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Abstract

CRISPR-Cas enzymes as DNA sculptors
by
Joshua C. Cofsky
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley
Professor Jennifer A. Doudna, Co-Chair

Professor John Kuriyan, Co-Chair

In the canonical mode of protein:DNA recognition, amino acids make specific contacts
to nucleotides of a native DNA double helix. As RNA-guided gene editors and bacterial
immune sentinels, CRISPR-Cas nucleases (clustered regularly interspaced short palin-
dromic repeats, CRISPR-associated) break this mold, identifying target sequences in-
stead through the formation of an ~20-base-pair R-loop. Requiring dramatic disruption
of the DNA helix, this unique recognition mode is the basis for CRISPR’s powerful appli-
cations in research, medicine, and agriculture, but its physical underpinnings are poorly
understood. In my thesis work, | studied the mechanisms by which Cas9 and Cas12
“sculpt” DNA to achieve their programmable solution to sequence-specific DNA binding
and cutting. In Chapter 2, | describe my discovery that Cas9 bends and twists DNA to
interrogate its sequence, a search mechanism that is likely shared by all DNA-targeting
Cas enzymes. These DNA-bending actions, repeated over and over, constitute the
slowest phase of genome editing, urging research into the rules that translate bending
dynamics into target-capture rate. In Chapter 3, | present a yeast-display system de-
signed to direct the evolution of fast-searching Cas mutants, both for basic inquiry into
bend-assisted target search and for direct technological use. Finally, in contrast to
Cas9, which forms double-strand breaks using two distinct nuclease active sites, Cas12
achieves the same feat using a single active site, necessitating further manipulation of
DNA even after successful target capture. In Chapters 4-5, | show that Cas12 induces
conformational plasticity in its substrate by exploiting a strand exchange junction with
special structural properties, reshaping DNA in a way that maximizes the utility of mini-
mal enzymatic machinery. While popular descriptions of CRISPR generally highlight its
power as a pair of molecular scissors, my work demonstrates that the true functional
novelty of these enzymes emerges from their skill as molecular sculptors.
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Chapter 1: Introduction



1.1 CRISPR-Cas systems are prokaryotic adaptive immune systems that can be
repurposed for programmable DNA targeting

CRISPR-Cas (clustered regularly interspaced short palindromic repeats, CRISPR-asso-
ciated) systems are adaptive immune systems (Barrangou et al., 2007) widely distrib-
uted across bacteria and archaea (Makarova et al., 2020). Each system is housed in a
DNA locus that comprises two main parts: the non-coding CRISPR array and the pro-
tein-coding Cas genes (Jansen et al., 2002). As the archive of immune memory, the
CRISPR array can be identified by its signature lineup of conserved direct repeats inter-
vened by variable sequences termed “spacers,” each of which maps to an invasive ge-
netic element previously encountered by the host (Barrangou et al., 2007; Bolotin et al.,
2005; Mojica et al., 2005; Pourcel et al., 2005). Cas genes, genetically linked to the
CRISPR array, encode proteins that enact the RNA/DNA metabolic operations and de-
fense tactics crucial to immune function (Barrangou et al., 2007; Makarova et al., 2006,
2020; Wright et al., 2016).

CRISPR-Cas immune function can be categorized into three steps: acquisition,
guide-RNA biogenesis, and interference. During acquisition, snippets of foreign DNA
are processed and integrated into the CRISPR array as new spacers (Amitai & Sorek,
2016; Barrangou et al., 2007). During guide-RNA biogenesis, a long pre-crRNA
(CRISPR RNA), transcribed from the CRISPR array, undergoes nucleolytic segmenta-
tion into mature guide RNAs that each contain one spacer and fragments of the flanking
repeats (Brouns et al., 2008; Carte et al., 2008, 2010; Deltcheva et al., 2011; Haurwitz
et al., 2010). During interference, guide-RNA-loaded Cas proteins seek out a nucleic-
acid target whose sequence is complementary to that of the guide RNA’s spacer. Upon
identifying such a target, the interference complex (Cas protein(s) + guide RNA) can ac-
tivate virus-destroying nuclease activity or a variety of other immune responses
(Abudayyeh et al., 2016; East-Seletsky et al., 2016; Gasiunas et al., 2012; Jinek et al.,
2012; Kazlauskiene et al., 2017; Makarova et al., 2020; Meeske et al., 2019;
Niewoehner et al., 2017; Samai et al., 2015; VanderWal et al., 2021; Westra et al.,
2012).

Beyond the complexity associated with the different stages of CRISPR immunity,
CRISPR systems are enormously diverse across organisms, varying in features such as
the protein components in the interference complex, the sugar substituent of the target
nucleic acid (DNA vs. RNA), the mechanism of guide-RNA processing, and the interfer-
ence response (Makarova et al., 2020). The experiments presented in this dissertation
specifically address DNA interference processes in type Il and type V CRISPR systems.

Owing to the simplicity of their single-protein interference complexes (Cas9 for
type Il, Cas12 for type V), these systems can be readily repurposed as genome-editing
tools (Cho et al., 2013; Cong et al., 2013; Hwang et al., 2013; Jinek et al., 2012, 2013;
Mali et al., 2013; Zetsche et al., 2015), lending them to applications with far-reaching
impact in research, medicine, and agriculture (Pickar-Oliver & Gersbach, 2019). In a
standard genome-editing operation, Cas9/12 is programmed with a guide RNA whose
spacer has been tailored to match a specific target in the genome. After locating the
matching gene, Cas9/12 introduces a double-strand break into the DNA, which is sub-
sequently repaired with sequence changes that can destroy or alter the gene’s function.
An additional target-activated non-specific DNase activity of Cas12 has also lent it to
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application in sequence-detection-based diagnostics (J. S. Chen et al., 2018). There-
fore, beyond the potential to reveal interesting features of prokaryotic biology and en-
zyme mechanism, findings from basic studies of Cas9 and Cas12 can also be trans-
lated to the many technologies associated with each enzyme. Additionally, discovered
principles can be used to understand the function of the more biologically widespread
type | CRISPR systems, which also target DNA but use more complicated multi-protein
interference complexes.

1.2 Biological phenomena require that DNA deviate from its Watson-Crick confor-
mation

A complete investigation of Cas9 and Cas12 requires a structural and mechanical un-
derstanding of their substrate, DNA. Importantly, the canonical structure of DNA
(Franklin & Gosling, 1953; Watson & Crick, 1953; Wilkins et al., 1953) represents only
one low-energy conformation, and the molecule must access other conformations to
perform nearly any function besides information storage. In 1970, a prescient remark
from McConnell and von Hippel imagined a series of DNA distortional modes that “may
have a controlling role in biologically significant processes such as [...] the recognition
of specific base sequences by [...] complementary polynucleotide strands in [...] DNA-
RNA hybrid formation” (McConnell & von Hippel, 1970). Some structural deviations—
such as local base pair disruption (McConnell & von Hippel, 1970), sharp bending
(Cloutier & Widom, 2004), or harmonic bending and twisting (Hagerman, 1988)—occur
spontaneously. However, in most cases, interaction with a protein is required to induce
or stabilize’ a DNA distortion in a regime of magnitude, lifetime, or kinetics that is useful
to biology.

For example, in both prokaryotes and eukaryotes, the formation of active tran-
scriptional complexes often involves protein-induced DNA looping that brings two dis-
tant DNA sequences, and their relevant protein binding partners, into close proximity
(Garcia et al., 2007). In eukaryotes (Luger et al., 1997; Richmond et al., 1984) and ar-
chaea (Mattiroli et al., 2017), histones wrap DNA to compact chromatin into a small
space. During replication and transcription, helicases and polymerases use the chemi-
cal energy of nucleotide phosphodiester hydrolysis to pry apart the DNA duplex and
gain access to its genetic information (Moore & Lohman, 1995; Stano et al., 2005). DNA
repair enzymes flip nucleobases out of the helix both to identify lesions and to correct
them using chemical reactions that would be geometrically impossible in the Watson-
Crick conformation (Roberts & Cheng, 1998). Even for transcription factors and re-
striction enzymes that do not require base pair disruption, the ability of a given DNA se-
quence to undergo subtle conformational deviations underlies specificity in both binding
and catalysis (Travers, 1989).

' Few experiments have addressed the extent to which Cas DNA sculptors induce conformational distor-
tions vs. stabilize spontaneous fluctuations, although Chapter 4 suggests a strong role for the latter in
Cas12-catalyzed cleavage of the target DNA strand. In this dissertation, | use the term “sculpting” to de-
scribe either scenario. Future investigations into this distinction would benefit from attention to similarly
themed discussions about base excision repair enzymes (C.-G. Yang et al., 2009).
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CRISPR-Cas enzyme function requires distortion of DNA, too, and parallels can
be drawn to many of the other mentioned DNA “sculptors.” However, we will see that
the DNA sculpting performed by Cas enzymes is a rare form that (1) induces large-
scale deviations from the Watson-Crick conformation, (2) relies only on binding energy,
and (3) maintains a long, narrow, and energetically shallow reaction coordinate. This
approach to DNA sculpting also characterizes the DNA sequence search process per-
formed by the homologous recombinase RecA? (Bell & Kowalczykowski, 2016; Z. Chen
et al., 2008; D. Yang et al., 2015; H. Yang et al., 2020).

1.3 DNA-targeting CRISPR-Cas enzymes employ a unique mode of sequence
recognition

As RNA-programmable nucleases, Cas enzymes cannot rely entirely on the “canonical’
mode of protein:DNA interaction, which involves specific contacts between amino acid
sidechains and nucleobase atoms accessible from the Watson-Crick conformation. Cas
enzymes enforce specificity through the formation of RNA:DNA base pairs, and thus
they must access a face of the DNA nucleotides that is normally sequestered in the inte-
rior of the Watson-Crick helix. To enact the necessary structural deviations, Cas en-
zymes use a bipartite recognition mechanism that requires (1) complementarity be-
tween the guide RNA spacer and ~20 nucleotides of the DNA target and (2) the pres-
ence of a protospacer-adjacent motif (PAM) next to the RNA-complementary stretch
(Deveau et al., 2008; Jinek et al., 2012; Mojica et al., 2009; Sashital et al., 2012). To ini-
tiate binding, the guide-RNA-bound Cas protein first recognizes the PAM through the
“canonical” protein:DNA binding mode (Anders et al., 2014; Jiang et al., 2016; Yamano
et al., 2016). Then, an R-loop is initiated immediately next to the PAM by flipping nucle-
otides of the target DNA strand toward the guide RNA for hybridization. Once nucleated,
this RNA:DNA hybrid can propagate away from the PAM through invasion of the guide
RNA into the DNA duplex, displacing the non-target DNA strand from the target DNA
strand (Sternberg et al., 2014). Successful formation of a 20-bp R-loop licenses DNA-
cutting activity (Jinek et al., 2012), which destroys the invading mobile genetic element
(in prokaryotes) or incurs genome editing (in eukaryotes).

R-loop formation is a creative and unique solution to programmable immunity,
masterfully executed by Cas enzymes, and it is thus a central topic of this dissertation.
Beyond its mechanistic importance in the binding of fully-matched targets, as described
in the preceding paragraph, CRISPR’s approach to R-loop formation is also a time-effi-
cient solution to the interrogation of incompletely-matched sequences during target
search. For example, by requiring that R-loop initiation occur adjacent to the PAM (in
the “seed” region), search efforts can be focused in space and only expanded further if
an initial “hit” is found. Reliance on the strand invasion pathway (in which broken
DNA:DNA base pairs must either be quickly reformed or compensated by an RNA:DNA
base pair) keeps the interrogation process tightly constrained in terms of conformational
coordinates (i.e., a long and narrow energy landscape), minimizing the time that is

2 The only other complementarity-guided DNA target searchers, to my knowledge, are the Group Il introns
(Lambowitz & Zimmerly, 2011), whose ATP-independent strand-invasion mechanism has been probed in
limited detail (Guo et al., 1997).
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wasted exploring conformations irrelevant to specificity. Finally, while the free energy of
a Cas:DNA complex intermittently rises and falls over the course of R-loop formation
(lvanov et al., 2020; Szczelkun et al., 2014), the energetic landscape is by necessity
shallow in the early stages, as reversibility is key to quick rejection of off-target se-
quences. Therefore, carefully regulated R-loop formation is the core skill of Cas proteins
that sets them apart from non-programmable nucleases, demanding research into the
mechanism by which Cas proteins effect this dramatic instance of DNA sculpting.

1.4 Summary of dissertation work

In this dissertation, | will discuss the research that | performed to understand how
CRISPR-Cas enzymes sculpt DNA into the shapes that enable their immunological and
technological functions.

R-loop-based target search and capture requires dramatic DNA sculpting, but the
mechanism by which CRISPR systems create R-loops is unknown. In Chapter 2, using
Cas9 as a model, | demonstrate through cryo-electron microscopy and biochemical ex-
periments that R-loops are initiated by a protein-induced DNA-bending action. Bending
of candidate DNA sequences is energetically coupled to base-flipping motions that can
seed an RNA:DNA hybrid. This DNA sculpting technique is likely employed by all DNA-
targeting CRISPR-Cas enzymes, including Cas12.

The detected bending actions, previously unrecognized due to their speed, illus-
trate the individual steps that are repeated over and over as CRISPR-Cas proteins
comb through vast expanses of off-target DNA, together constituting the slowest phase
of genome editing (Jones et al., 2017). Energetic tuning of the bending actions is ex-
pected to determine the rate of target capture, making it an important parameter for
technology, but not one that can be rationally engineered at present. In Chapter 3, | dis-
cuss a yeast-display system that | developed to direct the evolution of CRISPR proteins
that edit genes with an enhanced target capture rate. Improvements in target search ki-
netics are expected to emerge from improvements in DNA sculpting, and selected mu-
tants can be examined to probe the connection between DNA sculpting and genome
editing efficiency.

After an R-loop has been formed on a fully complementary target, the DNA-
sculpting tasks of Cas9 have been completed, as this protein has two nuclease do-
mains, which each cleave one strand of the DNA target in the same R-loop confor-
mation. Conversely, Cas12, which only has one DNase active site, must perform addi-
tional reshaping of the DNA even after R-loop formation to allow sequential capture of
two strands by the same active site. In Chapter 4, | describe biochemical experiments
that | performed to determine how Cas12 cleaves two DNA strands using one active
site. | found that Cas12 destabilizes DNA at the site of its second cut, likely allowing the
second strand to bend into the active site previously occupied by its partner. Interest-
ingly, this destabilization emerges from a newly discovered conformational property that
is intrinsic to R-loop edges, indicating that Cas12 uses its guide RNA to sculpt DNA at
several functional stages. Finally, studying the solution conformation of DNA in both
strands of an R-loop edge required that | develop a new DNA radiolabeling technique,
which | present in Chapter 5.



While CRISPR proteins are often thought of as genome editors or DNA cutters,
these characterizations are not their most innovative features per se—break-induced
editing was introduced decades ago (Choulika et al., 1995; Plessis et al., 1992; Rouet et
al., 1994; Rudin et al., 1989), and CRISPR’s DNA-severing agents are unremarkable
riffs on long-known nuclease folds (Makarova et al., 2011). The true ingenuity of
CRISPR proteins lies in their mode of sequence recognition, which enabled them to
overcome an obstacle that no prior gene-editing enzyme could. CRISPR-Cas enzymes
are, most exceptionally, programmable DNA sculptors.



Chapter 2: CRISPR-Cas9 bends and twists DNA to
read its sequence

This chapter is a reproduction of an intermediate revision of the following paper?: Cof-
sky, J. C., Soczek, K. M., Knott, G. J., Nogales, E., & Doudna, J. A. (2021). CRISPR-
Cas9 bends and twists DNA to read its sequence. [Preprint] bioRXxiv.
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2.1 Abstract

In bacterial defense and genome editing applications, the CRISPR-associated protein
Cas9 searches millions of DNA base pairs to locate a 20-nucleotide, guide-RNA-com-
plementary target sequence that abuts a protospacer-adjacent motif (PAM) (Jinek et al.,
2012). Target capture requires Cas9 to unwind DNA at candidate sequences using an
unknown ATP-independent mechanism (Mekler et al., 2017; Sternberg et al., 2014).
Here we show that Cas9 sharply bends and undertwists DNA upon PAM binding,
thereby flipping DNA nucleotides out of the duplex and toward the guide RNA for se-
quence interrogation. Cryo-electron-microscopy (EM) structures of Cas9:RNA:DNA
complexes trapped at different states of the interrogation pathway, together with solu-
tion conformational probing, reveal that global protein rearrangement accompanies for-
mation of an unstacked DNA hinge. Bend-induced base flipping explains how Cas9
“reads” snippets of DNA to locate target sites within a vast excess of non-target DNA, a
process crucial to both bacterial antiviral immunity and genome editing. This mechanism
establishes a physical solution to the problem of complementarity-guided DNA search
and shows how interrogation speed and local DNA geometry may influence genome ed-
iting efficiency.

2.2 Introduction

CRISPR-Cas9 (clustered regularly interspaced short palindromic repeats, CRISPR-as-
sociated) nucleases provide bacteria with RNA-guided adaptive immunity against viral
infections (Barrangou et al., 2007) and serve as powerful tools for genome editing in hu-
man, plant and other eukaryotic cells (Pickar-Oliver & Gersbach, 2019). The basis for
Cas9’s utility is its DNA recognition mechanism, which involves base-pairing of one
DNA strand with 20 nucleotides of the guide RNA to form an R-loop. The guide RNA’s
recognition sequence, or “spacer,” can be chosen to match a desired DNA target, ena-
bling programmable site-specific DNA selection and cutting (Jinek et al., 2012). The
search process that Cas9 uses to comb through the genome and locate rare target sites
requires local unwinding to expose DNA nucleotides for RNA hybridization, but it does
not rely on an external energy source such as ATP hydrolysis (Mekler et al., 2017;
Sternberg et al., 2014). This DNA interrogation process defines the accuracy and speed
with which Cas9 induces genome edits, yet the mechanism remains unknown.
Molecular structures of Cas9 (Jiang & Doudna, 2017) in pre- and post-DNA
bound states revealed that the protein’s REC (“recognition”) and NUC (“nuclease”)
lobes can rotate dramatically around each other, assuming an “open” conformation in
the apo Cas9 structure (Jinek et al., 2014) and a “closed” conformation in the
Cas9:guide-RNA (Jiang et al., 2015, 2016) and Cas9:guide-RNA:DNA R-loop (Jiang et
al., 2016) structures. Furthermore, single-molecule experiments established the im-
portance of PAMs (5-NGG-3’) for pausing at candidate targets (Globyte et al., 2019;
Sternberg et al., 2014), and R-loop formation was found to occur through directional
strand invasion beginning at the PAM (Sternberg et al., 2014) (Fig. 2-1a). However,
these findings did not elucidate the actions that Cas9 performs to interrogate each can-
didate target sequence. These actions, repeated over and over, comprise the slowest
phase of Cas9’s bacterial immune function and its induction of site-specific genome
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editing (Jones et al., 2017). Understanding the mechanism of DNA interrogation is criti-
cal to determining how Cas9 searches genomes to find bona fide targets and exclude
the vast excess of non-target sequences.

2.3 Results and discussion

Covalent cross-linking of Cas9 to DNA stabilizes the interrogation complex
Evidence that Cas9’s target engagement begins with PAM binding (Sternberg et al.,
2014) implies that during genome search, there exists a transient “interrogation state” in
which Cas9:guide RNA has engaged with a PAM but not yet formed RNA:DNA base
pairs (Fig. 2-1a). Cas9:guide-RNA complexes must repeatedly visit the interrogation
state at each surveyed PAM, irrespective of the sequence of the adjacent 20-base-pair
(bp) candidate complementarity region (CCR). While this state is the key to Cas9’s DNA
search mechanism, the interrogation complex has so far evaded structure determination
due to its transience, with an estimated lifetime of <30 milliseconds in bacteria (Jones et
al., 2017).

To trap the Cas9 interrogation complex, we replaced residue Thr1337 with cyste-
ine in S. pyogenes Cas9, the most widely used genome editing enzyme, and combined
this protein with a single-guide RNA (sgRNA) (Jinek et al., 2012) and a 30-bp DNA mol-
ecule functionalized with an N*-cystamine cytosine modification (Verdine & Norman,
2003) (Fig. 2-1b). The DNA included a PAM but lacked any complementarity to the
sgRNA spacer (Fig. 2-1c). Reaction of the cysteine thiol with the cystamine creates a
protein:DNA disulfide cross-link on the side of the PAM distal to the site of R-loop initia-
tion (Fig. 2-1b,d). The position of the cross-link was chosen based on previous high-res-
olution structures of the Cas9:PAM interface (Anders et al., 2014; Jiang et al., 2016)
(Supp. Fig. 2-1a). Incubation of Cas9 T1337C with sgRNA and the modified DNA du-
plex resulted in a decrease in electrophoretic mobility for ~70% of the total protein mass
under denaturing but non-reducing conditions (Supp. Fig. 2-1b), consistent with pro-
tein:DNA cross-link formation. The cross-link did not inhibit Cas9’s ability to cleave
sgRNA-complementary DNA (Supp. Fig. 2-1c), suggesting that the enzyme is not
grossly perturbed by the introduced disulfide. More importantly, mechanistic hypotheses
revealed by cross-linked complexes can be tested in non-cross-linked complexes.

We subjected the cross-linked interrogation complex to cryo-EM imaging and
analysis (Supp. Figs. 2-2, 2-3a,b). Ab initio volume reconstruction, refinement and mod-
eling revealed two structural states of the complex. In one, the DNA lies as a linear du-
plex across the surface of the open form of the Cas9 ribonucleoprotein (Fig. 2-2a). Re-
markably, in the other state, Cas9’s two lobes pinch the DNA into a V shape whose heli-
cal arms meet at the site of R-loop initiation, employing a bending mode that under-
winds the DNA duplex (Fig. 2-2b).

The linear-DNA conformation reveals a DNA scanning state of Cas9

In the “linear-DNA” conformation (Fig. 2-2a), the interface of the DNA with the PAM-in-
teracting domain is similar to that seen in the crystal structure of Cas9:R-loop (Jiang et
al., 2016) (Supp. Fig. 2-3c). However, the REC lobe of the protein is in a position radi-
cally different from that observed in all prior structures of nucleic-acid-bound Cas9
(Anders et al., 2014; Jiang et al., 2015, 2016; Nishimasu et al., 2014), having rotated
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away from the NUC lobe into an open-protein conformation that resembles the apo
Cas9 crystal structure (Jinek et al., 2014) (Fig. 2-2a).

Notably, a linear piece of DNA docked into the PAM-binding cleft would result in
a severe structural clash (Mekler et al., 2017) in either the Cas9:R-loop (Jiang et al.,
2016) or the Cas9:sgRNA (Jiang et al., 2015) crystal structure but only a minor one in
the apo Cas9 crystal structure (Jinek et al., 2014), which can be relieved by slightly tilt-
ing and bending the DNA (Supp. Fig. 2-3c). We propose that the open-protein confor-
mation, originally thought to be unique to nucleic-acid-free Cas9, can also be adopted
by the sgRNA-bound protein to enable its interaction with linear DNA. Indeed, cryo-EM
analysis of the Cas9:sgRNA complex revealed only particles in the open-protein state
(Supp. Fig. 2-4), indicating that the original crystal structure of Cas9:sgRNA (Jiang et
al., 2015), which was in a closed-protein state, represented only one possible confor-
mation of the complex that happened to be captured in that crystal form. Single-mole-
cule Forster resonance energy transfer experiments also support the ability of
Cas9:sgRNA to access both closed and open conformations (Osuka et al., 2018). The
linear-DNA/open-protein conformation captured in our cryo-EM structure, then, may rep-
resent the conformation of Cas9 during any process for which it must accommodate a
piece of linear DNA, such as during sliding (Globyte et al., 2019) or initially engaging
with a PAM.

The bent-DNA conformation reveals PAM-adjacent DNA unwinding by Cas9

In the “bent-DNA” Cas9 interrogation complex, the protein grips the PAM as in the lin-
ear-DNA complex. The CCR (candidate complementarity region), on the other hand, is
tilted at a 50° angle to the PAM-containing helix and leans against the REC lobe, which
has risen into the same “closed” position as in the Cas9:sgRNA crystal structure (Fig. 2-
2b, 2-3a). Compared to the high-resolution cryo-EM density contributed by the PAM-
containing duplex, CCR density is poorly resolved (Fig. 2-3a, Supp. Fig. 2-3b), reflecting
conformational heterogeneity; however, even at low resolution, its distinct helical shape
(Fig. 2-2b, 2-3a) enabled construction of an atomic model that adheres to B-form DNA
constraints between the PAM-distal tip and position +3 of the CCR (Fig. 2-3b). Connec-
tion of this B-form helix to the PAM-containing helix requires backbone distortion and
helical underwinding at precisely the position from which an R-loop would be initiated if
the sgRNA were complementary to the CCR (Sternberg et al., 2014) (Fig. 2-3b,c). Un-
derwinding is accomplished through major groove compression (Fig. 2-3b), as observed
for other protein-induced bends (Bruner et al., 2000; Fromme & Verdine, 2003; J. L. Kim
etal., 1993; Y. Kim et al., 1993; Love et al., 1995; Slupphaug et al., 1996; Vassylyev et
al., 1995; Werner et al., 1995).

At the distorted bending vertex, a missing wedge of cryo-EM density appears
across from non-target-strand nucleotides Ade(+1) and Ade(+2), suggesting that target-
strand nucleotides Thy(+1) and Thy(+2) have become unpaired from their partners (Fig.
2-3d). The overall weakness of density for Thy(+1) and Thy(+2) suggests dramatic mo-
bility, and the modeled conformation of those nucleotides represents a physically plausi-
ble member of a diverse conformational ensemble (which also agrees with solution ex-
periments to be discussed shortly). Therefore, in the bent-DNA conformation, two heli-
cal arms join at an underwound hinge whose target-strand nucleotides are heterogene-
ously positioned. DNA disorder is consistent with the function of the Cas9 interrogation
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complex, which is to flip target-strand nucleotides from the DNA duplex toward the
sgRNA to test base pairing potential.

Cas9:sgRNA bends DNA in non-cross-linked complexes

To determine whether unmodified Cas9 can bend DNA, we produced interrogation com-
plexes that lacked the cross-link and tested them in a DNA cyclization assay (Kahn &
Crothers, 1992) (Fig. 2-4a). We created a series of 160-bp double-stranded DNA sub-
strates that all bore a “J”-shape due to the inclusion of a special A-tract sequence that
forms a protein-independent 108° bend (Koo et al., 1990). Each substrate also included
two PAMs spaced by a near-integral number of B-form DNA turns (31 bp). In eleven
versions of this substrate, we varied the number of base pairs between the A-tract and
the proximal PAM from 21 to 31 bp, effectively rotating the Cas9 binding sites around an
entire turn of a B-form DNA helix (Supp. Fig. 2-5). If Cas9 bends the DNA, each addi-
tional base pair added to the variable (21-31 bp) region will turn the Cas9-induced bend
by ~34° with respect to the fixed A-tract bend. The relative direction of the two bends
can be discerned from each substrate’s ligase-catalyzed cyclization efficiency, which
should increase when the two bends point in the same direction (DNA assumes a “C”
shape) and decrease when the two bends point in opposite directions (DNA assumes
an “S” shape), as a function of the proximity of the DNA ends to be sealed (Fig. 2-4a).
We measured the cyclization efficiency of each substrate in the absence and presence
of Cas9 and an sgRNA lacking homology to either of the two CCR sequences. Con-
sistent with expectations for a bend, the Cas9-dependent enhancement (or reduction) of
cyclization efficiency tracked a sinusoidal shape when plotted against the A-tract/PAM
spacing, reflecting phase-dependent variation in the end-to-end distance of different
substrates (Fig. 2-4b, Supp. Fig. 2-6a, b). Additionally, by interpreting the absolute
phase of the cyclization enhancement curve (that is, the spacing value at which the
peak occurs, where the two bends point in the same direction) in the context of the
known direction of the A-tract bend (Kahn & Crothers, 1992; Schultz et al., 1991), we
conclude that the bending direction observed in this experiment is the same as that ob-
served in the bent-DNA cryo-EM structure (Fig. 2-4c, Supp. Fig. 2-6b, Supplementary
Information®).

Next, we wondered whether local DNA conformations observed in the cross-
linked interrogation complex resemble those in the native complex. To characterize
DNA distortion with single-nucleotide resolution, we measured the permanganate reac-
tivity of individual thymines in the target DNA strand of a non-cross-linked interrogation
complex (Fig. 2-5a). As anticipated for protein-induced base unstacking (Bui et al.,
2003; Cofsky et al., 2020), we detected a PAM- and Cas9-dependent increase in per-
manganate reactivity at Thy(+1) and Thy(+2) (Fig. 2-5a-c, Supp. Fig. 2-7a, b). The rela-
tionship between permanganate reactivity and Cas9:sgRNA concentration at these thy-
mines suggests that the affinity of Cas9:sgRNA for this sequence is weak (10 uM), as
expected for this necessarily transient interaction with off-target DNA (Fig. 2-5b, Supp.
Fig. 2-7a). Remarkably, Thy(+1) and Thy(+2) are precisely the nucleotides that ap-
peared to be unpaired in the bent-DNA cryo-EM map of the cross-linked Cas9 interroga-
tion complex (Fig. 2-3d), which shared the same DNA sequence as the permanganate

4 For access to the Supplementary Information, see the published version of this chapter (on bioRxiv at
the time of writing (Cofsky et al., 2021)).
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substrate. These results suggest that Cas9 bends DNA through a backbone distortion
that exposes target-strand nucleobases +1 and +2 to solvent and, more generally, that
cryo-EM analysis of the cross-linked complex captured meaningful structural features of
the native complex.

A Cas9 conformational rearrangement accompanies DNA bending

The described linear- and bent-DNA conformations present a new model for Cas9 func-
tion in which open-protein Cas9:sgRNA first associates with the PAM on linear DNA,
then engages a switch to the closed-protein state to bend the DNA and expose its PAM-
adjacent nucleobases for interrogation (Supplementary Video 1°). Because this transi-
tion involves energetically unfavorable base unstacking, we wondered how the un-
stacked state is stabilized.

