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Abstract

CRISPR-Cas are adaptive immune systems of prokaryotes that destroy genetic
parasites such as viruses or plasmids. CRISPR-Cas systems, widely spread in both
archaea and bacteria, have diverse genetic structure and molecular mechanisms for
viral and/or plasmid nucleic acids (NA) degradation in a process called CRISPR
interference. At the same time, they all share a common ability to acquire short
fragments of viral or plasmid DNA, followed by integration of these fragments
into special CRISPR loci in cellular genome. This process, CRISPR adaptation, is
carried out by two most conserved CRISPR-associated (Cas) proteins Casl and
Cas2. A CRISPR locus is transcribed and resulting RNA is processed into units
harboring individual viral fragments (crRNA). crRNAs assemble with proteins
encoded by the cas genes into RNA-protein effector complexes. These complexes
are able to recognize foreign NAs complementary to crRNA sequence and cause
their degradation. Mutations introducing mismatches between foreign NAs and
crRNA weaken the effectiveness of CRISPR interference. Some of type | CRISPR-
Cas systems exhibit a specific mode of adaptation dependent on recognition of
partially matching targets, called “primed adaptation” or “priming”. Primed
adaptation requires both the effector complex and the Casl, Cas2 proteins and is
orders of magnitude more efficient than “de novo” adaptation that requires the
Casl-Cas2 complex only. The mechanisms of primed adaptation are not
understood yet and several competing models of the process have been proposed.
We here focus on type I-E CRISPR-Cas system of Escherichia coli as the most
studied one among those supporting primed adaptation. We consider two models:
one that regards conformational changes in the Cascade effector complex as the
cause of priming versus interference with the target and another where kinetics of
interaction with fully or partially matching targets is thought to determine the
outcome (interference or priming). To probe the first, conformational, model, we
used magnetic tweezers that allow one to manipulate force and torque applied to
single DNA molecules. Further, we use bulk biochemical assays with Cas3
nuclease that is recruited upon Cascade binding to the target and that destroys the
target. Finally, we test if conformational state detected on different targets affect
priming. The main conclusion of our work is that priming happens independently
of altered Cascade conformations on different targets, thus lending support to the
kinetic model of priming. Our results also include some method development for
magnetic tweezers and bulk assays that should help move the field forward in the
future.
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Novelty and practical use

Novelty of this work is in the use of single-molecule approach to study CRISPR-
Cas effector target recognition for a system that supports primed adaptation.
Together with complementary assays, this approach allowed to provide evidence
that particular changes in the effector complex do not participate in primed
adaptation. This key finding encourages development of Kinetics-based priming
model. As a general science project, this work does not imply any immediate
biotechnological application. However, development of single-molecule methods
in the field could allow to approach off-targeting issue that is very important for
gene editing.
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for protein purification; advanced Urea PAGE with single-nucleotide resolution;
repeats of Cas3 biochemical assays; high-throughput sequencing run and scripts
for data analysis; protocols and guidance for in vivo experiments; scripts for MT
data analysis.
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1 Literature review

1.1 Antiviral defense systems of prokaryotes

Every cellular species faces constant pressure to overcome genetic parasites, such
as viruses, plasmids and transposons that attack it (1, 2). In order to protect
themselves from invasions exhausting resources of cells and populations, bacteria
and archaea have developed defense systems that vary in molecular mechanisms
and ways they affect the fate of invaded cell (3). To overview these defense
systems, it is convenient to focus on viruses, since they are the most common and
sophisticated genetic invaders of prokaryotes.

We will start from the very beginning of viral replication cycle, when viral particle
recognizes the targeted cell. In order to inject its genetic material (DNA or RNA)
into the cell, a virus must recognize specific receptors on cell surface. These are
typically either proteins or glycolipids. Broad specificity transport proteins such as
porins or selective transporters, pili and flagella, as well as specific
lipopolysaccharides are all known to be used by viruses for entry into cells (4).
For gram-negative bacteria these can also be structural proteins interacting with
peptidoclycan layer. For gram-positives, viruses can directly bind to glucose,
galactose or rhamnose residues of polysaccharides presented on the cell wall. Each
virus usually displays narrow specificity, infecting only some strains of the
species, and much of this specificity is due to the presence of appropriate receptors
on sensitive cells.

To prevent viral infection, prokaryotes have developed mechanisms that disrupt
receptor recognition. One way is to block receptors. This is achieved by altering
conformations of cell receptors, or by physically covering them by specific
proteins or lipoproteins (5-7). Interestingly, phages themselves use this method to
avoid superinfection by multiple viral particles (called virions) and to prevent new
viral progeny from binding lysed cell fragments containing targeted receptors (8).
Another way to make receptors unavailable for viruses is conditional expression of
receptors’ genes (so called phase variation). For instance, Bordetella spp. cells stop
expression of pertactin autotransporter in phase of “no colonization”, so that
phages cannot infect cells via this receptor (9). Blocking receptors can bring up to
10°-fold resistance to virus infection, but some viruses are still able to infect,
adapting to this resistance mechanism (10).

Another strategy prokaryotes use to make their receptors unavailable is to produce
extracellular matrix. Carbohydrate polymers cover the cell membrane and protect
from phage recognition (11). As an adaptive response, virions of some phages
contain enzymes that degrade the polycarbohydrate layer. Sometimes such phage
enzymes are expressed into media by infected cell, acting in close proximity of
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lysed cells, which may “help” phage progeny (12). Finally, another way for
bacteria to prevent receptor binding is to produce competitor molecules that
compete with viral particles by binding at their receptor binding sites. In this way,
Escherichia coli produced microcin J25, part of a toxin-antitoxin system, clogs T5
phage receptor binding sites preventing phage binding (13).

Next level of fighting off a viral infection occurs after a phage particle successfully
bound to its receptor and viral genetic material is injected into the cell. To this end,
many phages or prokaryotic cells employ the so-called superinfection exclusion
(Sie) systems (3, 14). Mechanisms of most of such systems are not yet explained
completely understood. All Sie systems contain proteins that are specifically
binding viral proteins at or inside the cell membrane and disrupt their function at
the step of genetic material injection. For example, blocking of tape measure
protein of certain phages prevents normal function of DNA passage channels (15,
16). For gram-negative bacteria, Sie systems can also block the function of phage
lysozyme, thus preventing peptidoglycan layer degradation (17). The Sie systems
are believed to have originated as a mechanism of preventing superinfection by
closely related phages (18). Indeed, in many bacteria Sie systems localize in
prophages, supporting this hypothesis (19, 20).

If viral (or plasmid) genetic material is inserted into the cell, prokaryotes still can
defend themselves by degrading invading DNA or RNA. Restriction-modification
(RM) systems are well-studied friend-or-foe systems that degrade foreign DNA.
Classically encoding two main enzymes: restriction endonuclease and methyl-
transferase, these systems degrade DNA unmethylated at specific sites. The sites
are typically of no more than 8 nucleotides in length and are often palindromic.
The sites in cellular genome and resident plasmids are methylated and thus
protected, preventing self-damage (21). Since methylation is uncontrollable in a
sense that it does not specifically distinguish cellular DNA from viral DNA, the
latter can be modified as well before it is cleaved, leading to escape from
immunity. However, type | R-M systems may exhibit higher probability of strand
methylation of hemimethylated sites, which could be regarded as a mechanism
favoring host over viral DNA through methyltransferase activity (22). Phages
evolved to avoid RM-systems by excluding the recognition sites from their
genome (23), changing nucleotides in their DNA (for example, using uracils
instead of thymines), or expressing their own methylation enzymes (3, 24).

Restriction-modification systems are diverse and include at least four types in their
taxonomy (25). Due to ability to cut DNA at specific places, purified restriction
enzymes of type Il RM-systems are ubiquitously used in cloning. Some systems
are degrading only modified DNA and some have much more complex molecular
organization than the classical type Il systems (26, 27).
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Other systems that degrade parasites’ genetic material are CRISPR-Cas systems.
These systems have been discovered relatively recently and attracted high interest
(28-31). Number of scientific publications dedicated to CRISPR is rapidly
growing and exceeded 3000 in 2017. CRISPR-Cas systems are in the focus of
research in this thesis, thus, in-depth description of their molecular mechanisms is
provided in the following sections. For this chapter, we will say, first of all, that
these are adaptive prokaryotic immunity systems (32, 33). CRISPR—Cas systems
are present in most archaea and in around 50% of bacteria (34, 35). The common
feature of these systems is their ability to acquire short (typically around 20-35
nucleotides long) fragments of viral genomes and introduce them into a special
chromosomal locus called CRISPR (or CRISPR array) (36, 37). The introduced
sequences are called spacers and are identical to protospacers — sequences of viral
DNA they originate from. Each integrated sequence (spacer) in CRISPR locus (38)
Is separated from the next spacer by a short repeat that often is palindromic (39).
The first CRISPR locus was detected in late eighties in E. coli (40). In all systems,
CRISPR arrays are transcribed and the transcripts, pre-crRNAs, are processed into
individual spacer-harboring CRISPR RNA molecules (called crRNASs). The
crRNAs are assembled with CRISPR-associated (Cas) protein(s) (encoded by cas
genes often located close to CRISPR arrays) into ribonucleoprotein (RNP) effector
complexes. These complexes recognize viral protospacer sequences, bind them by
base-pairing and then induce viral NA degradation by either cleaving it directly or
attracting dedicated nucleases (41, 42). This process of targeted genetic material
degradation is called CRISPR interference. Adaptation machinery is the most
conserved part of CRISPR-Cas systems while genetic and functional organization
of interference machinery varies. Most CRISPR-Cas systems target DNA, while
some are active towards RNA (and sometimes both) (43). To distinguish between
viral protospacer and CRISPR array spacer in cellular genome, some CRISPR-Cas
systems rely on the presence of short (2-6 bp) specific sequences next to
protospacers named protospacer adjacent motifs or PAMs. Despite their frequent
occurrence, CRISPR-Cas systems have a drawback of low mutation tolerance.
Indeed, even a point mutation in protospacer or PAM sequence was shown to be
enough for a virus to escape CRISPR immunity (44). A particular low tolerance for
mismatches is observed at the PAM and PAM-proximal “seed” sequence of the
protospacer. In contrast, even multiple crRNA-protospacer mismatches are
tolerated at PAM-distant positions without apparent effects on CRISPR
interference in vivo (45, 46).

Phages avoid CRISPR-Cas not only by acquiring mutations in their genomes, but
also by small anti-CRISPR proteins sometimes encoded within viral early genes
clusters. Diverse anti-CRISPR proteins with different mechanisms of action have
been discovered: they interact directly with various parts of the effector complex
and inhibit binding and/or degradation of targeted NA (47-49).
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Even if a prokaryotic cell does not manage to prevent viral invasion and becomes a
factory for phage production (virocell or ribovirocell), it still can preclude
spreading of infection. Often leading to controllable self-death, abortive infection
(Abi) systems serve to stop production and spreading of functional virions (50).
Abi systems may disrupt viral cycle at any in-cell stage: DNA injection (51), DNA
replication (52, 53), transcription at different stages (54), capsid protein synthesis
(55), and even DNA packaging into viral particles (56). For many Abi systems the
molecular mechanism is not completely understood (57, 58). As one of few studied
examples, Rex system of Escherichia coli cells depletes ATP concentration via
membrane channel expression, which reduces membrane potential and blocks
ATP-dependent viral genes expression and viral particles assembly (59). This
system activates by sensing phage DNA-protein involved in phage DNA
replication-recombination (60). Another Abi system of the same bacterium blocks
translation via cleavage of elongation factor EF-Tu, responsible for aa-tRNA
binding to ribosome (59). This system is activated by the presence of capsid
peptides in the cytoplasm (61). Notably, this system is located in prophage el4 of
E. coli K12 genome. This fact may point to viral origin of some Abi systems.
Some toxin-antitoxin system in bacteria have been shown to act like abortive
systems during phage infection (62, 63). Some of CRISPR-Cas systems may also
work as abortive infection systems, degrading all RNA or ssDNA in cell cytoplasm
after being activated by binding to the targeted sequence (64, 65).

The many measures by prokaryotes against viruses and counter-measures by
viruses to avoid cell immunity allow the continuing race between genetic parasites
and cellular defense systems. This ongoing process is believed to significantly
influence the evolution of both sides. It is interesting to understand all aspects of
this reciprocal battle, and estimate the outcome of this coexistence for evolution of
life (66). Great effort made by others allow us to understand mechanisms and
classify protective systems. In this thesis, our contribution to the studies of
molecular mechanisms of not yet completely understood CRISPR-Cas systems is
described. Thus, from now on CRISPR-Cas systems will be our main focus.

1.2 Molecular mechanisms of CRISPR-Cas systems

CRISPR-Cas adaptation is a process of acquiring new spacers. A heteromultimer
of Casl and Cas2 proteins is responsible for acquisition and insertion of short
DNA fragments into the CRISPR array (67, 68). These proteins are the most
conserved among all CRISPR systems. Recent structures have revealed a
2cast:2cas2:2cas1 dumbbell-like complex (69, 70). So far, both structural analysis and
biochemical assays suggest that the Cas1-Cas2 complex inserts spacers as double-
stranded DNA with forked (unwound and split) ends (71). Recent studies
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demonstrated that Casl-Cas2 acts similar to viral integrases and a model of
integration was proposed, though not yet solidly supported. A protein complex
with future spacer bound is believed to catalyze nucleophilic attack on
chromosomal DNA at either end of the first repeat of CRISPR array, though, the
CRISPR leader to first repeat border is a preferred site of attack (72). After the first
attack, at least some of CRISPR-Cas systems do a “quality check” for appropriate
length of new spacer, and only after that perform the second attack on the opposite
strand at the opposite end of the CRISPR repeat (73). For that, the -OH groups are
required at 3'-ends of DNA that is being inserted (72, 74). Thus, right after
integration resulting structure has new spacer introduced in double-stranded form
between two single-stranded regions of CRISPR repeat. These are likely filled in
by cell reparation systems (73). Directionality of spacer insertion is crucial for
future interference, as PAM in targeted NA (virus) is located at a particular side of
protospacer. Directionality is ensured by incorporating one (the most proximal)
nucleotide of PAM with the spacer sequence into CRISPR array. This residue of
PAM thus becomes a part of repeat rather than the first nucleotide of spacer (75).

Despite being conserved, Cas1-Cas2 complexes have system-to-system variation.
Thus, type I-E systems use integration host factor (IHF) that recognizes AT-rich
leader part in front of CRISPR array and facilitates Casl1-Cas2 navigation by
bending DNA molecule at this region (76, 77). The Cas1-Cas2 complex of type IlI-
A system of Streptococcus pyogenes, in contrast, is able to identify leader-repeat
sequence in the absence of additional factors (73).

