesized REC2

dissociation from the R-loop following NTS cleavage.26

Next, particles with REC2 docked onto the R-loop were clas-

sified according to the relative separation of the REC and NUC

lobes into ‘‘extended’’ and ‘‘closed’’ conformations. We present

three structures with nominal resolutions ranging from 3.5 to

3.8 Å (Figures 4F, S1, and S5). When extended, the DNA down-

stream of the R-loop bypasses the Nuc stem loop and bends for-

ward, bringing the TS toward the RuvC active site along the posi-

tively charged Nuc domain surface. When closed, Cas12a

resembles the previous 20-bp R-loop intermediate (RMSD 0.71

and 0.57 Å). When aligned by REC1 and the R-loop, the

extended structure shows the Nuc domain rotating outward by

�11 Å (Figure 4G). The shift is also seen with a significant �7 Å

movement of the RuvC domain and minor changes in the REC

lobe, demonstrating the breathing motion of the two lobes.

The final reconstruction of the TS in the active site required dis-

carding particles that produced TS heterogeneity caused by the

imprecise cleavage behavior that results in a range of cleavage

products6,14,23,54 (Figure S5). Here, R-loop base pairs 18–20

are melted, and the single-stranded TS is bent into the RuvC

active site (Figure 4H). The TS is held in place by the samemech-

anisms used for the NTS: a network of positively charged and

RuvC lid contacts via R1003 and F999 (Figure 4I). F999 base

stacks with nucleotide 23, consistent with previously published

TS cleavage sites.6,14 F999A TS cleavage of the 20- and 16-bp

targets was reduced 9- and 133-fold (0.0857 ± 0.0073 and

0.0009 ± 0.0002 min�1), relative to that of WT Cas12a (Figures

4D and S4G). R1003A had no effect on TS cleavage of the

20-bp target but did reduce TS cleavage of the 16-bp target

7-fold (0.0181 ± 0.0045 min�1). The greater defects on TS cleav-

age underscore the role of the RuvC lid phenylalanine base

stacking interaction for securing the TS in the active site.

Interestingly, within the extended structures, the RuvC lid that

regulates active site access is no longer an a helix exposing the

active site, but it begins to resemble the unstructured loop that

occludes the active site in early R-loop intermediates, likely

due to the loss of R-loop stabilizing contacts (Figure 4J). This

observation suggests that the RuvC active site does not remain

exposed following initial (NTS) cleavage and resets due to the

movement of the two lobes. A RuvC active site that must be re-

activated for subsequent cleavage events could explain the

greater penalties measured for TS cleavage (vs. NTS cleavage)

by F999A and R1003A and creates an opportunity to engineer

functional nickases.19,56

DISCUSSION

In this work, we have produced a series of novel Cas12a struc-

tures capturing DNA interrogation and cleavage that provide a

more complete model (Figure 5). Cas12a uses a pre-ordered

crRNA guide to initiate R-loop formation and relies on the newly

docked REC1 domain and a RuvC loop to help stabilize a 5-bp

seed. Extension past the seed requires REC2 eviction and is pro-

moted by newly pre-ordered crRNA nucleotides and REC1-R-

loop contacts. Middle R-loop propagation proceeds without

any additional contacts from Cas12a to influence the progress

of rapid and reversible R-loop formation, likely promoting effi-

cient and stringent target search. Formation of the second helical

turn of the R-loop is structurally constrained by the NTS, causing

helical distortions that prevent premature REC2 docking and

exposure of the adjacent active site.

During formation of the final few R-loop base pairs, the correct

heteroduplex shape enables REC2 and BH docking. These three

features promote the RuvC lid a-helical transition to expose the

active site. In parallel, R-loop completion causes the single-

stranded NTS to traverse the RuvC domain, displace and

engage the lid, and to coordinate with the catalytic residues via

two Mg2+ ions. The RuvC lid that once occluded the active site

now plays a role in stabilizing the DNA substrate via a phenylal-

anine base stacking interaction. Following NTS cleavage, REC2

becomes highly dynamic, detaching and redocking on the

R-loop; the Nuc domain becomes flexible too; and the RuvC

lid returns to an unstructured loop that occludes the active

site. The distal DNA then rearranges with the Nuc domain and

bends toward the positively charged pocket of RuvC. As the

TS moves toward the active site, REC2 and Nuc domains

move closer together, returning to the compact, cleavage-

competent conformation that stabilizes the TS in the active

site. These structural observations are generally consistent

with recent MD simulations.55,57

Previous structures of Cas12a captured an 8-bp or complete

R-loop, identifying R-loop proximity (base pairs 9–11) to the

RuvC lid and various REC and BH contacts as important for

RuvC activation. Our early and late intermediate structures
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build on and adjust this model by demonstrating when coordi-

nated changes in Cas12a occur and shed light on how

the nascent R-loop limits activation before sufficient DNA:

RNA complementarity is met. The delayed occurrence of stabi-

lizing contacts throughout the R-loop relative to base pair for-

mation establishes R-loop formation and RuvC activation into

discrete steps and introduces a conformational checkpoint

for Cas12a activation that extends specificity late into the

R-loop. These contacts include the ‘‘linker’’ and ‘‘finger’’ check-

points previously described for FnCas12a.19 The dependence

on BH-lid contacts, DNA substrate, and the nearby R-loop to

stably expose the RuvC active site can explain why previous

ternary structures of Cas12a resulted in various RuvC lid

conformations.7,16,17,19–21

Interestingly, our previous analysis of Cas12a off-target activ-

ity with single mismatches calculated large energetic penalties

on equilibrium binding through most of the R-loop up until po-

sition �16, within range of penalties expected by nearest

neighbor rules for a duplex in solution.6,58,59 This similarity in

behavior would suggest that the R-loop is being formed as it

would in solution, with no protein contacts guiding or interfering

with the energetics of RNA:DNA base pair formation and

DNA:DNA base pair melting. Our new structures that highlight

REC domain flexibility during DNA targeting help rationalize

this model for describing R-loop propagation and its inherent

reversibility.