Remarkably, the “phosphate lock loop” (Lys1107-Ser1109), which was proposed
to support R-loop nucleation by tugging on the target-strand phosphate between the
PAM and nucleotide +1 (Anders et al., 2014), is disordered in the linear-DNA structure
but stably bound to the target strand in the bent-DNA structure (Supp. Fig. 2-8a, b),
highlighting this contact as a potential energetic compensator for the base unstacking
penalty. In the permanganate assay, mutation of the phosphate lock loop decreased ac-
tivity to the level observed without Cas9 or with a Cas9 mutant deficient in PAM recogni-
tion (which lacks the PAM-binding arginines, “xPBA”) (Fig. 2-5c, Supp. Fig. 2-7b), indi-
cating that the loop may play a role in DNA bending. However, a negative result in this
assay could be attributed either to weakened DNA bending activity or to an overall de-
stabilization of the protein:DNA interaction (Mekler et al., 2017).

Another notable structural element is a group of lysines
(Lys233/Lys234/Lys253/Lys263, termed here the “helix-rolling basic patch”) on REC2
(REC lobe domain 2) that contact the DNA phosphate backbone (at bp +8 to +13) in
both the linear- and bent-DNA structures, an interaction that has not been observed be-
fore (Supp. Fig. 2-8a, c). Mutation of these lysines attenuated anisotropy in the cycliza-
tion assay (Fig. 2-4b, Supp. Fig. 2-6a) and abolished Cas9’s permanganate sensitiza-
tion activity (Fig. 2-5c, Supp. Fig. 2-7b). Structural modeling of the linear-to-bent transi-
tion (Supplementary Video 2) suggests that the helix-rolling basic patch may couple
DNA bending to inter-lobe protein rotations similar to those observed in multi-body re-
finements (Nakane et al., 2018) of the cryo-EM images (Supplementary Video 3-4).
Consensus EM reconstructions also revealed large segments of the REC lobe and
guide RNA that become ordered upon lobe closure (Supplementary Video 1, Supple-
mentary Information), implying that Cas9 can draw upon diverse structural transitions
across the complex to regulate DNA bending.

The bent-DNA state makes R-loop nucleation structurally accessible

We propose that the function of the bent-DNA conformation is to promote local base
flipping that can lead to R-loop nucleation. To probe the structure of a complex that has
already proceeded to the R-loop nucleation step, we employed the same cross-linking
strategy with adjusted RNA and DNA sequences that allow partial R-loop formation (Fig.
2-1c). Cryo-EM analysis of this construct revealed nucleotides +1 to +3 of the DNA

5 To access Supplementary Videos, see the published version of this chapter (on bioRxiv at the time of
writing (Cofsky et al., 2021)).
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target strand hybridized to the sgRNA spacer (Fig. 2-6a, Supp. Fig. 2-9). In contrast to
the disorder that characterized this region in the bent-DNA map, all three nucleotides
are well-resolved, apparently stabilized by their hybridization to the A-form sgRNA
spacer. The increase in resolution extends to the non-target strand and to the more
PAM-distal regions of the CCR, suggesting that the DNA becomes overall more ordered
in response to R-loop nucleation. The ribonucleoprotein architecture resembles that of
the bent-DNA structure except for slight tilting of REC2, which accommodates a reposi-
tioning of the CCR duplex toward the newly formed RNA:DNA base pairs (Fig. 2-6a).
Therefore, unstacked nucleotides in the bent-DNA state can hybridize to the sgRNA
spacer with minimal global structural changes, further supporting the bent-DNA struc-
ture as a gateway to R-loop nucleation.

Our structures outline a model for a poorly understood aspect of Cas9 function
that is fundamental to CRISPR target search and capture (Fig. 2-6b). First, open-confor-
mation Cas9:sgRNA associates with the PAM of a linear DNA target. By engaging the
open-to-closed protein conformational switch, Cas9 bends and twists the DNA to locally
unwind the base pairs next to the PAM. If target-strand nucleotides are unable to hybrid-
ize to the sgRNA spacer, the candidate target is released, and Cas9 proceeds to the
next candidate. If the target strand is sgRNA-complementary, unwound nucleotides initi-
ate an RNA:DNA hybrid that can expand through strand invasion to a full 20-bp R-loop,
activating DNA cleavage.

Due to its energetic linkage to base flipping (Ramstein & Lavery, 1988), DNA
bending provides a viable mechanical solution to any biological problem that requires
unrestricted access to nucleobases (Allan et al., 1999; Su et al., 2005), including the se-
quence interrogation challenge faced by all DNA-targeting CRISPR systems (Blosser et
al., 2015; Hochstrasser et al., 2016; Mekler et al., 2017; Westra et al., 2012; Xiao et al.,
2017). In our key structural snapshot of this process, Cas9 specifically employs a bend-
ing mode that involves underwinding (Fig. 2-3), which may be a topological necessity for
the downstream propagation of flipping events, and which could underlie some features
of Cas9’s mechanical sensitivity (Ivanov et al., 2020; Newton et al., 2019; Szczelkun et
al., 2014). In contrast, certain methyltransferases that flip only one nucleotide at a time
can afford to do so without gross helical distortion (Klimasauskas et al., 1994; Reinisch
et al., 1995).

Interestingly, other proteins define the vertex of an underwound DNA bend using
intimate contacts to the distorted nucleotides, either to intact base pairs in the case of
transcription factors (J. L. Kim et al., 1993; Y. Kim et al., 1993; Love et al., 1995; Werner
et al., 1995) or to flipped bases and their estranged partners in the case of base exci-
sion repair enzymes (Bruner et al., 2000; Dalhus et al., 2009; Fromme & Verdine, 2003;
Slupphaug et al., 1996; Vassylyev et al., 1995). During initial DNA interrogation, Cas9
appears to make no such contacts, instead straddling the bending vertex and relying on
mechanical strain to stabilize extrahelical nucleotide conformations without restricting
their motion. To catalyze RNA-programmable strand exchange, Cas9 must distort DNA
independent of its sequence, likening its functional constraints to those of the filamen-
tous recombinase RecA (Bell & Kowalczykowski, 2016), which non-specifically destabi-
lizes candidate DNA via longitudinal stretching (Z. Chen et al., 2008; D. Yang et al.,
2015; H. Yang et al., 2020).
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The mechanism illustrated here reveals for the first time the individual steps that
comprise the slowest phase of Cas9’s genome editing function (Jones et al., 2017). The
energetic tuning of binding, bending, and RNA:DNA hybrid nucleation dictates the
speed of target capture—bent/unstacked states must be stable enough to promote fast
transitions to RNA-hybridized states, but not so stable that Cas9 wastes undue time on
off-target DNA. Thus, the energetic landscape surrounding the states identified in this
work will be a crucial subject of study to understand the success of current state-of-the-
art genome editors and to inform the engineering of faster ones. Finally, DNA in eukary-
otic chromatin is rife with bends, due either to intrinsic structural features of the DNA se-
quence (Koo et al., 1986) or to interactions with looping proteins (Garcia et al., 2007).
Because the Cas9-induced DNA bend described here has a well-defined direction that
may either match or antagonize incumbent bends, it will be important to test how local
chromatin geometry affects Cas9’s efficiency in both dissociating from off-target se-
quences and opening R-loops on real target sequences.

2.4 Methods

Protein expression and purification

Cas9 was expressed and purified as described previously (Cofsky et al., 2020), with
slight modifications. TEV protease digestion was performed overnight in Ni-NTA elution
buffer at 4°C without dialysis. Before loading onto the heparin ion exchange column, the
digested protein solution was diluted with one volume of low-salt ion exchange buffer.
Protein-purification size exclusion buffer was 20 mM HEPES (pH 7.5), 150 mM KCl,
10% glycerol, 1 mM dithiothreitol (DTT).

Nucleic acid preparation

All DNA oligonucleotides were synthesized by Integrated DNA Technologies except the
cystamine-functionalized target strand, which was synthesized by TriLink Biotechnolo-
gies (with HPLC purification). DNA oligonucleotides that were not HPLC-purified by the
manufacturer were PAGE-purified in house (unless a downstream preparative step in-
volved another PAGE purification), and all DNA oligonucleotides were stored in water.
Duplex DNA substrates were annealed by heating to 95°C and cooling to 25°C over the
course of 40 min on a thermocycler. Guide RNAs were transcribed and purified as de-
scribed previously (Cofsky et al., 2020), except no ribozyme was included in the tran-
script. All sgRNA molecules were annealed (80°C for 2 min, then moved directly to ice)
in RNA storage buffer (0.1 mM EDTA, 2 mM sodium citrate, pH 6.4) prior to use. For
both DNA and RNA, Azso was measured on a NanoDrop (Thermo Scientific), and con-
centration was estimated according to extinction coefficients reported previously
(Cavaluzzi & Borer, 2004).

Cryo-EM construct preparation

DNA duplexes were pre-annealed in water at 10X concentration (60 uM target strand,
75 M non-target strand). Cross-linking reactions were assembled with 300 pL water,
100 pL 5X disulfide reaction buffer (250 mM Tris-Cl, pH 7.4 at 25°C, 750 mM NaCl, 25
mM MgCl, 25% glycerol, 500 uM DTT), 50 puL 10X DNA duplex, 25 yL 100 uM sgRNA,
and 25 pL 80 uM Cas9. Cross-linking was allowed to proceed at 25°C for 24 hours (0
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RNA:DNA matches) or 8 hours (3 RNA:DNA matches). Sample was then purified by
size exclusion (Superdex 200 Increase 10/300 GL, Cytiva) in cryo-EM buffer (20 mM
Tris-Cl, pH 7.5 at 25°C, 200 mM KCI, 100 uM DTT, 5 mM MgCl», 0.25% glycerol). Peak
fractions were pooled, concentrated to an estimated 6 uM, snap-frozen in 10-uL aliquots
in liquid nitrogen, and stored at -80°C until grid preparation. For the Cas9:sgRNA struc-
tural construct, which lacked a cross-link, the reaction was assembled with 350 uL wa-
ter, 100 pL 5X disulfide reaction buffer, 0.45 yL 1 M DTT, 25 yL 100 uM sgRNA, and 25
pL 80 uM Cas9. The complex was allowed to form at 25°C for 30 minutes. The
Cas9:sgRNA sample was then size-exclusion-purified and processed as described for
the DNA-containing constructs. For Cas9:sgRNA, cryo-EM buffer contained 1 mM DTT
instead of 100 uM DTT.

SDS-PAGE analysis

For non-reducing SDS-PAGE, thiol exchange was first quenched by the addition of 20
mM S-methyl methanethiosulfonate (S-MMTS). Then, 0.25 volumes of 5X non-reducing
SDS-PAGE loading solution (0.0625% w/v bromophenol blue, 76 mM EDTA, 30% glyc-
erol, 10% SDS, 250 mM Tris-Cl, pH 6.8) were added, and the sample was heated to
90°C for 5 minutes before loading of 3 pmol onto a 4-15% Mini-PROTEAN TGX Stain-
Free Precast Gel (Bio-Rad), alongside PageRuler Prestained Protein Ladder (Thermo
Scientific). Gels were imaged using the Stain-Free imaging protocol on a Bio-Rad
ChemiDoc (5-min activation, 3-s exposure). For reducing SDS-PAGE, no S-MMTS was
added, and 5% [(B-mercaptoethanol (BME) was added along with the non-reducing SDS-
PAGE loading solution. For radioactive SDS-PAGE analysis, a 4-20% Mini-PROTEAN
TGX Precast Gel (Bio-Rad) was pre-run for 20 min at 200 V (to allow free ATP to mi-
grate ahead of free DNA), run with radioactive sample for 15 min at 200 V, dried (80°C,
3 hours) on a gel dryer (Bio-Rad), and exposed to a phosphor screen, subsequently im-
aged on an Amersham Typhoon (Cytiva).

Nucleic acid radiolabeling

Standard 5' radiolabeling of DNA oligonucleotides was performed as described previ-
ously (Cofsky et al., 2020). For 5’ radiolabeling of sgRNAs, the 5' triphosphate was first
removed by treatment with Quick CIP (New England BioLabs, manufacturer’s instruc-
tions). The reaction was then supplemented with 5 mM DTT and the same concentra-
tions of T4 polynucleotide kinase (New England BioLabs) and [y-32P]-ATP (PerkinElmer)
used for DNA radiolabeling, and the remainder of the protocol was completed as for
DNA.

Radiolabeled target-strand cleavage rate measurements

DNA duplexes at 10X concentration (20 nM radiolabeled target strand, 75 uM unlabeled
non-target strand) were annealed in water with 60 uM cystamine dihydrochloride (pH 7).
A 75-pL reaction was assembled from 15 uL 5X Mg-free disulfide reaction buffer (250
mM Tris-Cl, pH 7.4 at 25°C, 750 mM NaCl, 5 mM EDTA, 25% glycerol, 500 uM DTT),
7.5 uL 600 pyM cystamine dihydrochloride (pH 7), 37.5 yL water, 3.75 pL 80 uM Cas9,
3.75 puL 100 uM sgRNA, 7.5 uL 10X DNA duplex. The reaction was incubated at 25°C
for 2 hours, at which point the cross-linked fraction had fully equilibrated. To non-reduc-
ing or reducing reactions, 5 pL of 320 mM S-MMTS or 80 mM DTT (respectively) in 1X
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Mg-free disulfide reaction buffer was added. Samples were incubated at 25°C for an ad-
ditional 5 min, then cooled to 16°C and allowed to equilibrate for 15 min. One aliquot
was quenched into 0.25 volumes 5X non-reducing SDS-PAGE solution and subject to
SDS-PAGE analysis to assess the extent of cross-linking (for the reduced sample, no
BME was added, as the DTT had already effectively reduced the sample). Another ali-
quot was quenched for reducing urea-PAGE analysis as timepoint 0. DNA cleavage
was initiated by combining the remaining reaction volume with 0.11 volumes 60 mM
MgCl.. Aliquots were taken at the indicated timepoints for reducing urea-PAGE analy-
sis.

Urea-PAGE analysis

To each sample was added 1 volume of 2X urea-PAGE loading solution (92% forma-
mide, 30 mM EDTA, 0.025% bromophenol blue, 400 pg/mL heparin). For reducing urea-
PAGE analysis, 5% BME was subsequently added. Samples were heated to 90°C for 5
minutes, then resolved on a denaturing polyacrylamide gel (10% or 15% acrylamide:bis-
acrylamide 29:1, 7 M urea, 0.5X TBE). For radioactive samples, gels were dried (80°C,
3 hr) on a gel dryer (Bio-Rad), exposed to a phosphor screen, and imaged on an Amer-
sham Typhoon (Cytiva). For samples containing fluorophore-conjugated DNA, gels
were directly imaged on the Typhoon without further treatment. For unlabeled samples,
gels were stained with 1X SYBR Gold (Invitrogen) in 0.5X TBE prior to Typhoon imag-

ing.

Fluorescence and autoradiograph data analysis

Band volumes in fluorescence images and autoradiographs were quantified in Image
Lab 6.1 (Bio-Rad). Data were fit by the least-squares method in Prism 7 (GraphPad
Software).

Cryo-EM grid preparation and data collection

Cryo-EM samples were thawed and diluted to 3 yM (Cas9:sgRNA:DNA) or 1.5 uM
(Cas9:sgRNA) in cryo-EM buffer. An UltrAuFoil grid (1.2/1.3-uym, 300 mesh, Electron Mi-
croscopy Sciences, catalog no. Q350AR13A) was glow-discharged in a PELCO
easiGlow for 15 s at 25 mA, then loaded into a FEI Vitrobot Mark IV equilibrated to 8°C
with 100% humidity. From the sample, kept on ice up until use, 3.6 uL was applied to
the grid, which was immediately blotted (Cas9:sgRNA:DNA{0 RNA:DNA matches} and
Cas9:sgRNA: blot time 4.5 s, blot force 8; Cas9:sgRNA:DNA{3 RNA:DNA matches}:
blot time 3 s, blot force 6) and plunged into liquid-nitrogen-cooled ethane. Micrographs
for Cas9:sgRNA were collected on a Talos Arctica TEM operated at 200 kV and
x36,000 magnification (1.115 A/pixel), at -0.8 to -2 ym defocus, using the super-resolu-
tion camera setting (0.5575 A/pixel) on a Gatan K3 Direct Electron Detector. Micro-
graphs for Cas9:sgRNA:DNA complexes were collected on a Titan Krios G3i TEM oper-
ated at 300 kV with energy filter, x81,000 nominal magnification (1.05 A/pixel), -0.8 ym
to -2 um defocus, using the super-resolution camera setting (0.525 A/pixel) in CDS
mode on a Gatan K3 Direct Electron Detector. All images were collected using beam
shift in SerialEM v.3.8.7 software.

Cryo-EM data processing and model building
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Details of cryo-EM data processing and model building can be found in the Supplemen-
tary Information.

Permanganate reactivity measurements
DNA duplexes were annealed at 50X concentration (100 nM radiolabeled target strand,
200 nM unlabeled non-target strand) in 1X annealing buffer (10 mM Tris-Cl, pH 7.9 at
25°C, 50 mM KCI, 1 mM EDTA), then diluted to 10X concentration in water. A Cas9 ti-
tration at 5X was prepared by diluting an 80 yM Cas9 stock solution with protein-purifi-
cation size exclusion buffer. An sgRNA titration at 5X was prepared by diluting a 100 yM
sgRNA stock solution with RNA storage buffer. For all reactions, the sgRNA concentra-
tion was 1.25 times the Cas9 concentration, and the reported ribonucleoprotein concen-
tration is that of Cas9. Reactions were assembled with 11 yL 5X permanganate reaction
buffer (100 mM Tris-Cl, pH 7.9 at 25°C, 120 mM KCI, 25 mM MgCl., 5 mM TCEP, 500
pug/mL UltraPure BSA, 0.05% Tween-20), 11 yL water, 11 pL 5X Cas9, 11 pyL 5X
sgRNA, 5.5 pL 10X DNA. A stock solution of KMnO4 was prepared fresh in water, and
its concentration was corrected to 100 mM (10X reaction concentration) based on 8 av-
eraged NanoDrop readings (gs26 = 2.4 x 10° M- cm™). Reaction tubes and KMnQj (or
water, for reactions lacking permanganate) were equilibrated to 30°C for 15 minutes. To
initiate the reaction, 22.5 pL of Cas9:sgRNA:DNA was added to 2.5 yL 100 mM KMnO4
or water. After 2 min, 25 pL 2X stop solution (2 M BME, 30 mM EDTA) was added to
stop the reaction, and 50 pL of water was added to each quenched reaction. The re-
mainder of the protocol was conducted as described previously (Cofsky et al., 2020),
except an additional wash with 500 uL 70% ethanol was added to decrease the salt
concentration in the final samples. Data analysis was similar to that described previ-
ously (Cofsky et al., 2020). Let v; denote the volume of band i in a lane with n total
bands (band 1 is the shortest cleavage fragment, band n is the topmost band corre-
sponding to the starting/uncleaved DNA oligonucleotide). The probability of cleavage at
thymine i is defined as: p jeqpe,i = —"t_ Oxidation probability of thymine i is defined as:
j=iVj
Dox,i = Dcleave,i+pm — Dcleave,i,—pm, Where +pm indicates the experiment that contained 10
mM KMnO4 and -pm indicates the no-permanganate experiment.

Preparation of DNA cyclization substrates

Each variant DNA cyclization substrate precursor was assembled by PCR from two am-
plification primers (one of which contained a fluorescein-dT) and two assembly primers.
Each reaction was 400 pL total (split into 4 x 100-uL aliquots) and contained 1X Q5 re-
action buffer (New England BioLabs), 200 uM dNTPs, 200 nM forward amplification pri-
mer, 200 nM reverse amplification primer, 1 nM forward assembly primer, 1 nM reverse
assembly primer, 0.02 U/uL Q5 polymerase. Thermocycle parameters were as follows:
98°C, 30 s; {98°C, 10 s; 55°C, 20 s; 72°C, 15 s}; {98°C, 10 s; 62°C, 20 s; 72°C, 15 s};
{98°C, 10's; 72°C, 35 s}x25; 72°C, 2 min; 10°C, ~. PCR products were phenol-chloro-
form-extracted, ethanol-precipitated, and resuspended in 80 yL water. To this was
added 15 pL 10X CutSmart buffer, 47.5 pL water, and 7.5 yL Clal restriction enzyme
(10,000 units/mL, New England BioLabs), and digestion was allowed to proceed over-
night at 37°C. Samples were then combined with 0.25 volumes 5X native quench solu-
tion (25% glycerol, 250 pg/mL heparin, 125 mM EDTA, 1.2 mg/mL proteinase K,
0.0625% w/v bromophenol blue), incubated at 55°C for 15 minutes, and resolved on a
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preparative native PAGE gel (8% acrylamide:bis-acrylamide 37.5:1, 0.5X TBE) at 4°C.
Fluorescent bands, made visible on a blue LED transilluminator, were cut out, and DNA
was extracted, ethanol-precipitated, and resuspended in water.

Cyclization efficiency measurements

Each cyclization reaction contained the following components: 1 yL 10X T4 DNA ligase
reaction buffer (New England BioLabs), 2 uL water, 1 yL 10X ligation buffer additives
(400 pg/mL UltraPure BSA, 100 mM KCI, 0.1% NP-40), 2 uL 80 uM Cas9 (or protein-
purification size exclusion buffer), 2 yL 100 pM sgRNA (or RNA storage buffer), 1 uL 25
nM cyclization substrate, 1 yL T4 DNA ligase (400,000 units/mL, New England BioLabs)
(or ligase storage buffer). All reaction components were incubated together at 20°C for
15 minutes prior to reaction initiation except for the ligase, which was incubated sepa-
rately. Reactions were initiated by combining the ligase with the remainder of the com-
ponents, allowed to proceed at 20°C for 30 minutes, then quenched with 2.5 yL 5X na-
tive quench solution. Samples were then incubated at 55°C for 15 minutes, resolved on
an analytical native PAGE gel (8% acrylamide:bis-acrylamide 37.5:1, 0.5X TBE) at 4°C,
and imaged for fluorescein on an Amersham Typhoon (Cytiva). Monomolecular cycliza-
tion efficiency (MCE) for a given lane is defined as (band volume of circular mono-
mers)/(sum of all band volumes). Bimolecular ligation efficiency (BLE) is defined as
(sum of band volumes of all linear/circular n-mers, for n22)/(sum of all band volumes).
The non-specific degradation products indicated in Supp. Fig. 2-6a were not included in
the analysis.
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2.5 Figures
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Fig. 2-1 | Trapping the Cas9 interrogation complex. a, Known steps leading to Cas9-
catalyzed DNA cleavage. Orange/black arrows indicate direction of guide RNA strand
invasion into the DNA helix. Magenta X indicates location of cystamine modification. b,
Chemistry of protein:DNA cross-link. ¢, RNA and DNA sequences used in structural
studies. d, Sharpened cryo-EM map (threshold 70) and model of the cross-linked
Cas9:sgRNA:DNA complex (0 RNA:DNA matches, bent DNA), centered on density con-
tributed by the non-native thioalkane cross-link.
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a open protein / linear DNA b closed protein / bent DNA
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Fig. 2-2 | Cryo-EM structures of the Cas9 interrogation complex, compared to pre-
viously determined crystal structures. a, Unsharpened cryo-EM map (threshold 40)
of Cas9 interrogation complex in open-protein/linear-DNA conformation, alongside apo
Cas9 crystal structure (PDB 4CMP, 2F-F¢, threshold 1.50). b, Closed-protein/bent-
DNA conformation (threshold 50), alongside Cas9:sgRNA crystal structure (PDB 4ZTO0,
2Fo-F¢, threshold 1.50). Green, NUC lobe; blue, REC lobe domains 1/2; light blue, REC
lobe domain 3; orange, guide RNA; magenta, DNA. Maps produced in the present work
are displayed with full opacity. REC lobe domain 3 does not appear in the cryo-EM
structure in a (see Supplementary Information). Additional classes observed in the
closed-protein state are shown in Supp. Fig. 2-3a.
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; l/_ non-target target

PAM strand  strand

Fig. 2-3 | DNA conformation at the site of bending. a, Unsharpened cryo-EM map
(threshold 50) of Cas9 interrogation complex in closed-protein/bent-DNA conformation.
Green, NUC lobe; blue, REC lobe; orange, guide RNA; magenta, DNA. b, Bent DNA
model. CCR, candidate complementarity region. Yellow, PAM; cyan, target-strand
Thy(+1) and Thy(+2). ¢, DNA (black) and RNA (orange) models, demonstrating proxim-
ity of the first DNA:RNA base pairs (cyan) that would form if they were complementary.
d, DNA model within sharpened cryo-EM density (threshold 7.50). The break in density
in the target strand indicates dramatic conformational heterogeneity. The modeled con-
formation of Thy(+1) and Thy(+2) (cyan), which represents just one possible confor-
mation within a diverse ensemble, was chosen based on permanganate reactivity data
and geometric constraints imposed by neighboring nucleotides.
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Fig. 2-4 | DNA cyclization efficiency experiments. a, Substrate structure and experi-
mental pipeline. Black A, A-tract; yellow P, PAM; orange spacer, A-tract/PAM1 distance
(21-31 bp). For simplicity, bending is only depicted at a single PAM in the cylindrical vol-
ume illustrations. Substrates that are more S-shaped (left side of the cycle diagram/gel)
cyclize more slowly than substrates that are C-shaped (right) due to changes in the end-
to-end distance of the molecules. When base pairs are added to the spacer, the cycliza-
tion efficiency is expected to rise as the Cas9-induced bend becomes aligned with the
A-tract bend, then fall as the bends become misaligned again, in a roughly sinusoidal
pattern. b, Cas9-dependent cyclization enhancement of eleven substrate variants.
Three replicates are depicted. MCE, monomolecular cyclization efficiency; xHRBP, mu-
tated helix-rolling basic patch (K233A/K234A/K253A/K263A); @, phase difference from
reference bend to the Cas9 WT peak. A protein that does not bend the DNA at all would
yield the line y=1. A protein that bends DNA in a different direction would yield an x-
shifted sinusoid that peaked at a different value of spacer length. ¢, Comparison of
bending phase difference in the cyclization experiments vs. cryo-EM/crystal structures
of DNA bends introduced by Cas9 or CAP (PDB 1CGP). See Supplementary Infor-
mation for discussion of the CAP-based reference bend analysis. The magenta vector
superposed on the aligned helices would point toward the A-tract in the cyclization sub-
strates; in the larger structural diagram, it points out of the page.
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Fig. 2-5 | Permanganate reactivity measurements. a, Experimental pipeline. The au-
toradiograph depicts the raw data used to produce the “intact PAM” graph in b. b, Oxi-
dation probability of select thymines as a function of [Cas9:sgRNA]. Data depict a single
replicate. Model information and additional replicates/thymines are presented in Supp.
Fig. 2-7a. CCR, candidate complementarity region. ¢, Oxidation probability of T(+1) and
T(+2) in the presence of the indicated Cas9:sgRNA variant ([Cas9:sgRNA]=16 uM).
Three replicates depicted. xPLL, KES(1107-1109)GG; xHRBP,
K233A/K234A/K253A/K263A; xPBA, R1333A/R1335A.
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Fig. 2-6 | Structure of a nascent R-loop and overview model. a, Left, unsharpened
cryo-EM map (threshold 50) of Cas9:sgRNA:DNA with 3 RNA:DNA bp. Green, NUC
lobe; blue, REC lobe; orange, guide RNA; magenta, DNA. Black vectors indicate differ-
ences from the bent-DNA structure with 0 RNA:DNA matches. The primary difference is
a rigid-body rotation of REC lobe domain 2. Inset, sharpened cryo-EM map (threshold
80) and model. For clarity, only DNA and RNA are shown. Black, candidate comple-
mentarity region; yellow, PAM. b, Model for bend-dependent Cas9 target search and
capture. Large diagrams depict states structurally characterized in the present work.
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2.6 Supplementary figures
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Supp. Fig. 2-1 | Characterization of the Cas9:DNA cross-link. a, Crystal structure of
Cas9:sgRNA:DNA with 20-bp RNA:DNA hybrid formed (PDB 4UN3). In the inset,
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Arg1333 and Arg1335 recognize the two guanines of the PAM. Green, NUC lobe; blue,
REC lobe; orange, guide RNA; black, DNA,; yellow, PAM. b, Non-reducing SDS-PAGE
(Stain-Free) analysis of cross-linking reactions and controls. Complexes were prepared
identically to structural constructs but in smaller volumes and without size exclusion pu-
rification. Competitor duplex, where indicated, was added before the cross-linkable du-
plex at an equivalent concentration. ¢, Top left, non-reducing SDS-PAGE autoradio-
graph to determine the fraction of DNA cross-linked to Cas9 at t=0. The target strand is
radiolabeled. Bottom, reducing urea-PAGE autoradiograph revealing target-strand
cleavage kinetics; quantification depicted in top right. The depicted model is y =

C(l - e_klt) + (Bmax - C)(]- - e_kzt)'
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Supp. Fig. 2-2 | Cryo-EM sample quality. a, SDS-PAGE (Stain-Free) analysis of puri-
fied proteins and cryo-EM samples. SC, structural construct; SC 1, Cas9:sgRNA:DNA
with 0 RNA:DNA matches; SC 2, Cas9:sgRNA; SC 3, Cas9:sgRNA:DNA with 3
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RNA:DNA matches. b, Reducing urea-PAGE (SYBR-Gold-stained) analysis of purified
nucleic acid components and cryo-EM samples. TS, target strand; NTS, non-target
strand. ¢, Reducing urea-PAGE autoradiograph of radioactive mimics of structural con-
structs. sgRNA 1 and non-target strand 1 are those used to create SC 1. sgRNA 2 and
non-target strand 2 are those used to create SC 3. sgRNA 3 bears a spacer with 20 nt
of complementarity to the DNA target strand.
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Supp. Fig. 2-3 | Cryo-EM analysis of Cas9:sgRNA:DNA with 0 RNA:DNA matches.
a, Classes from RELION 3D classification of closed-protein particles (threshold 60). The
number of particles in each class is indicated next to the class number. In classes
1/2/5/6/7 the DNA is bent next to the PAM (visible for class 1 at lower contour). In clas-
ses 3/4/8 the DNA continues along a more linear trajectory for half a turn past the PAM,
into the region normally occupied by RECZ2; in these classes, density in the region of the
putative collision (black arrow) is uninterpretable as either protein or DNA, likely due to
particle damage, and is thus colored gray. The class used for the final closed-pro-
tein/bent-DNA map is class 2, highlighted in yellow. Green, NUC lobe; blue, REC lobe
domains 1/2; light blue, REC lobe domain 3; orange, guide RNA; magenta, DNA. b, De-
tails of final cryo-EM maps. ¢, Linear DNA docked into open-protein/linear-DNA cryo-
EM structure and previous Cas9 crystal structures. All structures were aligned to the C-
terminal domain of PDB 5F9R; then, the linear DNA was aligned to the PAM-containing
duplex of PDB 5F9R. Green, NUC lobe; blue, REC lobe; orange, guide RNA; black,
docked DNA,; yellow, PAM. The DNA truly belonging to each structure (if present) is de-
picted in gray.
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Supp. Fig. 2-4 | Cryo-EM analysis of Cas9:sgRNA. a, Details of cryo-EM analysis. b,
Unsharpened cryo-EM map (threshold 50) and model of Cas9:sgRNA in open-protein
conformation. Green, NUC lobe; blue, REC lobe; orange, guide RNA; gray, unattributed
density (REC1 or guide RNA, see Supplementary Information).
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3'- TACTTCATGTCGAATC "ACAAAAAACGCGCAAAAAAGCGCAAAAAACGCGCAAAAAAGCGCAAAAAACGCGCAAARAAG 'ATTCTGCGTATATCTACTCTGT" AACTCGTAGCTTAGG@ -5'
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23 bp ﬂ
- TACTTCATGTCGATC GTAGCTTAGC(P)-5
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5-(P)cear TCGTGTTTTTTGCGCGTTTTTTCGCCTTTTTTGCGCGTTTTTTCGCGTTTTTTGCGCGTTTTTTCGTT GTAAGACGC 'CGAAT-3'
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3'- TACTTCATATCGTGACGCAAGCACAAAAAACGCGCAAAAAAGCGCAAAAAACGCGCAAAAAAGCGCAAAAAACGCGCAAAAAAGCAACGCGAACGTACAGT! AC TCC ACGCATTCTGCGTATATCTACTCTH AACTCGTAGCTTAGO®>5
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adaptor | 6X A-tract adaptor Il CAP binding site
GGGCAAAARACGGCARARAACGGG CGGTACCTTAGC(P)-5'
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Supp. Fig. 2-5 | Nucleic acid sequences used in DNA cyclization experiments.
Green star/bold T, fluorescein-conjugated dT; circled P, 5" phosphate; CCR, candidate
complementarity region.
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Supp. Fig. 2-6 | Details of DNA cyclization experiments. a, Fluorescence image and
analysis of native PAGE gel resolving ligation products. Gel represents one replicate.
Three replicates are plotted on the graphs. b, Comparison of Cas9:DNA cyclization data