While integration of spacers has been studied to the point of proposing a detailed
model, the understanding of the process of spacer selection and capture by Casl-
Cas2 complex remains vague (35). The de novo spacer capturing is believed to be
a stochastic process that does not distinguish between viral and own cellular
genome and, thus, is potentially toxic to the cell. Adaptation of own-genome-
derived spacers may be fueled by DNA fragments generated by the reparation and
recombination systems nucleases. The RecBCD complex (and its gram-positive
analog AddAB) processively degrades DNA ends generated at double-strand
breaks (DSBs) until specific Chi sites are reached where degradation stops and
reparative recombination initiates (78). This degradation activity is believed to be
an important source of short single-stranded DNA fragments that, when
reannealed, can be captured by the Casl-Cas2 adaptation complex. Indeed, more
frequently acquired spacers originate from areas around replication fork stalling
sites — sources of DSBs — bound by nearest Chi sites (79). Some bias of de novo
acquisition of spacers from foreign DNA compared to self-originated spacers may
be due to lower frequency of Chi sites in foreign DNA thus leading to its more
extensive degradation per one RecBCD “run” (78). Consistent with this model, for
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linear phage genomes, spacers are selected more frequently from a region between
genome end and the first Chi site (80).

For some types of CRISPR systems the Cas2 protein is fused with nuclease-
helicase protein Cas3 involved in target degradation (43). Indirect experimental
evidence suggests that the E. coli type I-E system Casl-Cas2 complex interacts
with target-bound effector and Cas3 (81). These observations have brought
speculation that interference components may alter the function of adaptation
machinery, increasing its efficiency or the other way round (82). As mentioned
earlier, spacers are likely integrated into CRISPR array as double-stranded forked
DNA fragments that may originate from reannealed degradation products.
However, a recent study reported that during primed adaptation spacer-size SSDNA
intermediates can be pulled from cells lysates through immunoprecipitation with
Casl (83). This supports a model of interference-adaptation machinery cooperation
during priming and demonstrates that these fragments are excised from only one
strand of DNA in targeted plasmid, which could explain the strand bias in spacer
acquisition observed during priming.

CRISPR effector complexes serve as devices for targeting viral or other foreign
DNA/RNA. Spacer sequence in crRNA guides the effector complex to
complementary sequence (protospacer) in targeted NA with a *“consensus”
(strongly supporting interference) PAM next to it. The search process is believed
to be a 3D diffusion during which the effector complex is attracted to strongest
PAM sequences (81, 84). It is believed that each time the effector complex binds a
strong PAM, the process of matching of crRNA spacer part to DNA is initiated
(Figure 1). This nucleation is believed to be directional, starting from DNA
unwinding of seed (next to PAM) nucleotides and probing base-pairing between
crRNA and the target in this area first (85). If protospacer seed matches crRNA,
further base pairing along the target is achieved in a reversible zipper-like fashion
by displacing the non-target DNA strand, resulting in a triple-strand R-loop
structure (86).

\- g8 crRNA j?
CUGUCUUUCGCUGCUGAGGGUGACGAUCCCGCHN 3,
37\ A CCACAGARAGCGACGACTCCCACTGCTAGGGCE

5! .ATG
PAM CTGTCTTTCGCTGCTGAGGGTGACGATCCCGC
Figure 1. Type I-E CRISPR effector complex (Cascade) bound to the targeted DNA (blue).
Cascade requires a particular PAM sequence to be present next to protospacer target. Binding
occurs via base-pairing with crRNA complementary to target. Resulting R-loop structure (one
DNA strand paired to crRNA, another is in sSDNA form) is stabilized by downstream locking
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It is worth mentioning, that effector binding does not require ATP and R-loop
structure is formed in the course of extensive conformational changes in the
effector, in addition to RNA-DNA pairing. Upon zipping of the RNA-DNA hybrid
to the end of the protospacer and formation of full-sized R-loop structure,
conformational changes occur in the effector complex that energetically “lock™ and
stabilize the R-loop (87-89). For type I-E system of E. coli, the conformational
change that leads to locking mainly involves the Csel and Cse2 subunits. R-loop
locking is thought to be a signal for recruitment of the helicase-nuclease Cas3 (85),
which cleaves DNA at and around the protospacer and, in the presence of ATP,
proceeds to degrade foreign DNA in both directions from the bound Cascade (90—
94).

1.3 Classification and diversity of CRISPR-Cas systems

The cas genes and CRISPR arrays show high diversity. Bioinformatics analysis of
Cas proteins allowed the classification of the CRISPR-Cas systems into two
classes: with multimeric and monomeric protein subunit structure of effector
complexes. The last published classification distinguishes six types (from type I to
VI) of CRISPR-Cas systems (43) among which the types I, 11, and Il represent the
best studied systems (31). The different types of CRISPR-Cas systems use
different effector complexes and are distinguished by the presence of specific
“signature proteinS” that are responsible for initial DNA degradation which are,
respectively, Cas3, Cas9, and Cas10 for types I, I, and Il1. type | systems employ
a large multisubunit effector complex called Cascade (stoichiometry
Csel;Cse2,Cas7sCasb;Casb; with 61-nt crRNA containing 32-nt spacer for type I-
E system of E. coli) that recognizes double-stranded DNA (dsDNA) targets (86)
(95). After target recognition and verification, Cascade recruits the signature
protein Cas3—a helicase—nuclease—to degrade DNA (90, 91). In type Il systems,
the monomeric signature Cas9 protein is both the effector for dsDNA target
recognition and the nuclease for target degradation. Using its two nuclease
domains, it generates a double-strand break in bound targets (96, 97). Type V
effectors are similar with type Il and likely evolved from the same family of
transposon-originated nucleases (98). The main differences for subtype V-A are
the absence of activating RNA (tracrRNA), present in type Il and subtype V-B.
While type 1l effectors are known to produce blunt-ended DSBs, type V effectors
make staggered DSBs (99, 100). Being compact and simple, type Il and V
effectors became the preferred tool in CRISPR—Cas-based genome engineering
applications (101-103).

In type Il systems, the effector complex is multimeric with a helicoid structure
similar to that formed by Cas7 subunits oligomer of type | Cascade (104, 105). The
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type Il effector complex is recognizing not dsDNA but RNA sequences
complementary to crRNA spacer (106-108). RNA recognition stimulates
nonspecific DNA cleavage activity of the Cas10 signature nuclease that is part of
the effector complex (109-111). This DNA cleavage occurs co-transcriptionally
(111, 112), allowing to target actively transcribed genes of infecting phages or
induced prophages.

1.4 Models of CRISPR-Cas primed adaptation

Mismatches between crRNA and DNA target represent kinetic barriers for R-loop
formation that are difficult and sometimes impossible to overcome. Particularly,
PAM-proximal mismatches in seed region lead to stronger hindrance and are
thought to inhibit the R-loop nucleation (45, 85, 113). In case of mismatches that
still lead to R-loop formation, the conformational states of the resulting complex
are altered compared to the fully-matched complex (114).

In addition to mediating target recognition during interference, Cascade can
promote the acquisition of new spacers from invader DNA, a response called
“primed adaptation” or “priming” that allows to update the “invader memory” of
the CRISPR-Cas system (94, 113, 115). So far, priming has been observed for type
I-B (94, 115-117), I-C (118), I-E (45, 113, 119-121) and I-F systems (115, 122).
In type I-E, priming requires all elements of the system’s machinery, i.e., the
effector complex, Cas3, and the Cas1-Cas2 adaptation complex (45, 113, 120). The
rapid and efficient adaptation typical for priming is stimulated by the recognition
of protospacers that form mismatches with the crRNA spacer or at fully matching
protospacers that contain suboptimal (not supporting efficient interference, but still
supporting some CRISPR-Cas response) PAM sequences (113, 121). Majority of
spacers that are acquired in the course of primed adaptation are located in cis with
priming protospacers. In E. coli, the protospacers from which new spacers are
selected have almost invariably a consensus interference-proficient AAG PAM,
which should increase the ability of CRISPR-Cas system to fight off a genetic
invader. While distances between the priming site and the protospacer from which
a new spacer is acquired can be substantial (tens of thousands of nucleotides), the
efficiency at which new spacers are acquired drops with increasing distance from
the priming site (113, 115, 119, 120, 122, 123). In addition to the distance from the
priming site, other factors such as sequence, and local context affect selection
efficiency of spacers (119, 124). Some “hot” protospacers are selected as spacers
with thousands-fold higher probability than other, “cold” protospacers.

Two main alternative mechanistic models of priming have been proposed. In the
conformational-control model Cascade is believed to be able to adopt a
conformation that supports priming and that is distinct from conformation that
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supports interference. The model is based on an observation that for some targets
that support priming but strongly attenuate interference, Cas3 recruitment is
decreased, but can be restored and altered in the presence of the Casl-Cas2
complex (81). On such targets, the Csel subunit of Cascade adopts predominantly
an open conformation in contrast to a closed conformation found in complexes
with targets that, once recognized, promote interference (114). Thus, priming could
be a consequence of specific recognition of the open-form Cascade-target complex
by Cas3 and, subsequently, by the Cas1-Cas2 complex. In the extreme case of this
model, acquisition of new spacers could occur without interference initiated at the
priming site.

Within the conceptually simpler interference-based model, both interference and
priming are consequences of the same process of target DNA degradation. The
model is based on observations that (i) during the short time window before their
destruction, matching targets with consensus PAMs support primed acquisition of
spacers that is considerably more robust than acquisition from mismatched targets
that are poorly interfered with (124) and (ii) target DNA fragments generated by
Cas3 fuel priming (125). During attenuated but not completely suppressed
interference, targeted plasmids and phage genomes can replicate and persist for
longer periods of time inside cells despite ongoing CRISPR interference. As a
result, Cas3-generated fragments of foreign DNA, which are substrates for
adaptation, will also be present for longer time, allowing spacer acquisition events
to occur over longer periods. In contrast, a rapid interference reaction quickly
depletes invader DNA providing insufficient time for adaptation (126).

1.5 Single molecule techniques to study DNA targeting protein enzymes

A broad range of techniques has been applied to decipher the molecular
mechanisms of CRISPR-Cas systems. The combination of in vivo and in vitro
studies, associated with structural snapshots, allowed understanding the pathways
of CRISPR systems as briefly described above. Among in vitro approaches, single-
molecule tools have uniquely revealed the dynamics of effector complexes during
target protospacer recognition. Single-molecule fluorescence experiments, such as
Forster (fluorescence) resonance energy transfer (FRET) and DNA curtain assays
were able to monitor protospacer binding by the type |-E Cascade (81, 127).
Furthermore, the dynamic search of DNA targets by E. coli Cascade and the type 11
Cas9 effector taking place by a three-dimensional diffusion mechanism were
followed (81, 84). A force-based technique called magnetic tweezers (MT) was
also used to study target recognition of CRISPR effectors. Compared to
fluorescence approaches, magnetic tweezers are uniquely able to monitor in real
time the formation and the extent of the R-loop structure. Additionally, the
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dependence of R-loop formation on the applied mechanical stress (torque from
DNA supercoiling) can be studied (87). This MT technique provided unique
Insights into the directionality of R-loop formation, the R-loop stability, and the
conditions necessary for target cleavage (85).

Magnetic tweezers became possible to build with the development of sub-
nanometer focusing objective stages, thus allowing to track less than micrometer-
long DNA molecules with precision (128). It is an efficient method to study any
DNA targeting protein that has an ability to unwind (melt) DNA (129). Further,
combination of MT with fluorescence detection via total internal reflection
fluorescence (TIRF) microscopy allows single-molecule studies of DNA binding
enzymes that do not locally melt DNA (130). A combination of MT with FRET
optical systems, and, sometimes, with TIRF, allows one to dissect specific
functions of mono- and oligomers of proteins being studied (131), and detect
conformational changes of either protein or targeted DNA under different torque
(i.e., energy density values) (132).

Optical tweezers is another tool that can work with dsDNA, ssDNA, and
sometimes other fiber-forming macromolecules (133). Optical tweezers have
similar to magnetic tweezers force range (from 0.1 to few pN) but its major
drawback is low throughput: while optical tweezers can work with one DNA
molecule, MT assay can be designed to track 50 or even more molecules
simultaneously. Multiplication of parallel measurements is crucial for getting
statistics on rare events. The limit on molecules studied in MT assays is caused by
optical system parameters, magnetics field horizontal uniformity as well as
computational limitations: high-performance GPUs are used to track few dozens of
DNA molecules with frequencies from hundred to thousand hertz. Attempts to
allow more parallel measurements have resulted in development of assay
variations. Acoustic force spectroscopy (AFS) has a principle very similar to MT
but the pulling force is created by acoustic resonance rather than magnetic field
gradient (134). The advantage of this approach is its simplicity and better force
range, while its major drawback is the inability to generate and control torque, as is
easily done with magnetic tweezers (135). Development of this method as a
commercial platform allowed simultaneous tracking of few hundred DNA
molecules. Another parallelization development exploits an NGS platform to track
DNA-protein interactions for up to 107 individual DNA molecules (136). The
platform initially serves to track millions of signals from fluorescently labeled
nucleotides during DNA sequencing. Re-engineering assay to detect signals from
fluorescently labeled proteins that target DNA allowed to probe CRISPR-Cas
effector complex interactions with millions of target variants, thereby, studying its
off-target activity.
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1.6 Technology and value that CRISPR-Cas systems have brought up to date

Due to their simplicity and ability to target specific, programmable sequences, type
Il and V systems Cas9 and Cpf1 effectors, have been used to develop new tools for
genome engineering and gene regulation that are easier to generate than ZFNs and
TALENS based tools (137). The introduction of CRISPR-Cas based tools boosted
genome editing and gene therapy, though have brought many safety-related issues
that are subject of hot discussions (138-140). CRISPR-Cas originated enzymes are
used for gene “knockouts” by promoter or whole gene removal, gene “knockins”,
editing of single nucleotides or short fragments at specific sites, gene regulation,
I.e., silencing or activation — typically done by fusion of CRISPR-Cas effector
complex to transcription factors —, as well as programmable histone modifications
and DNA methylation (141). Hundreds of potential applications for CRISPR-Cas
effectors are now being developed. The first organism modified with CRISPR-
Cas9, Agaricus bisporus (common mushroom), with induced knockout of one of
the six polyphenol oxidase genes was approved for sales in 2016 (142). Speaking
about clinical applications, many concerns are raised about off-targeting effects
that can lead to introduction of unintentional and uncontrolled genome damages
(143). Bioinformatics, together with high-throughput screening, may help to
minimize this risk (136). Even if CRISPR-Cas enzymes cut precisely at the
intended target, there is a risk of undesired genome rearrangements (140). Ex vivo
modification of limited pool of differentiated cells seems, thus, a good strategy of
gene therapy development for the nearest future (144). In this case, control of
correct modification is possible. Besides, ex vivo requires much simpler delivery
systems than in vivo applications, where all somatic cells in organism might
become a target. Currently, several clinical trials of anti-cancer therapies are held
in China that rely on knockout of Programmed cell death protein 1 (PD-1) receptor
in ex vivo derived T-lymphocytes (144). Removal of this immune checkpoint
abolishes cancer cells evasion from immune response in many caner types (145,
146). PD-1 knockout therapy is an example of one of the first gene therapies on
humans that are undergoing phase I or Il of clinical trials. The number of cancer
types that are covered by such trials is going to grow rapidly in the near future.
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2 Project objectives

As described in review of current knowledge in the field, CRISPR adaptation in
general, and primed adaptation (or priming), in particular, remain insufficiently
studied phenomena. It is crucial to understand how the mechanism of target
recognition and DNA degradation is connected to primed adaptation. In order to
push understanding in this field, we aim to develop experiments, which would
discriminate between two main models of primed adaptation.