The newly observed flexibility of REC2 and the requirement

for REC2 docking to promote efficient DNA cleavage are

also cohesive with recent work characterizing PAM-distal

mismatches.60,61 At low Mg2+ concentrations, a model in

which REC2 docking onto a reversible mismatch R-loop is un-

favorable or short-lived can explain the observed change in

rate-limiting step for cleavage of PAM-distal mismatch tar-

gets.6,27 Similarly, a dynamic REC2 paired with reversible

R-loop formation and no cleavage to pull the reaction to

completion could exhibit a larger observed intermediate

R-loop population.

In light of the growing number of related type V nucleases that

have been structurally characterized, shared and distinct mech-

anistic features with Cas12a can be highlighted to guide rational

effector design. Cas12e (CasX) was observed with an unre-

solved REC2 domain that was characterized to influence DNA

cleavge.62 Cas12m2, a smaller nuclease-dead type V protein,

was captured with an intermediate R-loop and an unresolved

REC2 domain.32 These similarities could suggest a shared struc-

tural feature of type V R-loop formation that highlights the impor-

tance of REC2 flexibility and docking for efficient targeting and

nuclease activation.

16-bp R-loop: 

REC2 incompletely 

docked, RuvC exposed

 post-NTS cleavage:

Nuc-DNA rearranged,

RuvC reset 

DNA scanning PAM-bound,

5-bp seed 

20-bp R-loop:

REC2 stabilized, NTS 

pulled across RuvC

 Extended: DNA

bent towards RuvC

TS in RuvC:

closed conformation,

 R-loop melted

Middle R-loop:

REC2 flexible

Target search

(PAM binding + seed 

formation)

R-loop extension R-loop 

completion

NTS

Cleavage

TS positioningTS

Cleavage

 post-TS cleavage

Figure 5. Structural model for Cas12a R-loop formation and DNA cleavage

Cas12a scans DNA for a PAMsequencewith a highly flexible REC1 domain. PAM recognition leads to local DNAmelting and seed formation. Cas12a continues to

check for guide-target complementarity during R-loop extension and limited R-loop contacts ensure an unstable and readily reversible R-loop. At 16 bp, the

R-loop is sufficiently long for REC2 to dock and promote RuvC exposure to the NTS via the BH. A complete 20-bp R-loop stabilizes REC2 docking and pulls the

NTS across the RuvC active site for efficient cleavage. NTS cleavage leads to REC2 release, providing an opportunity for distal DNA to rearrange with the Nuc

domain. As REC2 redocks and the two lobesmove closer together, the distal DNA bends toward the RuvC domain, and the RuvC lid exposes the active site to the

TS. Following TS cleavage, the flexibility in REC2 and resetting of the RuvC lid are expected to occur repeatedly for trans-cleavage. The RuvC lid a helix uses a

critical F999-DNA base stacking to stabilize the scissile phosphate for catalysis.
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As SpyCas9 is thoroughly studied and the current gold-stan-

dard effector for many gene editing technologies, it is interesting

to note shared and distinct features between Cas9 and Cas12a

DNA targeting mechanisms. Cas12a appears to deviate in

R-loop formation strategies, which likely contributes to its

distinct specificity profile. Structures of Cas9 R-loop intermedi-

ates suggest that Cas9 contacts R-loop base pairs nearly as

they form,63 in stark contrast to the lack of contacts observed

during Cas12a middle R-loop propagation. These structural in-

sights support a model in which Cas9 R-loop formation is less

reversible than that of Cas12a and thus less specific against

RNA:DNA mismatches during R-loop formation.6,12–14 Similarly,

the appearance of contacts earlier during R-loop propagation

could explain Cas9’s faster rates of R-loop formation.8,9 As the

R-loop forms the final few base pairs in both Cas12a and

Cas9, domain rearrangements and R-loop docking lead to

nuclease activation. This mechanistic parallel is a strategy to

extend cleavage specificity to late stages of R-loop forma-

tion.45,46,64,65 The work presented here contributes to a more

comprehensive mechanistic understanding of Cas12a DNA tar-

geting that rationalizes observed specificity profiles and target-

ing behavior, draws comparisons to other type V proteins, and

highlights underlying mechanistic differences that result in

distinct targeting behavior from that of Cas9.