21

to CAP:DNA cyclization data. The depicted model is y = 4 - sin (== Gt ©0)) + b,

with the following constraints: A>0, b>A. The average of 224° and 212° is reported in
Fig. 2-4c¢. J, J-factor (defined in Kahn & Crothers, 1992); @, phase difference; CBS,
CAP-binding site.
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Supp. Fig. 2-7 | Details of permanganate reactivity measurements. a, Autoradio-
graphs and analysis of all thymines except T(+25), which was insufficiently resolved
from neighboring bands. The depicted autoradiographs are replicate 1. Due to system-
atic variation across replicates, individual replicates are presented on separate graphs

and fitted separately. The depicted model is p,, = lj{m‘f[[cc;:::;:gg with K, shared
D
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across T(+1) and T(+2). CCR, candidate complementarity region; ClI, confidence inter-
val. b, Autoradiograph (same gel as “intact PAM” autoradiograph in a) and analysis of
experiments containing variants of Cas9:sgRNA (16 uM), with the “intact PAM” DNA
substrate. Graph depicts three replicates.
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Supp. Fig. 2-8 | Structural features potentially relevant to Cas9-induced DNA
bending. a, Location of each feature in the bent-DNA structure. Green, NUC lobe; blue,
REC lobe; orange, guide RNA; black, DNA; yellow, PAM. b, Comparison of phosphate
lock loop (magenta) in various structures, within sharpened cryo-EM maps (row of
three, threshold 80) or 2Fo-F¢ map (upper right, threshold 1.50). Black arrow indicates

the eponymous phosphate between nucleotides 0 and +1 of the target strand. c,
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Comparison of helix-rolling basic patch (magenta) in various structures, within unsharp-
ened cryo-EM maps (first panel, threshold 50; second panel, threshold 60).
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Supp. Fig. 2-9 | Cryo-EM analysis of Cas9:sgRNA:DNA with 3 RNA:DNA matches.
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Chapter 3: A yeast-display system for the directed
evolution of CRISPR-Cas enzymes with enhanced tar-
get-search properties
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3.1 Target search: an avenue for improvements to genome editing

In Escherichia coli, the time required for a single molecule of the /ac repressor protein to
find its operator site is ~4 minutes (Hammar et al., 2012). Strikingly, a similar measure-
ment made for Cas9 revealed a sluggish target capture time of ~6 hours per molecule
(Jones et al., 2017). Because a Cas9 molecule is expected to cleave its RNA-comple-
mentary DNA target within ~1 second of PAM engagement (Gong et al., 2018), target
search is almost certainly the rate-limiting step of Cas9’s genome editing function. Fur-
thermore, if target search occurs in eukaryotic nuclei on a similar timescale to the com-
peting processes of protein and RNA degradation, target capture rate may be a make-
or-break determinant of genome editing success. Therefore, a deeper understanding of
the mechanism of CRISPR target search could inform the development of Cas variants
that find their targets faster and can thus be delivered at lower, safer doses.

Molecular structures offer a potential explanation for the discrepancy in target
search kinetics between the /ac repressor and Cas9. Because the /ac repressor's DNA
recognition mode does not involve base pair disruption (Lewis et al., 1996), sequence
information is “read” immediately upon protein:DNA contact, allowing quick identification
and release of off-target DNA. In contrast, Cas9 must perform a dramatic display of
DNA sculpting to read a newly encountered sequence (described in Chapter 2) (Cofsky
et al., 2021), and the time associated with these conformational gymnastics may under-
lie the lengthy dwell time of each PAM-binding event (~30 milliseconds). While it was
previously suggested that slow search may be a fundamental feature of complementa-
rity-guided DNA targeting (Jones et al., 2017), it was recently demonstrated that the ho-
mologous recombinase RecA, which performs DNA-guided DNA search, finds its target
in only 9 minutes in E. coli (Wiktor et al., 2021). Various functional differences between
RecA and Cas9 at least partially account for this discrepancy, but this observation
raises the possibility that CRISPR genome editors have not maximized their potential
for fast target search.

Functional arguments also suggest that natural evolution may not have placed
limitingly strong pressure on the speediness of individual Cas molecules. In the model
presented by Jones et al., the time-to-target-capture scales inversely with Cas9 concen-
tration, and the authors comment that microbes may compensate for slow per-molecule
target search simply by producing many Cas9 molecules, accelerating the macroscopic
search process such that an invading phage could be neutralized within just minutes of
cell entry (Jones et al., 2017). However, in their model, the time-to-target-capture also
scales inversely with the total quantity of non-specific DNA present. Therefore, while
concentration-based compensation may be sufficient to win the race against phage
propagation in bacteria, it is possible that eukaryotic genomes, which can have thou-
sands of times as much DNA as E. coli, place strong kinetic constraints on editing ef-
forts that cannot be so trivially addressed, as increases in Cas9 concentration eventu-
ally venture into toxic and promiscuous regimes (Morgens et al., 2017; Pattanayak et
al., 2013). | propose that existing Cas variants are not maximally fast target searchers
and that the engineering of faster Cas variants could lead to improved genome editing
tools.

3.2 A simple model for target search
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To begin to understand the makings of a fast target searcher, it is instructive to present
a toy model of CRISPR target search (Figure 3-1a). In this highly simplified model, cap-
ture of an RNA-complementary DNA target (red) is accomplished through two steps: (1)
a guide-RNA-loaded Cas protein engages a PAM; (2) an R-loop is irreversibly formed,
leading to DNA cleavage. The Cas protein can also perform Step 1 on PAMs that do not
lie next to an RNA-complementary sequence (gray), but the system cannot progress to
Step 2 on such PAMs. The kinetics of PAM binding and dissociation are equivalent re-
gardless of the RNA complementarity of the adjacent sequence. The system is para-
metrized by exponentially distributed PAM-binding (z,) and -dissociation (z,;) lifetimes,
an R-loop formation lifetime (g, ), and the number of PAMs available (n), of which only
one abuts the RNA-complementary sequence.

If one solves this model analytically as a first-passage problem, the average time
for a single Cas protein to capture the red target (that is, undergo the irreversible Step 2
transition) is n(tg + 74 + T, + %). According to this solution, a Cas protein will al-
ways find its target faster if: (1) there are fewer PAMs to survey (n); (2) diffusion be-
tween PAMs takes less time (z,); or (3) the Cas protein is faster at forming R-loops
(trL)- Interestingly, the relationship between t,; and capture time is concave up (Fig. 3-
1b), indicating that this parameter has an optimal value that minimizes the search time.
This effect occurs because of two opposing consequences of PAM interaction strength:
if a Cas protein holds onto the PAM of the correct target too loosely, the DNA may be
released before it has a chance to undergo the conformational gymnastics required to
form an R-loop; if a Cas protein holds onto the PAM of incorrect targets too tightly, the
system will waste undue time on off-target DNA. Interestingly, the value of 7, that mini-
mizes the capture-time function is /7,7, indicating that a Cas protein that forms R-
loops more efficiently (low ;) or diffuses between PAMs more quickly (low t,, perhaps
due to high [DNA]) could benefit from a looser PAM interaction. However, if we were to
use these predictions and attempt to accelerate target search by, for example, adding
protein:DNA contacts that accelerate R-loop formation (decrease t;, maybe by bend-
ing DNA faster), the addition of these contacts may also be expected to increase 7,
perhaps to the net detriment of the macroscopic capture rate.

While several features of this highly simplified model do not accurately capture
the details of CRISPR target search, this minimal analytical approach already reveals
an enormously complex relationship between microscopic protein properties and macro-
scopic capture rate. That is, while certain features of DNA-bending dynamics or binding
affinity may be crucial to making Cas enzymes edit faster, it is not clear a priori what ex-
actly are the important changes to make, and a rational engineering approach seems
unlikely to succeed.

3.3 A yeast-display system for laboratory evolution of Cas enzymes

To access faster Cas mutants without rational design, | propose using yeast display to
perform directed evolution on existing Cas proteins. In a classic yeast display system,
yeast are transformed with a plasmid that encodes the protein of interest fused to a se-
cretory signal and the yeast adhesion protein Aga2 (Cherf & Cochran, 2015). This fu-
sion protein is expressed and trafficked to the exterior cell surface, where it is anchored
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by disulfide linkage to the yeast adhesion protein Aga1. By performing an experiment
that connects a fluorescent signal to a desired protein property, protein variants exhibit-
ing that property can be selected via fluorescence-activated cell sorting (FACS). In the
simplest case of evolving a protein with enhanced ligand-binding affinity, a fluorescent
ligand is added to a protein-displaying yeast suspension, and FACS is used to sort out
the most highly fluorescent (strongest-binding) cells. By starting with a library of yeast
cells encoding tens of millions of protein variants, an experimentalist can quickly explore
a vast region of sequence space to access variants with desired properties. Yeast dis-
play, as a directed evolution technology, is particularly well-suited to the task of evolving
faster Cas enzymes because (1) the highly regulated eukaryotic protein expression ma-
chinery enables the display of larger proteins than can be displayed by other technolo-
gies (many Cas proteins are >1000 amino acids) and (2) it allows instantaneous and un-
regulated delivery of chemical reagents to the proteins under selection (unobstructed by
a cell membrane), enabling the tight experimental control of time and concentration that
is necessary to select for kinetic effects.

To isolate fast-searching Cas variants from a complex yeast-display library, | pro-
pose the following experiment (Figure 3-2). Induce display of the variants on the surface
of the yeast. Add a guide RNA to the yeast suspension, where it will bind to the dis-
played Cas proteins and form functional ribonucleoproteins. Separately prepare a mix-
ture of DNA that contains (1) a high concentration of off-target DNA (not complementary
to the guide RNA) and (2) a low concentration of on-target DNA that is chemically la-
beled with a fluorophore. Add this mixture to the yeast suspension to initiate target
search. After a short incubation period, add a great excess of unlabeled on-target DNA
to quench the target search reaction. Perform FACS to sort for cells that are most highly
fluorescent, which encode the variants that captured the target fastest. In successive
rounds of evolution, increased selective pressure can be applied by increasing the con-
centration of off-target DNA and decreasing the time between search initiation and
quenching, allowing for the selection of variants that are faster and faster at finding their
targets.

An important experimental decision that must be made in any directed evolution
endeavor is the nature of the starting variant library. In this case, | propose that the li-
brary could be selectively mutagenized in regions involved in initial DNA encounter and
bending, such as the PAM-interacting region or the helix-rolling basic patch (as de-
scribed in Chapter 2). As mentioned in Section 3.2, changes to protein:DNA contacts in
these regions would be expected to alter target search kinetics, but not in a way that is
easily predictable. Fortunately, with the described yeast-display system, one can make
only the prediction that speed-enabling mutations will lie in this specific region without
any explicit prediction as to the mechanism. In fact, basic inquiry into speed-enabling
mechanisms can be made possible by the mechanism-agnostic directed evolution ef-
forts described here: selected variants with a wide range of target capture speeds can
be tested to observe which microscopic protein properties (such as bending efficiency
and binding affinity) are associated with fast macroscopic target search. Similar infor-
mation may be acquired from existing Cas variants (e.g. different orthologs), but mecha-
nistic inferences would be strongest when the variants being compared differ at as few
amino acid positions as possible.
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Of course, beyond the mechanistic insight gained from evolved mutants, the
other result of the described experimental evolution setup would be faster Cas enzymes
to be used for genome editing. Such enzymes could be tested in eukaryotic cells to de-
termine if faster target search yields more efficient genome editing.

3.4 Feasibility of the yeast-display experiment

A major obstacle to implementing the proposed plan is the production of active Cas en-
zyme on the yeast cell surface, as successful expression of a large non-yeast protein is
by no means guaranteed. For each of the following DNA-targeting Cas proteins—
Cas12a from Francisella novicida (1300 aa), Cas12a from Lachnospiraceae bacterium
(1228 aa), Cas12a from Acidaminococcus species (1307 aa) (Zetsche et al., 2015),
Cas9 from Streptococcus pyogenes (1368 aa) (Jinek et al., 2012), and Cas®-2 (882 aa)
(Pausch et al., 2020)—Isaac Witte (my undergraduate trainee) and | codon-optimized
each gene for expression in Saccharomyces cerevisiae and cloned them into a stand-
ard yeast display vector that fused the Cas protein to an N-terminal Aga2, an N-terminal
HA tag, and a C-terminal myc tag, under the control of a galactose-inducible promoter.
We then transformed these plasmids into yeast®. To test the displayability of each Cas
protein, | induced expression, stained with a FITC-conjugated anti-myc antibody, and
analyzed cells by flow cytometry.

All three Cas12a orthologs were surface-displayed to some extent, with the
strongest expression from FnCas12a (Fig. 3-3). SpCas9 and Cas®-2 were not detecta-
bly expressed. As a positive control, | also tested the expression of a horseradish perox-
idase enzyme previously used in yeast display experiments (Lipovsek et al., 2007), and
it displayed even more highly than FnCas12a. Therefore, Cas12a can be successfully
displayed, but at low levels compared to previously displayed constructs. It is unknown
what sequence or structural features of Cas9 and Cas® altogether prevented expres-
sion, but | speculate that the deficiency may result from the disruptive effect of yeast-
catalyzed glycosylation at sequence motifs key to proper protein folding, which may also
limit the expression levels of Cas12a.

Proceeding with the most successful candidate, FnCas12a, | tested the enzyme’s
ability to perform RNA-guided DNA binding. After inducing protein surface display, |
added crRNA to the yeast cell suspension, along with a biotinylated double-stranded
DNA target. | then stained the cells for the presence of DNA using phycoerythrin (PE)-
conjugated streptavidin and analyzed by flow cytometry. Strikingly, a PE+ population
appeared when the crRNA matched the DNA sequence but not when the sequences
were mismatched (Fig. 3-4). Therefore, surface-displayed FnCas12a exhibits RNA-
guided DNA binding activity. To my knowledge, FnCas12a is among the largest proteins
(if not the largest overall) ever to be displayed in a functional form using any surface dis-
play technology.

At this point, the experimental system has all components necessary to perform
the proposed workflow directing the evolution of faster FnCas12a variants. However, |
did not have the time to attempt the directed evolution before my graduation.

6| thank yeast biologist Eliana Bondra (Rine lab) for providing reagents and teaching us the basics of
yeast culture.
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3.5 Other uses of the designed yeast-display system

Successful display of an RNA-guided Cas protein on the surface of yeast is an exciting
result that enables many downstream avenues of protein engineering besides just the
creation of fast target searchers. The most interesting avenues to consider are those
that would be difficult to achieve using more standard intracellular protein expression
systems due to the physical barrier imposed by the cell membrane.

For example, one could develop a Cas12a variant that only binds to targets
whose PAM contains a certain nucleobase modification (by evolving the protein to spe-
cifically bind to a chemically synthesized DNA duplex containing the modification of in-
terest). Such a variant, fused to a fluorophore, could be used to visualize nucleobase
modifications at specific genomic loci in live-cell imaging experiments. When deployed
in a DETECTR-like setup (J. S. Chen et al., 2018), such a variant could be used for in
vitro detection of site-specifically modified DNA in a patient specimen.

Variants could also be evolved to use highly modified guide RNAs that resist
degradation by cellular ribonucleases but might not bind properly to wild-type Cas vari-
ants. The protein itself could also be made resistant to degradation by human extracel-
lular proteases. Other variants could be evolved to rapidly dissociate from a target after
DNA cleavage to promote the fast initiation of downstream editing processes.

My final idea for another use of this yeast display system warrants a discussion
in greater detail. To use Cas12a for diagnostic purposes (J. S. Chen et al., 2018), the
enzyme is programmed with a crRNA that targets the DNA sequence of interest. If that
DNA sequence is present in a patient specimen, Cas12a will bind to it, and the en-
zyme’s two modes of DNase activity will be activated: Cas12a will cleave the RNA-com-
plementary DNA target in cis, and it will also perform multiple-turnover cleavage of non-
specific single-stranded DNA in frans (J. S. Chen et al., 2018). By including a fluoro-
phore-DNA-quencher reporter in the detection reaction, Cas12a activity, and therefore
target presence, will be detectable as an increase in fluorescence when reporter cleav-
age de-quenches the fluorophore. However, because the output of this assay relies on
the detection of small amounts of DNase activity, its sensitivity is limited by the pres-
ence of non-Cas DNases in the detection reaction, which cause false positive results.
Thus, crude patient specimens that contain nuclease activity cannot currently be directly
assayed using CRISPR-based detection technology.

To address this problem and make one-pot CRISPR-based detection possible
with crude patient specimens, | propose to evolve a Cas12a variant that cleaves a modi-
fied non-biological reporter that is not cleavable by environmental/human nucleases. If
the wild-type Cas12a / DNA-reporter reagents are replaced by mutant-Cas12a / modi-
fied-reporter reagents, the CRISPR detection readout has essentially been orthogo-
nalized from biological interference. Candidates for such a non-biological reporter are
DNA analogs with modifications that are known to inhibit nuclease activity, such as
phosphorothioate linkages and alkyl additions to the sugar moiety.

To select Cas12a variants that cleave a modified polymer, | propose to use a
special yeast display system that allows simultaneous display of enzyme and substrate
(I. Chen et al., 2011). The protocol is as follows (Fig. 3-5). Induce expression of a
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Cas12a library in a yeast strain that has an S6 tag on Aga1. To the yeast suspension,
add a construct comprising the non-biological polymer of interest with the following addi-
tions: (1) labeled on the 5’ end with Fluorophore 1; (2) labeled on the 3' end with Fluoro-
phore 2; (3) the 5" end is also conjugated to a long polyethylene glycol tether that con-
tains a coenzyme A moiety on the opposite end. Add Sfp enzyme to catalyze the liga-
tion of the substrate to Aga1 via a bond between the S6 tag and the coenzyme A. To
activate Cas12a for trans cleavage activity, add crRNA and a matching (unlabeled) DNA
target. Incubate to allow any potential reporter cleavage to occur. Quench the cleavage
reaction by adding EDTA. Using FACS, isolate cells that are positive for Fluorophore 1
(were labeled efficiently with the substrate) but negative for Fluorophore 2 (due to cleav-
age and release by Cas12a). In successive rounds of evolution, increased selective
pressure can be applied by decreasing the time between activity initiation and quench-
ing, and effective substrate concentration may be adjusted by changing the length of the
polyethylene glycol tether. For this experimental evolution system, | propose to begin
with a Cas12a library whose variability is concentrated in the RuvC domain, where
changes in the enzyme-substrate interface may enable the desired increase in sub-
strate promiscuity.

Evolved Cas12a variants can then be tested (in conjunction with the non-biologi-
cal reporter) for improved detection sensitivity in crude patient specimens. Additionally,
promiscuous enzyme variants could be used as a starting point to develop other high-
sensitivity detection technologies. For example, one could develop a Cas12a variant
that detects RNA, rather than DNA, in crude patient specimens by selecting for mutants
whose trans reporter-cleaving activity is activated by addition of a guide-RNA-comple-
mentary single-stranded RNA. This Cas protein yeast-display system opens the door to
many potential improvements to CRISPR genome editing and diagnostics.

3.6 Methods

Preparation of yeast display constructs

Gene inserts for AsCas12a and Cas®-2 were codon-optimized for expression in Sac-
charomyces cerevisiae using ThermoFisher GeneArt, and the resulting sequences were
synthesized as gBlocks by Integrated DNA Technologies. The gene inserts for SpCas9
(Addgene #101725), LbCas12a (Addgene #101748), and FnCas12a (Addgene
#101749) were cloned by PCR from the indicated Addgene plasmids, which were gifts
from Rene Verwaal (Verwaal et al., 2018). The gene insert for horseradish peroxidase
was cloned by PCR from pCT2-HRP (Addgene #44021), which was a gift from Dane
Wittrup (Lipovsek et al., 2007). The yeast display backbone used in all experiments
came from pSAV172 (a gift from Dave Savage), which is similar to pCT2. All genes
were inserted into the pSAV172 backbone by Gibson assembly. In my lab notebook, the
resulting plasmids are called pJCC_108 (FnCas12a), _109 (LbCas12a), _110 (As-
Cas12a), 111 (SpCas9), _112 (Cas®d-2). All plasmids were transformed into the yeast
strain EBY 100 (a gift from Dave Savage).

Testing surface display efficiency
Transformed yeast clones were grown at 30°C overnight to saturation in citrate-buffered
SD-CAA media (https://openwetware.org/wiki/Wittrup: Yeast Minimal Media). In the
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morning, a new starter culture was seeded and grown until the OD reached 3.5. This
culture was spun down, resuspended in phosphate-buffered S(G/D)-CAA (2% galac-
tose, 0.2% dextrose) to an OD of 0.7, and shaken at 23°C overnight (~18 hours). 1
mL*OD of yeast was pelleted, washed once with PBSA (PBS + 0.1% w/v BSA), resus-
pended in 50 pyL PBSA with a 1:200 dilution of FITC-anti-myc antibody (clone 9E10,
Sigma Aldrich SAB4700448), and rocked at room temperature for one hour. Cells were
pelleted again, washed once with cold PBSA, and resuspended in 500 uL cold PBSA for
flow cytometry. Flow cytometry analysis was performed on a Sony SH800 instrument
using the 488-nm laser with the 525/50 emission filter. Morphologically divergent cells
(<1% of total), as assessed by forward scatter and side scatter, were excluded from the
analysis depicted in Fig. 3-3.

Testing for RNA-guided DNA binding activity

Yeast were induced as described above. Previously, | attempted to use BSA from
Sigma-Aldrich (product #126615), which is marketed as “nuclease-free,” but contrary to
the labeling, | determined that the product contains rampant RNase activity. The experi-
ments depicted in Fig. 3-4 were instead performed with UltraPure BSA (Invitrogen
#AM2616), which truly contained no detectable RNase activity. Crude (nuclease-con-
taining) BSA can be used for protein expression tests but not for experiments in which
nucleic acids will be delivered to the cell suspension. 1 OD*mL of induced yeast was
pelleted and washed 3 times with PBS (no BSA). Then, yeast were resuspended in 50
uL binding buffer (20 mM Tris-ClI, pH 7.9, 150 mM NaCl, 10 mM MgClz, 0.1% UltraPure
BSA, 0.02 mg/mL salmon sperm DNA) containing 150 nM pre-crRNA, 100 nM target
DNA strand, and 125 nM 5'-biotinylated non-target DNA strand, if applicable (the two
DNA strands were pre-annealed in a separate reaction prior to combination with the
RNA and binding buffer). The target-strand DNA sequence was 5-ACAACAGATTTTT-
GCTCAAATGCTGCTTACAACAATCCAGAAGATAAAATCATTATGAT-3', and the non-
target-strand DNA sequence was 5-/5Biosg/ATCATAATGATTTTATCTTCTG-
GATTGTTGTAAGCAGCATTTGAGCAAAAATCTGTTGT-3". The pre-crRNA in the “mis-
matched” experiment had the sequence 5- GGAAUAAUUUCUACUGUUGUAGAUAG-
CAGAGUAGACAUACGCAG-3'. The pre-crRNA in the “matching” experiment had the
sequence 5- GGAAUAAUUUCUACUGUUGUAGAUUCUUCUGGAUUGUUGUAAGC-
3'. DNA was synthesized by Integrated DNA Technologies. RNA was produced by in
vitro transcription. The yeast/nucleic-acid mixture was rocked at room temperature for
30 minutes, washed once with cold wash buffer (20 mM Tris-Cl, pH 7.9, 150 mM NaCl,
10 mM MgCl2), resuspended in 50 pL binding buffer with a 1:300 dilution of phyco-
erythrin-streptavidin (BioLegend #405203), rocked for an additional 30 minutes, washed
once more in cold wash buffer, and resuspended in 500 pL wash buffer for flow cytome-
try. Flow cytometry was performed as described above, except both the 488-nm and
561-nm lasers were turned on, and the 585/30 emission filter was used.
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3.7 Figures

n = number of PAMs

1, = lifetime of association with a new PAM
1, = lifetime of dissociation from PAM

1, = lifetime of R-loop formation

Stochastic kinetic simulation overlaid on analytical solution
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Figure 3-1 | Simplified model of Cas target search. a, Model and parameters. Pink,
Cas protein; orange, guide RNA; gray, off-target DNA; red, on-target DNA. b, Relation-
ship between t; and average capture time. Analytical solution is in red. The function
should be inspected for its shape and not its absolute x- and y-values, which are the re-
sult of arbitrarily selected parameter values. Black dots indicate the results of stochastic
kinetic simulations that support the correctness of the analytical solution.
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1. Add guide RNA to yeast suspension 2. To initiate target search, add DNA mixture
with surface-displayed protein library. containing high [off-target DNA] and

low [fluorophore-labeled on-target DNA].

3. Quench with excess unlabeled on-target DNA. 4. Select highly fluorescent cells by FACS.
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Figure 3-2 | Strategy for selecting fast-searching Cas variants from a yeast-dis-
played library.
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Figure 3-3 | Surface display of various Cas protein variants. FITC axis represents
the extent of staining with an anti-myc antibody. FSC, forward scatter (used to account
for the cell-size-dependence of the fluorescence signal that can be expected from anti-
myc staining). The “uninduced” experiment was performed with an FnCas12a-trans-
formed yeast culture. The number under “FITC+” is the percentage of cells falling in the
indicated FITC+ gate.
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Figure 3-4 | RNA-guided DNA binding activity by surface-displayed FnCas12a. PE
axis represents the extent of staining of biotinylated DNA with PE-streptavidin. FSC, for-
ward scatter (used to account for the cell-size-dependence of the fluorescence signal
that can be expected from PE-streptavidin staining). The number under “PE+” is the
percentage of cells falling in the indicated PE+ gate.
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Figure 3-5 | Strategy for evolving a Cas12a variant that performs DNA-activated
cleavage of a non-biological polymer in trans. Pink, Cas12a; black, DNA; orange,

crRNA.
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Chapter 4: CRISPR-Cas12a exploits R-loop asymmetry
to form double-strand breaks

This chapter is a reproduction of the following paper’,8: Cofsky, J. C., Karandur, D.,
Huang, C. J., Witte, |. P., Kuriyan, J., & Doudna, J. A. (2020). CRISPR-Cas12a exploits
R-loop asymmetry to form double-strand breaks. eLife.

7 (Cofsky et al., 2020)

8 The central proposition of this paper was that Cas12a R-loops experience DNA unwinding even past the
3’ end of the guide RNA. This phenomenon was later directly observed using magnetic tweezers (Naqvi
et al., 2021).
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4.1 Abstract

Type V CRISPR-Cas interference proteins use a single RuvC active site to make RNA-
guided breaks in double-stranded DNA substrates, an activity essential for both bacte-
rial immunity and genome editing. The best-studied of these enzymes, Cas12a, initiates
DNA cutting by forming a 20-nucleotide R-loop in which the guide RNA displaces one
strand of a double-helical DNA substrate, positioning the DNase active site for first-
strand cleavage. However, crystal structures and biochemical data have not explained
how the second strand is cut to complete the double-strand break. Here, we detect in-
trinsic instability in DNA flanking the RNA-3' side of R-loops, which Cas12a can exploit
to expose second-strand DNA for cutting. Interestingly, DNA flanking the RNA-5' side of
R-loops is not intrinsically unstable. This asymmetry in R-loop structure may explain the
uniformity of guide RNA architecture and the single-active-site cleavage mechanism
that are fundamental features of all type V CRISPR-Cas systems.

Impact statement: The DNA flanks on either side of an R-loop differ in stability, and
CRISPR-Cas12 enzymes form double-strand breaks by targeting the more unstable
flank with their single DNase active site.

4.2 Introduction

CRISPR-Cas systems (clustered regularly interspaced short palindromic repeats,
CRISPR-associated proteins) provide antiviral immunity to prokaryotes through the
RNA-guided nuclease activity of enzymes including Cas9 and Cas12a , which are
widely used for programmable genome editing (Pickar-Oliver & Gersbach, 2019). Both
Cas9 and Cas12a use CRISPR RNA (crRNA) to recognize matching double-stranded
DNA (dsDNA) sequences by forming an R-loop structure in which 20 nucleotides (nts)
of the crRNA (the crRNA “spacer”) base pair with one strand of the target DNA (Fig. 4-
1a,b) (Jiang et al., 2016; Jinek et al., 2012; Swarts et al., 2017; Zetsche et al., 2015). In
addition, both protein families must bind to a protospacer-adjacent motif (PAM), a short
DNA sequence next to the crRNA-complementary sequence, to initiate R-loop formation
(Bolotin et al., 2005; Mojica et al., 2009; Singh et al., 2018; Sternberg et al., 2014).