We have chosen CRISPR-Cas system of Escherichia coli since it is the most
studied system that supports primed adaptation. In this project, we use magnetic
tweezers to study CRISPR-Cas targeting (part of interference). With this method,
we aimed to investigate whether all target mutants that support priming display
conformational changes reported by other research groups. Besides, having all
protein components of E. coli CRISPR-Cas system purified, we dissect system’s
function at each step during primed adaptation. And, finally, we aimed to test our
insights in in vivo model experiments making sure they are relevant to CRISPR-
Cas system function.
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3 Materials and methods
3.1 Magnetic tweezers
3.1.1 Principles of the magnetic tweezers setup

Magnetic tweezers (MT) are a single-molecule manipulation and detection
instrument extensively used in biophysics. It consists of a microscope onto which
motor-controlled magnets are mounted right above (below) a specimen. Specimen
Is typically a flow-cell, allowing to repeatedly flush desired (e.g., DNA or protein
solution) liquid into the field of view. The flow cells also serves as a support for
immobilized molecules of study — in our case DNA — that are attached to the
surface of cover glass. The key principle of molecule manipulation with magnetic
tweezers is the use of superparamagnetic spherical particles (further called beads or
magnetic beads) that attach to the tethered DNA molecules via high affinity ligand-
receptor (or sometimes covalent) bonds (147, 148). The motor-controlled magnets
generate a strong magnetic field gradient in the direction perpendicular to the
surface, such that the bead is pulled away from the surface and a stretching force is
applied to the tethered biomolecule under study.

A scheme of the setup can be seen in Figure 2. The measurements described below
were done using the set up described in (149). Light produced by a light emitting
diode (LED, 660 nm emission wavelength) passes a lens telescope (Thorlabs,
USA), which focuses the light on the sample. Transmitted light from the sample
passes an oil immersion objective (Olympus Ach 100x/ 1.25 oil, Japan) and is
deflected by a mirror (Thorlabs, USA) and tube lenses to produce a high-resolution
image of the sample on the chip of a CCD camera (TM-6710CL, JAI Pulnix Inc,
USA). Images of individual beads in the sample are analyzed in real-time by a
custom-developed software on a PC that operates the whole setup. Permanent
NdFeB magnets (Supermagnete, Uster, Switzerland) are located just above the
flow-cell and can be moved vertically with a precision of 10 um and rotated using
motors with servo-control (M126.PD1 and C150.PD, PI, Germany). The range of
forces produced by these magnets on the superparamagnetic spherical particles
with 1 um diameter (MyOne, Invitrogen, USA) is in the range of 0.01 to 6 pN. The
focal position of the objective is controlled by a piezoelectric nanopositioning
stage (PIFOC P-721, PI, Germany) and allows to introduce precise focus steps
with sub-nanometer precision. A second magnetic tweezers setup was used for
some experiments described in this thesis. Its main differences compared to the
described setup was the use of a faster CMOS camera with higher pixel resolution
(EoSenc CL MC1360-63, Germany) and an objective with lower magnification
(UplanSApo 60x/1.35 Oil, Olympus, Japan). CMOS cameras are typically used for
rapid parallel (multiple objects) imaging with lower noise, while CCD cameras
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display much higher sensitivity and are perfect for low contrast and signal
applications.
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Figure 2. Magnetic tweezers setup and principle of operation (figures were adapted from (129,
150, 151). (A) Photograph of the setup and individual components. The optical path can be seen
in the overview image (left and bottom). Light from the LED goes through lenses, passes
between a pair of magnets, illuminates the flow-cell and is collected by the objective beneath the
flow cell. Subsequently it is reflected to the right (with respect to the photograph) by a mirror
and detected by a camera. (B) Principle of DNA stretching experiments in magnetic tweezers.
DNA is attached to the bottom of the flow-cell and to the magnetic bead by high affinity ligand-
receptor interactions. The magnetic bead is pulled up by a magnetic field gradient generated by a
pair of cubic magnets that are mounted on a translation stage. The bead image is collected by
camera and analyzed by a custom-developed software that calculates its position in real time.

3.1.2 Flow-cell preparation

The flow-cell is a special microscope specimen chamber: two glass cover slips 20
X 60 mm in size (Menzel-Gléser, Germany) and a layer of Parafilm “M” (Bemis
NA, USA) are assembled as a sandwich. The parafilm layer is cut so that a central
channel is formed. Two holes in the upper cover slip provide access to the channel.
This way any desired solutions can be exchanged in a convenient manner. The
bottom glass cover slip is covered with anti-digoxigenin antibody (aDig) to graft
the DNA molecules that are modified with digoxigenin (Dig) at one end. At
another end, DNA is modified with biotin to which streptavidin-coated magnetic
beads bind.

The preparation of the flow-cell includes cleaning of the cover slips by sonication

in acetone and isopropanol. The top cover slip is cut with a laser cutter to create

two holes. The bottom cover slip is coated with polystyrene dissolved in toluene

with the help of a spin coater. This covering helps to attach antibodies to the
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bottom cover slip, as well as to fix on surface reference beads used during
measurements (see below). Parafilm is cut by a laser cutter to match the flow
channel form (empty space in the middle with channel contraction on sides). Ends
of flow channel in parafilm match to the holes of top cover slip. All three parts are
assembled and tightly pressed against each other at the Parafilm melting
temperature of about 120 °C. Before use, the flow-cell is incubated with 50 pg/ml
aDig (Roche, Germany) for at least one hour in order to cover the surface of the
flow-cell with aDig. Then the flow-cell surface is passivated with Bovine Serum
Albumin (BSA, New England Biolabs, USA) at room temperature for at least 4
hours (in most cases overnight). BSA is used to reduce the nonspecific adsorption
of the magnetic beads to the flow-cell surface. The typical volume of the flow-cell
Is about 30-40 pl.

Special 3.2 pum sized polystyrene reference beads (Uniform microspheres,
Invitrogen DYNAL AS, Norway) are flushed into the flow-cell after washing the
remaining BSA. Flushing out BSA after its incubation is necessary to allow proper
reference beads fixation on the surface of the bottom cover slip. These reference
beads are used to detect relative paramagnetic bead position and subtract the drift
of the whole sample holder. Typically, 20 minutes incubation time was used to let
the reference beads settle down and fix on the surface of the flow-cell.

3.1.3 Tracking of the bead position in three dimensions

The parameter that is obtained during magnetic tweezers measurements is the
extension of DNA. The DNA end-to-end length is calculated from the axial
position of the attached magnetic bead. To this end, the bead is imaged in
overfocus such that diffraction rings are formed by light scattering on the
micrometer-sized bead (Figure 3). Custom-developed software is used to process
the image. The lateral positions of the bead (i.e., along x and y) are determined as
the center of the diffraction pattern (152). The axial position (z-position, along the
direction of the applied force) is determined from the diffraction pattern that
changes with the position of the bead with respect to the overfocus. To this end, a
so-called look-up table — i.e., a set of diffraction profiles obtained from bead
images taken at step-wise increased overfocus - is generated (Figure 3D). To
achieve precise overfocus steps, the whole flow-cell is moved with nanometer
precision by a piezoelectric nanopositioning stage. The typical range of a look-up
table is 6 um. During the measurement, the radial diffraction profile of the bead is
compared to the profiles of the look-up table, which provides the position of the
magnetic bead. Simultaneously, a non-magnetic 3.2 um polystyrene bead, which
Is immobilized on the flow-cell surface, is tracked using a separate look-up table to
collect the different interference profile of the reference bead. This bead serves to
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remove the microscope drift. The position difference between magnetic and
reference beads is then used to determine the DNA extension value. DNA
extension is Z-direction projection of the distance between the two ends of the
DNA molecule — from one attached to the bottom of the flow-cell to the one
attached to the paramagnetic bead. This value can approach the total length of the
DNA molecule itself at high pulling force (low magnets-pair position) and
decreases at lower forces or/and supercoiled state of DNA molecule (see below).
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Figure 3. The principle of tracking of magnetic bead in the tweezers, adopted from (151). (A)
Images of a magnetic bead taken at different positions with respect to the overfocus. The
obtained diffraction ring pattern is analyzed by the tweezers software. (B) X- and Y- position
tracking is used to determine the bead position as the center of the rings. (C) Movement of the
magnetic bead attached to the DNA under the vertical force imposed by the magnetic field
gradient. Fluctuations in X and Y directions are different since the bead dipole orients itself
along the magnetic field in the Y direction (D) Z-position tracking. Collection of bead images
over increasing overfocus from which a look-up table of radial intensity profiles (with respect to
the bead center) is obtained (see right). During the measurement the radial intensity profile of the
actual bead image is compared with the look-up table and the Z position of the bead is
determined. For the DNA extension length value, the differential position of the magnetic bead
and a polystyrene reference bead is calculated.

The rate of bead position tracking during the measurements is limited by the
camera frequency characteristics. Here 120 Hz were used for single-molecule
tracking and 180 Hz for multiple-molecules tracking.

3.1.4 Preparation of DNA constructs for MT assays

DNA constructs for magnetic tweezers were made of three parts: main body of
desired sequence, Digoxigenin (Dig) handle able to bind antiDigoxigenin (a-Dig)
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at the bottom of the flow-cell, and Biotin handle able to bind Streptavidin on
magnetic bead (Figure 2B). Main body, pUC19 originated, (with g8 protospacer
variants cloned in the middle) was about 2200 bp long and prepared by Phusion
Polymerase (New England Biolabs, USA) PCR. The PCR was done using primers
complementary to pUC19 plasmid at their 3' ends, with 5° overhangs containing
Spel or Notl restriction sites. Handles were produced from the pBluescript 11 SK+
template by Tag Polymerase PCR using special Biotin-16-dUTPs or Digoxigenin-
11-dUTPs (Jena Bioscience, Germany). PCR product of pBluescript Il SK+
contains one Spel and one Notl site in the middle part. PCR products were purified
using Nucleospin gel and PCR clean-up Kit (Macherey-Nagel, Germany). Dig
handle was cut with Notl-HF enzyme (New England Biolabs, USA), Biotin handle
with Spel (New England Biolabs, USA). Main body was treated with both
enzymes to form “sticky ends”. Restriction products were purified using the same
purification kit. All three parts were ligated together with the T4 DNA Ligase
(New England Biolabs, USA). In case of synthetic genes (see chapter 4.5.4),
similar approach was used to produce parts of constructs by PCR. The difference
was only in sequences of templates and primers used.

Ligation product was run on 1% agarose gel and the band of the right size (3200
bp) was extracted from it, while limiting EtBr (or other intercalators) contact or
ultraviolet exposing which could damage DNA. Nucleospin gel and PCR clean-up
Kit (Macherey-Nagel, Germany) was used for extraction of DNA from the gel.
Resulting construct was ready to be used in MT assays. Typically the
concentration was around from 5 to dozens ng/ul in 20 ul volume. Constructs were
aliquoted and frozen at —20 °C, as biotin and Dig are sensitive to multiple thawing-
freezing cycles. Thawed aliquots were stored at +4 °C for a month.

3.1.5 DNA molecule behavior. Force calibration. Rotation curves.

The DNA molecule attached to the magnetic bead and the surface of the flow cell
is stretched by the magnetic field gradient and fluctuates around its equilibrium
position due to thermal fluctuations. Its mean height depends on the force applied
by the magnet and on the length of the DNA molecule. In order to determine the
force imposed by the magnets, force calibration is done for every magnetic bead.
To this end, the force is estimated from thermal fluctuations in lateral direction
considering the pendulum geometry of the bead-DNA system according to (153):

= (3.1)

T <Ax?>
where F is the force produced by the magnet, kg is the Boltzmann constant, T is

temperature, <Ax%> is the mean square displacement of the lateral bead position x
and L is the length of the pendulum (i.e. L is thus not the length of DNA molecule
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itself, but the DNA extension value or, in other words, end-to-end distance). The
formula is simply derived by calculating the mean pendulum energy and equating
it to Y2 kBT according to the equipartition theorem.

A dsDNA molecule that is attached with both strands to aDig at the bottom of the
flow-cell and to streptavidin of the magnetic bead can be twisted, i.e., supercoiled
(Figure 4). Rotation of the magnet lets the magnetic bead rotate synchronously due
to its intrinsic dipole moment conservation. Thus, every magnet rotation introduces
(or removes) one turn into DNA.
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Figure 4. Supercoiling of single molecules of DNA by magnet rotations on magnetic tweezers
leads to plectoneme formation (DNA supercoils or superhelices). After plectoneme formation the
torque remains constant. This condition is used to measure Cascade binding and R-loop
formation. After target location, Cascade complex unwinds the DNA helix and shifts the DNA
supercoiled state. (A) Changes of DNA supercoiling during R-loop formation and dissociation
(87). Magnet rotation leads to bead rotation and thus to supercoiling of the DNA molecule. DNA
“stores” applied turns in a plectoneme form — a structure where a DNA molecule forms a
superhelix with itself. DNA length here stands for DNA end-to-end distance (also called DNA
extension). When Cascade binds to DNA, it unwinds the targeted region, and therefore, induces
positive turns into the DNA molecule. This is detected as a shift of the rotation curve as well as a
sudden jump in smoothed time traced signal. The opposite event of R-loop dissociation is seen as
back shift to original rotation curve and a jump towards lower supercoiling state (seen as jump
up since R-loop dissociation happens). (B) and (C) The rotation curve is the dependence of DNA
length on the rotations introduced by magnet. Data shown were obtained for forces ranging from
0.5to 4 pN (0.25, 0.5, 1.0, 2.0, 3.0 and 4.0 pN, correspondingly). Monte-Carlo simulations show
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that the torque reaches a constant level as soon as the first plectoneme forms at B-form of DNA
(154).