Limitations of the study

Because our prior kinetic characterization of Cas12a identified a

late transition state to fast R-loop formation, we reasoned inter-

mediate R-loop states would be too short-lived to capture using

a matched target DNA. Thus, to favor observation of various in-

termediate states that sample the conformational landscape of

Cas12a DNA targeting, we used a series of DNA substrates

with varying amounts of complementarity before reaching the

transition state for binding. As a result, some structural datasets

represent binding equilibria that change the relative populations

of R-loop intermediates, compared with those expected for the

on-target substrate. Lastly, structures capturing Cas12a PAM

recognition and pre-seed R-loops are still needed for a complete

understanding of DNA targeting.
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Lead contact
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Taylor (dtaylor@utexas.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Structures of the 5bp, 8bp, 10bp, 15bp, 16bp, 20bp R-loop intermediates have been deposited in the EMDB with accession

codes EMD-40441, EMD-40442, EMD-40443, EMD-40444, EMD-40445, EMD-40446, respectively. Associated atomic coor-

dinates are deposited with accession codes PDB: 8SFH, 8SFI, 8SFJ, 8SFL, 8SFN, 8SFO, respectively. Structures from the

TSps dataset have been deposited in the EMDB EMD-40447, EMD-40448, EMD-40449. Associated atomic coordinates are

deposited with accession codes PDB: 8SFP, 8SFQ, 8SFR.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and growth conditions

E. coli DH5a T1R competent cells (Invitrogen, 12297016) were used for cloning, following manufacturer’s protocol. Recombi-

nant Cas12a proteins were expressed in chemically-competent E. coli BL21(DE3) cells (Invitrogen, C600003) or NiCo21(DE3)

cells (NEB, C2529H) in LB media at 18 �C. Plasmid interference assays were performed in BL21(DE3) cells (Invitrogen)

grown in SOC media at 37 �C before plating on LB agar plates supplemented with antibiotics and chemicals for expression

induction.

METHOD DETAILS

Cas12a cloning and purification

Cas12a was cloned into a pET-based expression vector8 with an N-terminal 6xHis-MBP tag, lac-inducible promoter, and Kana-

mycin resistance. The His-MBP-Cas12a plasmid was transformed into BL21(DE3) cells (New England Biolabs). A single colony

was used to inoculate LB media supplemented with 50 mg/ml Kanamycin for an overnight culture grown at 37 �C, 200 rpm.

The starter culture was then passaged (100X dilution) to 2L of LB supplemented with antibiotic and grown to an OD600 of

�0.6 at which point the culture was chilled and 1 mM IPTG was added to induce expression at 18 �C. Cultures were grown

for an additional 20 hours. Cells were pelleted and lysed in equilibration buffer (1 M NaCl, 20 mM HEPES, pH 7.5, 0.5 mM

TCEP, 5% glycerol) supplemented with 200 mM PMSF, 0.1% Tween-20, c0mplete Protease inhibitor cocktail tablet (Roche).

Lysate was then incubated with 10 mM MgCl2 and 1X DNase I grade II (Roche) at 4 �C with constant shaking for 20 minutes.

Lysate was sonicated on ice and clarified by centrifugation at 18k rpm for 30 minutes at 4 �C. Clarified lysate was applied to a

pre-equilibrated HisTrap HP column (Cytiva). His-tagged Cas12a was washed with 5% elution buffer (1 M NaCl, 20 mM

HEPES, pH 7.5, 5% glycerol, 250 mM imidazole) before elution with a linear gradient of elution buffer. Pooled fractions were di-

gested by recombinant TEV protease (purified in house) to remove the N-terminal His-MBP tag and dialyzed overnight into low salt

buffer (150 mM NaCl, 20 mM HEPES, pH 7, 0.5 mM TCEP, 5% glycerol) at 4 �C. Cas12a sample was then run through a HiTrap SP

HP column (Cytiva) and eluted by linear gradient high salt elution (1 M NaCl, 20 mM HEPES, pH 7, 0.5 mM TCEP, 10% glycerol).

Cas12a was then fractionated over a S200 Increase 10/300 GL column (Cytiva) equilibrated with low salt buffer supplemented with

5 mM MgCl2. After each chromatography step, fractions containing Cas12a were confirmed by SDS-PAGE and pooled. Samples

were concentrated to �10 mM and aliquots were flash frozen in liquid nitrogen and stored at -80C.

Cas12a mutants were cloned using Q5 polymerase and KLD kit (New England Biolabs), sequence verified by Eton Biosciences,

and purified the same way asWT AsCas12a. The Loop Deletion mutant lost residues 1049-1058. The REC2 Deletion mutant lost res-

idues 326-521 with an additional glycine and alanine added.

Target DNA substrates

DNA oligos were purchased from IDT and resuspended in TE. Target duplexes were formed using 1:1.2 TS:NTS in 50 mM HEPES,

100 mM NaCl and heated for two minutes at 90 �C then slow cooled to 4 �C. When using 5’-FAM-labeled oligos, the unlabeled oligo

was added in 1.2-fold excess and labeled duplexes were annealed the same way. DNA targets with reduced complementarity to the

guide had PAM-distal mismatches introduced by inverting the TS:NTS base pair so that Watson Crick base pairs in the target DNA

were maintained but crRNA:TS base pairs could not form at these locations.
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Cryo-EM sample preparation, data collection

50 mM crRNA (Synthego) was added to an aliquot of purified 12 mMWT Cas12a at a ratio of 1:3 (volume) and incubated at room tem-

perature for 30 min. Equal volumes of 10 mMduplex DNA and assembled Cas12a-crRNA (�9 mM) were mixed and incubated at 37�C

or ambient temperature (�18 �C) before vitrification. DNA binding reaction incubation times varied depending on the DNA substrate

used: 8bp and 12bpDNA substrates were incubated for 1 hour at 37�C, 16bp DNA incubated for�4minutes at ambient temperature,

and 20bp DNA incubated for 1 minute at ambient temperature. 1.2/1.3R 400 mesh Cu grids were plasma-cleaned for 30 sec in a

Solarus 950 plasma cleaner (Gatan). 2.5 ml cryo-EM samples were applied to grids. Using an FEI Vitrobot MarkIV (Thermo Fisher)

set to 4C and 100% humidity, samples were blotted for 6 seconds at 0 force before being plunge frozen into liquid ethane and stored

in liquid nitrogen.