Despite their functional similarities, Cas9 and Cas12a evolved independently
(Koonin et al., 2017) and use distinct mechanisms of DNA cleavage. Cas9 employs two
active sites to generate a blunt DNA double-strand break near the PAM (Jinek et al.
2012; Gasiunas et al. 2012). In contrast, Cas12a uses a single active site to make stag-
gered cuts distant from the PAM, and the same active site can cleave free single-
stranded DNA (ssDNA) non-specifically once the enzyme has been activated by specific
target binding (Fig. 4-1b) (J. S. Chen et al., 2018; Swarts et al., 2017; Zetsche et al.,
2015). Additionally, the position of the 20-nucleotide spacer sequence in Cas12a crR-
NAs is opposite to that in Cas9 crRNAs (3' end versus 5’ end, respectively) (Deltcheva
et al., 2011; Zetsche et al., 2015), and consequently, R-loop formation by each enzyme
family occurs with opposing directionality (Fig. 4-1b).

Cas12a belongs to the type V family of CRISPR effector proteins (whose names
each begin with “Cas12”), a classification defined by the presence of a single RuvC
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DNase domain (Koonin et al., 2017). Notably, although this classification is not strictly
phylogenetic—the “family” is actually a paraphyletic assembly of several evolutionarily
independent protein lineages (Koonin et al., 2017; Makarova et al., 2020)—a second
shared feature of all Cas12 interference complexes is the previously mentioned spacer-
3' crRNA architecture. However, the reason for this evolutionary convergence is un-
known. Furthermore, while structures of DNA-bound Cas12a are known (Gao et al.,
2016; Stella et al., 2017, 2018; Swarts et al., 2017; Swarts & Jinek, 2019; Yamano et
al., 2016) and an obligatory order of strand cleavage has been suggested biochemically
(Swarts & Jinek, 2019), the mechanism by which type V CRISPR enzymes form double-
strand breaks using one active site remains unclear.

The RuvC domain of Cas12a exhibits stringent specificity for single-stranded
substrates when activated for cleavage of free DNA in trans (Appendix 4A) (J. S. Chen
et al., 2018), suggesting that substrates cleaved in cis (i.e., the two DNA strands of a
protein-bound R-loop) are also single-stranded during each of their respective cleavage
events. Consistent with this substrate preference, in the most complete crystal struc-
tures of the Cas12a-bound R-loop, displacement of the non-target strand (NTS) of the
DNA allows its association with the RuvC active site as a single strand (Swarts et al.,
2017; Swarts & Jinek, 2019). This conformation likely permits initial non-target-strand
cleavage, which is a prerequisite of DNA target-strand (TS) cutting (Fig. 4-1b) (Swarts &
Jinek, 2019).

However, in these same crystal structures, the target-strand cleavage site is lo-
cated within an ordered DNA duplex outside the R-loop, ~25 A away from the RuvC ac-
tive site and inverted with respect to the most probable catalytic orientation (Fig. 4-1a)
(Swarts et al., 2017; Swarts & Jinek, 2019). To satisfy these geometric constraints and
the RuvC substrate preference, the target strand likely needs to separate from the non-
target strand and bend, accessing a conformation evoked by some structures of the
type V CRISPR-Cas enzymes Cas12b (C2c1) and Cas12e (CasX) (Liu et al., 2019; H.
Yang et al., 2016). It has been hypothesized that contortion of the DNA substrate ena-
bles Cas12a (and other Cas12 family members) to cleave the target strand and com-
plete its double-strand break, but it is unknown what enables this contortion.

We show here that Cas12a cleaves the target strand within a tract of DNA that is
destabilized by the adjacent R-loop. Using chemical and fluorescent probes to investi-
gate DNA conformation in protein-bound and protein-free R-loops in solution, we find
that DNA flanking the RNA-3' side of the R-loop exhibits signatures of single-stranded-
ness, despite this region’s potential for complete base pairing. The location of this DNA
distortion controls the location of RuvC-catalyzed target-strand cleavage, suggesting
that Cas12a exploits local duplex instability to complete its double-strand break. This
cleavage mechanism is likely shared by other DNA-targeting CRISPR-Cas12 systems,
which all use a single RuvC active site to cut the target strand within the DNA tract
flanking the RNA-3' side of the R-loop (Karvelis et al., 2020; Liu et al., 2019; Yan et al.,
2019; H. Yang et al., 2016). Intriguingly, we find that nucleotides flanking the RNA-5’
side of protein-free R-loops remain stably paired and stacked in solution. This funda-
mental asymmetry in nucleic acid structure offers a functional explanation for the puz-
zling convergence of type V CRISPR-Cas systems on the 5'-repeat-spacer-3' crRNA
orientation.
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4.3 Results and discussion

Cas12a binding to DNA distorts the target-strand cleavage site

We suspected that dsDNA substrates of Cas12a would need to access a bent confor-
mation to undergo target-strand cleavage. To chemically probe the structure of a
Cas12a substrate in solution, we performed DNA permanganate footprinting on interfer-
ence complexes containing a RuvC-inactivated mutant of a Cas12a ortholog from Ac-
idaminococcus species (AsCas12a), hereafter called dCas12a. In this assay, perman-
ganate selectively oxidizes thymines in non-B-form (e.g. locally melted or otherwise dis-
torted) DNA structures, and oxidized positions are subsequently identified through pi-
peridine-catalyzed strand cleavage (which occurs specifically at thymidine glycols) and
denaturing polyacrylamide gel electrophoresis (PAGE) (Fig. 4-2a) (Bui et al., 2003). To
enable sensitive detection of DNA fragments, we radiolabeled either the 5' or 3' end of
each DNA strand (3'-end radiolabeling of DNA, which is not a common procedure, was
achieved using a protocol developed for the present work, Supp. Fig. 4-2.1). Consistent
with previous applications of the permanganate assay to CRISPR-Cas-generated R-
loops (Xiao et al., 2017), thymines within the portion of the non-target strand displaced
by the crRNA were heavily oxidized, reflecting the single-strandedness of this DNA tract
(Fig. 4-2a).

Interestingly, we also observed significant oxidation at a thymine near the target-
strand cleavage site (Fig. 4-2a). To probe the region around the target-strand cleavage
site more thoroughly, we adjusted the sequence of the DNA substrate to contain a
stretch of A/T base pairs in the tract immediately adjacent to the R-loop, which we de-
note the R-loop flank (Fig. 4-2b, Supp. Fig. 4-2.2). We assessed the permanganate re-
activity of the R-loop flank in three states of the Cas12a cleavage pathway: prior to
Cas12a binding (apo DNA), after R-loop formation, and after the first set of cleavage
events, which yield a 5-nt gap in the non-target strand (see Appendix 4B for details of
the NTS gap). At each step, we observed an increase in permanganate reactivity on
both strands of the DNA that persisted seven base pairs past the end of the crRNA,
suggesting that Cas12a binding promotes distortion of DNA in the PAM-distal flank of
the R-loop (Fig. 4-2b, Supp. Fig. 4-2.3, see Methods).

In general, enhanced permanganate reactivity could reflect any of a variety of de-
partures from B-form DNA duplex geometry, ranging from slight helical distortion to
complete strand separation (Bui et al., 2003). As a result, the precise conformational en-
semble of the R-loop flank cannot be absolutely determined from permanganate reactiv-
ity measurements. However, reactivity in the probed region was on the same order of
magnitude as that of a fully single-stranded control, suggesting that the detected distor-
tion involves substantial nucleobase unpairing and unstacking (Fig. 4-2b, Supp. Fig. 4-
2.3, see Methods). Additionally, permanganate reactivity decreased with distance from
the R-loop edge (Fig. 4-2b), consistent with NTS:TS fraying events that initiate from the
R-loop edge (see Methods). The increase in bulk permanganate reactivity in response
to NTS cleavage may be due, at least in part, to increased binding occupancy of
dCas12a/crRNA on the DNA substrate, as the NTS gap creates a high-energy interrup-
tion in the DNA rewinding pathway that boosts the stability of the ribonucleoprotein:DNA
interaction (Supp. Fig. 4-2.2) (Knott et al., 2019). Thus, while the R-loop flank has the
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potential for complete base pairing, this DNA tract populates highly distorted, and prob-
ably unpaired, conformations when bound to Cas12a in solution.

Distortion of the R-loop flank facilitates target-strand cleavage

DNA discontinuities as small as a nick or a single unpaired nucleotide are known to pro-
duce a “swivel-like” point of flexibility within a duplex structure (Le Cam et al., 1994;
Mills et al., 1994). We wondered whether the DNA distortion detected in the Cas12a R-
loop flank may permit the global substrate bending and repositioning that is likely re-
quired for target-strand cleavage. A prediction of this model is that a change in the loca-
tion of duplex instability should also change which phosphodiester bonds in the target
strand are cleaved by the RuvC DNase. To test this prediction, we investigated the ef-
fect of R-loop size on the target-strand cut-site distribution. We reasoned that if DNA
strand separation occurs at the R-loop edge, the location of the R-loop edge must de-
fine which nucleotides become unpaired and, consequently, which bonds can be ac-
cessed by the RuvC active site.

We first assessed our ability to shift the site of duplex instability by measuring
permanganate reactivity in a truncated R-loop. To create a truncated R-loop, we mu-
tated the DNA base pairs at positions 19 and 20, allowing crRNA strand invasion to pro-
gress only to the 18! nucleotide of the target sequence (position numbers indicate dis-
tance from the PAM). Additionally, we used a pre-cleaved non-target strand to lock the
substrate in the chemical state that exists immediately before target-strand cleavage
(Appendix 4B). Finally, we prevented NTS:TS base pairing in the PAM-proximal part of
the DNA target sequence by mutating the non-target strand at positions 1-12 (Fig. 4-
3a). This modification eliminated the branch-migration-catalyzed DNA dissociation path-
way, allowing for the formation of uniformly stable complexes irrespective of PAM-distal
crRNA:TS mismatches that would otherwise modulate affinity (Strohkendl et al., 2018)
(Supp. Fig. 4-3.1). As a result, variations in the bulk permanganate reactivity of these
constructs reflect variations in DNA structure rather than differential Cas12a/crRNA
binding occupancy.

By implementing the permanganate assay on these complexes, we found that
the A/T tract was highly reactive in the full R-loop but had limited reactivity in the trun-
cated R-loop, suggesting that the distorted region had migrated with the edge of the R-
loop (Fig. 4-3a). We also observed this effect for a second set of crRNA/DNA se-
quences with equivalent base-pairing topology, demonstrating that this result is not
unique to the originally tested sequence (Supp. Fig. 4-3.2). Positions 19 and 20 of the
DNA substrates were G/C base pairs, so DNA conformation at these nucleotides could
not be assessed by permanganate reactivity. Nonetheless, these results show that nu-
cleotide unpairing near the target-strand cleavage site depends not only on Cas12a
binding and stable R-loop formation, but also on the extent of crRNA strand invasion
(i.e., the size of the R-loop). Thus, by altering R-loop size, we can manipulate which nu-
cleotides become unpaired upon Cas12a binding.

To test the hypothesis that distortion in the R-loop flank is linked to RuvC-medi-
ated target-strand cleavage, we assembled wild type (WT) Cas12a with R-loops of vari-
ous sizes and determined the distribution of target-strand cut sites. For these experi-
ments, we used DNA substrates with an intact non-target strand that was mismatched
with respect to the target strand throughout the region of crRNA complementarity (Fig.
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4-3b; DNA constructs containing such a mismatched tract are indicated with an aster-
isk—for example, 1-18* indicates a DNA construct whose target-strand sequence
matches the crRNA sequence at positions 1-18 and whose non-target-strand is mis-
matched with respect to the target strand at the same positions). Preventing NTS: TS
base pairing in this region allowed observation of DNA cleavage in enzyme-substrate
complexes that would otherwise be too unstable to yield detectable rates of catalysis
(Strohkendl et al., 2018) (Supp. Fig. 4-3.3).

As the R-loop edge was shifted toward the PAM, the target-strand cut-site distri-
bution shifted toward the new R-loop edge (Fig. 4-3b, Supp. Fig. 4-3.4). When compen-
satory mutations were made in the crRNA to restore the original R-loop size, the target-
strand cut sites moved back toward their original distribution (Supp. Fig. 4-3.5). The ob-
served shifts in the cut sites were not due to general destabilization of the R-loop, as a
single crRNA:TS mismatch at an internal position of the target sequence (position 9)
slowed cleavage without affecting cut-site distribution (Supp. Fig. 4-3.5). The cut-site
distribution shared by the 1-17*, 1-16*, and 1-15* substrates, along with the lack of
cleavage of the 1-14* substrate, may reveal a geometric limit on bent DNA confor-
mations that still permit active site association (Fig. 4-3b). Additionally, the broader tar-
get-strand cut-site distribution in the DNA target lacking NTS:TS mismatches (labeled
“1-20” in Fig. 4-3b) could reflect bending events that initiated from partially rewound R-
loop conformations. Notably, the non-target-strand cut-site distribution did not change
markedly as the R-loop was truncated, suggesting that non-target-strand cleavage is
unrelated to nucleotide unpairing in the R-loop flank (Supp. Fig. 4-3.6). These results
imply that the site of Cas12a-mediated target-strand cleavage is tied to, and perhaps
dictated by, the location of weakened base pairing.

This principle predicts that R-loop flank sequences with greater nucleobase
stacking energy should limit the depth of fraying and, consequently, favor target-strand
cleavage events that are closer to the PAM. In agreement with this prediction, of three
DNA targets that differed only in the sequence of their R-loop flank—native protospacer,
AT-rich, or GC-rich—the GC-rich substrate was cleaved most PAM-proximally (Fig. 4-
3c). Additionally, eliminating NTS:TS base pairing at positions 21-23 led to fast and
PAM-distally shifted cleavage of the target strand in all cases (Fig. 4-3c, Supp. Fig. 4-
3.7). Together, these results suggest that DNA distortion in the R-loop flank is an im-
portant enabler of Cas12a-catalyzed target-strand cleavage.

Duplex instability is intrinsic to DNA in the RNA-3’ flank of R-loops
Next, we wondered what role the Cas12a protein plays in distortion of the R-loop flank.
To assess the contribution of the protein, we formed a protein-free mimic of the nucleic
acid structure immediately prior to target-strand cleavage. This artificial R-loop con-
tained a pre-cleaved non-target strand that was mismatched with respect to the target
strand in the 20-nt stretch adjacent to the PAM, and the same stretch of the target
strand was hybridized to a complementary 20-nt RNA oligonucleotide (Fig. 4-4a). When
we probed the permanganate reactivity of this protein-free R-loop, we found that the A/T
tract was slightly more reactive than in the Cas12a-generated R-loop experiment (Fig.
4-4a, Supp. Fig. 4-4.1).

To interpret the reactivity of an R-loop mimic, we used the RNA-free DNA bubble
control as a point of comparison. This bubbled DNA substrate reveals that
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permanganate reactions occur readily at the edge of the bubble, i.e., the terminus of the
DNA homoduplex (substrate C in Fig. 4-4.1, also see Methods). We therefore asked
whether the adjacent RNA:DNA hybrid protects or sensitizes the DNA:DNA terminus as
compared to the RNA-free control. The naive prediction is that a DNA duplex terminus
should become more stable (i.e., less prone to end fraying) when another duplex is
stacked on top of it (Hase & Zacharias, 2016). It is thus surprising that the RNA oligonu-
cleotide in this experiment sensitizes the DNA:DNA terminus to oxidation by permanga-
nate. This result indicates that distortion of the R-loop flank is a phenomenon intrinsic to
the R-loop boundary itself and that the protein only needs to hold the R-loop open to
promote flexibility in the adjacent DNA.

Duplex instability is not a feature of DNA in the RNA-5' flank of R-loops

While Cas9 also conducts R-loop-dependent DNA cleavage, its R-loop topology is in-
verted with respect to that of Cas12a as a result of their opposing crRNA architec-
tures—Cas12a crRNAs occur as 5'-repeat-spacer-3’, whereas Cas9 crRNAs occur as
5'-spacer-repeat-3' (Fig. 4-1b). Given the instability of the Cas12a R-loop flank (referred
to as a 3' R-loop flank because it contains a 3' RNA terminus), we wondered whether
the PAM-distal flank of the Cas9 R-loop (a 5' R-loop flank) would also be unstable.

To test this question, we assayed flank distortion in an R-loop created by a cata-
lytically inactive mutant of Cas9 from Streptococcus pyogenes (dCas9) and in the corre-
sponding protein-free mimic (the non-target strand was pre-cleaved analogously to a
Cas12a substrate). Remarkably, we found that the flank experienced nearly background
oxidation levels both in the protein-bound R-loop (with dCas9 at a saturating concentra-
tion, Supp. Fig. 4-4.2) and in the protein-free mimic, suggesting that unlike 3' R-loop
flanks, 5' R-loop flanks are not naturally unstable (Fig. 4-4a, Supp. Fig. 4-4.1). The 5' R-
loop flank behaved consistently with expectations about coaxial duplex stacking, as the
RNA oligonucleotide protected the DNA:DNA duplex terminus as compared to the bub-
bled control (Supp. Fig. 4-4.1). Thus, an RNA:DNA hybrid can either stabilize or desta-
bilize a juxtaposed DNA:DNA duplex terminus, depending on whether the hybrid termi-
nus contains a 5' RNA end or a 3' RNA end, respectively. These results suggest a fun-
damental energetic difference in the conformational landscapes of 3’ versus 5' R-loop
flanks (Fig. 4-4b).

The conformational difference between 3’ and 5' R-loop flanks is intrinsic to
strand polarity, as the trends in permanganate reactivity were robust to changes in nu-
cleic acid sequence, end chemistry, and non-target-strand cleavage state (Supp. Fig. 4-
4.3 to .6). Additionally, we detected the same polarity dependence when we measured
fluorescence intensity of a single 2-aminopurine nucleotide present at position 21 of the
original protospacer sequence, indicating that the conformational difference is not an ar-
tifact of the permanganate reactivity assay or of the AT-rich sequence of the modified
protospacer (Supp. Fig. 4-4.7). Therefore, while Cas12a does not seem to actively de-
stabilize the R-loop flank, the protein forms R-loops with the topology that natively yields
a greater degree of flexibility in the region beyond the end of the crRNA.

Differences in interhelical stacking energy may underlie asymmetric R-loop flank
stability
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Seeking a mechanistic explanation for the unequal stability of 3’ versus 5' R-loop flanks,
we hypothesized that the asymmetry may emerge from energetic differences in the co-
axial stacking of a DNA homoduplex on either end of an RNA:DNA hybrid (Fig. 4-5). Be-
cause interhelical junctions are known to explore both stacked and unstacked confor-
mations in solution (Protozanova et al., 2004; Roll et al., 1998), they are expected to
populate each state to a degree that depends on the free energy change associated
with coaxial duplex stacking. Weaker stacking energy, then, encourages exploration of
motions that initiate preferentially from unstacked duplex termini, such as DNA bending
(Protozanova et al., 2004) and fraying (Hase & Zacharias, 2016).

To investigate whether differences in interhelical stacking energy could explain
the difference in flank stability of the two R-loop topologies, we designed dumbbell sub-
strates that reduced each type of R-loop boundary to a single chimeric oligonucleotide
that contains both an RNA:DNA hybrid and a DNA:DNA homoduplex (Fig. 4-5a, Supp.
Fig. 4-5.1). A stronger interhelical stack in these dumbbells should increase the thermal
stability of the folded state (Erie et al., 1987). Through temperature-dependent hyper-
chromicity measurements, we determined that the RNA-5" dumbbell (resembling the
PAM-distal R-loop edge of Cas9) had a melting temperature 9°C higher than that of the
RNA-3' dumbbell (resembling the PAM-distal R-loop edge of Cas12a) (Fig. 4-5a, Supp.
Fig. 4-5.1). The observed difference in melting temperature supports the idea that the
resistance of 5’ R-loop flanks to permanganate oxidation may emerge from a more sta-
ble interhelical stack.

To probe the structural and energetic features of the interhelical stacks in atomic
detail, we built models of coaxially stacked interhelical junctions of the two types: one
containing an RNA-3' end and one containing an RNA-5' end. We performed a total of
500 nanoseconds of molecular dynamics simulation on each model, and we performed
a second set of simulations on models of a different nucleotide sequence. Strikingly, the
3' R-loop junctions frequently unstacked over the course of these short simulations,
while the &' R-loop junctions remained relatively stable (Fig. 4-5b, Supp. Fig. 4-5.2). Ob-
servation of large-scale conformational transitions relevant to Cas12a-mediated DNA
cleavage, such as fraying or bending events, would likely require much longer simula-
tions (Leroy et al., 1988), but these short simulations suggest that the experimentally
observed instability of 3' R-loop flanks may arise from frequent unstacking events that
comprise an early step in the DNA bending pathway. We speculate that different levels
of interhelical stacking energy may emerge from certain sequence-independent features
of the two duplexes juxtaposed in each type of R-loop boundary, such as helical geome-
try. The difference in the stacking equilibrium then leads to an unequal propensity for
base pairing in the flanking DNA homoduplex. However, whether a difference in inter-
helical stacking energy can fully explain the observed difference in fraying propensity
will require more detailed experimentation and analysis.

4.4 Concluding remarks
Our analyses have uncovered a fundamental asymmetry in the structure of the two
kinds of R-loop flanks—RNA-3’ flanks exhibit a distorted conformation, whereas RNA-5’

flanks resemble standard B-form DNA (Fig. 4-4b)—that is directly relevant to the mech-
anism of Cas12a-mediated DNA double-strand break formation. Specifically, the ability
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of the Cas12a RuvC active site to capture the target strand may rely on the active site’s
proximity to the uniquely malleable 3' R-loop flank, which relies in turn upon the topol-
ogy of the Cas12a R-loop (Fig. 4-6).

This peculiar asymmetry in nucleic acid conformational dynamics may also have
consequences for non-CRISPR-associated R-loops. R-loops are common byproducts of
transcription in eukaryotic genomes, and their dysregulation has been linked to a num-
ber of diseases (Crossley et al., 2019). It has been proposed that the mode of patho-
genesis, in some cases, may emerge from the aberrant activity of general DNA repair
nucleases on R-loop boundaries, whose scission leads to the formation of toxic double-
strand breaks (Sollier et al., 2014). Notably, in the earliest biochemical exploration of
this process, purified XPG (a human DNA repair nuclease) and nuclease P1 (a secreted
fungal nuclease commonly used to selectively degrade single-stranded nucleic acid
structures) robustly cleaved a 3' R-loop flank but left the 5’ R-loop flank largely un-
touched (Tian & Alt, 2000). While this result was originally attributed to an idiosyncrasy
of the tested sequence, our results suggest that the flank preference may have been
polarity-dependent, not sequence-dependent. The experiments of Tian and Alt could
represent an independent observation of the phenomenon dissected in the present
work, implying that the asymmetric structure of R-loop boundaries may affect DNase
sensitivity and genome stability in multiple domains of life.

Cas12a’s mode of dsDNA targeting contrasts with the established DNA cleavage
mechanisms of other CRISPR interference complexes, which do not rely on instability in
DNA flanking the R-loop. Cas9 forms R-loops with the topology that yields a stably
base-paired PAM-distal R-loop flank (Fig. 4-4a), but its second nuclease domain obvi-
ates the need to cleave outside the R-loop (Fig. 4-1b). In type | CRISPR interference
complexes, which have the same R-loop topology as Cas12a, the single-strand-specific
DNase Cas3 is used to nick the displaced portion of the non-target strand after R-loop
formation (Westra et al., 2012), similar to the initial non-target-strand nicking event in
Cas12a. Cas3 eventually gains access to the PAM-proximal R-loop flank for processive
DNA degradation, but, importantly, it uses an ATP-driven helicase to do so (Mulepati &
Bailey, 2013). Thus, DNA cleavage in the 3' R-loop flank of the Cas12a interference
complex seems to be a solution that maximizes the utility of its minimal enzymatic ma-
chinery.

Intriguingly, all known DNA-targeting Cas12 enzymes, which are taxonomically
defined by their minimal enzymatic machinery (a single RuvC DNase domain), form R-
loops of the topology that allows target-strand cleavage within a PAM-distal 3' R-loop
flank (Karvelis et al., 2020; Liu et al., 2019; Yan et al., 2019; H. Yang et al., 2016) (for
target-strand cleavage properties of Cas12i, see Appendix 4B). Given the importance of
DNA bending in enabling a single RuvC active site to form double-strand breaks, we
propose that the universal type V R-loop topology may be the product of biophysically
imposed selective pressures. If a single-DNase Cas enzyme were to form R-loops of
the Cas9-like topology, the target strand would be cut, by analogy, within a 5’ R-loop
flank. Our results indicate that 5' R-loop flanks resist fraying and bending, which may
lead to slower target-strand cleavage in the hypothetical topology-inverted enzyme (Fig.
4-6). We hypothesize that, under the strong evolutionary pressure for immune re-
sponses that efficiently produce double-strand breaks (Heitman et al., 1999), ancestral
enzymes with PAM-distal 3' R-loop flanks outperformed topology-inverted variants,
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perhaps leading to the modern ubiquity of the Cas12a-like R-loop architecture in type V
enzymes. Importantly, the extant diversity of Cas12 proteins likely did not emerge from
a single CRISPR-associated ancestor but rather from many distinct transposon-en-
coded TnpB proteins (Koonin et al., 2017; Makarova et al., 2020), suggesting that sev-
eral independent evolutionary trajectories have converged on the same R-loop topol-
ogy.

While these evolutionary speculations cannot be experimentally verified at pre-
sent, our findings also provide valuable mechanistic information that will support the de-
velopment of Cas12-based genome manipulation technologies. For instance, it has
been proposed that Cas12-family proteins could be used as RNA-guided DNA “nick-
ases” through selective ablation of target-strand cleavage activity, but those nickases
reported so far are catalytically inefficient and do not totally eliminate target-strand cut-
ting (Appendix 4B) (Yamano et al., 2016; Yan et al., 2019). Our permanganate reactivity
results revealed that target-strand distortion in Cas12a-generated R-loops, as probed by
our experimental techniques, can be explained by conformational dynamics intrinsic to
the nucleic acids (Fig. 4-4a). Thus, engineering a type V CRISPR nickase that performs
fast non-target-strand cleavage but undetectable target-strand cleavage will likely re-
quire modifications that shield or distance the RuvC active site from the intrinsically la-
bile 3' R-loop flank. Looking further ahead, if de novo design of Cas-like RNA-guided
nucleases (Rauch et al., 2019) someday enters the realm of dsDNA-targeting,
knowledge of the asymmetry in R-loop flank stability may be useful in tailoring the archi-
tecture of a designed enzyme to a specific application. Our results suggest that placing
a DNase domain near a 3' R-loop flank would encourage fast target-strand cleavage (for
applications requiring double-strand breaks), while placing one near a 5' R-loop flank
would likely inhibit target-strand cleavage (for nickase applications). Complex engineer-
ing feats will become more attainable through continued investigation into the functional,
structural, and evolutionary features of natural dsDNA-targeting CRISPR systems.

4.5 Appendix 4A: The RuvC active site of Cas12a selectively cuts single-stranded
DNA

While the ssDNA specificity of Cas12a RuvC trans activity has been previously reported
(J. S. Chen et al., 2018), we wanted to probe the strength and mechanism of this speci-
ficity, which could lend insight into the enzyme-substrate conformations that permit cis
cleavage. For example, does trans-active Cas12a only cut DNA substrates that are
completely single-stranded, or will it also cut small distortions in dsDNA, as has been
observed for S1 nuclease, an unrelated DNase with reported specificity for single-
stranded substrates (Wiegand et al., 1975)? To compare the substrate range of Cas12a
RuvC to that of S1 nuclease, we tested the susceptibility of various radiolabeled DNA
structures (including a single strand, a duplex, a nicked duplex, and duplexes with gaps,
bubbles, and bulges) to cleavage by the two enzymes, used at concentrations with com-
parable specific activity (Supp. Fig. 4-7.1). In contrast to S1 nuclease, which exhibited
minimal discrimination against even the fully duplex substrate, Cas12a discriminated
strongly against substrates with up to 8-nt tracts of non-duplex DNA (Supp. Fig. 4-7.1).
This stringent substrate preference suggests that non-ssDNA structures are either
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sterically excluded from the RuvC active site or unable to assume catalytic geometry
once bound. However, strand discontinuities as small as a nick were sufficient to permit
low levels of internal strand cleavage by Cas12a (Supp. Fig. 4-7.1). Notably, the nicked
structure resembles the juxtaposed duplexes of an R-loop boundary, and the increased
sensitivity of this substrate to trans cleavage may emerge from the same phenomenon
that enables cis cleavage of the target strand.

4.6 Appendix 4B: Non-target-strand gap formation is required for efficient cleav-
age of the target strand

Elucidating the mechanism of target-strand cleavage requires an understanding of its
interplay with non-target-strand cleavage. To precisely determine the location of
Cas12a-catalyzed NTS cleavage, we monitored the formation of DNA cleavage prod-
ucts over time by denaturing PAGE, and we distinguished between different DNA frag-
ments by placing radiolabels on the 5' or 3' end of each strand (Fig. 4-7, Supp. Fig. 4-
7.2, Supp. Fig. 4-2.1). These experiments were conducted on a timescale and at an en-
zyme concentration at which cis cleavage events (i.e., events in which a Cas12a mole-
cule cuts the DNA molecule to whose PAM it is bound) are the primary contributor to the
observed DNA cutting signal (Supp. Fig. 4-7.3 and .4). Additionally, while frans cleav-
age events (i.e., events in which a Cas12a molecule cuts free DNA or DNA bound to
another Cas12a molecule) may minorly contribute, the concentration-dependence of the
trans cleavage mode allows it to be distinguished from cis cleavage processes (Supp.
Fig. 4-7.5 and .6).

According to these mapping experiments, the non-target strand has two major
cleavage sites, at dinucleotides 13/14 and 18/19 (numbers denote distance from the
PAM), suggesting the formation of a 5-nt gap within the tract of DNA displaced by the
crRNA (Fig. 4-7b). The evolution of the cleavage pattern over time indicates that, in at
least some fraction of the molecules assayed, the NTS is first cut between the two ma-
jor sites and achieves its final state through two or more “trimming” events. A Cas12a
ortholog from Francisella novicida also produced a gap in the NTS, implying that this
phenomenon may be conserved across type V-A enzymes (Supp. Fig. 4-7.7).

Because our ensemble biochemical assay is blind to the occurrence of additional
cuts that occur farther from the radiolabel than the first cut, we cannot unambiguously
assign cleavage states to individual interference complex molecules. Nevertheless, by
comparing the 5'- and 3'-mapped cut-site distributions at a given timepoint, we can
roughly assess the predominant cleavage state of individual molecules. For example, a
population of DNA molecules cut exactly once would yield completely overlapping 5'-/3'-
mapped cut-site distributions, while a population with a gap would yield non-overlapping
peaks in the two distributions.