Initially rotations lead to a linear increase of the torque within the molecule. Then,
at a certain torque value, the DNA molecule suddenly buckles and a plectoneme
starts to form. This is seen as a linear decrease of the bead height. Plectoneme
expansion/growth requires constant amount of work applied to the molecule by the
magnet per induced turn. Therefore, the rest of the molecule experiences the same
energy density and the same torque value no matter how many rotations will be
added. This property, a so-called “torque wrench”, is very convenient for
measuring binding of the Cascade complex, since R-loop formation leads to
unwinding and localized melting of DNA in the region of protospacer sequence.
This introduces additional turns in the whole DNA molecule. If the molecule is in
the negatively supercoiled state, an abrupt step in the DNA extension signal will be
observed, since some plectonemic turns will be released, leading to a permanent
rotational shift, that is easy to detect (Figure 4A). R-loop dissociation, if it
happens, is seen as molecule shift back to the original state showed as a grey
rotation curve. Some R-loops are highly energetically favorable and dissociate only
at high positive torque. In this case, R-loop dissociation will be seen as sudden
jump towards lower value of DNA supercoiling (right part of Figure 4A).

3.1.6 Magnetic tweezers experiments to measure R-loop properties

R-loop formation/dissociation and extent of DNA opening (unwinding)
experiments on full-length targets were carried out as previously described in 20
mM Tris—HCI pH 8.0, 150 mM NaCl and 0.1 mg/mL BSA at 37 °C. Experiments
using the target with CCG and CCC PAM were also performed in the presence of
5 mM MgCl,. Mg?* facilitates R-loop formation, thus providing a more stringent
negative control for Cascade target specificity. R-loop formation was detected at
about —7 (7 negative) turns of negative supercoiling and a force of 0.4 pN,
corresponding to a torque of —6.7 £ 0.5 pN-nm (148). Rotational shifts were
estimated from the linear part on the left side of the rotation curve (87). R-loop
dissociation experiments were performed at about +12 turns of supercoiling and a
force of 5 pN, corresponding to a torque of +32 = 3 pN-nm. Each target variant
was characterized on at least two individual DNA molecules.

3.1.7 Data analysis: constant probability density events fit exponential distribution

Cascade interaction with DNA is thought of as random Poisson process, with
constant binding rate. In other words, the process has the constant probability of
the protein to interact over a small time period. This assumed to be true along all
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the time of measurements. As shown in the Appendix E, in this case random events
of interaction will be exponentially distributed over time. The average time for the
events distribution will be

1

> (3.2)

Texp =

where A is the exponential rate of the process. Then, as derived in Appendix E,
collected in experiments data can be fitted with function:

Fy(t) = N=* (1 — e (3.3)

Where N is number of events collected, A is rate of the process and t is time. By
fitting the experimental data with this function, actual rate of the process observed
in the experiment can be extracted. This, for example, is applicable to Cascade
binding rate and Cas3 cleavage in the single-molecule experiments. Extracted rates
are easily compared between each other and allow conclusions about conditions
and variations investigated in the experiment. This approach was used to analyze
all the data for magnetic tweezers experiments where considerable statistics was
collected.

To calculate the error of the fitted rate, and therefore, of the average time, the
following expression was used (see Appendix E):

1 Texp
ol(T = or
(Texp) VN*1 VN

Where N is number of events, A is rate, o is standard deviation.

(3.4)

Data analysis was carried out using customized software code written in Labview
and Matlab as well as Origin 9 (87). The author expresses special thanks to Fergus
Fettes for development of Matlab code for precise R-loop extent determination via
averaging and fitting the rotation curves. Mean R-loop formation and dissociation
times were determined from exponential fits to cumulative distributions of the data
(Figures 9 and 12). Each mean-time value was calculated from ~25 events.

3.1.8 Method development. Installing the temperature control system

To effectively measure E. coli Cascade binding to target variants, temperature of
37 °C had been maintained. The original magnetic tweezers setup did not contain
any temperature control. To allow measurements at 37 °C, heating systems were
installed on two setups as part of this thesis (see indicated heater in Figure 2B).
The systems were obtained from Bioptech, USA (150803 and 150819-13) and
Okolab, USA, Italy (H401-T-SINGLE-BL and OBJ-COLLAR-2532). For each of
these, the central part of system was a heating loop that is installed on t objective;
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it transmits heat through the objective and oil to the flow-cell, where the object of
study is located (Figure 2B). Since heat transition through several material borders
creates a complex heat flow distribution and causes a temperature gradient, the
calibration of the device was done exactly at the position where the flow-cell with
the sample was located. A thermistor sensor was included into the control device.
Additionally a thermocouple sensor of an Agilent U1272A multimeter was used.
The sensors were placed into a water or oil droplets placed on the top of cover slip
mounted above the objective, where the flow-cell is normally located. As a result
of calibration, a correct temperature value of the objective heating loop was
established to obtain 37 °C on the top of the glass cover slip, where the interior
space of the flow-cell is normally located. Small thermistor sensors were mounted
on the top part of the objective, right underneath the flow-cell, for both calibration
and further use in assays, to ensure temperature recording (as one cannot mount
sensor inside each flow cell. For Olympus Ach 100x objective, the outer sleeve
was removed to ensure better heat conductivity. For Olympus UplanSApo 60x
objective the outer sleeve was not removed, which led to higher heating loop
temperature, i.e., difference (offset) between heating loop temperature and
calibrated 37 °C temperature in the flow-cell. Overall, both systems showed around
the same temperature fluctuations (+0.2 °C) from steady state of 37 °C. Both
systems can be connected to computer to control and record the temperature, which
was tested for the Okolab system. Overall, the resulting system is an efficient
solution, which requires minimum resources and is quick to be installed and
calibrated.

The effect of temperature on optical system and measurements was investigated
during tests done at room temperature and at 37 °C. The piezo stage step
movements of 1 um were detected by software and compared with absolute values.
As was expected, small changes in optical density of the immersion oil of the
objective, the buffer solution in the flow-cell and temperature expansion of the
optical parts negligibly affected measurement: only small deflection of less than
3% were seen. Much bigger effects on the measurement were produced by a
change of viscosity of the buffer solution. As described in chapter 4.5.2.1, the
viscosity of water reduces by approximately 23% when temperature is increased
from 25 °C to 35 °C (155). Since viscosity of water is used for the force
calibration, this effect had to be considered to ensure correct force calibration.

3.2 Cloning methods
3.2.1 Preparation of competent E. coli cells

Electro-competent NEB 5o (DH5a derivative, New England Biolabs, USA) and
BL21 (DE3) derivative KD418 (156) E. coli cells were prepared for plasmid
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cloning and protein expression, respectively, following the protocol provided at
Skoltech course MA03046 “Advanced molecular biology techniques”. LB medium
was inoculated with overnight culture in 1:100 ratio and grown until optical
density at 600 nm wavelength (ODggo) of 0.6-0.8. Then the culture was left on ice
for 15-30 minutes to cool. Further, the cells were washed with 10% autoclaved ice
cold glycerol three times followed by centrifugation at 3000 g for 10 minutes at 4
°C, removing supernatant and resuspending in glycerol solution. The fourth time
the cells were resuspended in about 1 ml of volume to reach the desired
concentration 2x10'° to 3x10%° cells per ml. They were snap frozen in liquid
nitrogen and transformed by electroporation when needed.

3.2.2 pUC19 targets cloning

Constructs containing the desired targets, including g8 protospacer variants (see
Table 1), were cloned into plasmid pUC19 (New England Biolabs, USA) at a
unique single Smal site by blunt end ligation. The 73-bp insert DNA carried the
target sequence (PAM and protospacer variant) in its center with “shoulders” to
ensure target inviolability. Complementary oligonucleotide pairs used for cloning
were ordered from Sigma (Germany) or Eurofins Genomics (Appendix B).
Oligonucleotides were phosphorylated by T4 Polynucleotide Kinase (New England
Biolabs, USA) in buffer containing ATP and hybridized. The resulting oligoduplex
solution was used in a subsequent ligation reaction with Smal linearized and
dephosphorylated pUC19. Ligation products were transformed into NEB 5a E. coli
cells, and cells were plated on LB-Agar plates containing 50 pg/ml Ampicillin.
Colony PCR over targeted sequence and surrounding plasmid sequences was used
to select recombinant plasmids. Plasmids were purified and the presence of correct
protospacer variant in single copy and proper direction was confirmed by
sequencing. Plasmids were used as templates for PCR for MT constructs
preparation. In addition, plasmids were used in bulk Cascade binding and Cas3
assays and for in vivo priming tests.

3.2.3 Synthetic genes cloning

Synthetic genes is a special DNA construct — 2-kb length sequence cloned into a
plasmid vector. It was intended to be used as a substitute for pUC19 backbone
sequence for the magnetic tweezers constructs. It was designed specifically to have
minimum potential interactions with Cascade complex containing certain crRNA
sequence. During its design, five consensus PAM sequences for the CRISPR-Cas
system of study were avoided in the sequence, as were sequences matching to the
first five nucleotides of the targeted protospacer (see Appendix C). Because the
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construct was designed from scratch intentionally and ordered for the synthesis in
Eurofins Genomics (Luxembourg) as two 1-kb regions, name “synthetic genes”
stuck for this construct. This backbone for the magnetic tweezers is intended to
have minimum interactions with Cascade.

Synthetic genes were cloned using almost the same methods as for pUC19. Two
synthetic genes were cloned together: they were produced as two 1-kb fragments
“SG-1” and “SG-2” on commercial plasmid vectors pEX-K4 (KmR) by Eurofins
(sequence is provided in Appendix B). The SG-1 fragment was cut out of the
plasmid using two Sall sites. It was purified and extracted from agarose gel, then
cloned into linearized and dephosphorylated pEX-K4 SG-2 backbone (linearized
with Sall). Correct clones were selected by PCR and confirmed by sequencing.

The resulting construct was changed by Quick Change Il Site-Directed
Mutagenesis Kit (Agilent Technologies, USA) to eliminate one of the Sall sites.
The final version is suitable to clone into it any short fragment of desire, including
protospacer sequence. Restriction sites Sall and PspOMI in direct proximity allow
to follow the same strategy as for pUC19, but with more efficient sticky-end
cloning. Restriction sites were specifically selected to avoid any potentially active
PAM for E. coli Cascade (see Chapter 3.7).

3.3 Protein purification and handling

Cascade containing the g8 spacer crRNA was overexpressed in BL21 Star (DE3)
E. coli derivative strain KD418 lacking CRISPR locus and cas genes in its genome
(156) co-transformed with plasmids pCDF-casABCDE, a derivative of pWwUR400
(157) encoding the Cascade complex with N-terminally Strep-tagged Cse2 subunit
(156) and pWURG615 containing seven g8 spacers in a CRISPR array (46). Briefly,
Cascade complex was purified by affinity chromatography on a Strep-trap column
(157) followed by size-exclusion chromatography using a Superose 6 (GE) gel
filtration column.

Expression was done in 0.5-1.5 L of LB media with 100 ug/ml Streptomycin (Sm)
and 35 ug/ml Chloramphenicol (Cm), inoculated at 1:100 with saturated overnight
culture and grown at 37 °C, induced at ODggo = 0.5 with 1 mM IPTG and shaken at
16 °C overnight. Cells were harvested by centrifugation at 10 000 g, 4 °C, for 15
minutes and stored at —80 °C. For Cascade purification, cells were lysed by
sonication in 100 mM Tris-HCI, 150 mM NaCl, 1 mM EDTA, pH 8 (Wash buffer
for Strep-Trap column) containing 5 mM B-mercaptoethanol and 0.1 mM PMSF.
Lysate was centrifuged at 45 000 g, 4 °C, for 45 minutes. Supernatant was
carefully removed and filtered through 0.22 um membrane filter.
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Filtered lysate supernatant was applied to StrepTrapTM HP column (GE
Healthcare Bio-Sciences, Germany). The column was washed with several column
volumes of buffer and Cascade was eluted by a gradient of d-Desthiobiotin
(Sigma-Aldrich, USA). All buffers were used according to the manufacturer
protocol. Protein containing gradient fractions were pulled together and
concentrated using 100 kDa cutoff Amicon® Ultra-0.5 Centrifugal Filter Devices
(Merck, Germany). The material was next checked by 12% SDS PAGE for the
presence and expected proportions of all individual subunits of the Cascade
complex (Figure 5A).

First experiments with one-step purified Cascade protein, conducted in the
presence of Mg?*, showed that additional purification was needed to get rid of
nuclease contaminant in the Cascade stock. Thus, Size Exclusion Chromatography
(SEC) was applied using Gel Filtration column SuperoseTM 6 10/300 GL (GE
Healthcare Bio-Sciences, Sweden). Running buffer was 20 mM Tris-HCI pH 8,
200 mM NaCl, 1 mM TCEP (same as storage buffer for Cascade). Fractions were
checked by SDS PAGE (Figure 5B) and elution peak of Cascade monomer with all
subunits was collected and concentrated with Amicon® 100 kDa cutoff
concentration devices. Concentration of protein was measured by light absorbance
at 280 nm using extinction coefficient value and adjusted to 8 uM. 8 uM stock was
split into aliquots (usually 5 ul) and snap-frozen in liquid nitrogen, stored at minus
80 °C. Cascade storage buffer was 20 mM Tris-HCI pH 8, 200 mM NaCl, 1 mM
TCEP. For use, one aliquot was thawn, diluted to 2 uM and kept at —20 °C in the
same buffer with 50 % glycerol for no longer than 21 day.

Extinction coefficient value for the E. coli Cascade complex was kindly provided
by Prof. Scott Bailey (Johns Hopkins University, USA). It can be calculated
manually as a superposition of the extinction coefficients for each separate
Cascade subunit and crRNA. Protein subunits coefficients can be calculated using
ProtParam tool available on the online ExPASy server (158). Nucleic acid
absorbance at 280 nm wavelength can be estimated using online service “UV
spectrum calculator” by the Integrated DNA Technologies (USA). Resulting
extinction coefficient in both cases was 725000 Mcm, making it a reliable value.

The Cas3 protein was stored at 20 uM concentration at — 80 °C in 20 mM Tris-HCI
pH 8, 200 mM NaCl, 1 mM TCEP. An aliquot was thawn and diluted to 4 uM and
kept at —20 °C with 50% glycerol for no longer than 7 days. All comparative
Kinetics measurements were done in one day to avoid errors due Cas3 loss of
function. Cas3 protein was kindly provided by the group of our collaborator Prof.
Scott Bailey (Johns Hopkins University, USA).

Casl-Cas2 complex was received and stored in 20 mM Tris-HCI pH 8, 500 mM
NaCl, 1 mM DTT, 50 % glycerol and was kept at —20 °C at 35 uM concentration.
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Proper amount was diluted to lower concentration right before usage. The Casl-
Cas2 protein was kindly provided by the group of our collaborator Prof. Virginijus
Siksnys (Vilnius University, Lithuania).