The 20bp dataset was collected on a FEI Glacios cryo-EM microscope (200kV) equipped with a Falcon 4 direct electron detector

(Gatan). Movies were recorded in SerialEM66with a pixel size of 0.94 Å and a total exposure time of 15 sec resulting in an accumulated

dosage and 49e-/ Å2 split into 60 frames. The 8bp, 12bp, 16bp, and TSps datasets were collected on a FEI Titan Krios (300kV) equip-

ped with a K3 Summit direct electron detector (Gatan). Movies were recorded with SerialEM with a pixel size of 0.8332 Å and a total

exposure time of 3.8 sec resulting in an accumulated dosage of�80e-/ Å2 split into 100 frames. Due to preliminary collections result-

ing in strong orientation bias, datasets were collected at 30� tilt and uploaded to cryoSPARC Live for initial real time processing. For

the 8, 12, 16, 20bp, and TSps datasets, 5,803, 3,492, 12,100, 2,403, and 9,174movies were collected, respectively. Early attempts to

collect a dataset of Cas12a bound to a 4bp target were unsuccessful and not pursued further.

Cryo-EM data processing

All datasets were initially processed using MotionCor273 and then imported into cryoSPARC for downstream processing, starting

with Patch CTF correction.68 Particles were initially picked according to a minimum and maximum particle diameter of 80 and

150 Å, respectively and manually inspected to limit particle outliers (local power and NCC scores). Final processing workflows are

shown in Figures S2 and S5 and detailed below.

8bp dataset

2,748,319 particles were extracted with a box size of 320 pixels with a fourier crop to 128 pixels and then classified into 80 2D

classes with a maximum resolution of 8 Å. Classification was done using a class batchsize of 600, 40 online-EM iterations, and

two final full iterations, all other settings were kept at default. Manual selection of 2D classes resulted in 1,624,766 particles

that went into two rounds of ab-initio volume reconstruction (ab-initio) and hetero refinement (HR). A single class of 719,447 par-

ticles was then tested for particle heterogeneity using 3D Variability (3DVar) with resolution filtered to 5 Å and displayed in cluster

mode to produce five clusters. The volumes of the two most different clusters were used as input for HR of the 719,447 particles.

Nonuniform refinments (NU) with unbinned particles produced structures at 3.35 Å and 3.37 Å (with 246,719 and 224,989 particles,

respectively) that still showed particle variability and thus particle stacks from both structures were further classified using 3D clas-

sification (3DClass). The 5bp and 8bp 3DClass jobs sorted particles into 10 classes using a O-EM learning rate of 0.5, PCA initial-

ization mode, and ‘force hard classification’ true. Classes were manually inspected for quality and then refined using NU. The final

5bp structure reached an overall resolution of 3.42 Å with 60,595 particles. The final 8bp structure reached an overall resolution of

3.51 Å with 47,461 particles. The 5bp class without a resolved REC1 domain was further refined to improve resolution using local

refinement (LR) with a mask that was generated to excluded REC1 with a 0.05 contour level and dilation radius and soft padding

width of 5. The final structure reached an overall resolution of 3.64 Å with 36,668 particles. Local and Global CTF refinements had

no effect on map quality.

12bp dataset

2,319,655 particles were extracted with a box size of 320 pixels with a fourier crop to 128 pixels and then classified into 100 2D clas-

ses with a maximum resolution of 8 Å. Classification was done using a class batchsize of 600, 40 online-EM iterations, and two final

full iterations, all other settings were kept at default. Manual selection of 2D classes resulted in 1,509,051 particles that went into two

rounds of ab-initio and HR. A single class of 342,296 particles underwent NUwith unbinned particles to generate a 3.29 Å consensus

structure. 3DVar filtered to 6 Å continued to show heterogeneity in the particle stack so three resulting volumes that represented new

12bp intermediates with differences in the distal DNA and a 5bp intermediate were used for HR. Each class was further refined using

NU. The final 10bp structure reached an overall resolution of 3.35 Å with 122,723 particles. Local and Global CTF refinements had no

effect on map quality.

16bp dataset

5,610,323 particles were extracted with a box size of 320 pixels with a fourier crop to 80 pixels and then classified into 100 2D classes

with a maximum resolution of 8 Å. Classification was done using a class batchsize of 400, 40 online-EM iterations, and two final full

iterations, all other settings were kept at default. Manual selection of 2D classes resulted in 3,758,114 particles that went into two

rounds of ab-initio and HR. A single class of 794,184 particles underwent NUwith unbinned particles to generate a 3.12 Å consensus

structure. Due to poorly resolved domains and nucleic acid, the particle stack from the consensus refinement was further sorted into

10 classes in a 3DClass jobwith a 0.6 O-EM learning rate, PCA initialization, ‘force hard classification’ true, and a solvent mask gener-

ated from the earlier NU reconstruction with binned particles. The resulting classes had obvious differences in REC2, R-loop, distal

DNA, and RuvC. Select classes were further refined. The final 15bp structure reached an overall resolution of 3.27 Å with 158,948

particles. The refined 16bp structure still showed signs of conformational heterogeneity and therefore contributing particles were
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further refined using a round of ab-initio and HR to resolve the REC2 domain. The final 16bp structure reached an overall resolution of

3.22 Å with 97,787 particles.