Therefore, in the target-strand mapping experiments, overlap of the 5'- and 3'-
mapped distributions is consistent with (although not uniquely explainable by) a popula-
tion of interference complexes that have cleaved the TS exactly once (Fig. 4-7a). How-
ever, separation of the two distribution peaks (at dinucleotides 22/23 and 24/25) indi-
cates that most individual complexes perform at least one additional cut in the TS,
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yielding a small TS gap prior to dissociation of the PAM-distal cleavage product (Fig. 4-
7a) (Singh et al., 2018).

These results show that while Cas12a activity does generate staggered cuts in
dsDNA targets as previously reported (Zetsche et al., 2015), its trimming activity, most
notably on the NTS, destroys the capacity of released DNA products to be trivially re-
ligated in a restriction-enzyme-like procedure. In this particular DNA target, the major
Cas12a cleavage products contain a 9-nt overhang on the PAM-proximal fragment and
a 6-nt overhang on the PAM-distal fragment, with 4 nt of complementarity between
these overhangs (Fig. 4-7). These findings may aid in the study of eukaryotic DNA re-
pair pathways elicited by Cas12a cleavage events and in biotechnological applications
of Cas12a that exploit its staggered cuts.

For Cas12a, non-target-strand cleavage is a prerequisite of target-strand cleav-
age (Swarts & Jinek, 2019) (Supp. Fig. 4-8.1). To test whether gap formation in the NTS
is also an obligatory step of Cas12a-catalyzed DNA cleavage, we modified the NTS with
phosphorothioates to selectively inhibit cleavage of certain DNA linkages. Substitution
of calcium for magnesium in the reaction buffer produced a 13-fold increase in the RuvC
DNase’s selectivity for phosphodiester over phosphorothioate linkages, allowing us to
effectively halt expansion of a defined gap size in the NTS while simultaneously meas-
uring cleavage of a fully phosphodiester-linked TS (Supp. Fig. 4-8.2). Neither the cal-
cium substitution nor the inclusion of phosphorothioates impaired enzyme-substrate
complex assembly (Supp. Fig. 4-8.3).

Using a series of NTS variants that were chemically locked in various states of
cleavage (i.e., intact, a single nick, and gaps of varying sizes) (Supp. Fig. 4-8.4), we
measured the extent of TS cleavage after one hour in calcium-containing buffer. TS
cleavage was almost undetectable in the presence of a single nick, and its extent of
cleavage only reached that observed with a fully phosphodiester-linked NTS when the
gap was widened to 5 nt (Fig. 4-8a, Supp. Fig. 4-8.5). We observed a similar trend
when the experiment was conducted in the presence of magnesium (Supp. Fig. 4-8.6).
Together, these results indicate that formation of a gap in the NTS accelerates TS
cleavage. Although NTS gap formation is not strictly required for TS cleavage to occur,
our bulk cleavage analysis suggests that the NTS gap does in fact form before TS
cleavage in the native Cas12a cleavage pathway (Fig. 4-7). Thus, for most experiments
in this work that probed the mechanism of TS cleavage (Fig. 4-2 to -5), we used sub-
strates that recapitulated the 5-nt NTS gap (referred to as a “pre-cleaved” or “pre-
gapped” NTS).

The dependence of TS cleavage on NTS gap formation suggests that the NTS
occludes the RuvC active site immediately following R-loop formation. After a NTS nick-
ing event, RuvC releases and rebinds the NTS in different registers to cleave it in multi-
ple locations, forming a gap that clears the active site for entry of the TS. Consistent
with a substrate-occlusion model, we determined that frans ssDNA cleavage is en-
hanced by gap formation in the NTS and only achieves its maximal rate when the TS
has also been cut (Supp. Fig. 4-8.7). These observations hint at a possible evolutionary
origin for non-specific frans activity—an enzyme that must loosely shuttle multiple cis
substrates into and out of a shared catalytic center would benefit from a promiscuous
and “open” active site. Therefore, the target-activated non-specific ssDNase activity of
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type V Cas enzymes may be a mechanistic artifact of single-DNase cis cleavage rather
than a direct immunological necessity.

To further understand the interplay between non-target-strand and target-strand
cleavage, we investigated strand cleavage kinetics in two type V Cas enzymes that
have been reported to act as NTS “nickases” (i.e., cleave the NTS but not the TS): the
R1226A mutant of AsCas12a (R1226 lies adjacent to the RuvC active site in the tertiary
protein structure) (Yamano et al., 2016) and the type V-l interference enzyme Cas12i1
(Yan et al., 2019). With our sensitive phosphorimaging assay, we determined that these
enzymes do in fact cleave the TS, albeit slowly, suggesting that the cleavage signal
simply did not rise above the detection limit in previous experiments (Yamano et al.,
2016; Yan et al., 2019) (Fig. 4-8b, Supp. Fig. 4-8.8). Importantly, slow TS cleavage ac-
tivity was coupled to slow NTS cleavage activity for both AsCas12a R1226A and
Cas12i1 (Fig. 4-8b, Supp. Fig. 4-8.8), suggesting that slow TS cleavage emerges
mostly from low overall catalytic efficiency. While this low efficiency could be explained
by weak target association for Cas12i1, which exhibited no detectable DNA binding ac-
tivity in our filter-binding assay, the affinity of AsCas12a R1226A for DNA was unim-
paired as compared to WT AsCas12a (Supp. Fig. 4-8.9). Still, both enzymes exhibited
krs:knTs ratios lower than that of WT AsCas12a, suggesting that there may also be more
fundamental differences in their DNA cleavage pathways (Fig. 4-8b).

Specifically, we wondered whether these enzymes were able to form non-target-
strand gaps. To test this question, we began by performing cleavage site mapping on
the NTS of AsCas12a R1226A. At the 1-hour timepoint, the 5'- and 3'-mapped cut-site
distributions contained significant overlap, suggestive of a population of DNA strands
containing either a single nick or a small gap (Supp. Fig. 4-8.10). In contrast, at the 5-
second timepoint of the NTS mapping experiments for WT AsCas12a, the two distribu-
tions were almost completely non-overlapping, having already developed peaks at the
major cut sites (Fig. 4-7b, Supp. Fig. 4-8.10). Because the 1-hour timepoint for As-
Cas12a R1226A and the 5-second timepoint for WT AsCas12a have similar values
(~70%) of total NTS cleavage (an unambiguous measure of the fraction of molecules
that have experienced at least one cut), the difference in distributions implies a funda-
mental difference across the two enzymes in terms of their relative rates of NTS nicking
and trimming (i.e., R1226A has a lower ratio of kuim:knick than WT) (Fig. 4-7b, Supp. Fig.
4-8.10).

To more directly probe the kinetic contribution of NTS trimming activity, we meas-
ured the rate of AsCas12a R1226A TS cleavage in an interference complex with a pre-
gapped NTS. The observed TS cleavage rate in this complex was 40-fold higher than in
the one with an intact NTS (Fig. 4-8b), suggesting that the physical basis for the dispro-
portionately slow TS cleavage kinetics of AsCas12a R1226A actually lies in dispropor-
tionate slowing of a step prior to TS cleavage (i.e., NTS gap formation). Gap-widening
cleavage events may be slower than the initial nicking event in this mutant due to the
high entropic cost of associating a severed strand with the active site, as nicking of the
NTS is expected to boost its conformational freedom (Xiao et al., 2018).

Similarly to Cas12a, Cas12i1-mediated TS cleavage depends upon NTS cleav-
age (Supp. Fig. 4-8.1). However, cleavage site mapping for Cas12i1 revealed that a
NTS gap had already formed at the earliest timepoints for which cleavage was detecta-
ble (Supp. Fig. 4-8.11). Additionally, Cas12i1-mediated TS cleavage could be only
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slightly accelerated by pre-gapping the NTS, indicating that NTS trimming is not rate-
limiting for TS cleavage in Cas12i1 (Fig. 4-8B, Supp. Fig. 4-8.8). These results suggest
that across diverse families of type V interference complexes, the microscopic steps of
double-strand break formation can vary in absolute rate and relative kinetic breakdown.
Still, while both AsCas12a R1226A and Cas12i1 exhibit knts:kTs ratios favorable

for “nickase” applications, their use may be limited by their low NTS cleavage rate,

which is 10%-102 times slower than that of WT AsCas12a under the tested conditions.
Thus, Cas9 remains the tool of choice for generating RNA-guided nicks in either DNA
strand because each of its DNase domains can be independently inactivated by point
mutation (Jinek et al., 2012).

4.7 Methods
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Protein expression and purification

Expression plasmids were cloned as previously described (J. S. Chen et al., 2018; Knott
et al., 2019). Briefly, protein-coding DNA segments were shuttled into custom pET-
based vectors by Gibson assembly, and catalytic mutants were generated through site-
directed mutagenesis by polymerase chain reaction (PCR) with blunt-end ligation (plas-
mid sequences are in Supp. File 1). The parent plasmid from which the Cas12i1 expres-
sion plasmid was cloned (pET28a-mH6-Cas12i1) was a gift from Arbor Biotechnologies
(Addgene plasmid #120882). AsCas12a protein expression and purification was per-
formed as previously described (J. S. Chen et al., 2018) with the following modifications.
The cells used for expression were E. coli BL21 Star(DE3). Lysis buffer was 50 mM
HEPES (pH 7.5), 500 mM NaCl, 1 mM TCEP, 0.5 mM PMSF, 10 tablets/L cOmplete
EDTA-free protease inhibitor cocktail (Roche), and 0.25 mg/mL chicken egg white lyso-
zyme (Sigma-Aldrich). Ni-NTA wash buffer was 50 mM HEPES (pH 7.5), 500 mM NaCl,
1 mM TCEP, 5% glycerol, 20 mM imidazole. Ni-NTA elution buffer was 50 mM HEPES
(pH 7.5), 500 mM NaCl, 1 mM TCEP, 5% glycerol, 300 mM imidazole. TEV protease
cleavage was performed overnight while dialyzing against dialysis buffer (50 mM
HEPES (pH 7.5), 250 mM NaCl, 1 mM TCEP, 5% glycerol). Low-salt ion exchange
buffer was 50 mM HEPES (pH 7.5), 250 mM KCI, 1 mM TCEP, 5% glycerol. High-salt
ion exchange buffer was 50 mM HEPES (pH 7.5), 1 M KCI, 1 mM TCEP, 5% glycerol.
Gel filtration buffer was 20 mM HEPES (pH 7.5), 200 mM KCI, 1 mM TCEP, 5% glyc-
erol. Cas12i1 was expressed and purified with the same protocol as for AsCas12a.
FnCas12a and SpCas9 were expressed with the same protocol as for AsCas12a. Purifi-
cation of FnCas12a only differed from that of AsCas12a in the lack of a TEV protease
cleavage step, as the FnCas12a expression construct lacked a cleavable tag. Purifica-
tion of SpCas9 only differed from that of AsCas12a in the ion exchange buffers and gel
filtration buffer, which contained 10% glycerol instead of 5% glycerol. Each protein was
expressed and purified once to create a single set of stock aliquots that were used for
all experiments reported within this manuscript.

In vitro transcription of RNA

Guide RNAs and some short RNAs used in R-loop mimics were produced by in vitro
transcription (see Supp. File 1). Double-stranded DNA templates for T7 RNA polymer-
ase transcription were assembled from several overlapping DNA oligonucleotides (syn-
thesized by IDT) by PCR. Transcription occurred in 40 mM Tris-Cl (pH 7.9 at 25°C), 25
mM MgClz, 10 mM dithiothreitol, 0.01% (v/v) Triton X-100, and 2 mM spermidine, with 5
mM of each NTP and 100 uyg/mL T7 RNA polymerase. Transcription was allowed to pro-
ceed for 2.5 hours at 37°C. Cas9 sgRNAs were transcribed with a hammerhead ribo-
zyme on the 5’ end to allow an arbitrary sequence on the 5' end of the final sgRNA.
Cas12a and Cas12i crRNAs were transcribed with a hepatitis delta virus on the 3' end
to avoid the impurities associated with non-templated nucleotide addition in the final
crRNA. 20-nt spacers used in R-loop mimics were transcribed with both a 5'-HHrz and a
3'-HDVrz. For those RNA transcripts that contained hammerhead ribozyme, which is
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prone to misfolding, an additional 5 mM MgCl. was added to the transcription products,
and the reaction was placed on a thermocycler for iterative annealing ({80°C for 2
minutes, 37°C for 10 minutes} x 8, hold at 10°C). DNA in all transcription reactions was
then digested with DNase | (RQ1 RNase-Free DNase, Promega) (0.05 U/uL, manufac-
turer’s units) for 30 minutes at 37°C. RNA fragments released by the ribozymes were
then purified by denaturing PAGE (10% acrylamide:bis-acrylamide 29:1, 7 M urea, 0.5X
TBE), ethanol-precipitated, and resuspended in RNA storage buffer (0.1 mM EDTA, 2
mM sodium citrate, pH 6.4).

Nucleic acid and interference complex preparation

All DNA oligonucleotides and some RNA oligonucleotides (as indicated in Supp. File 1)
were ordered from Integrated DNA Technologies. DNA oligonucleotides used in bio-
chemical experiments were PAGE-purified in house and resuspended in water. Axso
was measured on a NanoDrop (Thermo Scientific), and concentration was estimated
according to extinction coefficients determined by OligoCalc (Kibbe, 2007). DNA sub-
strates were annealed in annealing buffer (10 mM Tris-ClI, pH 7.9 at 25°C, 50 mM KCl, 1
mM EDTA) by heating to 95°C and cooling to 25°C over the course of 40 minutes on a
thermocycler. This annealing reaction was always performed with 40 nM radiolabeled
DNA strand. When the DNA substrate comprised just two complementary strands, the
unlabeled (complementary) strand was included in the annealing reaction at 80 nM.
When the DNA substrate comprised more than two distinct strands, strands with the
same sense as the radiolabeled strand were included at 80 nM, and strands comple-
mentary to the radiolabeled strand were included at 60 nM. For protein-free R-loop mim-
ics, the RNA (or other spacer mimic) was included in the annealing reaction at 400 nM,
to match the guide RNA concentration of a protein-containing experiment. The substrate
concentrations reported in figure legends refer to the concentration of the radiolabeled
strand. All crRNA and sgRNA molecules were annealed in RNA storage buffer (0.1 mM
EDTA, 2 mM sodium citrate, pH 6.4) prior to use (80°C for 1 minute, then moved directly
to ice). To form CRISPR surveillance complexes (Cas protein + guide RNA), crRNA or
sgRNA was combined with Cas protein (both at 2X final concentration in 1X reaction
buffer) and allowed to equilibrate for 5 minutes at 37°C. To form complete interference
complexes (Cas protein + guide RNA + DNA target), 1 volume of 2X surveillance com-
plex (in 1X reaction buffer) was combined with 1 volume of 2X DNA substrate (in 1X re-
action buffer) and allowed to equilibrate for 5 minutes at 37°C (if applicable).

DNA oligonucleotide radiolabeling

Standard &' radiolabeling was performed with T4 polynucleotide kinase (New England
Biolabs) at 0.2 U/uL (manufacturer’s units), 1X T4 PNK buffer (New England Biolabs),
400 nM DNA oligonucleotide, and 200 nM [y-32P]-ATP (PerkinElmer) for 30 minutes at
37°C, followed by a 20-minute heat-killing incubation at 65°C. Radiolabeled oligos were
then buffer exchanged into water using a Microspin G-25 spin column (GE Healthcare).
For 3' radiolabeling (see Supp. Fig. 4-2.1 and Chapter 5), which was based on the
mechanistic work of (Nandakumar & Shuman, 2004 ), the DNA oligonucleotide to be ra-
diolabeled was synthesized by Integrated DNA Technologies with two modifications: the
sugar moiety of the 3'-most nucleotide was a ribose, and the sugar moiety of the penulti-
mate nucleotide was a 2'-O-methyl ribose. A “phosphate shuttle” RNA oligonucleotide
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underwent a high-yield 5'-radiolabeling procedure (0.5 U/uL T4 PNK, 1X T4 PNK buffer,
1 uM RNA oligonucleotide, 500 nM [y-32P]-ATP, 2 hours at 37°C, 20 minutes at 65°C,
buffer exchanged into water). A T4 RNA ligase 2 substrate was then formed by hybridiz-
ing the phosphate shuttle (363 nM) and the DNA oligo to be radiolabeled (303 nM) to a
“splint” RNA (333 nM) in annealing buffer (10 mM Tris-Cl, pH 7.9 at 25°C, 50 mM KCl, 1
mM EDTA) by heating to 95°C and cooling to 25°C over the course of 40 minutes on a
thermocycler. T4 RNA ligase 2 (New England Biolabs) at 0.5 U/uL (manufacturer’s
units), 1X T4 RNA ligase 2 reaction buffer, and 1 mM MgCl. was added to this annealed
structure. Ligation was allowed to proceed overnight at 37°C. The phosphate shuttle
and splint RNA oligonucleotides were degraded by adding 150 mM NaOH and incubat-
ing at 95°C for 10 minutes. The degradation reaction was stopped by adding a stoichio-
metric amount of HCI and placing on ice. The 3'-radiolabeled DNA oligonucleotide was
then buffer-exchanged into 20 mM Tris-Cl (pH 7.9 at 25°C) using a Microspin G-25 spin
column. This protocol has ~75% yield in terms of transfer of radioactivity from the phos-
phate shuttle RNA to the DNA oligonucleotide 3' end. The hot hydroxide treatment
causes slight accumulation of depurination products, but such products comprise a triv-
ial fraction of the total population of radiolabeled DNA and do not interfere with down-
stream analysis. See Supp. File 1 for the identities and sequences of oligonucleotide re-
agents used in 3'-radiolabeling procedures.

Permanganate reactivity experiments

The permanganate footprinting protocol was based on (Pul et al., 2012). In 40 yL per-
manganate reaction buffer (20 mM Tris-ClI, pH 7.9 at 25°C, 150 mM KCI, 5 mM MgClz),
DNA (10 nM radiolabeled strand, 20 nM unlabeled strand), guide RNA or spacer mimic
(100 nM), and protein (120 nM) were combined (omitting components as indicated for
each experiment) and allowed to equilibrate to 30°C for >5 minutes. 4 yL 160 mM
KMnOg4 (solution prepared in permanganate reaction buffer immediately before reaction)
was added and allowed to react for 2 minutes (unless otherwise indicated) at 30°C. Re-
actions were quenched with 4.8 yL B-mercaptoethanol and moved to ice. 5.3 pL 500
mM EDTA was added. 45.9 yL water was added, and samples were extracted once
with 100 pL 25:24:1 phenol:chloroform:isoamyl alcohol (pH 8) in SPRIME Phase Lock
Heavy tubes (Quantabio). The aqueous phase was isolated and combined with 10 yL 3
M sodium acetate (pH 5.2), 1 uL GlycoBlue coprecipitant (Invitrogen), and 300 uL etha-
nol, and left at -20°C for >2 hours. DNA was precipitated by centrifugation, and super-
natant was decanted. Wet ethanol pellets were resuspended in 10% piperidine and in-
cubated at 90°C for 30 minutes. Solvent was evaporated in a SpeedVac (ThermoFisher
Scientific). Approximate yield was determined by measuring radioactivity of the pellet-
containing tube in a benchtop radiation counter (Bioscan QC-4000), and pellets were re-
suspended in an appropriate volume of loading solution (50% water, 50% formamide,
0.025% w/v bromophenol blue) to normalize signal across samples prior to resolution by
denaturing PAGE. Oligonucleotide identities and sequences are shown in Supp. File 1.

Denaturing polyacrylamide gel electrophoresis and phosphorimaging
Radiolabeled DNA oligonucleotides were denatured (95°C in 50% formamide for 3
minutes) and resolved on a denaturing polyacrylamide gel (15% acrylamide:bis-acryla-
mide 29:1, 7 M urea, 0.5X TBE). Gels were dried (4 hours, 80°C) on a gel dryer (Bio-
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Rad) and exposed to a phosphor screen. Phosphor screens were imaged on an Amer-
sham Typhoon phosphorimager (GE Healthcare). Phosphorimages were quantified us-
ing ImageQuant software (GE Healthcare).

Electrophoretic mobility shift assay and filter-binding assay

In both kinds of binding assays, complexes were formed in 1X binding buffer (20 mM
Tris-Cl, pH 7.9 at 25°C, 150 mM KCI, 5 mM MgClz, 1 mM TCEP, 50 yg/mL heparin, 50
pMg/mL bovine serum albumin, 5% glycerol). Cas protein was first diluted in series in
binding buffer, added to a fixed concentration of guide RNA, and incubated at 37°C for 5
minutes, then 25°C for 25 minutes. This complex was then added to the radiolabeled
DNA probe and incubated at 37°C for 5 minutes, then 25°C for 1 hour. When the titrant
was crRNA instead of Cas protein, the Cas12a:crRNA complex was incubated at 25°C
for 30 minutes, added to DNA probe, and incubated at 25°C for an additional 1 hour.
For the EMSA, samples were then resolved on a native PAGE gel (8% acrylamide:bis-
acrylamide 29:1, 0.5X TBE, 5 mM MgCl2), which was dried and phosphorimaged. For
the filter-binding assay, HT Tuffryn (Pall), Amersham Protran, and Amersham Hybond-
N+ (GE Healthcare) membranes were equilibrated in 1X membrane wash buffer (20 mM
Tris-Cl, pH 7.9 at 25°C, 150 mM KCI, 5 mM MgCl2, 1 mM TCEP, 5% glycerol) and as-
sembled on a vacuum dot-blot apparatus. Radioactive samples were applied to the
membranes, and each spot was washed once with 40 uL 1X wash buffer. Membranes
were air-dried and phosphorimaged. For assays testing complex assembly in calcium-
containing buffer, 5 mM CaClz was substituted for MgCl. in the binding buffer. Oligonu-
cleotide identities and sequences are shown in Supp. File 1.

Enzymatic DNA cleavage assays

To initiate DNA cleavage, 1 volume of 2X surveillance complex, trans-active interfer-
ence complex, or other nuclease (in 1X cleavage buffer) was combined with 1 volume of
2X radiolabeled DNA substrate (in 1X cleavage buffer) at 37°C (unless specified other-
wise). For Cas12a, standard cleavage buffer was 10 mM Tris-Cl, pH 7.9 at 25°C, 150
mM KCI, 5 mM MgClz, 1 mM TCEP. “Calcium-containing” cleavage buffer contained 5
mM CaClz instead of MgCl.. For Cas12i1, cleavage buffer was 50 mM Tris-Cl, pH 8.0 at
25°C, 50 mM NacCl, 10 mM MgCl.. For S1 nuclease (ThermoScientific), cleavage buffer
was the 1X reaction buffer provided by the manufacturer. At each timepoint, 1 volume of
reaction was quenched with 1 volume of 2X quench buffer (94% formamide, 30 mM
EDTA, 0.025% w/v bromophenol blue). For reactions catalyzed by Cas12i1, the 2X
quench buffer also included 400 pg/mL heparin and 0.2% sodium dodecyl sulfate to pre-
vent aggregation in gel wells. For “t=0" timepoints, surveillance complex was first added
to quench buffer and mixed, followed by addition of DNA substrate. Products were then
resolved by denaturing PAGE and phosphorimaging. Oligonucleotide identities and se-
quences are shown in Supp. File 1.

2-aminopurine fluorescence intensity measurements

All oligonucleotides used in these experiments were first ethanol-precipitated and resus-
pended to remove impurities from commercial synthesis that interfered with the optical
spectra of interest. Oligonucleotides were combined to their final concentration in 1X nu-
cleic acid spectroscopy buffer (10 mM KoHPO4/KH2PO4, pH 6.7, 150 mM KCI, 0.1 mM
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EDTA) and annealed on a thermocycler (95°C to 25°C over the course of 40 minutes).
Final concentrations were 5 uM 2-AP-containing oligonucleotide, 5.5 yM complemen-
tary oligonucleotide (if present), 6 yM same-stranded oligonucleotide (if present), and 6
MM RNA oligonucleotide (if present). Samples were placed in a 1.5 mm fluorescence
cuvette (Hellma Analytics) and allowed to equilibrate inside the temperature-controlled
(30°C) cell of a QuantaMaster spectrofluorometer (Photon Technology International) for
3 minutes. The lamp power was set to 74 W, and the slit widths were set as follows (ex-
citation slit 1: 0.5 mm; excitation slit 2: 1 mm; emission slit 1: 2 mm; emission slit 2: 0.9
mm). Fluorescence intensity (Aex=310 nm (4 nm bandpass), Aem=370 nm (3.6 nm band-
pass)) was measured for 30 seconds, and the average across those 30 seconds was
reported. Oligonucleotide identities and sequences are shown in Supp. File 1.

Dumbbell/hairpin melting temperature determination

All oligonucleotides used in these experiments were first ethanol-precipitated to remove
impurities from commercial synthesis that interfered with the optical spectra of interest.
Oligonucleotides were resuspended to an estimated 2.25 uM (the extinction coefficient
of a highly stacked nucleic acid structure is difficult to estimate, but the unimolecular
physical processes being probed are concentration-independent, in theory) in 1X nu-
cleic acid spectroscopy buffer (10 mM KoHPO4/KH2PO4, pH 6.7, 150 mM KCI, 0.1 mM
EDTA). Samples were placed in a 1 cm CD-grade quartz cuvette (Starna Cells) with a
stir bar and cap, which was placed in the sample cell of a temperature-controlled spec-
trophotometer (Cary UV-Vis 100). An equivalent cuvette containing only nucleic acid
spectroscopy buffer was placed in the reference cell. The stir apparatus was turned on,
the block was heated to 95°C, and the samples were allowed to equilibrate for 3
minutes. The system was cooled to 2°C at 1°C/minute, collecting an A2so measurement
every 0.5°C (averaging time = 2 s, slit bandwidth = 1 nm). Refolding of the Cas12a-like
dumbbell at a slower temperature ramp rate (0.3°C/minute) yielded results similar to
those pictured, indicating that the faster ramp rate (1°C/minute) was still slow enough
that the absorbance measurements approached their equilibrium values. Oligonucleo-
tide identities and sequences are shown in Supp. File 1.

Molecular dynamics simulations

The starting conformation of each junction was based on a relaxed structure of a chi-
meric RNA:RNA/DNA:DNA duplex. A 10-bp A-form RNA:RNA duplex and a 10-bp B-
form DNA:DNA duplex were each built in x3DNA (Lu & Olson, 2003). These duplexes
were manually placed in a coaxially stacked conformation using PyMOL, and the junc-
tion was sealed on both strands using Coot (Emsley et al., 2010) (with slight adjustment
of neighboring dihedrals to accommodate the introduced bonds). Using VMD
(Humphrey et al., 1996), this system was solvated with TIP3 waters (Jorgensen et al.,
1983) to a cube that stretched 15 A past each edge of the nucleic acid duplex in its wid-
est dimension. 150 mM NaCl and 5 mM MgCl. were added to the solvent using VMD.
The system was minimized for 2000 steps with the nucleic acid atoms held fixed, then
minimized for an additional 2000 steps while allowing all atoms to move. The system
was then equilibrated for 1 ns, and the final structure of the chimeric duplex was used
as the basis for building the two kinds of junctions.
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For the RNA-3' junction, the bond between the internal 3' end of the RNA tract
and the internal 5' end of the DNA tract was removed, and a 2-nt DNA flap was modeled
in an arbitrary conformation. On the opposite strand, all ribonucleotides were changed
to 2'-deoxyribonucleotides, and uracils were changed to thymines. The RNA-5' junction
was built analogously. For both junctions, the outer termini of each duplex contained 5'-
OH and 3'-OH. The internal DNA flap contained a 5'-phosphate (RNA-3' junction) or a
3'-OH (RNA-5' junction), in keeping with the chemical products of RuvC-catalyzed DNA
cleavage. The internal RNA end contained a 3'-OH (RNA-3' junction) or a 5-OH (RNA-%'
junction). These systems were solvated and minimized as before. The systems were
then equilibrated for 1 ns with the nucleic acid atoms held fixed. This system served as
the starting state for 10 separate production trajectories that were each run for 50 ns
with all atoms free. All equilibration and production runs were carried out in the NPT en-
semble at a temperature of 300 K and pressure of 1 atm.

The simulations were performed on XSEDE computing resources (Towns et al.,
2014) using the NAMD (Phillips et al., 2005) package with the CHARMM36m forcefield
(Huang et al., 2017) and an integration timestep of 2 fs. The Particle Mesh Ewald ap-
proximation was used to calculate long-range electrostatic interactions (Darden et al.,
1993) with a grid size of 1 A. Van der Waals interactions were truncated at 12 A. Hydro-
gen atoms bonded to heavy atoms were constrained with the ShakeH algorithm
(Ryckaert et al., 1977). The Langevin thermostat was used to control the temperature
with a damping coefficient of 1/ps, applied to non-hydrogen atoms. Pressure was con-
trolled with the Nose-Hoover Langevin method (Feller et al., 1995; Martyna et al., 1994),
with a Langevin piston period of 200 fs and a piston decay time of 50 fs.

For each trajectory, the coordinates of the two nucleobases at the junction on the
flapped strand were isolated for further analysis at a sampling rate of 1/ps. Envelope
surface area (ESA), defined as the solvent-exposed surface area of the two isolated nu-
cleobases, was determined in PyMOL and serves as a metric of the degree of base
stacking (bases that are well-stacked have a low ESA, whereas bases that are un-
stacked have a high ESA). All figures were prepared in PyMOL.

DNA size standard preparation

To identify a known specific cleavage site within the protospacer, radiolabeled DNA du-
plexes were digested with Tsel (New England Biolabs) (0.025 U/uL final concentration,
manufacturer’s units) in DNase buffer (10 mM Tris-Cl, pH 7.9 at 25°C, 150 mM KCI, 5
mM MgClz, 1 mM TCEP) for 10 minutes at 65°C. To generate a single-nucleotide lad-
der, the same radiolabeled DNA oligonucleotides were separately digested with nucle-
ase P1, DNase |, trans-active AsCas12a, and T5 exonuclease (which all leave 5' phos-
phate and 3'-OH on their cleavage products, chemically equivalent to products of
Cas12a cis cleavage), and products were pooled at a 1:1:1:1 ratio (T5 exonuclease was
not used for 5'-radiolabeled oligonucleotides) prior to loading on the gel. Nuclease P1
(New England Biolabs) digests were performed with single-stranded radiolabeled DNA
oligonucleotide and 0.5 U/uL enzyme (manufacturer’s units) in DNase buffer for 3
minutes at 37°C. DNase | (RQ1 RNase-Free DNase, Promega) digests were performed
with radiolabeled DNA duplex and 0.01 U/uL enzyme (manufacturer’s units) in DNase
buffer for 3 minutes at 37°C. AsCas12a digests were performed with single-stranded ra-
diolabeled DNA oligonucleotide, 100 nM AsCas12a, 120 nM crRNA, and 50 nM pre-
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cleaved DNA activator in DNase buffer for 5 minutes at 37°C. T5 exonuclease (New
England Biolabs) digests were performed with radiolabeled DNA duplex and 0.01 U/uL
enzyme (manufacturer’s units) in DNase buffer for 10 minutes at 37°C. All reactions
were stopped by addition of 1 volume 2X quench buffer (94% formamide, 30 mM EDTA,
0.025% w/v bromophenol blue).