Cascade with altered crRNA lengths was provided by Dr. Konstantin Kuznedelov
in the form of protein-crRNA complexes lacking the Csel (CasA) subunit (159).
The Csel subunit was purified from the same strain as Cascade (KD418) but
transformed with the pET30 (KmR)-based plasmid containing the csel gene (see
Appendix B for the map) under T7 RNAP promoter control. The plasmid was
generously provided by Dr. Konstantin Kuznedelov (Rutgers, The State University
of New Jersey, USA). The recombinant Csel protein has 6xHis-tag at the N-
terminus and was purified similar to Cascade, but with Ni?* loaded HisTrap HP 5
ml column (GE Healthcare Bio-Sciences, Germany) in 50 mM HEPES pH 7.5, 300
mM NacCl, 5% (v/v) glycerol buffer. Binding to the column proceeded without
imidazole, wash was done with 10 mM imidazole, and elution was done in
gradient for up to 200 mM imidazole in the buffer. SEC was performed on the
SuperoseTM 6 10/300 GL (GE Healthcare Bio-Sciences, Sweden) column to
remove imidazole and possible protein contaminants. The SEC running buffer was
20 mM Tris, pH 7.5, 200 mM NacCl, 5% glycerol, 1 mM TCEP (see Appendix B
for elution profiles). Protein was concentrated on Amicon® centrifugal filters
(Merck, Germany) with 10 kDa cutoff, snap-frozen in liquid nitrogen and stored at
—80 °C. Csel function was tested for reconstitution ability with other protein in
bulk plasmid shift assays (Appendix B).

3.4 Bulk protein assays
3.4.1. Cascade binding assays

Cascade binding ability was tested in bulk assays, where in a tube, plasmid
containing targeted protospacer variant was mixed with Cascade, incubated, and
then run on agarose gel (1% typically). The shift of targeted plasmid was detected
upon Cascade binding. Various buffers were used for Cascade binding assay as not
only Cascade binding, but further Cas3, Casl-Cas2 or both were used in some
experiments. MT buffer 20 mM Tris-HCI pH 8, 200 mM NacCl, 0.1 mg/ml Bovine
Serum Albumin (BSA) was used for Cascade binding experiments (Figure 6A).
Cas3 reaction buffer (20 mM Hepes-KOH pH 7.5 supplemented with 35 mM KCl,
10 mM MgCl,, 10 uM CoCly, 1.5 mM ATP and 1 mM TCEP) was used for Figure
6B. For priming reconstitution, KCI gradient (from 25 mM to 80 mM) in Cas3
reaction buffer was used. Room temperature or 37 °C was used depending on assay
purpose. From 5 to 10 nM concentration of targeted plasmid was used. Cascade
concentration was 100 nM unless specified differently.
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3.4.2 Cas3-mediated DNA cleavage experiments

The assays were carried out in 20 mM Hepes-KOH pH 7.5 supplemented with 35
mM KCI, 10 mM MgCl,, 10 uM CoCl,, 1.5 mM ATP and 1 mM TCEP. First,
Cascade binding was ensured by incubating 10 nM of pUC19 plasmids containing
targeted sequences with 100 nM Cascade (g8 crRNA) at 37° C for 30 minutes.
Cascade binding was seen as a small but noticeable shift towards lower mobility
(Figure 6). To measure DNA degradation, 100 nM Cas3 was added to the Cascade-
bound plasmid. The reaction was allowed to proceed at 37 °C for variable times
and was stopped by adding 30 mM EDTA and rapid cooling on ice. Reaction
products were separated on 1% agarose gel and visualized by ethidium bromide
staining using a Bio-Rad gel imaging system. For each target variant, the intensity
of Cascade-bound plasmid in absence of Cas3 was taken as zero-time reference.
The processed fraction of plasmid was calculated from the intensity decrease of the
supercoiled plasmid species normalized by the zero-time reference.

3.4.3 Cas1-Cas2 integration assays

Cas1-Cas2 reactions appear to be very sensitive to KCI concentration, and the final
buffer used for them is Reaction Buffer mentioned before. Casl-Cas?2
concentration used was 75 nM following (72). Higher concentrations of protein are
not recommended due to stickiness issues. Integration assays were used to test the
Casl1-Cas2 activity. As an integration substrate a 33 bp DNA oligoduplex was used
in 200 nM concentration. The oligoduplex was left with OH- group at 3’ end of
each oligonucleotide which was shown to be essential for integration (72). Casl-
Cas2 showed integrase activity with this duplex on the plasmid containing
CRISPR leader region with repeats (pCRISPRmini) derived from pUC19 with E.
coli CRISPR leader and repeat cloned into it. Reaction product was seen as relaxed
open circle plasmid and topoisomers accumulation, believed to be the products of
integration-disintegration reaction.

3.4.4 In vitro reconstitution of priming

Targeted plasmid pT7blue containing g8 protospacer variants was mixed with
Cascade in Reaction buffer and incubated for 30 minutes to form R-loops. Cas3
was added for target degradation. Casl-Cas2 and plasmid pCRISPRmini were
added immediately after, or after one-hour incubation at 37 °C. The products were
analyzed on agarose or denaturing (Urea) PAGE gels to reveal target degradation,
insertions to the pCRISPRmini plasmid, and for the presence of potential ~33
nucleotide long fragments (possible source for primed adaptation).
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3.4.4.1 DNA extraction with phenol-chloroform-isoamyl alcohol. Ethanol
precipitation

For experiments studying Cascade, Cas3, and Casl1-Cas2 action on plasmid DNA
containing target protospacer, DNA extraction after the reaction was done in some
cases. Firstly, it allowed to purify and concentrate short fragments (less than 100 nt
long) of DNA generated in the reaction. Secondly, it allowed to obtain
concentrated products of CRISPR interference and primed adaptation for further
use as integration substrates in Casl-Cas2 integration assays, or for downstream
deep sequencing analysis.

Phenol-chloroform-isoamyl alcohol (25:24:1, Sigma, Germany) was used for post-
reaction DNA extraction done according to manufacturer’s recommended protocol.
The reaction product was mixed by vortex shaking with organic solvent mixture in
1 to 1 ratio. The phases were separated by centrifugation for 5 minutes at 12000 g.
Water phase containing nucleic acid was carefully removed.

Nucleic acids were precipitated by addition of NaOAc (sodium acetate) to 300 mM
final concentration and 2 volumes of absolute ethanol, incubation at minus 80 °C
for 20 minutes, and centrifuging for 1 hour at 16000 g, 4 °C, removing the
supernatant and drying the tubes under the vacuum. For denaturing Urea PAGE,
samples nucleic acids pellets were resuspended in 10% pure formamide
(Applichem, Germany).

3.4.4.2 Urea PAGE

Denaturing Urea Polyacrylamide Gel Electrophoresis (Urea PAGE) was used to
resolve short DNA and RNA fragments, typically in 10-100 nucleotides length
range. Urea PAGE recipe is: 7 M Urea (Applichem, Germany), 20%
Acrylamide:Bis-acrylamide (19:1, Carl Roth GmbH, Germany), 1x Tris-borate-
EDTA buffer (Carl Roth GmbH, Germany). The gel was prerun before loading to
reach the temperature of 45 °C, samples loaded and run at 45 °C, with power no
more than 30 W for about two hours. To stain single-stranded DNA and RNA,
SYBR® Gold nucleic acid gel stain (Invitrogen, USA) was used. Stained nucleic
acids were imaged in ultraviolet spectrum using Gel-Doc Bio-Rad imaging system.

3.5 Detection of primed adaptation in vivo
3.5.1 Priming assay and CRISPR array elongation analysis using agarose gels

Primed adaptation in vivo was studied using E. coli KD263 cells (K-12 F+,
lacUV5-cas3 araBp8-csel, CRISPR I. repeat-spacer g8-repeat) as described in

(83). Cells were transformed with pUC19-based plasmids containing g8
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protospacer variant (Table 1, Figure 19). Single colonies were picked, inoculated
in LB medium containing 100 pug/ml of ampicillin and grown overnight. The
cultures were then used to inoculate fresh LB without antibiotic and cells were
grown for few hours until an ODggo 0of 0.4 was reached. Expression of cas genes
was induced by the addition of 1 mM IPTG (induction of the cas3 gene) and 1 mM
arabinose (induction of operon containing genes encoding Cascade subunits and
Casl-Cas2). At various times, 10-ul culture aliquots were withdrawn and diluted
1:10 in deionized water. 1 ul of diluted cultures was used in a 20-ul PCR reaction
with Taq polymerase using the 5-AAGGTTGGTGTCTTTTTTAC-3' and 5'-
GTCGCTGCCGTGACGTTATG-3' primers to amplify CRISPR array (including
part of the leader and all repeats and spacers). The PCR product was 308 bp long
without newly incorporated spacers and 369 bp long with one newly incorporated
spacer. The PCR products were analyzed on 2% agarose gels. Gel images were
quantified using Image Lab 5.0 (Bio-Rad, USA) software. At least two
independent experiments for each time point and each target variant were
performed to calculate priming efficiency.

3.5.2 gPCR approach to develop and measure the adaptation score

The efficiency of primed adaptation was also measured using qPCR. The amount
of CRISPR arrays that acquired a particular plasmid-derived spacer (hotspot 1,
HS1) was quantified and normalized by the amount of the gyrA gene on the
bacterial genome (See chapter 3.6 and Figure 21). For gPCR amplification of
extended CRISPR arrays primer 5-CATGAGTGATAACACTGCGGCC-3'
complementary to HS1 and 5-AAGGTTGGTGGGTTGTTTTTATGG-3'
complementary to the CRISPR array leader were used. For gyrA amplification
primers 5-CGGTCAACATTGAGGAAGAGC-3 and 5'-
TACGTCACCAACGACACGG-3' were used. DNA amounts were obtained from
the gPCR cycle threshold using calibration curves from diluted DNA samples
(Figure 21A and B). The adaptation score was calculated as percentage of
CRISPR arrays that adapted the HS1 spacer over all CRISPR arrays in the sample
(see test measurement in Figure 21C). In all primed adaptation experiments the
adaptation score is significantly below 100% since spacers from HS1 represent
only a subset of all acquired spacers. The adaptation score is nonetheless
proportional to the overall level of adaptation, since all targets supported
comparable patterns of spacer acquisition (see high throughput sequencing
experiments below).
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3.6. High throughput sequencing of CRISPR array

KD263 E. coli cells harboring pUC19-based plasmids with g8 protospacer variants
(Table 1) were collected 6 hours after induction of cas genes expression. 1 pl of
ten-fold diluted culture was used in a 20-ul PCR reaction with 5'-
AAGGTTGGTGGGTTGTTTTTATGG-3' and 5'-
GGATCGTCACCCTCAGCAGCG-3' primers to amplify sequences between the
leader region to the priming g8 spacer (118 bp in KD263 with unexpanded array).
PCR products were separated on 2% agarose gels and a 179 bp band that
corresponds to a single acquired spacer was excised and purified using a GenelJet
Gel Extraction and DNA Cleanup kit (Thermo Fisher Scientific, USA). ~100 ng of
purified DNA amplicons from each target were sequenced using Illumina MiniSeq
system according to the recommended protocol of the manufacturer. Each
amplicon was read for 150 nucleotides from each side. Results were trimmed and
paired using the CLCgenomics software (Qiagen, Germany). Further analysis was
done using in-house developed R scripts. Acquired spacer sequences were
identified, counted for frequency and mapped onto the pUC19 plasmid backbone.
Graphical visualization of results was done using in-house developed
EasyVisio1500 software. The author is grateful to Dr. Ekaterina Savitskaya for run
of lllumina system, development of R scripts and teaching how to analyze data.

3.7 Synthetic genes design

Synthetic genes were designed in order to eliminate any possible Cascade off-
target activity and ensure binding only to the target protospacer. The sequence of
synthetic genes was designed to eliminate 5 PAM known at the time to be able to
cause interference in the cell (45, 136) - AAG, ATG, AGG, AAA, GAG. The
second requirement for the sequence was absence of sequences matching the seed
sequence of g8 protospacer 5-CTGTC-3' (not-targeted strand); and another
protospacer used for in vitro studies in a parallel project: 5'-CCAGT-3". The rule
was set to have at least two mismatches with these sequences along the entire
sequence of synthetic genes to ensure low efficiency to the Cascade crRNA base
pairing and, therefore, limit attempts of the Cascade to initiate R-loop formation
anywhere but on the target protospacer. To generate the sequence, a program in
Matlab was written, which implemented simplest Monte Carlo simulations (code
provided in Appendix C.1). About 30 kb of such sequence was checked (1 kb after
another) in Mfold service for minimal secondary structures like hairpins (160).
Then they were ordered and cloned as described above.
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3.8 SDS PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) was used
to analyze protein composition and purity. The recipe of the gel is: for “stacking”
gel part, 4.875% Acrylamide:Bis-acrylamide (AA:BA, 37.5:1 ratio, “Rotiphores
Gel 307, Carl Roth GmbH, Germany), 187.5 mM Tris-HCI pH 6.8, 0.1% SDS,
0.1% Ammonium persulfate (APS), 125 pul/ml N, N, N’ N'-
tetramethylethylenediamine (TEMED). For ‘“separating” gel part: 12% AA:BA
(37.5:1), 375 mM Tris-HCI pH 8.8, 0.1% SDS, 0.1% APS, 0.5 ul/ml TEMED. Gel
was run on 25 mM Tris base, 192 mM Glycine and 0.1% SDS buffer at 100 V for
stacking and 200 V for separation. After the run, gels were stained with Coomassie
Brilliant Blue staining solution or ready-to-use Roti®-Blue quick staining solution
(Carl Roth GmbH, Germany) and imaged. Usually, Protein PAGERuler™
Unstained Protein Ladder (Thermo Fisher Scientific, USA) was used as a
molecular weight marker.