20bp dataset

918,471 particles were extracted with a box size of 320 pixels with a fourier crop to 128 pixels and then classified into 100 2D classes

with a maximum resolution of 8 Å. Classification was done using a class batchsize of 600, 40 online-EM iterations, and two final full

iterations, all other settings were kept at default. Manual selection of 2D classes resulted in 582,836 particles that went into a single

round of ab-initio and HR. A single class with 242,720 particles resembled the expected structure with additional density in the RuvC

active site and was refined by NU with unbinned particles to achieve a consensus reconstruction of 3.37 Å. 3DVar showed volumes

with and without REC2, so two distinct volumes were used as input for HR sorting. Both classes were further refined by NU. The final

20bp structure reached an overall resolution of 3.33 Å with 154,794 particles.

TSps dataset

Overall, 5,255,085 particles were extracted from two different collections. Initially, particles were extracted with a box size of

320 pixels with a fourier crop to 128 pixels and then classified into 80 classes with a maximum resolution of 8 Å. From the second

collection, particles were extracted with a box size of 320 pixels with a fourier crop to 64 pixels and then classified into 80 classes

with a maximum resolution of 8 Å. Particles from selected 2D classes were refined using a single round of ab-initio and HR to remove

junk particles. The datasets were merged and then large conformational heterogeneity separated out with ab-initio and HR. The

structural class lacking the REC2 domain was further refined using HR to demonstrate variability in the nucleic acid components.

Of the structural class with a resolved REC2, particles were first separated according the relative separation of the lobes by using

3DVar to observe structural heterogeneity and using the most different maps as templates for HR. Particles were unbinned to pro-

duce refined consensus structures of the ‘closed’ and ‘extended’ conformations at 3.18 and 3.19 Å, respectively.

3DClass sorted particles of the ‘closed’ conformation into 10 classes using a O-EM learning rate of 0.5, PCA initialization mode,

and ‘force hard classification’ true. Classes weremanually inspected for the density representing TS in the active site and then refined

usingNU. Due to subtle differences in domain arrangement or RuvC lid configuration, combining classeswith exposedRuvC sites did

not improvemap quality. The ‘Exposed RuvC’ structure reached an overall resolution of 3.45 Å with 104,326 particles. To improve the

quality of density representative of the TS in the RuvC active site, a round of 3DVar with resolution filtered to 5 Å and displayed in

cluster mode to produce three clusters. The class with the most prominent defined TS signal was refined via NU. The final

TSpsTS structure reached an overall resolution of 3.76 Å with 29,883 particles. 3DVar with resolution filtered at 6 Å sorted particles

of the ‘extended’ conformation into five clusters. Most variability was due to the distal DNA, however classes also differed in extent of

separation between the lobes. The most extended conformation was selected as a representative final class and further refined with

NU to produce a final structure at an overall resolution of 3.57 Å with 105,267 particles.

Model building and refinement

Previously published AsCas12a was rigid body fit into the 20bp structure within ChimeraX.72 For structures with rearranged protein,

individual domains were rigid body fit. Modeling was performed through iterative rounds of using Isolde70 and Coot69 for flexible and

local fitting. Models were then subjected to real space refinement within Phenix71 for final modifications and a validation score.

Cleavage time courses

Purified Cas12a and mutants were assembled at 500 nM with cognate crRNA (Synthego) in excess at room temp in assembly buffer

(150mMNaCl, 50mMHEPES, pH 7, 5mMMgCl2, 2 mMDTT) for 30minutes. DNA and Cas12a-crRNAwere diluted in reaction buffer

which has the same composition as assembly bffer supplemented with 0.2 mg/ml molecular biology grade BSA and pre-warmed to

37 �C. To start the cis-cleavage reaction, 5’-FAM-labeled duplexes were combined with Cas12a-crRNA at final concentrations of

50 nM active enzyme and 10 nM duplex DNA and the reaction was carried out in a 37 �C water bath. At various time points, 2 ml

were sampled from the reaction and quenched in 4 ml of 0.1M EDTA. Time points were resolved via capillary electrophoresis using

an Applied Biosystems DNA sequencer (ABI 3130xl). Traces corresponding to substrate and product were analyzed to plot fraction

cleaved over time. Cleavage time courses were fit using non-linear regression to a single exponential curve (equation: y = (1-a)*e-k*x;

a: amplitude; k: rate) on GraphPad Prism. Rates are reported per minute. Each reaction was repeated at least twice.

Pre-binding competition experiments were performed as described above but with an additional DNA incubation step. 100 nM

assembled Cas12a-crRNA was bound to 250 nM unlabeled DNA duplex at 37 �C for the specified amount of time before initiating

the cleavage reaction by addition of FAM-labeled PT (20bp) DNA so that the final concentrations were 50 nM Cas12a-crRNA,

120 nM unlabeled competitor DNA, and 10nM labeled PT DNA.