Steady-state Cas12a trans DNA cleavage kinetic analysis

Kinetics of ssDNA cleavage were assessed by monitoring the rate of dequenching of a
fluorophore-DNA-quencher substrate, as in (J. S. Chen et al., 2018). Briefly, trans-active
holoenzyme (final concentrations: 100 nM AsCas12a, 120 nM crRNA, 10 nM pre-
cleaved duplex activator) was added to various concentrations of fluorophore-DNA-
quencher substrate, and fluorescence (excitation filter: 485 nm/20 bandpass, emission
filter: 528 nm/20 bandpass) was monitored over time at 37°C on a Cytation5 fluores-
cence plate-reader (BioTek). Vo was determined as (slopeai components - SIOPEno DNA activa-
tor)*(fluorescence intensity:[product] conversion factor). The fluorescence inten-
sity:[product] conversion factor was determined empirically for each separate concentra-
tion of fluorescent reporter (by equilibrium titration of purified cleaved/uncleaved re-
porter), as the relationship departed from linearity at higher substrate concentrations.
Oligonucleotide identities and sequences are shown in Supp. File 1.

Model fitting
All models were fit by the least-squares method in Prism 7 (GraphPad Software). The
model used for each dataset is described in the corresponding figure legend.

Analysis and interpretation of permanganate reactivity data
In this work, data describing permanganate reactivity are presented in three ways:

1. Raw phosphorimages of denaturing PAGE analysis of DNA substrates treated
with permanganate and piperidine.

2. “Permanganate reactivity index” (PRI) of individual thymine nucleobases. This
metric is determined from the raw phosphorimages. It is an approximation of the
absolute rate of oxidation at a given thymine, linearly normalized such that PRI =
1 describes a thymine that is fully single-stranded. Thus, a thymine with PRI =
0.4 is estimated to have been oxidized twice as fast as a thymine with PRI = 0.2.

3. “Fraction oxidized in A/T tract” (FO). This metric is a mathematical transfor-
mation/combination of the PRI of all thymines in the R-loop flank of a given DNA
substrate. It is an approximation of the total fraction of DNA molecules (the two
strands of DNA forming the R-loop flank are referred to here as a single “mole-
cule”) that, at the moment of quenching, have been oxidized on at least one of
the nine thymines within the R-loop flank.

While visually inspecting phosphorimages from permanganate experiments, note
that there are occasionally faint bands corresponding to strand cleavage at cytosines
(permanganate oxidizes cytosines, albeit much more slowly than thymines) and at pu-
rines (which occurs during hydroxide treatment in the 3'-radiolabeling protocol). Such
bands constituted a trivial fraction of the total lane volume and did not meaningfully af-
fect analysis.
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Additionally, visual inspection of the raw phosphorimages can be informative but
should be approached with caution because the absolute volume of a given band is
meaningless without considering other bands that may have detracted from its signal.
For example, a strongly oxidized thymine (thymine 1) may yield only a faint band if an-
other strongly oxidized thymine (thymine 2) lies between thymine 1 and the radiolabeled
terminus of the DNA oligonucleotide. If all thymine oxidation events are independent of
each other (i.e., thymine 1 has the same oxidation probability irrespective of whether
thymine 2, or any other thymine, has been oxidized or not), the oxidation probability of
thymine 1 can be reconstructed by considering the thymine-1 band only as a subpopu-
lation of the bands above it on the gel. In other words, out of all the DNA molecules on
the gel for which oxidation of thymine 1 would have been observable (i.e., cleavage
fragments at or above the thymine-1 fragment on the gel), what fraction of those mole-
cules were in fact oxidized at thymine 17? In reality, clusters of thymines have been ob-
served to mutually enhance oxidation probability (Nomura & Okamoto, 2008), so perfect
independence cannot be assumed. Thus, the parameters described below are imperfect
measures of the true rate of oxidation at each thymine.

Beyond uncertainty in the measurement, it is also unknown to what extent the prob-
ing technique is changing the fundamental biophysical features of the DNA structures.
Notably, thymine’s reaction with permanganate breaks the planarity of the nucleobase
and, consequently, its capacity to stack normally. In an A/T-rich sequence like our R-
loop flank (Fig. 4-2B), an oxidation event at thymine 1 could, in principle, begin a chain
reaction of oxidation events as each adjacent thymine successively loses planarity and
unstacks, exposing its neighbor to the oxidant. If such chain reactions occurred quickly
as compared to the timescale of the assay (2 minutes), the distribution of band volumes
would be skewed toward thymine 9. In reality, the band volume distributions are skewed
sharply toward thymine 1 (Supp. Fig. 4-2.3), suggesting that, on the assayed timescale,
the majority of oxidation events do nof lead to additional oxidation events. Still, the pos-
sibility of chain reactions should be kept in mind when interpreting the observed per-
manganate reactivity patterns, in which reactivity decreases with distance from the R-
loop edge (Fig. 4-2b). While these patterns are consistent with fraying duplex termini,
the apparent “depth” of the fraying events should be interpreted as an upper limit on
what would occur in a substrate unexposed to permanganate.

Finally, the structural determinants of permanganate reactivity should be considered
carefully when using these data to draw conclusions about DNA conformation. While
high permanganate reactivity is often associated with “single-strandedness” or “lack of
base pairing,” the reaction is more precisely dependent upon the ability of a permanga-
nate molecule to approach the C5=C6 bond of the thymine nucleobase. This approach
could be facilitated by assumption of a non-B-form helical geometry, global melting of
the DNA duplex, or “flipping” of a thymine out of the duplex without dramatically affect-
ing the helical geometry (Bui et al., 2003). Furthermore, a thymine lying on a duplex ter-
minus could, in principle, be approached and attacked while base paired, albeit from a
restricted angle. This possibility is especially important to consider for thymine 1 of our
A/T-rich R-loop flank (Fig. 4-2b). The reactivity of this thymine varies in RNA-free DNA
bubble controls that have different bubble sequences (Supp. Fig. 4-4.3), perhaps re-
flecting differences in the propensities of individual (unpaired) neighboring bases to
stack on the duplex-terminal thymine. Finally, because thymines within the RNA:DNA

73



hybrid of R-loop structures have two possible base pairing partners (DNA versus
crRNA), the conformational ensemble at these positions is highly complex, and we did
not attempt to draw any structural conclusions from their oxidation rates.

Given the aforementioned caveats, the PRI and FO metrics described below should
be interpreted as estimates rather than accurate measurements of rate and extent of re-
action. Additionally, permanganate reactivity data should be considered alongside the
orthogonal techniques used in this work to assess the structure, energetics, and confor-
mational dynamics of interhelical junctures. The definitions of permanganate reactivity
index (PRI) and fraction oxidized (FO) are as follows:

Let v; denote the volume of band i in a lane with n total bands (band 1 is the short-
est cleavage fragment, band n is the topmost band corresponding to the starting/un-
cleaved DNA oligonucleotide). The probability of oxidation at thymine i is defined as:

v

l
Pi=sm
j=t
Note that this relationship allows determination of p; even if the values of p,.,.; are una-
vailable (e.g. if the shortest cleavage products have been run off the bottom of the gel).
Assuming thymine oxidation occurs with a uniform probability across the time course of
permanganate application (see exponential curve in Supp. Fig. 4-2.3), the rate constant
associated with oxidation probability p; is defined as:
In(r=>)
ki = —
where t is the time of quenching. We found that across experimental replicates there
was systematic variation in k (e.g. k was universally smaller in replicate 2 than in repli-
cate 1 for any given thymine), likely due to variability in the oxidation activity of each
new preparation of the potassium permanganate solution. To allow comparison across
replicates, we normalized all values of k to that of a reference thymine (k,..r) whose
conformational dynamics were not expected to be affected by R-loop formation or asso-
ciated substrate variations (the thymine 10 nt from the end of the 5'-radiolabeled oligo,
present in all DNA substrates tested). For every set of replicate experiments, which
each involved a new preparation of potassium permanganate solution, we determined

the average rate constant of the reference thymine across all substrates (k,..r). The
global average of k..., across all experiments and all replicates (u,..r) was taken to be
the true value of k,..r. The corrected value of k; for each thymine was then taken to be:

V:

f
ki,corr = I_CTB ki
ref
The permanganate reactivity index was then calculated as:
PRI, = i,corr
' kss,corr

where kg .o IS the reference-corrected oxidation rate constant for a thymine unassoci-
ated with a stable base-pairing partner. The value of kg ., used in our calculations
was 0.79 min-!, empirically determined for an arbitrarily chosen thymine within a DNA
bubble (Supp. Fig. 4-2.3). The estimated fraction of DNA molecules oxidized on at least
one thymine within the R-loop flank (correcting to the value expected if the potassium
permanganate solution had its average oxidation activity) was then calculated as:
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pi,corr

— 1 — e_ki,corrt
FO=1- 1_[ (1 - pa,corr) =1- exp _( Z ka,corr) t]
a€RLF a€RLF
where RLF denotes the set of band indices corresponding to the thymines labeled T+
through Tg in Fig. 4-2b, combining data from both the NTS-radiolabeled and TS-radio-
labeled experiments. Note that the PRI metric is subject to increased uncertainty as p;

approaches 1, where the slope of ln(l%p) approaches infinity.
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Figure 4-1 | Structure of Cas12a and comparison of its DNA cleavage pathway to
that of Cas9. a, Crystal structure of the DNA-bound Cas12a interference complex from
Francisella novicida (FnCas12a, PDB 61IK) (Swarts & Jinek, 2019). While the protein
ortholog used for most experiments in this manuscript is from Acidaminoccus species
(AsCas12a, ~40% identity to FnCas12a), the FnCas12a crystal structure shown here
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represents the most complete structure of such a complex to date, most notably with re-
spect to the DNA at the target-strand cleavage sites. We did not perform any experi-
ments with the particular DNA sequence used by Swarts & Jinek in crystallization, so
the scissile phosphodiesters indicated were determined for a different sequence (see
Fig. 4-7, Supp. Fig. 4-7.7) and superimposed onto the structural model according to
their distance from the PAM (in terms of number of nucleotides). The discontinuity mod-
eled into the non-target strand corresponds to positions of weak electron density in the
crystal structure, which could have been due to some combination of disorder of the (in-
tact) intervening tract and/or in crystallo hydrolysis and dissociation of the intervening
tract. b, For Cas12a, successful R-loop formation results in activation of the RuvC
DNase active site to cleave three classes of DNA substrates (yellow scissors): the non-
target strand (in cis), the target strand (in cis), and non-specific ssDNA (in trans). Cir-
cled numbers indicate the required order of cis strand cleavage; three conserved active
site carboxylates of the RuvC DNase are shown in yellow and red; “PAM” indicates the
protospacer-adjacent motif; red arrow indicates the direction in which the R-loop is
opened. Cas9 contains two DNase domains: the RuvC domain cleaves the non-target
strand, and the HNH domain cleaves the target strand.
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Figure 4-2 | The target-strand cleavage site becomes distorted upon R-loop for-
mation. a, Denaturing PAGE phosphorimages of piperidine-treated permanganate oxi-
dation products, demonstrating the assay’s ability to detect non-B-form DNA confor-
mations within and adjacent to a dCas12a-generated R-loop. Permanganate reactions
were quenched after 10 seconds at 30°C. Each thymine in the DNA substrate is shown
as a circled T. b, Permanganate reactivity of a PAM-distal R-loop flank whose sequence
was changed (as compared to the native protospacer sequence that was probed in a) to
contain more thymines, with an intact or cleaved non-target strand (“cleaved NTS” indi-
cates that there is a 5-nt gap in the NTS—see Appendix 4B). Permanganate reactions
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were quenched after 2 minutes at 30°C. A raw phosphorimage is shown in Supp. Fig. 4-
2.3. The permanganate reactivity index (PRI) is an estimate of the rate of oxidation at
each thymine, normalized such that PRI = 1 for a fully single-stranded thymine (see
Methods). Columns and associated error bars indicate the mean and standard deviation
of three replicates. The phosphodiester bonds normally cleaved by WT Cas12a are indi-
cated with arrows on the substrate schematic for reference, but note that the complexes
being probed with permanganate were formed with dCas12a.
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Figure 4-3 | DNA distortion in the R-loop flank facilitates target-strand cleavage. a,
Permanganate reactivity of A/T tract in a 20-nt R-loop and an 18-nt R-loop. Permanga-
nate experiments were conducted as in Fig. 4-2b (2 minutes, 30°C). Purple rectangles
alongside DNA schematics indicate the location of the tract of DNA whose permanga-
nate reactivity is being quantified. The y-axis denotes the fraction of DNA molecules es-
timated to have been oxidized on at least one thymine within the A/T tract (see
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Methods). Columns and associated error bars indicate the mean and standard deviation
of three replicates. b, Target-strand cut-site distribution with a shrinking R-loop, as re-
solved by denaturing PAGE and phosphorimaging (n=3). 100 nM AsCas12a and 120
nM crRNA were incubated with 1 nM of DNA target at 37°C for 1 hour, prior to quench-
ing and resolution by denaturing PAGE (kinetics shown in Supp. Fig. 4-3.4). Each lane
corresponds to a different DNA target, bearing varying numbers of PAM-distal mis-
matches with respect to the crRNA. Indicated above each lane is the number of base
pairs of complementarity between the target strand and the crRNA spacer, starting with
the base immediately adjacent to the PAM. For the lane lacking an asterisk, the DNA
target was fully duplex. For the lanes that bear asterisks, the DNA target contained a
bubble across the region of crRNA:TS complementarity, which stabilized the interaction
of the DNA with the Cas12a/crRNA complex. Numbers to the left of the phosphorimage
indicate the position (distance from the PAM, as numbered in ¢) of the dinucleotide
whose phosphodiester was cleaved to yield the labeled band. Black arrows are drawn
on the substrate diagrams to indicate cleaved phosphodiesters (as determined from the
phosphorimage), and relative arrow lengths are roughly reflective of relative band inten-
sities. ¢, Target-strand cut-site distribution with various sequences in the R-loop flank
(all with a 20-nt R-loop), as resolved by denaturing PAGE and phosphorimaging (n=3).
100 nM AsCas12a and 120 nM crRNA were incubated with 1 nM of DNA target at 25°C
for 10 minutes, prior to quenching and resolution by denaturing PAGE (kinetics shown
in Supp. Fig. 4-3.7). All DNA targets were 5'-radiolabeled on the target strand. The non-
target strand contained a gap from positions 14-18 (see Appendix 4B) but was comple-
mentary to the target strand at positions 1-13 and 19-20. In each lane, the DNA target
was varied to contain different sequences in the R-loop flank, which either formed a per-
fect duplex (substrates A, C, and E) or contained a 3-bp NTS:TS mismatch (substrates
B, D, and F). Black arrows are drawn on the substrate diagrams as in b.
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Figure 4-4 | DNA distortion is protein-independent and unique to 3' R-loop flanks.
a, Permanganate reactivity of the A/T tract in a dCas12a R-loop, a dCas9 R-loop, and
their protein-free mimics. The y-axis denotes the fraction of DNA molecules estimated to
have been oxidized on at least one thymine within the A/T tract (see Methods). Purple
rectangles alongside DNA schematics indicate the location of the tract of DNA whose
permanganate reactivity is being quantified. Columns and associated error bars indicate
the mean and standard deviation of three replicates. b, Model for the relative conforma-
tional dynamics of 3' and 5' R-loop boundaries, as suggested by permanganate reactiv-
ity experiments. The depth of fraying shown (3 base pairs) was chosen arbitrarily for the
schematic and should not be interpreted as a uniquely stable “open” structure (see
Methods).
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Figure 4-5 | Energetics of base stacking at the R-loop boundary probed by optical
measurements and molecular dynamics simulations. a, Melting temperatures of
nicked-dumbbell constructs that recapitulate each type of R-loop boundary, determined
by monitoring absorbance of ultraviolet light while slowly cooling samples from 95°C to
2°C. Reported values show mean and standard deviation of three replicates. See Supp.
Fig. 4-5.1 for refolding curves and control constructs. b, Molecular dynamics simulations
reveal nucleobase unstacking in 3' R-loop boundaries but not in 5' R-loop boundaries.
At the top left is a schematized version of the true structural model shown immediately
below (this coaxially stacked conformation is the starting structure that was used for
simulation); hydrogens were present in the simulated model and analyses but are omit-
ted from representations here for clarity. The simulated model contained only the nu-
cleic acid molecules shown in stick representation; the protein and remainder of the R-
loop are drawn in a schematic only to orient the reader as to where the simulated struc-
ture would fit into a full DNA-bound CRISPR interference complex; the Cas9-orientation
R-loop is drawn with a Cas12a-like NTS gap to reflect the simulated model. The inset is
a closeup of the two nucleotides on the “flapped” side of the junction in the structural
model; the 2'-OH is shown as a red sphere. Envelope surface area (ESA) was deter-
mined by isolating two nucleobases of the interhelical stack—that on the RNA terminus
and that stacked upon it from the NTS—and calculating the surface area of the volume
they jointly occupy over the course of each trajectory (envelope shown in cyan). High
ESA values reflect unstacking of nucleobases, whereas low ESA values reflect a
stacked architecture similar to that of the starting conformation. Pale lines are absolute
ESA values, and bold lines are moving averages (1-ns sliding window). Data from ten
independent 50-ns trajectories are shown in different colors. Simulations of a second
set of sequences are described in Supp. Fig. 4-5.2.
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release of PAM-distal fragment,
NTS TS * full trans activity

gap formation cleavage (

stable
interhelical
stack

Figure 4-6 | Model for the double-strand-break formation pathway of Cas12a and
that of an analogous (hypothetical) enzyme with inverted R-loop topology. Scissile
DNA tracts are shown in yellow. The stable interhelical stack in the hypothetical inverted
complex is highlighted in white.
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Figure 4-7 | Cas12a forms a gap in the non-target strand and cleaves the target
strand outside the R-loop. a, Target-strand cleavage products over time, as quantified
by denaturing polyacrylamide gel electrophoresis (PAGE). 100 nM AsCas12a and 120
nM crRNA were incubated with 5 nM radiolabeled DNA target at 37°C for the indicated
timepoints, followed by quenching and resolution by denaturing PAGE. Representative
phosphorimages are shown in Supp. Fig. 4-7.2. Data shown here are the average of
three replicates. Each circle denotes a phosphodiester at which cleavage was ob-
served. The intensity of color in each half-circle (“cleavage signal”) reflects the fraction
(band volume for a given cleavage product) / (total volume in lane). The left half of each
circle (red) corresponds to the cleavage product detected with a PAM-proximal radio-
label. The right half of each circle (blue) corresponds to the cleavage product detected
with a PAM-distal radiolabel. b, Non-target-strand cleavage products over time, as
quantified by denaturing PAGE (phosphorimage in Supp. Fig 4-7.2). Data representa-
tion as in a.
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Figure 4-8 | Non-target-strand gap formation poses a kinetic barrier to target-
strand cleavage for AsCas12a. a, Extent of target-strand cleavage by wild type As-
Cas12a in the presence of various non-target-strand variants, as resolved by denaturing
PAGE (phosphorimage in Supp. Fig. 4-8.5). Cas12a surveillance complex (100 nM As-
Cas12a, 120 nM crRNA) was added to 1 nM pre-hybridized target DNA radiolabeled on
the 5' end of the TS and allowed to incubate in cleavage buffer with 5 mM CaClz for 1
hour at 37°C prior to quenching. In the schematic, the red portion of the NTS denotes
phosphorothioate (PS) linkages; the gray portion denotes phosphodiester (PO) link-
ages. In the graph, red bars denote reactions with a PS-containing NTS variant; gray
bars denote reactions either with no NTS or with an NTS variant containing only PO-
linkages. From left to right (omitting the no-NTS control), the NTS variants used were A,
B,D,G,J,N,Q, T,W,Y, Z, as schematized in Supp. Fig. 4-8.4. Columns and associ-
ated error bars indicate the mean and standard deviation of three replicates. b, Cleav-
age kinetics of NTS, TS, and TS complexed with a pre-gapped NTS (NTS contains a 5-
nt gap). 100 nM protein and 120 nM cognate crRNA were incubated with 2 nM DNA tar-
get with a 5' radiolabel on the indicated strand at 37°C for various timepoints, followed
by quenching and resolution by denaturing PAGE. Representative phosphorimages and
quantifications are shown in Supp. Fig. 4-8.8. Columns and associated error bars indi-
cate the mean and standard deviation of three replicates.
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4.9 Supplementary figures

1. Commercial synthesis of DNA oligonucleotide with modifications on the two 3’-most sugars.

penultimate sugar:
2'-OMe ribose

final sugar:
I I I I I I I I o/,,/o ribose
\ on
e}
OH
R

2. Enzymatic addition of 32P-phosphate to 5’ end of a “phosphate shuttle” RNA.

RNA 5’
+
polynucleotide kinase (PNK) ——» I I I I I I I I I I I I I I I I

+
[y-*2P]-ATP
3. Annealing of bridge structure to serve as ligase substrate.
DNA to be 3’-radiolabeled phosphate shuttle RNA
3’ 5’
splint RNA
4. T4 RNA ligase 2-catalyzed phosphodiester formation. Q P
. O/F\g/ &OH/-\@\/OQ,OH
R T OH o\g

2'-OMe at this position
enables T4 RNA ligase 2 activity

5. Hydroxide-catalyzed RNA degradation.
5’

AR
ﬂ"?f"'

6. Neutralization by acid and removal of mononucleotides by G-25 spin column.

bond formed by ligase

Y &(}(

bond formed by
alkaline auto-cleavage

Supplementary Figure 4-2.1 | Method used to 3'-end radiolabel DNA oligonucleo-
tides. See Methods for details.
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NTS 5'-GTCATAATGATTTTATCTTCTGGATTGTTGTAAGCAGCATTTGAGCAAAAATCTGTTGC-3"

complementary to R-loop flank

. PAM crRNA spacer (RLF)
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Supplementary Figure 4-2.2 | A gap in the non-target strand increases the affinity
of dCas12a for its DNA target. Top panel: The affinity of dAsCas12a/crRNA for a cog-
nate DNA target was assessed by an electrophoretic mobility shift assay (EMSA) and a

fraction bound
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filter-binding (FB) assay. dAsCas12a was titrated in a solution with fixed [crRNA] (750
nM) and [DNA probe] (100 pM), followed by separation of protein-bound DNA from free
DNA. The EMSA indicated that the oligonucleotide annealing protocol yields 100% du-
plex DNA probe and that the binding conditions yield one major protein-bound species.
“Fraction bound” is defined as (background-subtracted volume of upper band)/(total
background-subtracted lane volume) for the EMSA and (background-subtracted volume
of Protran spot)/(total background-subtracted volume of Protran spot + Hybond N+ spot)
for the filter-binding assay. The value of “fraction bound” was 0 at [dAsCas12a]=0 for
both assays (not shown in plot due to the logarithmic x-axis). When appropriate, data
were fit to the sum of a hyperbola and a line (y=Bmax*x/(Ko+x)+NS*x), where NS de-
scribes a non-specific binding mode. It is common to see Bmax values below 1 in EMSAs
and filter binding assays, in which the process of physical separation can disrupt bound
species. Kp for the EMSA was 8.2 nM (n=1). Kp for the filter-binding assay was 8.1 nM
+ 0.8 (SD) (n=3). Bottom panel: Using the filter binding assay, we assessed the affinity
of dAsCas12a/crRNA for various cognate DNA targets. Protospacer 2 (used in Fig. 4-
2b) is the version of protospacer 1 (used in Fig. 4-2a) modified for permanganate prob-
ing of the R-loop flank. Differences between protospacer 1 and protospacer 2 are high-
lighted in red (A/T base pairs substituted into the RLF, G/C base pairs substituted else-
where to maintain stable association between the two DNA strands). “Intact” protospac-
ers are as shown in the sequence schematic. “Pre-gapped” protospacers are missing nt
14-18 of the NTS (as measured from the PAM, see Appendix 4B). The value of “fraction
bound” was 0 at [dAsCas12a]=0 for all substrates (not shown due to the logarithmic x-
axis). Data were analyzed as described for the top panel. Kp for protospacer 1 (intact)
was 5 nM £ 1 (SD) (n=3). Kp for protospacer 2 (intact) was 54 nM £ 12 (SD) (n=3). Kp
for protospacer 2 (pre-gapped) was 2.8 nM + 0.5 (SD) (n=3). Data from the protospacer
1 (pre-gapped) experiment indicated that the Kp was near or below [DNA probe], pre-
venting accurate Kp determination by hyperbolic fitting. The reason for the low observed
affinity of dAsCas12a for protospacer 2 (intact) is unknown.
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Supplementary Figure 4-2.3 | Translating raw phosphorimages into quantitative
permanganate reactivity metrics. Left panel: Kinetics of permanganate reaction with
an unpaired thymine. The depicted substrate was subject to the standard permanganate
reaction protocol with quenching at 0, 5, 10, 30, 60, and 120 seconds. Black arrows
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indicate chemical cleavage fragments that resulted from oxidation of the annotated thy-
mine. “Fraction oxidized at thymine X,” plotted in the graph at the bottom, was deter-
mined as described in Methods and is equivalent to the variable p;. The phosphorimage
and graph shown are from a single representative replicate (n=3). Data were fit to an
exponential decay (y=(yo-plateau)*exp(-k*x)+plateau), with yo constrained to 0 and the
plateau value constrained to 1. The value of k was determined to be 0.998 min-' + 0.027
(SD) (n=3), which, when corrected to the reference thymine, yielded the value of

kss cor-=0.79 min~! that was used for normalization of the permanganate reactivity index
in all other permanganate experiments. Right panel: Raw phosphorimage of quantified
data presented in Fig. 4-2b. Black arrows indicate chemical cleavage fragments that re-
sulted from oxidation of the annotated thymine. The method to determine the “perman-
ganate reactivity index” and “fraction oxidized” metrics from a raw phosphorimage is de-
scribed in Methods.
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TS 3'-CCGTATCACTGAAATAGAAGACCTAACAACATTCGATATATATTCGTGCTCGGACAACG-5'
NTS 5'-GGCATAGTGACTTTATCTTCTGGATTGTTGTAAGCTATATATAAGCACGAGCCTGTTGC-3"'
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spacer of crRNA 3: 5' -UCUUCUGGAUUGUUGUAAGC-3'

protospacer 4: lﬂ IMI
TS 3'-CCGTATCACTGAAATAGAAGACCTAACAACATTGCATATATATTCGTGCTCGGACAACG-5"
NTS 5'-GGCATAGTGACTTTAAGAAGACCTAACA CGTATATATAAGCACGAGCCTGTTGC-3
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Supplementary Figure 4-3.1 | dCas12a ribonucleoprotein binds tightly to pre-
gapped/pre-unwound targets despite PAM-distal mismatches. The affinity of dAs-
Cas12a/crRNA for various cognate DNA targets was assessed by a filter-binding assay.
“Pre-gapped” indicates the presence of a 5-nt gap in the non-target strand (see
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Appendix 4B). “Pre-unwound” indicates the presence of a stretch of NTS:TS mis-
matches in the DNA substrate. In Fig. 4-3a, protospacer 3 is annotated as “DNA sub-
strate 1;” protospacer 4 is annotated as “DNA substrate 2;” and crRNA 3 is the depicted
crRNA. For each combination of crRNA/DNA target, crRNA was titrated in a solution
with fixed [dAsCas12a] (400 nM), [DNA probe] (100 pM), and [non-specific DNA com-
petitor] (500 nM). The identities of the titrant/fixed component were inverted in this ex-
periment (as compared to all other binding experiments) because crRNA can form a
stable complex with pre-unwound DNA targets in the absence of protein. Keeping [dAs-
Cas12a] at 400 nM favored the formation of (dAsCas12a/crRNA):DNA complexes over
crRNA:DNA complexes (which would be indistinguishable from free DNA in the filter
binding assay). In the presence of high [apo protein], 500 nM non-specific DNA compet-
itor (a duplex with a short ssDNA overhang) was also included to disfavor non-specific
interactions between radiolabeled DNA and apo protein. The value of “fraction bound”
was 0 at [crRNA]=0 for all substrates (not shown due to the logarithmic x-axis). For all
pre-unwound DNA targets, the fraction bound was essentially concentration-independ-
ent across all nonzero concentrations tested, suggesting that the lowest concentration
tested had already saturated the specific binding interaction being probed. The high sta-
bility is in line with thermodynamic expectations for an interaction involving hybridization
of two complementary 18-nt or 20-nt oligonucleotides (Tm > 40°C) (Kibbe, 2007). The
fact that the saturated bound fraction is less than 1 could be due to (1) a common fea-
ture of filter-binding assays in which the process of physical separation disrupts bound
species or (2) a stable population of protein-free crRNA:DNA complexes. In any case,
the important conclusion to be drawn from these data is that each protospacer exhibits
the same fraction bound regardless of the presence of mismatches at positions 19 and
20 in the crRNA. Thus, the crRNA-dependent effects seen in Fig. 4-3a and Supp. Fig. 4-
3.2 must emerge from fundamental differences in conformational dynamics and not
from differences in binding occupancy of Cas12a/crRNA on the DNA probe.
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Supplementary Figure 4-3.2 | Effect of R-loop truncation on permanganate reac-
tivity of the A/T tract. Permanganate reactivity of the A/T tract in a 20-nt R-loop and
an 18-nt R-loop. In Fig. 4-3a, protospacer 3 is annotated as “DNA substrate 1;” proto-
spacer 4 is annotated as “DNA substrate 2;” and crRNA 3 is the depicted crRNA. Per-
manganate experiments were conducted as in Fig. 4-2b (2 minutes, 30°C). See
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Methods for description of the parameters plotted on the y-axis. Columns and associ-
ated error bars indicate the mean and standard deviation of three replicates. Columns 1,
2, 4, and 6 are equivalent to the data shown in Fig. 4-3a. Columns 3 and 5 use a crRNA
with compensatory mutations at positions 19-20, showing that the effect is dependent