4. Results
4.1 Cascade specifically binds plasmids containing targeted sequences

As mentioned in chapter 3.3, Cascade was purified by affinity chromatography
followed by gel filtration (size exclusion) chromatography (SEC) step (Figure 5).
Subunit composition was in accordance with published Cascade stoichiometry
(86). In order to test activity and function, bulk assays were performed after each
new Cascade batch purification. Plasmids containing targeted protospacer were
mixed with Cascade, incubated, and then resolved by native agarose gel
electrophoresis. Since Cascade molecular weight (~ 405 kDa) constitutes ~24% of
the ~2.8 kb pUC19 plasmid with cloned short target sequence (1705 kDa), Cascade
binding results in a significantly slower migrating complex and can be detected
visually (Figure 6A). Well-studied crRNA with g8 spacer and corresponding
plasmid protospacer pair was used in most experiments in this project (156). The
buffer used was based o/ Cascade purification buffer and supported robust activity
of Streptococcus thermophiles Cascade (St-Cascade) (85). Purified Cascade-g8
crRNA complex bound plasmids containing wild-type g8 protospacer with
consensus ATG PAM (non-targeted strand nomenclature) (45). In contrast,
plasmids with no protospacer or with CCG in place of PAM (a sequence of
CRISPR array repeat found in the position of PAM) showed no binding after a
one-hour incubation. Thus, target-specific binding and correct composition of
protein and crRNA (further chapter 4.8.3) allows us to conclude that our Cascade
preparation is functioning in proper way. Interestingly, complete plasmid binding
after just few minutes at both 37 °C, room temperature and, possibly, even on ice
(with a caveat that samples were transferred to room-temperature agarose gel
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wells; Figure 6C) was observed. The complex of Cascade bound to plasmid also
survived a freezing-thawing cycle. Thus, the complex is very robust.
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Figure 5. Purification of E. coli Cascade with g8 spacer crRNA. (A) First step purification with
Strep-trap affinity column. On the top there is a profile of elution with gradient of dethiobiotin
(Sigma, Germany). Peaks of absorption at 280 nm and 254 nm at the equal intensity show
elution of protein containing nucleic acids (in our case RNA). SDS PAGE confirms that eluted
complex contains all Cascade subunits (161). (B) Top: gel filtration column elution profile. The
highest peak contains active Cascade with no nuclease contamination. No other proteins apart
from Cascade subunits are detected on SDS PAGE.

4.2 Removal of nuclease contamination in Cascade by gel filtration
chromatography

SEC was performed not only to get rid of incorrectly folded RNP complexes, but
also to remove contamination. Having a homogeneous population of properly
folded Cascade also allowed to measure functional Cascade concentration more
precisely, removing batch-to-batch variance. Since Cascade was intended to be
used not only for target binding studies but also for reconstruction of the entire
interference process (includes Cas3 recruitment and DNA degradation) and primed
adaptation, it was important to have nuclease-free Cascade. It appeared that after
affinity purification on Strep trap column Cascade displayed Me?* (Mg?")-
dependent nuclease activity. Additional step of SEC removed this contamination
(Figure 6B, 6C and 6D).
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Figure 6. Cascade binding ability, specificity and purity tested by bulk assays. (A) Cascade
binding ability tested on wild-type (WT) and mutated target C1T (see next chapter). Plasmids
bound to Cascade migrated slower due to Cascade significant mass. Even mutated target appears
to be fully (all plasmid in sample) bound by Cascade in a matter of 15 minutes. (B) Cascade
purified with only affinity chromatography showed nuclease contamination which is Mg?*
dependent (not shown on the gel). Cas3 and Casl-Cas2 are free from nonspecific nuclease
contaminants. (C). Cascade after gel filtration shows no nuclease contamination either in
presence of Mg?* (buffers C3 and C12) or in the presence of Mg?* and ATP (buffer C3). (D)
Incubation of Cascade with mutated target for 22 hours at 37 °C in presence of Mg?*. Only effect
seen is target binding, with small conversion of plasmid into relaxed form. It demonstrated that
contaminating nuclease was removed. Assay also demonstrates stability of Cascade being bound
on mutated target for a long time.

4.3 Selected target variants cover main possible outcomes of CRISPR immunity
response

In order to study Cascade binding to g8 protospacer variants that result in different
interference and adaptation efficiencies, several mutations were selected (Table 1).
These included two fully matching protospacers with interference-proficient ATG
and AAG consensus PAM sequences. The ATG PAM is initially present in the
M13 phage genome, where g8 protospacer originates from (156). A g8 crRNA
reduces M13 infection efficiency by 10’-fold (46). For g8 protospacer with ATG
PAM it is known that substitution of the first cytosine for thymine in not-targeted
(not base-pairing with crRNA) strand supports strong primed adaptation in vivo
(113). This mutation, further named “C1T”, was thoroughly studied and was also
shown to reduce the interference rate. Another variant, fully matching g8
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protospacer with ATT PAM, further called “G-1T”, also was shown to support
priming (113). Thus, G-1T and C1T targets were chosen to represent priming
substrates for further experiments. Further, several consecutive mutations in the
seed region were chosen, as they were earlier shown to reduce interference, leading
to viral escape from CRISPR defense similarly to the G-1T and C1T variants (46).
When this project was initiated, no seed mutations beyond the second position
were tested for ability to support priming, thus, the priming properties of T2A,
G3T, and T4G variants were unknown. Finally, as negative controls that should
not support any R-loop formation we used CCG and CCC trinucleotides in place of
PAM. CCG is a sequence of repeat in front of spacers in CRISPR array. CCC at
the PAM position was shown to be as inert as CCG in the work of Xue C. et al.
(121). As was shown in Semenova et al. (46), single substitutions beyond
protospacer position 8 were unable to efficiently escape from CRISPR
interference. This makes mutations further than the 8" nucleotide not interesting
for our study, as fast interference and no prominent priming are expected. While
first 8 nucleotides after PAM, which when mutated lead to phage escape, are all
promising to study priming and R-loop properties (except for 6" nucleotide which
does not base pair to crRNA), we here focus on the first four positions closest to
PAM. The first four nucleotides, in our opinion, should make the most impact on
interference when mutated. As revealed in this work and shown further, their range
was enough to reveal R-loop properties important for scientific questions under
consideration.

Targets with mutations in PAM-distal protospacer parts were also created to study
the effect of this target variation on R-loop. It was previously shown for St-
Cascade of I-E type that lack of complementarity between crRNA and protospacer
in the PAM-distal end of the protospacer abolish locking of Cascade on the target
upon R-loop formation (85). Since priming was proposed to be promoted by an
altered conformational state of Csel subunit of the Cascade (114), which is
believed to participate in Cascade complex structural rearrangements upon locking
on the targeted DNA (88), a study of effects of PAM-distal mismatches on priming
Is essential. PAM-proximal mismatched targets in conjunction with wild-type were
also used to study R-loop formation ability, and R-loop properties, in particular,
extend of their locking ability.
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Table 1. Sequences of the non-target strand of the target variants tested in this study. The
protospacer sequence and the PAM are shown in blue and dark blue, respectively. Base
substitutions are represented in red. Black are overhangs that were used for cloning the
constructs.

Not-target strand insert full sequence 5' to 3'
Wild type (WT) full size
GACCACCCTTTTTGATAT ATG CTGTCTTTCGCTGCTGAGGGTGACGATCCCGC GCAGATACGTTCTGAGGGAA
Wild type (WT) shortened
GACCACCCTTTTTGATAT ATG CTGTCTTTCGCTGCTGAGGGTGACGA CGTTAT GCAGATACGTTCTGAGGGAA
AAG PAM full size
GACCACCCTTTTTGATAT AAG CTGTCTTTCGCTGCTGAGGGTGACGATCCCGC GCAGATACGTTCTGAGGGAA
AAG PAM shortened
GACCACCCTTTTTGATAT AAG CTGTCTTTCGCTGCTGAGGGTGACGA CGTTAT GCAGATACGTTCTGAGGGAA
G-1T full size
GACCACCCTTTTTGATAT ATT CTGTCTTTCGCTGCTGAGGGTGACGATCCCGC GCAGATACGTTCTGAGGGAA
G-1T shortened
GACCACCCTTTTTGATAT ATT CTGTCTTTCGCTGCTGAGGGTGACGA CGTTAT GCAGATACGTTCTGAGGGAA
C1T full size
GACCACCCTTTTTGATAT ATG TTGTCTTTCGCTGCTGAGGGTGACGATCCCGC GCAGATACGTTCTGAGGGAA
C1T shortened
GACCACCCTTTTTGATAT ATG TTGTCTTTCGCTGCTGAGGGTGACGA CGTTAT GCAGATACGTTCTGAGGGAA
T2A full size
GACCACCCTTTTTGATAT ATG CAGTCTTTCGCTGCTGAGGGTGACGATCCCGC GCAGATACGTTCTGAGGGAA
T2A shortened
GACCACCCTTTTTGATAT ATG CAGTCTTTCGCTGCTGAGGGTGACGA CGTTAT GCAGATACGTTCTGAGGGAA
G3T full size
GACCACCCTTTTTGATAT ATG CTTTCTTTCGCTGCTGAGGGTGACGATCCCGC GCAGATACGTTCTGAGGGAA
G3T shortened
GACCACCCTTTTTGATAT ATG CTTTCTTTCGCTGCTGAGGGTGACGA CGTTAT GCAGATACGTTCTGAGGGAA
T4G full size
GACCACCCTTTTTGATAT ATG CTGGCTTTCGCTGCTGAGGGTGACGATCCCGC GCAGATACGTTCTGAGGGAA
T4G shortened
GACCACCCTTTTTGATAT ATG CTGGCTTTCGCTGCTGAGGGTGACGA CGTTAT GCAGATACGTTCTGAGGGAA
CCG PAM full size
GACCACCCTTTTTGATAT CCG CTGTCTTTCGCTGCTGAGGGTGACGATCCCGC GCAGATACGTTCTGAGGGAA
CCC PAM full size
GACCACCCTTTTTGATAT CCC CTGTCTTTCGCTGCTGAGGGTGACGATCCCGC GCAGATACGTTCTGAGGGAA

4.4. Cascade binds all potential priming targets within half hour

To test the ability of Cascade to bind various targets, bulk assays were first
conducted (Figure 7). Plasmids containing targeted sequences were incubated with
Cascade and resolved on agarose gels by native electrophoresis. Results indicated
that all known “interfering” and “priming” target variants, as well as the seed
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mutants were bound by Cascade. In contrast, g8 protospacer targets with CCG and
CCC PAM sequences and control plasmid without the g8 protospacer were not
bound. This indicated that our Cascade preparation is functional, and, that priming
targets are bound at our conditions. Since binding itself does not mean R-loop
formation, DNA opening (melting) in the protospacer region was tested via
permanganate footprinting by Dr. Kontantin Kuznedelov (Rutgers, The State
University of New Jersey, USA) and described in Appendix A.2. Opening of all
binding-proficient targets was revealed. Thus, R-loops can be formed on targets
that behave as escape and cause priming in vivo. Kinetic analysis of R-loop
formation on various targets measured with MT assays are described further.

g8target| WT | WT | WT |G-1T| C1T | C1T ([ T2A | G3T | T4G| WT | WT | No | No g8 target

PAM |ATG|AAG|ATG| ATT |ATG|ATG|ATG|ATG|ATG|CCG|CCC| No | No PAM

Cascade | - + + + + - + + + + + + - Cascade
Size, KD s size, kb
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Figure 7. Cascade binding to supercoiled plasmid DNA. 100 nM Cascade was mixed with 10 nM
plasmid carrying the indicated target variant in cleavage buffer (with Mg?*). The mixture was
incubated at 37 °C for 30 minutes and products separated by electrophoresis in 1% agarose gel.
Cascade binding is seen as a slower migration of plasmid DNA. The WT target and all targets
with single substitutions in PAM or seed are bound by Cascade. No binding is seen for CCG and
CCC PAM variants, as well as for plasmid without a protospacer.

4.5 MT assays
4.5.1 Study of R-loop formation by Cascade
4.5.1.1 Mutated targets support R-loop formation

When investigating R-loop formation on the wild-type target carrying a fixed
number of negative turns, a sudden DNA length increase in the time-trajectory as
well as a shift of the whole rotation curve (when subsequently rotating the
magnets) are detected and indicate DNA unwinding as a result of R-loop formation
(Figure 8). DNA unwinding was not detected when the substrate contained a fully
matching protospacer with a CCG trinucleotide in the place of PAM (Figure 8).
Surprisingly and in strong contrast to St-Cascade (87), R-loops of E. coli Cascade
formed on the WT target could not be dissociated (rotation curve did not back-
shift) even at maximal applicable positive supercoiling/torque at which the B-form
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DNA structure collapses (see Figure 3 right side and the trajectory in Figure 8, top
row, right panel). Thus, conformational locking (88, 90, 162) by the E. coli
Cascade appears to be practically irreversible. Besides being evidence of diversity
even among same type (I-E) CRISPR-Cas effectors, the result presented an
obstacle to study repeated R-loop formation-dissociation cycles in the MT assay.
Thus, the assay had to be modified in order to collect statistics of R-loop formation
events (i.e., kinetics) as reported in chapter 4.5.2.1. Another difference from St-
Cascade was that E. coli Cascade did not show any torque dependence for the R-
loop binding rates (Appendix A.l, supplementary Figure D8). These two facts
allow to conclude that energy gain of R-loop formation by E. coli Cascade is much
higher than for St-Cascade. This fact is convenient for measurements since using
just one torque for Cascade binding and R-loop formation (-6.7 £ 0.5 pN) was
enough to accurately determine rates of binding: the rate will not significantly
change if range of torque values is applied, remaining in narrow range of values.
Thus, rate at a certain torque defines the rate at any feasible torque value.

When investigating target variants bearing single point mutations, R-loop
formation was observed on every target tested as a single-step DNA length
increase (Figure 8). Possible R-loop intermediates, if they exist, were too short-
lived to be detected. Measured rotational shifts were between 2 to 3 turns,
suggesting that R-loops on all targets covered the same or very similar regions of
unwound DNA. Thus, the ability of E. coli Cascade to form R-loops on the set of
escape point-mutant targets used was directly demonstrated. However, in contrast
to the WT target, most of the mutant variants exhibited R-loop dissociation, i.e.,
were less stably locked (Figure 8, see also below).
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Figure 8. Example trajectories of R-loop formation and dissociation by E. coli Cascade measured
with magnetic tweezers. Data is shown for all investigated target variants (nomenclature,
mutation positions, and base-pairing schemes, with mutations indicated in red, are shown on the
left side). R-loop formation is seen as a sudden DNA length jump at negative supercoiling (left
trajectories recorded at 0.4 pN force and about -7 turns) and as a shift of the supercoiling curve
(middle trajectories, grey and green curves refer to unbound and bound DNA). R-loop
dissociation is seen as a length jump at positive supercoiling (right trajectories including mean
dissociation times taken at 5 pN force and about +12 turns). Shown trajectories were smoothed
with a sliding average filter of 1 s.