Activated Cas12a for trans-cleavage reactions was assembled as described above. Single stranded activator oligos were incu-

bated with Cas12a-crRNA for 30 minutes to ensure complete binding before addition of radiolabeled trans substrate 5’-TTATT

initiated the reaction (Table S1). Trans-cleavage reactions were initially tested with varying amounts of excess substrate over

10 nM activated WT Cas12a. Replicates were performed at 10 nM Cas12a and 50 nM single stranded trans substrate. At various

time points, 2 ml were sampled from the reaction and quenched in 4 ml of denaturing quench (60% formamide, 20mMEDTA, 0.01%

bromophenol blue, and 0.01% xylene cyanol). Quenched samples were resolved on a 20% denaturing PAGE gel. Substrate and

product intensities were quantitated using a phosphorimager. Cleavage time courses were analyzed using a linear regression to a

line (y = k*x+b; k=rate; b=degraded oligo at t=0) in Kaleidograph. Second order rate constants were calculated by dividing the
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observed cleavage rate by the Cas12a concentration. Additional control experiments (not shown) established that 50 nM substrate

was subsaturating. For F999A trans-cleavage reactions in which no cleavagewas observed, upper limit rates were calculated from

an approximate detection limit of 1% cleavage at a 48hr time point. Reactions were repeated with a second trans substrate (C10) to

validate results.

Plasmid Interference Assay

Cas12a was cloned into a pBAD effector with Ampicillin resistance.74 The target sequence with an adjacent 50-TTTA PAM used for

in vitro studies was cloned into a modified pACYC vector with Streptomycin resistance and sfGFP expressed from the tac pro-

moter.40A crRNA expression cassette was then added to the target plasmid, so that the direct repeat and guide RNAwere expressed

from the J23119 promoter. Both plasmids were co-transformed (5ng/plasmid) into a 50 ml aliquot of One Shot BL21(DE3) cells

(Invitrogen) using the heat-shock method according to the manufacturer’s protocol. Outgrowths at 37 �C were done with addition

of 300 ml SOC media for one hour. 150 ml cells were plated onto LB-agar plates containing antibiotics selecting for both plasmids

(100 mg/ml Carbenicillin, 100 mg/ml Streptomycin) supplemented with either 1% glucose or 0.2% L-arabinose. Before transformed

cells were plated on the arabinose-inducing plates, 2% L-arabinose was added to the liquid culture. Plated cells were incubated at

37 �C for 18-24 hours before colonies were counted. To avoid confounding results from leaky expression of Cas12a, target plasmid

interference by Cas12a was compared to a ‘no crRNA’ control. Colonies were manually counted and calculated colony forming units

(CFUs) were plotted. Plasmid interference assays were done in triplicate.

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were based on three structures of AsCas12a along the R-loop formation: 5bp R-loop with

the lid as an unstructured loop, the 16bp R-loop representing a less stable (forming) a helix, and the 20bp R-loop representing a

completed transition into the activated state with an a helix. All systems were embedded in explicit waters and counterions were

added to neutralize the total charge, leading to periodic cells of �138*149*167 Å3 and �307,000 atoms for each system.

MD simulations were performed using the Amber ff19SB force field,75 with the ff99bsc1 corrections for DNA76 and the cOL3

corrections for RNA.77,78 The TIP3P model was employed for water,79 and the Li & Merz model was used for Mg2+ ions.80 We

have extensively employed these force field models in computational studies of CRISPR-Cas systems.57,81 The Li & Merz model

also reported a good description of Mg2+ bound sites, in agreement with quantum/classical simulations.82 An integration time step

of 2 fs was employed. All bond lengths involving hydrogen atoms were constrained using the SHAKE algorithm. Temperature con-

trol (300 K) was performed via Langevin dynamics,83 with a collision frequency g = 1. Pressure control was accomplished by

coupling the system to a Berendsen barostat at a reference pressure of 1 atm and with a relaxation time of 2 ps.84 The systems

were subjected to energy minimization to relax water molecules and counter ions, keeping the protein, the RNA, DNA and Mg2+

ions fixed with harmonic position restraints of 300 kcal/mol $ Å2. Then, the systems were heated up from 0 to 100 K in a canonical

ensemble (NVT), by running two simulations of 5 ps each, imposing position restraints of 100 kcal/mol $ Å2 on the above-

mentioned elements of the system. The temperature was further increased up to 200 K in�100 ps of MD in the isothermal-isobaric

ensemble (NPT), reducing the restraint to 25 kcal/mol $ Å2. Subsequently, all restraints were released, and the temperature of the

systemswas raised up to 300 K in a single NPT simulation of 500 ps. After� 1.1 ns of equilibration,�10 ns of NPT runs were carried

out allowing the density of the systems to stabilize around 1.01 g cm-3. Finally, production runs were carried out in the NVT

ensemble, collecting �120 ns. These simulations were performed using the GPU-empowered version of AMBER 2085 The well-

equilibrated systems were used as starting points for the subsequent free-energy simulations to study the transitioning of the

lid from a loop to the a-helical shape.

Multiple Walker Adaptively Biased MD

The Adaptively BiasedMolecular Dynamics (ABMD)method fromAMBER52,53was used to investigate the transitioning of a loop form

of the lid into the a-helical form. This is a non-equilibrium simulationmethod that belongs to the general category of umbrella sampling

methods with a history-dependent biasing potential. Inverse free energy surface (particularly, the potential of mean force; PMF) is

built using this potential along with the collective variable that serve as the reaction coordinate. ABMD was implemented in combi-

nation with interacting multiple walkers by means of a selection algorithm,86 replica exchangeMD (REMD)87 andWell-tempered (WT)

extension.88 The WT approach as an enhanced sampling technique is widely used due to its effectiveness and ability to assess

convergence of sampling.