upon base pairing topology and not a particular sequence.
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Supplementary Figure 4-3.3 | Effect of PAM-distal mismatches on non-target-
strand and target-strand cleavage kinetics and position with fully duplex DNA tar-
gets. 100 nM AsCas12a and 120 nM crRNA were incubated with 1 nM of DNA target at
37°C for 20 seconds, 1 minute, 5 minutes, and 30 minutes, prior to quenching and reso-
lution by denaturing PAGE. Each group of four lanes corresponds to a different DNA
target, with varying numbers of PAM-distal mismatches with respect to the crRNA. Indi-
cated above each group of four lanes is the number of base pairs of complementarity
between the TS and the crRNA spacer, starting with the base immediately adjacent to
the PAM. All DNA targets in this gel were fully duplex (not pre-unwound/bubbled), re-
sulting in enhanced discrimination against PAM-distal mismatches as compared to the
bubbled DNA targets in Fig. 4-3b and Supp. Fig. 4-3.4.
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Supplementary Figure 4-3.4 | Effect of PAM-distal mismatches on non-target-
strand and target-strand cleavage kinetics and position with bubbled DNA tar-
gets. 100 nM AsCas12a and 120 nM crRNA were incubated with 1 nM of DNA target at
37°C for 0 seconds, 15 seconds, 2 minutes, 10 minutes, and 1 hour, prior to quenching
and resolution by denaturing PAGE. Each time series corresponds to a different DNA
target, bearing varying numbers of PAM-distal mismatches with respect to the crRNA.
Indicated above each time series is the number of base pairs of complementarity be-
tween the TS and the crRNA spacer, starting with the base immediately adjacent to the
PAM. For the time series lacking an asterisk, the DNA target was fully duplex (as in
Supp. Fig. 4-3.3). For the time series that bear asterisks, the DNA target contained a
bubble across the region of crRNA:TS complementarity (as illustrated in Fig. 4-3b),
which stabilized the R-loop. In the top panel, the NTS was 5'-radiolabeled. In the bottom
panel, the TS was 5'-radiolabeled.
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Supplementary Figure 4-3.5 | Determinants of altered target-strand cleavage ki-
netics and position. 100 nM AsCas12a and 120 nM crRNA were incubated with 1 nM
duplex DNA target radiolabeled on the 5' end of the target strand at 37°C for0 s, 15 s, 1
m, 4 m, 15 m, or 1 h, prior to quenching and resolution by denaturing PAGE. The 20-nt
target sequence immediately adjacent to the PAM is shown below the crRNA spacer se-
guence used in each experiment. Red letters indicate TS:crRNA mismatches. Green let-
ters indicate compensatory changes in the crRNA to restore a 20-nt match. The final
timepoint of each reaction is reproduced in the gel on the right, for side-by-side
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comparison of the cleavage site distributions. “Fraction cleaved” is defined as (sum of
the volume of all bands below the uncleaved band)/(total volume in lane). Data were fit
to an exponential decay (y=(yo-plateau)*exp(-k*x)+plateau), with yo constrained to 0 and
the plateau value constrained to <1. A representative replicate is shown. The value of
Kobs for each time course is as follows: A (0.12 s'), B (0.0093 s™'), C (0.0094 s'), D
(0.16 "), E (0.015 s7"). The precise value of kops for A and E should be interpreted with
caution due to poor sampling of informative timepoints.
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Supplementary Figure 4-3.6 | Non-target-strand cut-site distribution with a shrink-
ing R-loop. Final timepoint (1 hour) of each time series in the non-target-strand gel
shown in the top panel of Supp. Fig. 4-3.4, shown side-by-side for visual comparison—
analogous to the final timepoints for the target strand shown in Fig. 4-3b.
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Supplementary Figure 4-3.7 | Kinetics of target-strand cleavage in DNA targets
with various sequences in the R-loop flank. Experiment performed as described in

legend to Fig. 4-3c. 100 nM AsCas12a and 120 nM crRNA were incubated with 1 nM of
DNA target at 25°C for 0 seconds, 15 seconds, 30 seconds, 1 minute, 2 minutes, 4
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minutes, or 10 minutes, prior to quenching and resolution by denaturing PAGE. All DNA
targets were 5'-radiolabeled on the TS. The NTS was pre-gapped from positions 14-18
but complementary to the TS at positions 1-13 and 19-20. In each lane, the DNA target
was varied to contain different sequences in the RLF, which either formed a perfect du-
plex (substrates A, C, and E) or contained a 3-bp NTS:TS mismatch (substrates B, D,
and F). “Fraction cleaved” is defined as (sum of the volume of all bands below the un-
cleaved band)/(total volume in lane). Data were fit to an exponential decay (y=(yo-plat-
eau)*exp(-k*x)+plateau), with yo constrained to 0. A representative replicate (n=3) is
shown. The value of kobs + SD for each time course is as follows: A [0.092 + 0.012 s7'],
B [0.145 + 0.007 s'], C [0.0059 + 0.0006 s™'], D [0.137 £ 0.002 s*"], E [0.024 + 0.002 s°
'], F [0.061 + 0.013 s™']. The rate constants for B and D should be interpreted with cau-
tion due to poor sampling of informative timepoints.
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E pre-gapped, pre-unwound 20-nt RNA oligo complementary to
protospacer 2 TS

E pre-gapped protospacer 5 -
pre-gapped protospacer 5 dSpCas9:sgRNA (20-nt spacer

G complementary to TS)
pre-gapped, pre-unwound -

H protospacer 5
pre-gapped, pre-unwound dSpCas9:sgRNA (20-nt spacer

I protospacer 5 complementary to TS)
pre-gapped, pre-unwound 20-nt RNA oligo complementary to

J protospacer 5 TS

Supplementary Figure 4-4.1 | Permanganate reactivity of the A/T tract in R-loops
formed by dCas12a or dCas9. Permanganate experiments were conducted as in Fig.
4-2b (2 minutes, 30°C). “Pre-gapped” indicates the presence of a 5-nt gap in the non-
target strand (see Appendix 4B) (the NTS gap in the dCas9 target is unrelated to the cut
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that would normally be formed by a nuclease-active Cas9—instead, it was designed to
be analogous to the NTS gap formed by AsCas12a in an R-loop of the opposite topol-
ogy, at positions 14-18). “Pre-unwound” indicates the presence of a stretch of NTS:TS
mismatches in the DNA substrate (20-nt bubble throughout region of RNA complemen-
tarity); asterisks highlight the constructs that contain these NTS:TS mismatches. The
sequence of protospacer 5 is identical to that of protospacer 2 except for a change in
the PAM, which is not expected to affect conformational dynamics at the A/T tract (be-
sides in permitting dCas9 binding). See Methods for description of the parameters plot-
ted on the y-axis. Columns and associated error bars indicate the mean and standard
deviation of three replicates. Experiments A, B, E, F, G, and J are equivalent to the data
shown in Fig. 4-4a.
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affinity of dSpCas12a/crRNA for a cognate DNA target was assessed by an
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electrophoretic mobility shift assay (EMSA) and a filter-binding (FB) assay. dSpCas9
was titrated in a solution with fixed [sgRNA] (750 nM) and [DNA probe] (100 pM), fol-
lowed by separation of protein-bound DNA from free DNA. The EMSA indicated that the
binding conditions yield one major protein-bound species. “Fraction bound” is defined as
(background-subtracted volume of upper band)/(total background-subtracted lane vol-
ume) for the EMSA and (background-subtracted volume of Protran spot)/(total back-
ground-subtracted volume of Protran spot + Hybond N+ spot) for the filter-binding as-
say. The value of “fraction bound” was 0 at [dSpCas9]=0 for both substrates and both
assays (not shown on plot due to the logarithmic x-axis). All data shown are from one
representative replicate (n=3). Protospacer 6 is identical to protospacer 1 (used for As-
Cas12a), except the PAM has been substituted with a SpCas9 PAM. Protospacer 5 is a
modified version of protospacer 6, with differences highlighted in red (equivalent to the
protospacer-1-to-protospacer-2 modifications). The “intact” protospacer is as shown in
the sequence schematic. The “pre-gapped” protospacer is missing nt 14-18 of the NTS
(as measured from the PAM, design). The NTS gap is unrelated to the cut that would
normally be formed by a nuclease-active Cas9—instead, it was designed to be analo-
gous to the NTS gap formed by AsCas12a in an R-loop of the opposite topology, at po-
sitions 14-18. However, this DNA substrate still binds tightly to dSpCas9. Thus, the fail-
ure of dSpCas9 to significantly distort the RLF in Fig. 4-4a is due to a fundamental dif-
ference in conformational dynamics and not to a failure to bind.
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Supplementary Figure 4-4.3 | Permanganate reactivity of the A/T tract in protein-
free R-loops of various sequences. Permanganate experiments were conducted as in
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Fig. 4-2b (2 minutes, 30°C). See Methods for description of the parameters plotted on
the y-axis. Columns and associated error bars indicate the mean and standard deviation
of three replicates. In all schematics, RNA molecules are outlined in orange, and DNA
molecules are outlined in black. Circled “P” indicates a 5'-phosphate. All sequences,
when read right-side up, go from &' on the left to 3' on the right. The terms “Cas12a-like”
and “Cas9-like” are descriptors only of each substrate’s R-loop topology (the end of the
RNA next to the boundary of interest is a 3' end or a 5' end, respectively)—both kinds of
substrates contain a Cas12a PAM and a Cas12a-like NTS gap. These results imply that
the asymmetry in RLF stability is a fundamental feature of R-loop structure and not a
peculiarity of the original tested sequence.
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Supplementary Figure 4-4.4 | Effect of RNA end chemistry on permanganate reac-
tivity of the A/T tract in protein-free R-loops. Permanganate experiments were con-
ducted as in Fig. 4-2b (2 minutes, 30°C), varying only the nature of the RNA molecule
added to the pre-gapped/pre-unwound DNA substrate. See Methods for description of
the parameters plotted on the y-axis. Columns and associated error bars indicate the
mean and standard deviation of three replicates. In both schematics, RNA molecules
are outlined in orange, and DNA molecules are outlined in black. Circled “P” indicates a
5'-phosphate. All sequences, when read right-side up, go from 5’ on the left to 3' on the
right. “OH” indicates a hydroxyl. “Phos.” indicates a phosphate. “Cyc. phos.” indicates a
2'/3'-cyclic phosphate. “IVT/rz” indicates that the RNA oligo was synthesized in an enzy-
matic in vitro transcription reaction, with ribozymes on both ends that cleaved to yield
homogeneous termini. “Chem.” indicates that the RNA oligo was chemically synthesized
by a commercial source. The terms “Cas12a-like” and “Cas9-like” are descriptors only
of each substrate’s R-loop topology (the end of the RNA next to the boundary of interest
is a 3'end or a 5' end, respectively)—both kinds of substrates contain a Cas12a PAM
and a Cas12a-like NTS gap.
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Supplementary Figure 4-4.5 | Asymmetry in R-loop flank stability is also a feature
of intact R-loops. Permanganate experiments were conducted as in Fig. 4-2b (2
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minutes, 30°C). See Methods for description of the parameters plotted on the y-axis.
Columns and associated error bars indicate the mean and standard deviation of three
replicates. In all schematics, RNA molecules are outlined in orange, and DNA mole-
cules are outlined in black. All sequences, when read right-side up, go from 5' on the left
to 3' on the right. These experiments provide the strongest point of comparison between
the Cas12a-like and Cas9-like R-loop architecture, as the only component varied across
conditions is which strand of an identical DNA bubble is hybridized to RNA (compare
the cleaved R-loops, in which the position of the gap must be moved to the opposite
strand, yielding slightly different baseline permanganate reactivity).
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Supplementary Figure 4-4.6 | Effect of overhanging non-target-strand nucleotides
on permanganate reactivity of the A/T tract in protein-free R-loops. Permanganate
experiments were conducted as in Fig. 4-2b (2 minutes, 30°C). See Methods for de-
scription of the parameters plotted on the y-axis. Columns and associated error bars in-
dicate the mean and standard deviation of three replicates. In all schematics, RNA mol-
ecules are outlined in orange, and DNA molecules are outlined in black. Circled “P” indi-
cates a 5'-phosphate. All sequences, when read right-side up, go from 5’ on the left to 3'
on the right. These experiments probe the role of the 2-nt NTS overhang (immediately
adjacent to the R-loop flank) in distortion of the A/T tract. When present, this
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dinucleotide results in a “flapped” R-loop flank (RLF) terminus, and when absent, the
RLF terminus is “flush.” The terms “(Cas)12a-like” and “(Cas)9-like” are descriptors only
of each substrate’s R-loop topology (the end of the RNA next to the boundary of interest
is a 3' end or a 5' end, respectively)—both kinds of substrates contain a Cas12a PAM
and a Cas12a-like NTS gap. These results show that the presence of the overhang can
affect the absolute magnitude of distortion, but the nature of the asymmetry is unaf-
fected.
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Supplementary Figure 4-4.7 | 2-aminopurine fluorescence measurements confirm
asymmetry in conformational dynamics of R-loop flanks. Columns and error bars
show mean and standard deviation of three replicates. In all schematics, RNA mole-
cules are outlined in orange, and DNA molecules are outlined in black. Circled “P” indi-
cates a 5'-phosphate. All sequences, when read right-side up, go from 5’ on the left to 3'
on the right. The terms “Cas12a-like” and “Cas9-like” are descriptors only of each sub-
strate’s R-loop topology (the end of the RNA next to the boundary of interest is a 3' end
or a %' end, respectively)—both kinds of substrates contain a Cas12a PAM and a
Cas12a-like NTS gap. The absolute values of 2-AP fluorescence intensity have a wide
range across different DNA probes, likely due to local sequence context or, in the case
of the ssDNA control in the bottom right panel, perhaps the stable population of a con-
formation that enhances 2-AP fluorescence. Given this variation, it is important to use
the perfect DNA duplex (C) and the pre-gapped/pre-unwound DNA bubble (D) condi-
tions as benchmarks—on the continuum from C to D, where does E lie? For condition E
in the Cas12a-like topologies, the 2-AP fluoresces as if the RNA were absent. For con-
dition E in the Cas9-like topologies, 2-AP fluorescence is quenched and approaches the
intensity of the fully duplex control.

115



- 0.454 S IR O
= 5 BAIAIT
o 50.40-
£ | &
I 0.35- o
S E ' 38.7°C « data
i S fit (Boltzmann sigmoid)
< | & 030
<'Di 025 RNA
4.,
Z 0 50 100 mmm DNA
o temperature (°C)
RNA-3’ (Cas12a-like) RNA-5’ (Cas9-like)
>
g 0.40- 0.42-
o | 8 20.384
= | g'0.364 g
< | £ 4 £ 0.36 /
£ 0.344 ¢ 50.6°C L ; o
! 5 S S 0.34- / 526°C
Q | 8oz ® 032 M'”“/
< . o By
£ 0.30 r . 0.30 r 1
0 50 100 0 50 100
temperature (°C) temperature (°C)
53’
" %> ODIVYO0 YLYLYY SO %> ODNYYO0 YLYLYY O
g_ 0.80m W ACAUUCG TATATI o 0.85~ COACATTCG TATATT o
S
= £ 0.754 /_,___ g 0801
< 2 2 0.754 7/
3 | 8070 g {
72} = o < 0.70+ _.-".
S | £ oes /44.9°C g ¢ 53.7°C
[ 3 9 0.654
% | g o604 G
5 © ° © 0.60-
.55 - ; 55 T |
0 50 100 0 50 100
temperature (°C) temperature (°C)

Supplementary Figure 4-5.1 | Thermal stability determination for nicked dumbbell
substrates and their constituent hairpins. Data from representative replicates of re-
folding experiments (small black dots) are overlaid on a best-fit curve (thick blue line)
comprising a Boltzmann sigmoid with inclined baselines (y=(m*x+b)+((n*x+c)-
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(m*x+b))/(1+exp((Tm-x)/slope))). Because the dumbbells contain two separate duplexes
that can, in principle, fold and unfold independently of each other, each of these mole-
cules likely has more than two states. Thus, while there is no obvious visual sign of mul-
tiple transitions in the refolding curves, we did not attempt to extract thermodynamic pa-
rameters from the slope, and the T (written in the center of each plot) should only be
used as a point of comparison rather than a determinant of a defined conformational en-
semble. While the two RNA:DNA hairpins have slightly different Tr, values, the much
larger discrepancy in Tm of the nicked dumbbells is probably mostly due to the nature of
duplex juxtaposition.
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Supplementary Figure 4-5.2 | Molecular dynamics simulations of the Cas12a-like
and Cas9-like interhelical junctions, Sequence 2. Schematics and data are pre-
sented as described in the legend to Fig. 4-5b, which depicted simulation of Sequence
1. For Sequence 2, the nucleobases probed at the 3' R-loop boundary frequently exhib-
ited unstacking or poorly stacked conformations (although to a lesser extent than in Se-
quence 1), while those probed at the 5' R-loop boundary were stably stacked over the
course of the simulation. These results suggest that the difference in stacking instability
detected for the interhelical junctions (with Sequence 1 or Sequence 2) are due to the
difference in junction topology rather than the identities of the monitored nucleobases
(pyrimidine/pyrimidine vs. purine/purine).
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Supplementary Figure 4-7.1 | Substrate specificity of Cas12a trans-active holoen-
zyme and S1 nuclease. Top panel: Enzymes were first titrated in an activity assay with
a radiolabeled ssDNA substrate to determine what concentration to use in substrate
specificity assays. A ssDNA oligo (the same one shown in the other panels) was 5'-radi-
olabeled and incubated with varying concentrations of either AsCas12a/crRNA/pre-
cleaved DNA activator (all components held equimolar at the indicated concentration) or
S1 nuclease for 30 minutes at 30°C, followed by quenching. Products were resolved by
denaturing PAGE and quantified from the phosphorimage. “U” on the x-axis of S1 nucle-
ase refers to the units defined by the enzyme manufacturer. To achieve 90% cleavage
of the ssDNA substrate in the given time course, 115 nM AsCas12a holoenzyme or
0.513 U/uL S1 nuclease was required. Middle panels: Phosphorimage of AsCas12a or
S1 nuclease cleavage products, resolved by denaturing PAGE. Trans-active AsCas12a
holoenzyme (115 nM of each component: protein, crRNA, pre-cleaved activator) or S1
nuclease (0.513 U/uL) was incubated with 1 nM of the indicated substrate for 2 hours at
30°C prior to quenching. Substrate (a) was a single-stranded DNA oligonucleotide with
no homology to the crRNA. To generate substrates (b) through (1), substrate (a) was hy-
bridized to a variety of unlabeled complementary DNA oligonucleotides. Substrate (c)
contained a nick. Substrates (d), (e), and (f) contained gaps of 1, 4, and 8 nucleotides
(nt), respectively. Substrates (g), (h), and (i) contained bubbles of 1, 4, and 8 nt, respec-
tively. Substrates (j), (k), and (I) contained bulges of 1, 4, and 8 nt, respectively. Bottom
panel: Quantifications of cleavage from phosphorimages. “Fraction cleaved” is defined
as (sum of the volume of all bands below the uncleaved band)/(total volume in lane).
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Supplementary Figure 4-7.2 | Denaturing PAGE analysis of AsCas12a cleavage
products. Top panel: The leftmost lane in each gel is a 1-hour timepoint with AsCas12a
D908A (mutation in the RuvC active site). The timepoints shown for the reactions with
WT enzyme are0s,5s,10s,20s,40s,80s, 10 m, 1 h. The ladder was made by di-
gestion of the relevant substrate with a cocktail of non-specific DNases (see Methods).
The rightmost lane is the same probe cleaved by the site-specific restriction enzyme
Tsel. Bottom panel: The same products run on a gel for a shorter amount of time to
demonstrate the absence of faster-migrating species. This gel lacks the ladder samples.
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Supplementary Figure 4-7.3 | Steady-state kinetic analysis of AsCas12a trans
DNase activity, as measured by fluorophore dequenching. Raw data of a repre-
sentative replicate are shown in the middle panel. The Vo values of the representative
replicate are plotted in the bottom panel, along with a hyperbolic fit (y=Vmax*x/(Ku+x)).
The table shows the average and standard deviation of kinetic parameters, determined
from three independent replicates. The kcat value reported in the table is based on an
upper limit of 10 nM frans-active AsCas12a holoenzyme. See the figure legend to Supp.
Fig. 4-7.4 for a comparison of frans and cis cleavage kinetics.
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Supplementary Figure 4-7.4 | Enzyme-concentration dependence of AsCas12a cis
DNA cleavage kinetics. 250 pM of a cis duplex DNA target, radiolabeled on the 5' end
of the NTS, was incubated with 240 nM crRNA and various concentrations of AsCas12a
at 37°C for the following timepoints: 0s, 5s, 10 s, 20 s, 40 s, 10 m. “Fraction cleaved” is
defined as (sum of the volume of all bands below the uncleaved band)/(total volume in
lane). Data were fit to an exponential decay (y=(yo-plateau)*exp(-k*x)+plateau), with yo
constrained to 0. At the lower values of [AsCas12a], an early plateau indicates an un-
derestimation of the true enzyme concentration, due to loss of enzyme across extensive
serial dilution. Despite this experimental deficiency, these data show that enzyme-sub-
strate association is not rate-limiting when [AsCas12a] is 100 nM—i.e., when [As-
Cas12a] is 100 nM, association can be approximated as instantaneous, and cleavage
rate constants reflect unimolecular processes that follow binding. Based on these exper-
iments, initial cis cleavage events occur at ~0.12 s™' at the reagent concentrations used
for cleavage mapping experiments. Considering the steady-state kinetic measurements
in Supp. Fig. 4-7.3, an upper limit on frans cleavage rate can be calculated as
(kcat/Km)*[E], where [E] has an approximate upper limit of 10 nM (for radiolabeled-NTS
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experiments, in which cold TS is present at 10 nM, and assuming ssDNA-activated
complexes have similar catalytic efficiency to dsDNA-activated complexes), yielding a
rate of ~0.002 s*! (>50-fold less than the cis cleavage rate). This trans cleavage rate is
an upper limit because radiolabeled DNA is mostly duplex and likely protected by the
protein in non-duplex regions (Swarts et al., 2017). Thus, trans cleavage probably only
occurs to a detectable extent on PAM-distal DNA fragments that are released from the
enzyme following cis cleavage.
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Supplementary Figure 4-7.5 | Concentration dependence of various modes of
DNase activity. In biochemical reactions containing DNA, crRNA, and AsCas12a, a cut
in a DNA molecule could be attributed to one of three distinct modes of RuvC DNase
activity: cis cleavage of an enzyme’s own bound R-loop; trans cleavage (by an R-loop-
activated complex) of free DNA or DNA in a different complex; or trans cleavage by an
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excess of DNA-free Cas12a/crRNA complex (which is shown in this figure to be catalyti-
cally competent, albeit inefficient). Various concentrations of crRNA, AsCas12a, and
DNA activator were incubated with 2 nM of a radiolabeled single-stranded DNA oligonu-
cleotide for 1 hour at 37°C prior to quenching and resolution by denaturing PAGE.
“Fraction cleaved” is defined as (sum of the volume of all bands below the uncleaved
band)/(total volume in lane). We show here that both DNA-activated and DNA-free
modes of frans cleavage are dependent upon enzyme concentration in the nanomolar
range—i.e., unlike cis cleavage, which occurs with saturated binding kinetics at the con-
centrations used (see Supp. Fig. 4-7.4), trans cleavage remains concentration-depend-
ent in this range. Therefore, DNase cleavage products that appear with kinetics that are
independent of enzyme concentration can be uniquely attributed to PAM-dependent cis
cleavage (see Supp. Fig. 4-7.6).
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Supplementary Figure 4-7.6 | Concentration dependence of phosphodiester-
mapped cleavage events. Each graph follows the kinetics of appearance/disappear-
ance of a cleavage product at the indicated phosphodiester. “Fraction cleaved” is de-
fined as (band volume for a given cleavage product)/(total volume in lane). For example,
“‘NTS 5', 11/12” displays the fraction of 5'-radiolabeled NTS that was detected to have
been cleaved at the 11/12 dinucleotide for each timepoint. Blue circles are equivalent to
the data shown in Fig. 4-7, with error bars denoting standard deviation across three rep-
licates. Red squares and green triangles indicate variants of this experiment in which
the total concentration of either DNA-bound holoenzyme (red squares) or As-
Cas12a/crRNA (green triangles) was decreased. The fact that almost all species exhibit
equivalent kinetics of appearance/disappearance in all three conditions (with the
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potential exception of the phosphodiesters on the portion of the PAM-distal NTS frag-
ment that remains single-stranded after release by the enzyme, which exhibit slight con-
centration-dependence on longer timescales) indicates that we are observing mostly cis
cleavage events, as explained in Supp. Fig. 4-7.5.
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Supplementary Figure 4-7.7 | Cleavage product mapping for FnCas12a. The evolu-
tion of the pattern of cis cleavage over time for FnCas12a was assayed analogously to
AsCas12a, as in Fig. 4-7. The pattern of cleavage is largely similar to that of AsCas12a.
However, the NTS gap of FnCas12a widens more gradually than that of AsCas12a, and
the TS cleavage distribution is more tightly constrained to a single phosphodiester. No
DNA cleavage was detected on either strand when a RuvC-inactivated FnCas12a mu-
tant (D917A) was used.

129



AsCasi12a Casi2i1

i

Zinnnnnm

AT
i

PAM{ITTTTTITITITITTNN

P

nnnnnnnmm

[

PAMTTTTTTITITITITINN
pand
as

Teav T

Teav T

[Team T
Teav T

S
+ - - <+ Casi2ii:crRNA = = = =

AsCasi2a:.crRNA = + 4+ = 4 =
[ D — D e S D ap @ -_—---_----
== ==
-
=
blue: target strand, phosphodiester linkage red: phosphorothioate linkage
PAM