4.5.1.2. Locking ability of R-loop on mutated targets is reduced proportional to
proximity of mismatch to PAM

While R-loop locking on the WT target was irreversible even at highest positive
torque, R-loop dissociation could be observed for most of the target variants, in
particular the G-1T PAM mutation as well as seed mutations at positions +1, +2,
and +3 (Figure 8, seen as sudden DNA length increase at conditions of positive
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supercoiling). To quantify R-loop dissociation we measured the times required for
R-loop dissociation after introduction of positive supercoiling (torque of +32 + 3
pN-nm). Fitting of cumulative time distributions provided mean dissociation times
of 9+£1.9 s for the G-1T PAM variant and 20+4.2 s, 252456 s, and 1950+540 s for
targets with single seed mutations at positions +1, +2, and +3, respectively (Figure
9). R-loops on the WT target as well on the target with a seed mutation at position
+4 did not dissociate under the conditions of the experiment over the course of at
least one hour (Figure 8). Overall, these results clearly indicate that the presence of
mutations in the PAM or in the seed region very close to the PAM (positions +1
and +2) strongly attenuates R-loop locking by E. coli Cascade without altering the
extent of DNA unwinding. The presence of more distant seed mutations (position

+4 and to the extent position +3) supports, however, strong WT-like R-loop
locking.
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Figure 9. Mean dissociation times of Cascade bound target variants (with seed mutations). (A)
Single events of Cascade (R-loop) dissociation times under high positive torque for target
variants where it occurred. Time over count is fitted to exponential distribution and mean times
are calculated. Tracks of no dissociation for wild-type and T4G are provided on Figure 8 as
representative traces. (B) Mean times required to dissociate single R-loops at high positive
torque. Arrowheads on bars indicate that no R-loop dissociation events were observed in the
course of 1-hour observation.

4.5.2 Kinetics of Cascade binding to various targets

4.5.2.1 Modification of MT assay to allow comparative measurements of target
variant R-loop formation kinetics

Since measurements of R-loop formation rates by MT assay require analysis of
multiple individual binding/dissociation events, it was practically impossible to
obtain such data for substrates on which highly stable R-loops formed. We,
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therefore, sought conditions that prevent locking but not R-loop formation. To this
end, we introduced six consecutive mismatches between crRNA spacer part at the
PAM-distal end of the protospacer with ATG PAM (Table 1 and Figure 10A). The
same number of mismatches abolished locking of St-Cascade by preventing
zipping of the R-loop to the end of the protospacer (87). As anticipated, R-loops
formed by E. coli Cascade on the target with six mismatches dissociated
instantaneously upon the application of mild positive supercoiling. This indicates
the absence of locking (Figure 10B), making multiple R-loop formation-
dissociation cycles possible.
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Figure 10. Development of MT assay to allow repetitive Cascade binding-dissociation cycles.
(A) A sketch of Cascade bound to DNA targets containing 6 PAM distal mismatches that prevent
locking of the shortened 26-bp long R-loop. (B) Representative trajectory from magnetic
tweezers measurement of repetitive R-loop formation-dissociation events obtained with E. coli
Cascade on the shortened target. Jumps corresponding to R-loop formation are indicated.
Dissociation of R-loops is observed as soon as positive supercoiling is applied. The R-loop
formation time is measured from the moment the desired negative supercoiling was reached. (C)
Mg?* ions and 37 °C temperature effect on acceleration of R-loop formation. Average times of
R-loop formation measured on wild-type target are less in the presence of 5 mM Mg?* allowing
to speed up R-loop formation for mutated targets. Increasing temperature to 37 °C results in even
more significant acceleration. The effect of only temperature increase is reported as separate
measurement (Figure D12).

Another obstacle for comparative measurements of R-loop formation kinetics was
extremely slow Cascade binding rate to targets with mutations in the seed. One
binding event happening over a few hours of observation was inpractical and
insufficient to collect proper events for fitting to constant probability density
distribution. To solve this problem we investigated ways to speed up the R-loop
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formation process. The most obvious measure, increasing Cascade concentration,
was not an option since E. coli Cascade required a high (100 nM) working
concentration even with the wild-type targets, in contrast to St-Cascade (requires
up to 100-fold lower concentrations). Thus, it was not possible to raise the Cascade
concentration further due to concomitant increase in viscosity (the RNP complex
was stored in 50% glycerol at 2 uM stock concentration), which made magnetic
particles stick to the surface. Other measure to solve the problem would be to add
compounds that decrease the energy barrier for DNA melting during R-loop
formation. Increasing Mg?* concentration was an obvious choice: by lowering the
energy penalty for local opening of DNA structure Mg?* stabilizes non-standard
DNA structures like hairpins and cruciform (163). Indeed, 5 mM of Mg?* ions in
the solution resulted in 1.8-fold increase of R-loop formation rate (Figure 10C).
The main drawback of using Mg?* was the overall lower stability of DNA: it was
“breathing” more, opening for short time under negative supercoiling, which was
seen as spikes in time-traces (see Figure 8 bottom row, CCG control was done in
the presence of Mg?*). This is why Mg?* was only included in reactions to measure
Kinetics of R-loop formation and in negative controls to make them more stringent.

The second measure tested to facilitate R-loop formation was temperature increase
from ambient 24 °C to 37 °C. The rationale here was two-fold. On the one hand, 37
°C is a physiological temperature for E. coli and, one the other hand, increased
temperature generally facilitates enzymatic reactions via kinetics energy raise of
the substrates and products, thus decreasing the activation energy barrier.
Technically, controlled 37 °C conditions were created by implementing a special
heater-controller system on oil immersion objective of inverted microscope of MT
setup (Figure 2). Since heat transferred via several material borders (objective to
oil to bottom cover slip to flow-cell interior), thorough calibration was required.
Three points of temperature measurements were tracked simultaneously for
calibration: heating ring, top of objective, and top of one of cover slip. The last one
was used as a desired point for set temperature of 37 °C, while the first two were
used to track temperature during measurements, since it is not physically possible
to put a sensor inside flow-cell. This approach is sensitive to surrounding
conditions, thus, room temperature must be kept constant. Overall, the effect of
increased temperature was even more significant and together with Mg?* resulted
in approximately 8-fold increase of R-loop formation rate. This significantly
improved the assay and allowed to collect data for every target variant that
supported R-loop formation.

The drawback of temperature increase was the disturbance (significant shift) of
force calibration curve towards apparently lower values (Figure 11). The
calibration curve is used to determine the force of magnet pulling for every DNA
molecule with magnetic bead on the top. Correction for the k,T value (from 4.1
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PN-nm at 24 °C to 4.28 pN-nm at 37 °C) did not correct the shift of force
calibration. Therefore, the effect of temperature on the optical system and the
measurements was investigated during test measurements done at room
temperature and 37 °C. The piezo stage step movements of 1 um were detected by
the software and compared with absolute values. As was expected, small changes
in optical density of the immersion oil of the objective, the buffer solution in the
flow-cell and temperature expansion of the optical parts had little effect on the
measurements: only small errors of less than 3% were seen. As it turned out, much
bigger effect was produced by a change of the viscosity of the buffer solution. It is
known, that the viscosity of water solutions similar to the binding buffer used
reduces by approximately 23% as temperature is raised from 25 °C to 35 °C (155).
Since the viscosity of water was used for magnetic bead fluctuations modeling
during force calibration, incorrect values were leading to errors. Correction of
viscosity value could not be performed since the precise value of solution viscosity
could not be measured directly. Thus, the force calibration was measured at room
temperature prior to the system heat up and actual measurements with Cascade.
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Figure 11. Shifted force calibration curves of MT assay measurements. In the absence of
Cascade, DNA molecule tethered to the surface and a magnetic bead is pulled by a pair of
magnets. Force values (as function of magnet position) result in an individual curve for every
molecule and therefore has to be measured for each molecule. Raising temperature to 37 °C
makes the actual force calibration (blue) shift towards lower forces for the same magnet
positions (black). Distortion is linear in the range of binding measurements (0.4 pN). Changing
ko T from 4.1 to 4.28 pN-nm did not help correct the error (red).
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4.5.2.2 Mutated targets support R-loop formation at slower rates than wild-type
target

Shortening of targets along with modifications of the MT assay allowed us to
investigate the R-loop formation Kinetics differences between wild-type and
mutant targets. To this end, a set of substrates was produced where single PAM or
seed substitutions were combined with the PAM-distal mutation introducing 6
mismatches (See Figure 10 and Table 1). Mean R-loop formation times were
obtained from the analysis of consecutive single R-loop formation events (see
Figure 12). R-loop formation on the target with 26 fully matching base pairs from
the PAM (i.e., a shortened version of the wild-type target) was the fastest
(6.27+1.7 s at defined supercoiling conditions with a torque of — 6.7 £ 0.5 pN-nm).
The G-1T PAM mutation and the C1T seed mismatch retarded R-loop formation
strongly, by 35- to 50-fold. The T2A, G3T and T4G mutants exhibited a moderate
5- to 15-fold retardation of R-loop formation.
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Figure 12. Cascade binding kinetics measured on shortened targets. (A) R-loop formation
kinetics (black squares) measured at negative supercoiling and 0.4 pN force (— 6.7 = 0.5 pN-nm).
Plotted is the cumulative event number as function of time between introducing the negative
torque till R-loop formation time. From exponential fits (red lines) mean formation times were
determined. All variants but the WT were measured using 100 nM Cascade. For measurements
with the WT target, 20 nM Cascade was used in order to decrease the formation rate and allow
reliable measurements. The resulting average time was then rescaled accordingly. (B) Average
R-loop formation times for different protospacer/PAM variants obtained from exponential fits of
recorded kinetics of R-loop formation for seed and PAM mutants is at least 5 times slower than
that for the WT target.

Since earlier data support that R-loop formation is a directional process that
nucleates at the seed region and propagates till PAM-distal protospacer end (85),
the time of R-loop formation (nucleation at the PAM sequence and propagation of
R-loop) should not be affected by PAM-distal mismatches. Indeed, nothing should
be different for the first 26 nucleotides either in target to crRNA pairing or in

Cascade conformation (as locking is believed to happen only upon the pairing of
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target at the very end of 32-nt protospace. In other words Cascade does not “sense”
any mismatch until it tries to pair its crRNA to with mismtached nucleotide. At the
same time, the probability of R-loop to collapse and Cascade to dissociate from a
target with 26-bp duplex is minimal, based on assumption that crRNA interaction
with targeted DNA is energetically favorable, due to RNA-DNA pairing and,
possibly, protein stabilization of the resulting complex. Energetics of this
intermediate state is the same as in structures considered by the model of toehold-
mediated strand displacement (164). In this model, a competing oligonucleotide
that displaces the other one by having more complementarity to the “target”, has
almost zero chance to dissociate (detach by collapsing paired region to free DNA
strands) when 10 or more nucleotides of the “attacker” and “target” are paired.
Thus, we assume that the times of R-loop formation measured by above assays
should be the same as for full-length targets. Luckily, there is a direct way to test
this hypothesis: not all of full-length target variants lock strongly and, therefore,
can be dissociated. Specifically, G-1T, C1T, and T2A variants supported R-loop
formation-dissociation cycles even in the context of full-length protospacer targets.
To prove that kinetics of binding is the same for both full-length and shortened
targets, comparison was done on these mutants (Figure 13): R-loop formation rates
for shortened targets are compared to R-loop formation rates for full-length targets.
It is seen that same mutants show similar R-loop formation rates. The only
observed difference towards slower binding for full-length targets is attributed 5
mM MgClI;, present for shortened targets but absent for full-length ones. If one
multiplies by a 1.8 correction factor, all values become equal within the error.
Thus, measured Kinetics represents actual rates for Cascade R-loop formation.
Results thus indicate that R-loops form much slower with mutants tested here.
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Figure 13. Comparison of kinetics for full-length and shortened (PAM-distal 6nt mismatched)
targets. Asterisk stands for full-length, while its absence stands for PAM-distal mismatched
targets. It is clearly seen that values for every identical seed mismatches are in high correlation.
The difference in absolute values comes from different MT assays conditions (Mg?* included in
full-sized targets), which affects the overall rate of R-loop formation by a manner similar to
constant ~1.8 multiplier of rates (see chapter 4.5.2.1).

4.5.3 RNP complexes with changed crRNA lengths and altered Cascade subunits

Part of the project of Cascade targeting study on single-molecule level was
dedicated to analysis of Cascades with altered crRNA spacer length and
consequent change in Cascade subunits stoichiometry (159). If one intentionally
adds or removes parts of a spacer sequence in CRISPR array, CRISPR transcript
will still be processed into individual crRNAs at repeat region by the Cas6e
Cascade subunit. The resulting non-standard length crRNA will be incorporated
into a complex that comprises Cascade subunits but not in original stoichiometry
(and, therefore, overall structure). We here focused on particular crRNA variants
studied by Kuznedelov et al. (159): a set of six crRNA variants with spacer lengths
ranging from 18-nt shorter (14-nt spacer) than natural 32-nt spacer to 38-nt spacer.
Specifically, -18, -12, -6 and -3 shortened versions (from PAM-distal end) of g8
spacer and +6 elongated version with PAM-distal 5'-ATGTAT-3' extension of the
spacer were studied along with standard g8 crRNA Cascade. Changes in crRNA
length lead to changes in Cas7 subunits stoichiometry, since they compose the
backbone of Cascade, whose major function is to hold the spacer part of crRNA.
As expected, there was less Cas7 subunits in complexes with shorter crRNA, and
more (7 instead of standard 6) in Cascade containing +6 crRNA. In addition, only
one (instead of standard 2) Cse2 subunit was present in Cascades with shortened
crRNAs, while 3 Cse2 monomers were present in the +6 crRNA complex.
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In vivo, all complexes supported primed adaptation, and all but -18 and -12
variants supported efficient interference, while -12 variant supported interference
to some extent. In vitro, all altered complexes have shown target binding in bulk
assays, but stable R-loop formation on permanganate footprinting was not detected
for -18 and -12 Cascades. We decided to study the variants for R-loop properties
on MT assays to directly measure the extent of unwinding.

At first, we probed all complexes for R-loop formation, and observed shifts on
negative supercoiling states for every crRNA variants (Figure 14). This proves the
ability of RNP complexes to open DNA for R-loop formation and explains why
they all show target bindings and support primed adaptation. Complexes with two
shortest crRNAs, -18 and -12, did not withstand positive supercoiling at constant
force (moderate torque of +6.7 = 0.5 pN-nm). The -6 and -3 spacer variants
supported more pronounced locking, with around a third of R-loops surviving +6.7
+ 0.5 pN-nm positive torque. Still, the majority of R-loops for these variants
dissociated immediately after positive rotations. For wild-type and +6 variants, all
R-loops were stable and survived positive rotations.

From Figure 14 one can see that extent of DNA opening, at least on negative
supercoiling (left slope), corresponds to spacer length. We quantified the shifts on
at least 30 rotations of several R-loops per each spacer variant (Figure 15).
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Figure 14. Altered crRNA length containing Cascades tested for R-loop formation using MT
assays. Averaged rotation curves representing shifts of DNA opening (green) in at least 10 R-
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loop formation events for each trajectory. It is seen that -18 and -12 variants support R-loop only
when negative torque is applied to DNA molecule, meaning lack of locking for such complexes.
The -6 and -3 variants support some locking with a fraction of R-loops surviving positive torque
(blue compared to green). Wild-type and +6 variants demonstrate stable locking. Shifts extent is
proportional to spacer length. Initial molecules rotation curves (without R-loop) are shown in

grey.