In our study, we considered two states of the lid: a loop form of the lid that served as the initial state and the a-helical form of the lid

that was considered as the final state. For the 5bp system, the loop form of the lid was captured in cryo-EM at 3.5 Å resolution and the

final a-helical form of the lid was built based on the 20bp cryo-EM structure. Conversely, the 16bp and 20bp cryo-EM structures,

resolved at 3.3 Å and at 3.3 Å resolution respectively, captured the lid in the a-helical form and the loop form of the lid was built based

on the 5bp state. Here, the root-mean-square deviation (RMSD) of the C⍺ atoms of the lid (residues 995 to 1009) between the initial

and the final state served as the collective variable used to capture the different states of the lid transitioning from an a helix to a loop.

Steered MD was used to obtain eight equidistant states along the CV, which was fed to the aforementioned ABMD method. These

simulations were run in a group of eight replicas and the generated weight biases were used to compute the PMF along the collective

ll
OPEN ACCESS Article

e5 Molecular Cell 84, 1–15.e1–e6, July 25, 2024

Please cite this article in press as: Strohkendl et al., Cas12a domain flexibility guides R-loop formation and forces RuvC resetting, Molecular Cell (2024),

https://doi.org/10.1016/j.molcel.2024.06.007



variable. The simulations were run until convergence (in which the PMF profiles are highly similar with increasing simulation periods

(Figure S4H), obtaining 1.2 ms sampling for each system and thereby collecting an overall ensemble of 3.6 ms.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cleavage rates obtained from independent biological replicates were measured and the mean and standard error of the mean were

calculated and reported. Themolecular dynamics simulations were run until convergence (in which the PMF profiles are highly similar

with increasing simulation periods).
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Figure S1. Local resolution of intermediate R-loop maps. Related to Figures 1 and 4 and Table 1. 

For each panel, in clockwise order: unsharpened maps colored by local resolution. (as portrayed in Fig. 1 

and 4), reconstruction gold-standard FSC (Fourier Shell Correlation) curves, resolution estimated at 

FSC=0.143, reconstruction Euler diagrams showing particle orientation distributions, and map-to-model 

FSC curves produced in Phenix. Map resolutions and particle distribution plots were produced in 

cryoSPARC.  
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Figure S2. Data processing pipelines for Cas12a R-loop datasets. Related to Figure 1. A, 8bp 

dataset. B, 12bp dataset. C, 16bp dataset. D, Example time course of NTS cleavage of the 16bp target at 

ambient temperatures used for preparing the cryo-EM sample. E, 20bp dataset. F, Example time course 
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of NTS cleavage of the 20bp target at ambient temperatures used for preparing the cryo-EM sample. At 

one minute, nearly 50% cleavage is observed and suggests the second structural class represents a 

post-cleavage state. Final boxed reconstructions are reported in Fig. 1 and Fig. 4. Grey circles highlight 

flexible and unresolved REC domains. Arrows pointing to the RuvC active site mark whether it is occluded 

(red) or bound to NTS (light blue). Representative structures during processing are shown after reaching 

a consensus reconstruction.   

  



 6 

 
 
Figure S3. Cas12a early and middle R-loops. Related to Figure 2. A, Our cryo-EM structures are 
compared to previously published binary and 8bp structures from Fn and Lb Cas12a structures. B, Map-
model overlay of the final 5bp R-loop structure. C, Left: The 5bp reconstruction lacking a resolved REC1 
domain is overlayed with the complete 5bp structural model. Right: The 5bp reconstruction lacking REC1 
is colored according to Fig. 1.  D, Experimental design for plasmid interference assay in E. coli. BL21 DE3 
cells were co-transformed with plasmids expressing Cas12a effector and crRNA targeting a sequence 
within the plasmid enabling antibiotic selection. Before plating, expression of Cas12a was induced with 
the addition of 2% L-arabinose. Bottom: example images (bright light and GFP-fluorescence) of plates 
selecting for E. coli cells with ampicillin- and streptomycin-resistance. E, Quantification of CFUs per plate 
per condition. Colored dots represent individual replicates. Error bars represent standard error of the 
mean (SEM). F, Map-model overlays of the final 8bp R-loop structure. G, Map-model overlays of the 16bp 
R-loop contacts. Sharpened maps are used for zoomed-in overlays.  
  



 7 

 
 
 

 
 



 8 

Figure S4. Cas12a RuvC activation. Related to Figures 3 and 4. A, Map-model overlays of the 15bp, 
16bp, and 20bp structures highlighting the RuvC lid and BH structural changes. Sharpened maps are 
used for overlays. B, Example time course of trans-cleavage by WT Cas12a. C) Example time course of 
TS cleavage by ΔREC2 Cas12a mutant. D, Map-model overlay of the 20bp structure highlighting the NTS 
interacting with the RuvC lid. E, Surface electrostatic potential representation of panel D. F, Map-model 
overlays of the 20bp RuvC active site shown at two different contour thresholds. Continuous density is 
consistent with a two Mg2+ ion mechanism. G, Example cleavage time courses for WT, F999A, and 
R1003A Cas12a enzymes. Each plot is labeled according to the R-loop length and cleavage substrate 
being measured. H, Convergence of the potential of mean force (PMF) along the reaction coordinate 
(RMSD), capturing the transition of the RuvC lid from 끫毸 helix to unstructured loop during different stages 
of R-loop formation (5bp, 16bp, and 20bp). To the right of each plot is a zoomed-in view of the distorted 
local minima. The R-loop TS and crRNA backbones are shown in transparent cartoon for clarity. The 
RuvC lid faces the R-loop minor groove. As the 5bp loop transitions to the 끫毸 helix, BH contacts are lost 
but K1000 maintains its contact with catalytic E993.  As the 16bp 끫毸 helix transitions to an unstructured 
loop, the RuvC lid F999 and R1003 lose contact with the NTS, K1000 contacts E993, and BH contacts 
are maintained. As the 20bp 끫毸 helix transitions to an unstructured loop, the RuvC lid remains contacting 
the NTS and BH and K1000 does not form a contact to sequester E993. I, Map-model overlay of the 
TSps structure highlighting the TS interacting with the RuvC lid.   
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Figure S5. Data processing pipeline for Cas12a post-NTS cleavage dataset. Related to Figure 4. 