\

gray: non-target strand, phosphodiester linkage

Supplementary Figure 4-8.1 | Non-target-strand cleavage precedes target-strand
cleavage for AsCas12a and Cas12i1. 100 nM AsCas12a or Cas12i1 was incubated
with 120 nM cognate crRNA and 2 nM radiolabeled duplex DNA target for 1 hour at
37°C, followed by quenching, denaturing PAGE, and phosphorimaging. For AsCas12a,
the reaction was conducted in 5 mM CaClz. For Cas12i1, the reaction was conducted in
5 mM MgClz. In the duplex diagrams, red shading indicates the presence of a phos-
phorothioate (PS) tract across the standard cleavage sites. Blue indicates phos-
phodiester (PO) linkages within the TS. Gray indicates phosphodiester linkages within
the NTS. For both AsCas12a and Cas12i1, the nature of the linkages in the TS has no
apparent effect on NTS cleavage. However, the presence of phosphorothioates in the
NTS inhibits cleavage of both the NTS and the TS. Trace TS cleavage is observed for
Cas12i1 in the PS-NTS condition (lane 6)—it is unclear whether this is due to TS cleav-
age prior to NTS cleavage or to incomplete duplex formation, as the trace cleavage
event is shifted to the site cleaved during ssDNA-targeting (lane 7).
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Supplementary Figure 4-8.2 | Cleavage at phosphorothioates can be selectively
slowed by substitution of CaCl. for MgCl.. 100 nM AsCas12a and 120 nM crRNA
were incubated with 1 nM radiolabeled duplex DNA target at 37°C, followed by quench-
ing (at timepoints 0, 5s, 15s, 1 m, 5m, 10 m, 30 m, 1 h) and resolution by denaturing
PAGE. Substrate diagrams are colored as in Supp. Fig. 4-8.1. The top panel shows the
experiment done in cleavage buffer with 5 mM MgCl.. The bottom panel shows the
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experiment done in cleavage buffer with 5 mM CaCl>—at the end of each time course
on this gel, the 1-hour timepoint of the MgCl. experiment is included for visual compari-
son. “Fraction cleaved” is defined as (sum of the volume of all bands below the un-
cleaved band)/(total volume in lane). Data were fit to an exponential decay (y=(yo-plat-
eau)*exp(-k*x)+plateau), with yo constrained to 0. The plateau value was constrained to
1 for those time courses that did not exceed fraction cleaved = 0.5 by the 1-hour
timepoint. Rate constants (with 95% confidence intervals) are shown in the table below
the gels. It is unclear why cleavage of a phosphorothioated TS occurs more rapidly than
cleavage of a phosphorothioated NTS, although it is conceivable that this is an intrinsic
feature of the enzyme cleavage pathway when the chemical transformation is rate-limit-
ing. Considering only effects on the NTS, the calcium substitution decreases the phos-
phodiester cleavage rate by a factor of 57 and decreases the phosphorothioate cleav-
age rate by a factor of 730, resulting in a 13-fold increase in selectivity for phos-
phodiesters over phosphorothioates and yielding kinetics slow enough to resolve by
manual pipetting.
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Supplementary Figure 4-8.3 | Interference complexes are stable in the presence of
CaCl: and with a phosphorothioated DNA target. Using a filter-binding assay, we as-
sessed the affinity of dAsCas12a/crRNA for cognate DNA targets, either fully phos-
phodiester (PO) or containing phosphorothioate (PS) linkages across the NTS and TS
cleavage sites, in the presence of either 5 mM MgCl2 or 5 mM CaCl,. Substrate dia-
grams are colored as in Supp. Fig. 4-8.1. “Fraction bound” is defined as (background-
subtracted volume of Protran spot)/(total background-subtracted volume of Protran spot
+ Hybond N+ spot). The value of “fraction bound” was 0 at [dAsCas12a]=0 for both sub-
strates and both assays (not shown due to the logarithmic x-axis). All data shown are
from a representative replicate (n=3). When appropriate, data were fit to the sum of a
hyperbola and a line (y=Bmax"x/(Kp+x)+NS*x), where NS describes a non-specific bind-
ing mode. It is common to see Bmax values below 1 in filter binding assays, in which the
process of physical separation can disrupt bound species. Kp for the PO substrate in
MgClz was 8.1 nM £ 0.8 (SD) (n=3). Data from the other binding conditions indicated
that the Kp was near or below [DNA probe], preventing accurate Kp determination by
hyperbolic fitting. For unknown reasons, the Mg?*—Ca?* and the PO—PS substitutions
stabilized the ribonucleoprotein:DNA interaction both separately and together.
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Supplementary Figure 4-8.4 | Non-target-strand variants used in gap-dependence
experiments. Nucleotides 7-22 of the NTS are shown for each variant. A red circle indi-
cates a phosphorothioate linkage. A gray circle indicates a phosphodiester linkage. A 5’
phosphate was placed on all PAM-distal NTS fragments to recapitulate the end chemis-
try left by the RuvC-catalyzed hydrolysis reaction.
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Supplementary Figure 4-8.5 | Phosphorimage and quantification of non-target-
strand gap-dependence experiments, in CaClz. Experiment was performed as de-
scribed in legend to Fig. 4-8a. Substrates indicated by a letter are as schematized in
Supp. Fig. 4-8.4. When a given category has more than one substrate (e.g., 3-nt gap in-
cludes substrates M, N, O, and P), the first listed substrate (M) is shown as a blue bar,
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the second (N) as a red bar, the third (O) as a green bar, and the fourth (P) as a pink
bar. “Fraction cleaved” is defined as (sum of the volume of all bands below the un-
cleaved band)/(total volume in lane).
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Supplementary Figure 4-8.6 | Phosphorimage and quantification of non-target-
strand gap-dependence experiments, in MgClz. Experiment was performed as de-
scribed in legend to Fig. 4-8a, except 5 mM MgCl, was used instead of CaCl,, and the
reaction was quenched after only 10 seconds at 37°C. Substrates indicated by a letter
are as schematized in Supp. Fig. 4-8.4. When a given category has more than one
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substrate (e.g., 3-nt gap includes substrates M, N, O, and P), the first listed substrate
(M) is shown as a blue bar, the second (N) as a red bar, the third (O) as a green bar,
and the fourth (P) as a pink bar. “Fraction cleaved” is defined as (sum of the volume of
all bands below the uncleaved band)/(total volume in lane).
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Supplementary Figure 4-8.7 | Phosphorimage and quantification of non-target-
strand gap-dependence experiments, in MgCl2, with radiolabeled trans substrate.
Extent of frans cleavage by wild type AsCas12a in the presence of various DNA activa-
tor variants, as resolved by denaturing PAGE. Cas12a ternary complex (final
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concentrations: 100 nM AsCas12a, 120 nM crRNA, pre-hybridized 120 nM TS / 240 nM
NTS) was assembled with each of the indicated NTS variants and combined with 2 nM
(final concentration) radiolabeled non-specific trans ssDNA target in cleavage buffer (5
mM MgClz). These reactions were then incubated for 30 minutes at 37°C prior to
quenching and resolution by denaturing PAGE. Control lanes on the left contain some
combination of intact NTS/TS with phosphodiesters (PO) or phosphorothioates (PS)
across the standard cleavage sites; “pc” stands for pre-cleaved (only PAM-proximal
cleavage products: NTS truncated after nt 13, TS truncated after nt 22). Reactions with-
out NTS contained 120 nM of a non-specific DNA oligonucleotide to account for sub-
strate competition. All lanes indicated by a letter (C-Y) contained an NTS variant (see
Supp. Fig. 4-8.4) along with a TS containing phosphorothioates across the standard
cleavage sites. When a given category has more than one substrate (e.g., 3-nt gap in-
cludes substrates M, N, O, and P), the first listed substrate (M) is shown as a blue bar,
the second (N) as a red bar, the third (O) as a green bar, and the fourth (P) as a pink
bar. “Fraction cleaved” is defined as (sum of the volume of all bands below the un-
cleaved band)/(total volume in lane).
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Supplementary Figure 4-8.8 | Phosphorimages and quantification of pre-gapped
non-target-strand experiments. Experiment was performed as described in legend to
Fig. 4-8b. “Fraction cleaved” is defined as (sum of the volume of all bands below the un-
cleaved band)/(total volume in lane). Data were fit to an exponential decay (y=(yo-plat-
eau)*exp(-k*x)+plateau), with yo constrained to 0. The plateau value was constrained to
1 for those time courses that did not exceed fraction cleaved = 0.5 by the 1-hour
timepoint. The exponential decay constant k is reported as kobs in Fig. 4-8b. The data
shown here are from a representative replicate (n=3).
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Supplementary Figure 4-8.9 | Affinity measurements for RNA-guided interaction
of AsCas12a mutants with dsDNA. The affinity of AsCas12a/crRNA for a cognate
DNA target was assessed by a filter-binding assay, with three variants of AsCas12a.
AsCas12a was titrated in a solution with fixed [crRNA] (750 nM) and [DNA probe] (100
pM), in binding buffer containing MgClz, followed by separation of protein-bound DNA
from free DNA on membranes. “Fraction bound” is defined as (volume of Protran
spot)/(total volume of Protran spot + Hybond N+ spot). The value of “fraction bound”
was 0 at [AsCas12a]=0 for all protein variants (not shown due to the logarithmic x-axis).
All data shown are from a representative replicate (n=3). Data were fit to the sum of a
hyperbola and a line (y=Bmax*x/(Ko+x)+NS*x), where NS describes a non-specific bind-
ing mode. It is common to see Bmax values below 1 in filter binding assays, in which the
process of physical separation can disrupt bound species. Kp for AsCas12a D908A was
11 nM £ 3 (SD) (n=3). Kp for AsCas12a R1226A was 2.7 nM £ 0.2 (SD) (n=3). Kp for
AsCas12a WT was 1.86 nM £ 0.04 (SD) (n=3).
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Supplementary Figure 4-8.10 | Non-target-strand cleavage product mapping for
AsCas12a R1226A. The evolution of the pattern of cis cleavage over time for As-
Cas12a R1226A was assayed analogously to WT AsCas12a, as in Fig. 4-7. At the 1-
hour timepoint, AsCas12a R1226A had made at least one cut in ~70% of the assayed
NTS molecules, which matches the average fraction cleaved by WT AsCas12a at the 5-
second timepoint. The cleavage site distributions in each of these experiments can be
compared by calculating the probability density of each cleavage product as: (volume of
band corresponding to cleavage at phosphodiester X/Y))/(total volume of all cleaved
products), such that the area under each distribution is 1. Unlike the WT distribution, for
which the 5-mapped and 3'-mapped distributions are mostly non-overlapping, the

143



R1226A distributions have significant overlap at dinucleotides 14/15, 15/16, and 16/17.
In our ensemble biochemical experiment, this overlap is consistent with (although not
uniquely explained by) the presence of a large population of molecules that have been
cleaved exactly once (i.e., have not undergone gap formation). If this explanation is cor-
rect, these data point to an accumulation of AsCas12a R1226a complexes with a once-
cut NTS, supporting the model that gap formation is disproportionately slow (and per-
haps rate-limiting for TS cleavage) for this mutant.
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Supplementary Figure 4-8.11 | Cleavage product mapping for Cas12i1. The evolu-
tion of the pattern of cis cleavage over time for Cas12i1 was assayed analogously to
WT AsCas12a, as in Fig. 4-7. The pattern of cleavage is largely similar to that of As-
Cas12a, although cleavage kinetics are dramatically slower, and disproportionately so
for TS cleavage. The NTS gap of Cas12i1 is wider (8 nt) than that of AsCas12a (5 nt) at
1 hour. No DNA cleavage was detected on either strand when a RuvC-inactivated

Cas12i1 mutant (D647A) was used.
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Chapter 5: Attachment of a *’P-phosphate to the 3' ter-
minus of a DNA oligonucleotide

This chapter is a reproduction of the following paper'®: Cofsky, J. C. & Doudna, J. A.
(2020). Attachment of a 3?P-phosphate to the 3' Terminus of a DNA Oligonucleotide.
bio-protocol.

10 (Cofsky & Doudna, 2020)
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5.1 Abstract

Biochemical investigations into DNA-binding and DNA-cutting proteins often benefit
from the specific attachment of a radioactive label to one of the two DNA termini. In
many cases, it is essential to perform two versions of the same experiment: one with the
5' DNA end labeled and one with the 3' DNA end labeled. While homogeneous 5'-radio-
labeling can be accomplished using a single kinase-catalyzed phosphorylation step, ex-
isting procedures for 3'-radiolabeling often result in probe heterogeneity, prohibiting pre-
cise DNA fragment identification in downstream experiments. We present here a new
protocol to efficiently attach a 3?P-phosphate to the 3' end of a DNA oligonucleotide of
arbitrary sequence, relying on inexpensive DNA oligonucleotide modifications (2'-O-
methylribonucleotide and ribonucleotide sugar substitutions), two enzymes (T4 polynu-
cleotide kinase and T4 RNA ligase 2), and the differential susceptibility of DNA and
RNA to hydroxide treatment. Radioactive probe molecules produced by this protocol are
homogeneous and oxidant-compatible, and they can be used for precise cleavage-site
mapping in the context of both DNase enzyme characterization and DNA footprinting
assays.

5.2 Background

A common goal in the study of DNA and DNA-binding proteins is to identify the position
and frequency of DNA backbone cleavage events, an essential set of experiments if the
investigator aims to determine the mechanism of a novel DNase enzyme or discern pro-
tection parameters from DNA footprinting assays. In the classic version of this experi-
ment, the investigator first uses T4 polynucleotide kinase (PNK) to transfer a 32P-phos-
phate from [y-32P]-adenosine triphosphate (ATP) to the 5-OH of a DNA oligonucleotide
of interest, yielding a 5'-radiolabeled DNA “probe.” After subjecting the probe to a cleav-
age process, the investigator then resolves the cleavage fragments by polyacrylamide
gel electrophoresis (PAGE), visualizes them by autoradiography, and determines cleav-
age position and frequency from band location and intensity, respectively. However, if a
DNA probe molecule is cleaved more than once, the described experiment only allows
detection of the cleavage event closest to the 5’ end. To detect additional cleavage
events with equivalent positional resolution, an analogous experiment must be per-
formed with the 3' DNA end radiolabeled.

Because there is currently no known kinase activity that can specifically transfer
a 32P-phosphate to the 3'-OH of a DNA oligonucleotide, standard 3'-radiolabeling proce-
dures instead employ either a polymerase or a terminal transferase to catalyze primer
extension at the 3' DNA end, using [a-22P]-nucleotide triphosphates (NTPs) as a reagent
(in different strategies, the sugar moiety of the NTPs could be 2'-deoxyribose, ribose, or
3'-deoxyribose) (Wu et al., 1976). While the resulting probes are suitable for certain ex-
periments, they cannot always be used for unambiguous DNA cleavage-site mapping
(i.e., determining at exactly which phosphodiester a DNA molecule was cut, as meas-
ured from the 3' DNA end). For example, the polymerase- or transferase-based meth-
ods suffer from heterogeneity in probe length and/or incorporation of radionuclides at in-
ternal backbone positions, both of which can destroy the unique band-to-fragment
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correspondence that is required for unambiguous cleavage-site mapping. When using
probes generated by one of these methods, a single band on a PAGE autoradiograph
could be attributed to any of several distinct radioactive cleavage fragments that migrate
with indistinguishable electrophoretic mobility. Note that these problems arise even
when the *’P-phosphate lies between the final two nucleotides, as certain nuclease en-
zymes and chemical processes (such as those associated with permanganate footprint-
ing) can remove the final nucleoside without its phosphate. In one protocol that cleverly
addresses this problem, the authors expose an internal radionuclide by sequentially
treating a ribonucleotide-tailed radioprobe with alkali, phosphatase, and periodate. How-
ever, while this procedure does yield the desired outcome -a DNA probe homogene-
ously labeled with a terminal 3'-32P-phosphate—the initial tailing step requires high con-
centrations of expensive radioactive ribonucleotides to promote efficient labeling (Jay et
al., 1974).

More recently, many synthesis companies have begun to offer custom DNA oli-
gonucleotides with a fluorophore chemically conjugated to the 3’ end. If a laboratory has
the optical instrumentation to directly image fluorophore-tagged DNA in a polyacryla-
mide gel, these reagents offer a viable alternative to 3'-radiolabeled DNA probes. Still,
this detection technique is far less sensitive than autoradiography and will miss minor
products in complex cleavage patterns. Additionally, common fluorophores may be de-
graded under the harsh chemical treatments associated with certain experiments, such
as permanganate footprinting™*.

Considering the previously mentioned shortcomings, the ideal 3'-labeling strategy
would: (1) take advantage of the high sensitivity and chemical compatibility of *2P-phos-
phate-based detection; (2) produce a homogeneous population of DNA probe with a
single 3'-terminal radionuclide; and (3) employ catalytically efficient combinations of
common enzymes and substrates to make the procedure inexpensive and fast. We de-
veloped a protocol to meet these needs in the context of our studies of DNA binding and
cleavage by the RNA-guided DNase CRISPR-Cas12a (Cofsky et al., 2020). In our pro-
tocol, we begin with a DNA oligonucleotide in which the penultimate and final deoxyribo-
nucleotides have been changed to a 2'-O-methylribonucleotide and a ribonucleotide, re-
spectively, which are standard and cheap modifications at oligonucleotide synthesis
companies (Fig. 5-1a). To introduce the 3’P-phosphate to the system, we first perform a
standard 5'-radiolabeling procedure on a “phosphate shuttle” RNA oligonucleotide (Fig.
5-1b). We then form a double-stranded junction by annealing the phosphate shuttle
RNA oligonucleotide, the DNA oligonucleotide, and a bridging splint RNA oligonucleo-
tide (Fig. 5-1c). With the sugar modifications at the DNA oligonucleotide’s 3' end, this
bridge structure can be efficiently ligated by T4 RNA ligase 2, attaching the 32P-phos-
phate to the 3'-OH of the DNA oligonucleotide (Nandakumar & Shuman, 2004) (Fig. 5-
1d). After ligation, we treat the probe precursor with hot hydroxide, leaving the DNA

" In experiments that | performed after the publication of this protocol, | determined that the fluorophores
Cy5, IRD700, and IRD800 were so labile to either permanganate or piperidine that they could not be used
in permanganate footprinting experiments. In contrast, the fluorophore 6-carboxyfluorescein (6FAM) was
degraded more slowly. DNA-conjugated 6FAM may be used for fragment detection in permanganate foot-
printing experiments if included at a starting concentration that is high enough to compensate for the sig-
nal loss due to fluorophore degradation. Weak signal and variation in the extent of fluorophore degrada-
tion across experimental replicates result in noisy measurements, making radiolabeling the preferred ap-
proach.
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intact and dissociating the RNA into mononucleotides that can be removed with a spin
column (Fig. 5-1e,f). The final result is a DNA oligonucleotide with a penultimate 2'-O-
methylribonucleotide and a 3'-terminal ribonucleotide bearing a 2',3'-cyclic-*2P-phos-
phate (Fig. 5-2).

This method produces homogeneous 3'-terminally radiolabeled DNA probe with
minimal reagent consumption and sample manipulation. Additionally, if both 5'- and 3'-
radiolabeling experiments are being performed, the investigator only needs to purchase
a single radionucleotide ([y-32P]-ATP) to produce the required probes, as compared to
polymerase-/transferase-based strategies that would also require expensive [0-32P]-
NTPs. In our experiments, we used these probes to detect Cas12a-generated DNA
cleavage products (including minor and transient products), leading to the unforeseen
finding that Cas12a cleaves its DNA substrate multiple times to form a five-nucleotide
gap. We also used these probes in permanganate footprinting experiments that yielded
highly position-specific information about the conformation of Cas12a-bound DNA
(Cofsky et al., 2020). Additionally, by using a 3?P-phosphate label in these experiments,
we avoided the problems associated with the use of fluorophores in the presence of
strong oxidants. Finally, when using this protocol to generate many variant DNA probes,
reagent costs were ~90% the cost of the cheapest commercially synthesized fluoro-
phore-tagged DNA oligonucleotides, according to list prices at the time of writing. There-
fore, this method may be used to prepare inexpensive DNA probes for any cleavage-
site mapping experiment that requires high precision, sensitivity, and chemical compati-
bility.

5.3 Materials and reagents

1. lllustra MicroSpin G-25 columns (Cytiva, catalog number: 27532501), stored at
room temperature

2. 3'-modified DNA oligonucleotide (Integrated DNA Technologies) (see Procedure
for details), stored at -20 °C

3. Phosphate shuttle RNA oligonucleotide (in vitro transcribed or commercially syn-
thesized, Integrated DNA Technologies), stored at -80 °C

4. Splint RNA oligonucleotide (in vitro transcribed or commercially synthesized, Inte-
grated DNA Technologies), stored at -80 °C

5. T4 polynucleotide kinase, 10,000 U/ml (New England Biolabs, catalog number:
M0201S), stored at -20 °C

6. T4 polynucleotide kinase reaction buffer, 10X (New England Biolabs, catalog
number: B0201S; included with product M0201), stored at -20 °C

7. [y-32P]-ATP EasyTide, 3000 Ci/mmol, 10 mCi/ml, 1 mCi (PerkinElmer, catalog
number: BLU502A001MC), stored at -20 °C

8. T4 RNAligase 2, 10,000 U/ml (New England Biolabs, catalog number: M0239S),
stored at -20 °C

9. T4 RNA ligase 2 reaction buffer, 10x (New England Biolabs; included with prod-
uct M0239S), stored at -20 °C

a. Common reagents: NaOH (1.35 M stock), HCI (1.35 M stock), MilliQ water
(all instances of the word “water” in this protocol refer to MilliQ water)
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10.5x annealing buffer (see Recipes), stored at 4 °C
11.1x RNA storage buffer (see Recipes), stored at 4 °C

5.4 Equipment

Standard shielding and other protective equipment for work with 32P
Temperature-controlled block and/or thermocycler

Vortexer and microcentrifuge (for use with MicroSpin G-25 columns)
Optional: benchtop radiation counter (Bioscan QC-4000)

hwN =

5.5 Procedure

A. Order the DNA oligonucleotide with the appropriate modifications
1. Order your DNA oligonucleotide with sequence of interest (Note 1). The 3"-most
nucleotide should be modified to be a ribonucleotide. The penultimate nucleo-
tide (immediately 5' to the ribonucleotide) should be modified to be a 2'-O-
methylribonucleotide. To specify these modifications in the IDT ordering inter-
face, begin with an order for an RNA oligonucleotide at 100 nmol scale. If the
sequence of your DNA oligonucleotide is NNNNNN-3', your sequence input
should be NNNNmMNrN.
a. Inthe example presented in this protocol, the DNA oligonucleotide se-
guence is:

i. S5-GTCATAATGATTTTATCTTCTGGATTGTTGTAAGCAGCATTTGAG-
CAAAAATCTGTTmGrC-3', where all letters indicate deoxynucleotides ex-
cept “mG” (which indicates 2'-O-methylguanosine) and “rC” (which indi-
cates cytidine).

2. Resuspend the DNA oligonucleotide to 10 uM in water (Note 2).

B. Order or transcribe the phosphate shuttle RNA oligonucleotide and the splint RNA
oligonucleotide
1. The phosphate shuttle RNA oligonucleotide can be ordered from an oligonucle-
otide synthesis company or produced by in vitro transcription. If producing by in
vitro transcription (Notes 3 and 4), use a method whose final product contains a
5'-OH (either by treating a T7 RNA polymerase product with phosphatase or in-
cluding a self-cleaving hammerhead ribozyme in the transcript). It is essential
that the phosphate shuttle RNA contain a 5’-OH for the §'-radiolabeling step.
a. Phosphate shuttle RNA oligonucleotide sequence (Note 5):
i. 5-GGGUCGGCAUGGCAUCUC-3'
b. We include below the sequence of an in vitro transcription DNA template for
T7 RNA polymerase to generate the phosphate shuttle RNA oligonucleotide
(Note 6). Transcripts from this template contain a 5 hammerhead ribozyme
that cleaves to yield a 5-OH on the final phosphate shuttle oligonucleotide.
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i. 5-GTCGAAATTAATACGACTCAC-
TATAGGCGACCCCTGATGAGGCCTTCGGGCCGAAAC-
GGTGAAAGCCGTAGGGTCGGCATGGCATCTC-3'

2. The 5 half of the splint RNA oligonucleotide should be complementary to the
phosphate shuttle RNA oligonucleotide. The 3’ half of the splint RNA oligonucle-
otide should be complementary to the 3' end of the DNA oligonucleotide to be
labeled. The splint RNA oligonucleotide can be ordered from an oligonucleotide
synthesis company or produced by in vitro transcription. The substituents on ei-
ther end of this oligonucleotide are unimportant, as the ligase enzyme will bind
to its center.

a. Sequence of splint RNA oligonucleotide in this example:

i. 5-GGAGAUGCCAUGCCGACCCGCAACAGAUUUUUGCUCA-3'

b. We include below the sequence of an in vitro transcription DNA template for

T7 RNA polymerase to generate the splint RNA oligonucleotide:

i. 5-GTCGAAATTAATACGACTCACTATAGGA-
GATGCCATGCCGACCCGCAACAGATTTTTGCTCA-3'

3. Resuspend each RNA oligonucleotide to 10 uM in RNA storage buffer.

C. 5'-radiolabel the phosphate shuttle RNA oligonucleotide
1. Combine the following reagents (50 pl total reaction volume) (Note 7):
a. 5yl 10x T4 PNK buffer
b. 30 pl water
c. 5yl phosphate shuttle RNA oligonucleotide (10 uM stock)
d. 2.5 yl T4 PNK enzyme (10,000 U/ml stock)
e. 7.5 pl [y-*?P]-ATP (3000 Ci/mmol, 10 mCi/ml stock)
Allow phosphorylation to progress at 37 °C for 2 h.
Heat-inactivate the T4 PNK by incubating at 65 °C for 20 min.
Add 50 pl water to the reaction.
If interested in determining yield, use the benchtop radiation counter to measure
the radioactivity in the reaction at this step.
Spin the reaction through a MicroSpin G-25 column (no resin pre-equilibration
necessary), following the manufacturer’s instructions. This step largely removes
any free [y-3?P]-ATP that may remain after the reaction.
7. Assuming complete recovery of the RNA oligonucleotide, you should have 100
ul of eluate containing 500 nM RNA oligonucleotide, some fraction of which has
a 5'-32P-phosphate. Use the benchtop radiation counter to measure the radioac-
tivity in the eluate, and determine the efficiency of 5'-radiolabeling by comparing
to the radioactivity measurement recorded before free ATP removal.

abwd

o

D. Anneal ligase substrates
1. For each DNA oligonucleotide to be 3'-radiolabeled, combine the following (33
ul total reaction volume):
a. 6.6 pl 5x annealing buffer
b. 0.3 pl water
c. 24 pl 5'-radiolabeled phosphate shuttle RNA oligonucleotide (500 nM stock,
directly from eluate in previous step)
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2.

d. 1 pl modified DNA oligonucleotide (10 uM stock)

e. 1.1 pl splint RNA oligonucleotide (10 uM stock)

Place the annealing reaction on a thermocycler, and run the following tempera-
ture program (Note 8):

a. 95°C, 2min.

b. Cool to 25 °C over the course of 40 min.

c. Hold at 25 °C.

E. Ligate the DNA oligonucleotide to the phosphate shuttle RNA oligonucleotide

1.

To the 33-pl annealing reaction, add:

a. 4 pl 10x T4 RNA ligase 2 reaction buffer

b. 1 ul40 mM MgCl:

c. 2pl T4 RNAligase 2 (10,000 U/ml stock)

Incubate at 37 °C overnight (~16 h). If performing quality control, keep a sample
from immediately after this incubation to run on a gel and determine ligation effi-
ciency (Fig. 5-3).

F. Degrade RNA

1.
2.
3.

To the 40-pl ligation reaction, add 5 yl 1.35 M NaOH. Mix thoroughly.
Incubate at 95 °C for 10 min.
Place on ice, and immediately add 5 pl 1.35 M HCI. Mix thoroughly.

G. Remove salts and mononucleotides by buffer exchange

1.

2.

3.

Pre-equilibrate a MicroSpin G-25 column with 20 mM Tris-Cl, pH 7.9 (room tem-
perature) according to the manufacturer’s instructions (5 x 400-ul equilibration
spins).

Apply the 50-pl degradation reaction to the column, and spin according to the
manufacturer’s instructions. Add 50 pl water to the eluate.

At this point, the sample should have 100 pl total volume, containing 10 mM
Tris-Cl, pH 7.9 and 100 nM 3'-radiolabeled DNA oligonucleotide (as well as the
heat-inactivated kinase and ligase enzymes).

H. Yield and quality check

1.

Use the benchtop radiation counter to check the yield of transfer of radioactivity
from the phosphate shuttle RNA oligonucleotide to the final DNA oligonucleo-
tide. We commonly see recovery of ~75% of transferable phosphates (Note 9).
Run a sample of the labeled DNA oligonucleotide on denaturing PAGE to verify
that the sample contains a pure radiolabeled DNA fragment of the correct size
(Notes 10 and 11, Fig. 5-3).

Store the radiolabeled DNA at -20 °C. The limiting factor for the expiration of the
radiolabeled oligonucleotide is the radioactivity, as the chemical stability of the
product (>years) long outlasts the radioactive decay lifetime of 32P (half-life 14
days). The product can continue to be used as long as it retains enough radio-
activity for the researcher’s particular experimental purposes.
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5.6 Notes

1.

For the purposes of mapping a DNA cleavage site with single-nucleotide resolu-
tion, the baseline purification option from oligonucleotide synthesis companies is
often insufficient (the product contains significant concentrations of truncated
synthesis products that may confound experimentally important cleavage prod-
ucts). To achieve adequate DNA oligonucleotide purity before 3'-radiolabeling,
either perform a PAGE-purification in house or opt for more extensive purifica-
tion in your commercial order.

Standard precautions for working with RNA should be followed. Keep gloves and
surfaces clean, and when possible, use filter-containing pipette tips. We do not
detect any RNase activity when using MilliQ water in reactions containing RNA,
but the experimentalist can purchase commercially certified RNase-free water if
there are suspicions of RNase contamination. RNA samples should be stored at
-80 °C (ideal) or -20 °C when not in use, but they can be briefly handled on a
room-temperature bench between the steps described in this protocol.

Consult any standard protocol for the optional steps involving in vitro transcrip-
tion, PAGE purification, analytical PAGE, and autoradiography.

If RNA oligonucleotides are produced by in vitro transcription, the resulting tran-
script should then be PAGE-purified for optimal results.

The phosphate shuttle RNA oligonucleotide sequence is arbitrary, and we simply
included here a sequence that worked well in our experiments. This sequence
could presumably be changed provided that compensatory substitutions are also
made in the splint RNA oligonucleotide.

For the in vitro transcription template sequences included in this protocol, only
the top strand is shown. Double-stranded DNA templates were assembled and
amplified by polymerase chain reaction.

This protocol yields enough 5'-radiolabeled phosphate shuttle RNA oligonucleo-
tide to 3'-radiolabel 4 different DNA oligonucleotides (with a final yield of 100 pL
at 100 nM for each 3'-radiolabeled DNA oligonucleotide). Scale the volumes up
or down to suit the needs of your particular application, taking care to spread the
sample across multiple G-25 MicroSpin columns if the volume limitation of an in-
dividual column is exceeded.

In the absence of a thermocycler, an alternative annealing procedure is as fol-
lows: incubate samples at 95 °C for 2 minutes on a heat block, turn off the heat
block, and allow the system to gradually equilibrate to room temperature.

The ~75% vyield is after accounting for the stoichiometric excess of phosphate
shuttle RNA oligonucleotide in the annealing reaction, which results in a 17%
subpopulation whose 5'-32P-phosphate is unavailable for transfer. The absolute
fraction of recovered radioactivity is ~60%.

10. The most common contaminants are depurination products and n+1 products

(some fraction of the DNA molecules contain two ribonucleotides on the 3' end
instead of one, as the n+1 phosphodiester was not cleaved in the RNA degrada-
tion reaction). In our preparations, these products were minor or not detected at
all (there was variation between different probe preparations), and they did not
interfere with our experiments. If the contaminant concentration is too high for
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11.

your particular oligonucleotide preparation, try quenching the RNA degradation
reaction with HCI at a variety of temperatures or time points. Identify a combina-
tion of temperature and quenching time that yields an acceptable balance of
depurination products (which accumulate over time) and n+1 products (which
disappear over time due to cleavage and release of the terminal ribonucleotide).
Alternatively, PAGE-purify the 3'-radiolabeled DNA oligonucleotide for maximal
purity.

The identity of the final species can also be confirmed by treating with T4 PNK
and checking by PAGE/autoradiography that all radioactivity has moved from the
DNA oligonucleotide to an inorganic phosphate (due to the phosphatase activity
of the T4 PNK enzyme that removes 2',3'-cyclic phosphates).

5.7 Recipes

Noobkwh =

5x annealing buffer

50 mM Tris-Cl, pH 7.9 at 25 °C

250 mM KCI

5 mM EDTA

1x RNA storage buffer

2 mM sodium citrate, pH 6.4 at 25 °C
mM EDTA, pH 8.0
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5.8 Figures

a) Commercial synthesis of DNA oligonucleotide with modifications on the two 3’-most sugars.

penultimate sugar:

2'-OMe ribose
5 0 final sugar:
I I I I I I I /\P/o ribose
N on

2'-deoxyribonucleotides

OH

—0

b) Enzymatic addition of *2P-phosphate to 5’ end of a “phosphate shuttle” RNA.

RNA 5’
=+
polynucleotide kinase _— > I I I I I I I I I I I I I I I I

+
[y-32P]-ATP
c) Annealing of bridge structure to serve as ligase substrate.
DNA to be 3’-radiolabeled phosphate shuttle RNA
5’ 3’
3’ 5’
splint RNA
d) T4 RNA ligase 2-catalyzed phosphodiester formation. ] P
. O/P\\O/ &OH/MOH
R / ‘ y OH O\é

2'-OMe at this position
enables T4 RNA ligase 2 activity

e) Hydroxide-catalyzed RNA degradation.
5/

AR 4
ﬂ?f"’

f) Neutralization by acid and removal of mononucleotides by G-25 spin column.

Figure 5-1 | Protocol for 3’ radiolabeling, in brief.
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Figure 5-2 | Chemical structure of final 3'-radiolabeled product.
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double ligation(?) —»

DNA/RNA ligation
product (77 nt)—>> [ s ..

final 3'-radiolabeled —» - - g s
DNA (59 nt)

unligated phosphate .
shuttle RNA_> '
(18 nt)

Figure 5-3 | Example autoradiograph of denaturing PAGE analysis. Lane 1: prod-
ucts of ligation reaction, standard protocol. Lane 2: products of ligation reaction using a
DNA oligonucleotide that omits the 2-O-methyl modification at the penultimate position
(but retains the ribonucleotide modification at the final position), demonstrating the im-
portance of the 2'-O-methyl modification for ligation efficiency. Lanes 3-7: products after
RNA degradation of the ligation products in lane 1 with [NaOH] at 20 mM (lane 3), 50
mM (lane 4), 100 mM (lane 5), 150 mM (lane 6), and 200 mM (lane 7). The band in lane
6 represents the product generated by the conditions recommended in this protocol.
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