Final boxed reconstructions are reported in Fig. 4. Arrows pointing to the RuvC active site mark whether it 

is occluded (red), bound to TS (dark blue), or exposed (yellow). Representative structures during 

processing are shown after reaching a consensus reconstruction. Grey circles highlight flexible and 

unresolved REC domains. Reconstructions within the ‘Extended’ group have blue arrows highlighting the 

variability in the distal DNA.  
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Oligo Sequence (5' to 3') 

D_min.crRNA UUUUUAAUUUCUACUCUUGUAGAUGUGAUAAGUGGAAUGCCAUGUGGA 

TargetD_NTS CGCTCTTCCGATCTTTTAGTGATAAGTGGAATGCCATGTGGAGTAGCTACTGTGCT 

TargetD_TS AGCACAGTAGCTACTCCACATGGCATTCCACTTATCACTAAAAGATCGGAAGAGCG 

8comp_NTS CGCTCTTCCGATCTTTTAGTGATAAGACCTTACGGTACTGGAGTAGCTACTGTGCT 

8comp_TS AGCACAGTAGCTACTCCAGTACCGTAAGGTCTTATCACTAAAAGATCGGAAGAGCG 

12comp_NTS CGCTCTTCCGATCTTTTAGTGATAAGTGGATACGGTACTGGAGTAGCTACTGTGCT 

12comp_TS AGCACAGTAGCTACTCCAGTACCGTATCCACTTATCACTAAAAGATCGGAAGAGCG 

16comp_NTS CGCTCTTCCGATCTTTTAGTGATAAGTGGAATGCGTACTGGAGTAGCTACTGTGCT 

16comp_TS AGCACAGTAGCTACTCCAGTACGCATTCCACTTATCACTAAAAGATCGGAAGAGCG 

D_TSps AGCACAGTAGCT*A*C*T*C*C*ACATGGCATTCCACTTATCACTAAAAGATCGGAAGAGCG 

A4T_NTS CGCTCTTCCGATCTTTTAGTGtTAAGTGGAATGCCATGTGGAGTAGCTACTGTGCT 

A4T_TS AGCACAGTAGCTACTCCACATGGCATTCCACTTAaCACTAAAAGATCGGAAGAGCG 

ssD_20 CATGGCATTCCACTTATCAC 

ssD_16 GCATTCCACTTATCAC 

trans substrate1 TTTATT 

trans substrate2 CCCCCCCCCC 

 

Table S1. Sequences of RNA (Synthego) and DNA (IDT) used for sample preparation and 

biochemistry reactions. Related to Figures 1-4. Oligos labeled for cleavage and binding detection had 

a 5'-FAM label added.  
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Cas12a, R-loop NTS (min-1) TS (min-1) trans (M-1 min-1) 

WT, 20bp 6.25 ± 0.73 0.782 ± 0.075 814000 ± 111000 

WT, 16bp 1.32 ± 0.31 0.1188 ± 0.0056 38000 ± 5700 

WT, A4T 0.172 ± 0.015 — — 

LD, 20bp 5.03 ± 0.44 — — 

LD, A4T 0.080 ± 0.016 — — 

ΔREC2, 20bp 0.0963 ± 0.0081 0.00103 ± 0.00053 — 

ΔREC2, 16bp 0.0158 ± 0.0089 0.0037 ± 0.0024 — 

F999A, 20bp 4.57 ± 0.14 0.0857 ± 0.0073 350 

F999A, 16bp 0.0521 ± 0.0070 0.0009 ± 0.0002 350 

R1003A, 20bp 5.52 ± 0.81 0.547 ± 0.053 — 

R1003A, 16bp 0.097 ± 0.019 0.0181 ± 0.0045 — 

Competition cleavage experiments 

Competitor, incubation Rate (min-1) Fraction cleaved 

8bp, 1 hr 7.6 ± 1.1 0.97 ± 0 

12bp, 1 hr 6.61 ± 0.06 0.97 ± 0.01 

16bp, 30 sec 2.2 ± 0.3 0.93 ± 0.03 

16bp, 2 min 0.52 ± 0.02 0.65 ± 0.03 

20bp, 30 sec 0.03 ± 0.01 0.1 ± 0.01 

 

Table S2. List of observed cleavage rates measured at 37 °C. Related to Figures 2 and 3.  Cis-

cleavage rates are listed as averages of triplicates ± standard error of the mean (Exceptions: F999A, 16bp 

TS and all R1003A reactions were performed in duplicate). Trans second order cleavage rates are listed 

as averages of at least duplicates ± standard error of the mean. Trans cleavage reactions with no observed 

cleavage were assigned an upper limit to cleavage of 350 M-1 min-1. Competition assays were measured in 

duplicate and rates and final amplitudes are listed as averages ± standard error of the mean. ‘—’ marks 

rates that were not measured.  
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