The trend of rotation curve shifts is in full agreement with expected R-loop sizes.
Two features here were observed. First is that the right-side shift (positive
supercoiling) for +6 crRNA variant displays value closer to wild-type or even to -3
R-loop size, much smaller than expected and observed for the left-side shift
(negative supercoiling). An explanation of such phenomenon can be that despite of
38-nt matching region that support 38-nt R-loop formation at negative torque,
locking of the altered Cascade complex still happens at native 32-nt R-loop size. In
order to test this idea, the +6 crRNA Cascade was tested with wild-type g8 target,
where there was no match of the last 6 crRNA nucleotides to DNA. In such assay,
stable R-loop with same as for original g8 crRNA rotational shifts was observed
(Figure 15). Thus, the ability of +6 (38-nt) spacer to lock at 32-nt target was
proved. Another interesting phenomenon was observed for the -6 target: it is seen
that both negative and positive supercoiling shifts for -6 crRNA are a bit lower
than expected by the common trend values of all other crRNA variants. The same
effect, even more prominent, was observed for St-Cascade (unpublished data).
Explanation should be based on altered RNP complex stoichiometry, but so far,
there is not specific model to explain this phenomenon.
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Figure 15. Altered crRNA R-loop sizes. Quantification of rotational curves shifts plotted as
function of expected R-loop lengths. Left side (negative supercoiling) rotational shifts (blue)
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perfectly match expected trend. Right side (positive supercoiling) shifts (green) for -18 and -12
variants were not observed. For +6 variant, right side shift is less than expected, but matches to
either 29-32-nt R-loop size. The +6 variant on 32-nt (wild-type g8 protospacer) target forms R-
loop identical to wild-type g8 crRNA. The -6 variant shows lower than expected shifts, which,
however, still fit the trend within error values. Errors are standard deviations of measurements
for at least three R-loops with at least 30 rotations in total.

Since all of crRNA variants starting from -6 supported R-loops that survived
moderate positive torque, locking ability of such complexes was tested at high +
22.7 + 2.1 pN-nm positive torque (Figure 16). Wild-type and +6 variants showed
strong locking and did not dissociate during the time of measurements — at least 45
minutes (Figure 16A and B). The -6 and -3 variants showed complex behavior: in
majority of cases they dissociated on the positive side of the rotation curve (Figure
14). But in some of the cases they survived rotations to the positive side and high
positive torque forces were required for the complex to dissociate (Figure 16C-F).
Interestingly, different behavior of -6 and -3 R-loops was observed under high
positive torque. While -6 crRNA R-loops dissociated in all cases after seconds
(average of 1.78 sec), the -3 complexes showed both fast, within few seconds
dissociation, and much longer, few dozens of minutes, survival on DNA. Thus,
locking ability of shortened crRNA complexes is increasing with spacer length and
Is stronger for spacers closest to the natural 32-nt length. The -3 complex displayed
three distinct locking modes: weak locking not surviving +6.7 + 0.5 pN-nm torque,
intermediate locking surviving +6.7 + 0.5 pN-nm but dissociating in seconds after
+ 22.7 £ 2.1 pN'nm torque application, and strong, closer to wild-type locking,
with stable for half-hour R-loop at + 22.7 + 2.1 pN-nm torque. Different
stoichiometry of RNP complexes for -3 crRNA is very unlikely, based on mass
spectrometry data (159), implying that identical -3 complexes are able to support
these distinct locking states.
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Figure 16. Altered crRNA R-loops tested for stability at high positive torque. (A) and (B) wild-
type and +6 crRNA variants do not dissociate under + 22.7 + 2.1 pN-nm torque for at least 45
minutes. (C) Representative trace of the -6 variant dissociating fast after high positive torque
application (shift after positive rotations). (D) Histogram of the -6 variant R-loop dissociation
times under high positive torque. No R-loop sustained for longer than 6 seconds; average is 1.78
seconds. (E) and (F) representative traces of fast and long -3 variant dissociation events,
correspondingly. While fast dissociation events are observed in most cases, with average of 4.6
seconds, few long dissociation events happen with typical “average” time of 36 minutes,
indicating strong locking ability.

4.5.4 MT assay developments for future use: synthetic genes

Developments of Magnetic tweezers assays is an essential part of workflow
optimization to get new insights into molecular mechanisms of DNA targeting
enzymes. This chapter describes the developments that were done but not yet used
for systematic studies. The first development is focused on sequence of DNA
backbone where targeted sequences were cloned (see Materials and Methods). Off-
targeting by CRISPR effectors is a big issue that is discussed mainly when
biotechnological applications are considered (165). Biophysical experiments can
become a very useful tool for detection of off-targeting (166, 167). Regardless of
applications, off-targeting can lead to misinterpretations of experimental results
and must be minimized or controlled. For example, research that proposed two
distinct Cascade binding modes based on single-molecule FRET (SmFRET) data
(127) did not consider that the target protospacer they used contained at least one

internal consensus AAG PAM and two ATG PAM sequences inside it. Thus, their
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interpretation of short-lived events as distinct binging modes of Cascade might be
due to Cascade interactions with these PAM sequences. Considering this case, we
worried whether our experiments may suffer from similar problems.

For all experiments presented above the pUC19 plasmid was used as a backbone
for cloning in protospacers. This plasmid sequence contains lots of consensus
PAM sequences in it that should be recognized by Cascade and may be used to
nucleate R-loops. Though no off-targeting signal was detected in negative controls,
we worried that increase of the RNP complex concentration (as one of the means
to speed up R-loop formation measurements) could cause off-targeting Cascade
activity to become more prominent. As a preventive solution that could be useful
for bulk assays as well, we designed synthetic 2 kbp templates (see Materials and
Methods and Appendix C) that do not contain any of PAM that support high levels
of interference (AAG, ATG, AGG, AAA, GAG, not-targeted strand
nomenclature). Besides, these templates did not contain seed region of g8
protospacer (5'-CTGTC-3') and another protospacer used for torque-dependence
study (Appendix A) with seed region of 5'-CCAGT-3'. Synthetized construct was
cloned into commercial vector and used for protospacer cloning in the middle of it.

Tests of synthetic genes backbone on MT measurements revealed less stability of
the complex under negative torque: it apparently produced significantly more noise
than the pUC19 backbone, at around —6.7 pN-nm torque, used for R-loop
formation (Figure 17). Free energy gain of any not B form DNA structures was
minimized by Mfold analysis on dozens of candidates (160), thus, preventing as
possible from potential base-pairing of detached parts of designed construct.
Nevertheless, Ugene software repeat finder, used for post-problem discovery
analysis, showed increased number of 8-10 nt repeats in synthetic templates
compared to the pUC19 backbone (168). This or other factors caused “breathing”
of DNA. The high number of repeats could be the result of too strict limits
imposed on synthetic genes sequences: absence of 5 trinucleotides and of 2 five-
nucleotides regions at both strands. There may be a chance to improve the
backbone, by redesigning synthetic templates to lack only the g8 protospacer seed.
In this case, as well, more attention should be dedicated to avoid small matching
(repeated) regions in mutual proximity, rather than overall potential energy of
secondary structures (as was done for the tested version of synthetic templates). In
order to progress with experimental results, we decided to stick with the pUC19
backbone, considering the fact that synthesis and cloning of new synthetic genes is
matter of months. It was a correct decision, since new MT assay developments
allowed to progress with R-loop formation kinetics measurement (see chapter
4.5.2.1), and no Cascade off-targeting was observed for these experiments. Still,
synthetic template concept is an interesting avenue to explore for future MT and
bulk assays.
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Figure 17. Synthetic template backbone shows stability issues compared to pUC19 backbone.
Measured at constant moderate —6.7 + 0.5 pN-nm torque, in the absence of Cascade or any DNA
binding proteins peaks of DNA ‘“breathing” — spontaneous DNA melting can be detected.
Synthetic template backbone (right column) shows more noise than pUC19 (left column). The
effect is increased at R-loop facilitating conditions (37 °C, 5 mM Mg?*). The increase of noise is
seen for pUC19 as well at these conditions (bottom row), but for synthetic template it is much
more pronounced making assay too noisy for proper measurements.

4.6 Altered Csel conformation model is supported by Cas3 recruitment ability
upon R-loop formation

The results presented above indicate that with the exception of negative controls
(CCG PAM), all tested mutated targets that escape CRISPR interference in vivo are
bound by E. coli Cascade in vitro and form full-length R-loops. As proposed
earlier, the locking differences for these targets must be caused by different Csel
conformation, more “open” when the mismatch is close to PAM (114). In the same
work, it was proposed that Cas3 recruitment ability is compromised by the
conformational changes in the Csel subunit, compared to wild-type target. If this
were so, then Cas3 nuclease activity on targets we study should be in direct
correspondence with locking observed in MT assays. To test this idea, we
investigated Cas3-mediated degradation of plasmids containing g8 protospacer
variants that showed R-loop formation (Figure 18). Cascade-bound plasmids were
combined with an excess of purified Cas3 protein at conditions optimized for
target degradation (114, 121). DNA cleavage was seen as conversion of
supercoiled Cascade-bound plasmid DNA into relaxed and/or linearized forms as
well as the appearance of a smear of shorter degradation products at longer
reaction times (Figure 18) (90, 114). For the WT target, most of the supercoiled
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plasmid species disappeared (corresponding to a processed fraction of 0.84, Figure
18B and C) with a mean reaction time of ~8 min at 100 nM Cas3. Cas3-catalyzed
DNA degradation of targets with seed mutations at positions +3 and +4 was
similarly fast. In contrast, DNA degradation of targets bearing the G-1T PAM
mutation or seed mutations at position +1 and +2 was greatly decreased. The
strong attenuation of DNA cleavage in these cases was not caused by dissociation
of less stable R-loop complexes, since all supercoiled (and, therefore, uncut) DNA
remained bound to Cascade during the entire 120-min time course of the reaction
(Figure 18A). Cas3 was added to no Cascade samples as control of specific R-loop
mediated DNA degradation and no degradation was revealed. We conclude that the
rate and efficiency of Cas3 cleavage strongly correlates with the R-loop
dissociation time, i.e., locking strength, on a particular target (compare Figure 9
with Figures 18C and D, Pearson correlation coefficients r of 0.88 and 0.94 with
probability values p of 0.021 and 0.006 for rate and efficiency, respectively).
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Figure 18. Kinetics of Cas3-mediated cleavage of plasmid DNA bound by Cascade. (A) Target
plasmids containing indicated g8 protospacer variants were preincubated with Cascade-g8-
crRNA. DNA cleavage reaction was initiated by the addition of Cas3. At indicated times after
Cas3 addition reactions were terminated. Products were separated by agarose gel electrophoresis.
Sketches next to gel images illustrate positions of the DNA topoisomers (supercoiled, nicked and
linear plasmid). (B) Kinetics of DNA cleavage quantified from the disappearance of the
supercoiled DNA species in the agarose gels. Error bars represent standard deviations from 2 to
3 repeat measurements. (C) and (D) Initial cleavage rates and cleavage efficiencies obtained
from the fits of the data shown in B.
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4.7 Primed adaptation occurs independently of conformational changes in Cascade

Seed mutants of g8 protospacer all displayed different locking abilities and Cas3
recruitment efficiency that correlates with proximity of mismatch to PAM. Thus, if
priming is conformationally triggered, they should support priming to different
extents. l.e., priming should correlate with changes observed on MT assays and
almost no priming should be seen for the T4G variant, as its conformation, upon R-
loop formation, is undistinguishable by our methods from R-loop on wild-type
target. While G-1T and C1T where already shown to support priming (113), T2A
and G3T mutants were expected to support priming at lower rates, with G3T closer
to T4G level than to C1T. To test ability of target variants to cause primed
adaptation, E. coli KD263 cells harboring cas genes under control of inducible
promoters and a CRISPR array with g8 spacer were transformed with plasmids
harboring the WT @8 target or its variants (Figure 19A). The cas gene expression
was induced in plasmid-bearing cell cultures, and adaptation was followed by PCR
amplification of CRISPR array at various times post-induction (Figure 19B). In
agreement with previous work (119, 169), no adaptation was detected in induced
cultures of cells harboring plasmids without protospacer, with the WT target or
with the CCG PAM variant, while robust adaptation was observed in cultures
transformed with plasmids carrying targets with a G-1T PAM and the +1 seed
mutation (C1T). Notably, targets with seed mutations at positions +2, +3, and +4
(T2A, G3T, and T4G) also supported adaptation at comparable rates and
apparently comparable levels (Figure 19C). No correlation between mismatch
position and priming rates was detected. In fact, T4G and C1T target variants were
the ones most actively supporting fast adaptation.
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Figure 19. Primed adaptation tested in E. coli KD263. (A) Genetic structure of KD263 CRISPR
locus. CRISPR array contains only g8 spacer. The cas genes are under inducible promoters and
were induced after plasmids containing g8 protospacer were transformed into cells. PCR over
CRISPR array detects array expansion after new spacers are integrated. (B) Results of g8 target
variants tested for primed adaptation. All seed mutants that are escapes in vivo and support R-
loop formation demonstrate high levels of adaptation. Wild-type target does not support
adaptation. Negative controls of CCG PAM and lack of g8 in pUC19 do not show detectable
levels adaptation. (C) Quantification of gel images shows very similar rates and levels of
adaptation for all mutants. PCR part of genomes with elongated CRISPR array over total PCR
product is plotted as function of time. C1T and T4G variants support rapid adaptation, showing
no correlation with R-loop locking ability. Errors are standard deviations of at least 2 repeats.
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4.7.1 High throughput sequencing of adopted spacers shows the same spacer
selection for every priming mutant

We further tested whether the locking state of Cascade affects the specificity to
select particular spacers during priming. For all target variants that supported
priming, PCR fragments corresponding to expanded CRISPR arrays were
subjected to high-throughput sequencing. After filtering, the acquired spacer
sequences were extracted and mapped onto the donor plasmid backbone (Figure 20
and supplementary Figure D1). No significant differences among the target
variants could be detected: all of them displayed the previously reported strand-
biased hot-spot pattern of protospacers from which newly acquired spacers
originated (113, 115, 119, 120, 122, 123). These patterns were for all targets highly
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correlated to each other (Figure 20C) with Pearson correlation coefficients >0.97
(supplementary Figure D1).
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Figure 20. High-throughput sequencing (HTS) data of selected spacers via fast adaptation
presented on Figure 19. (A) Mapping of spacers acquired from the g8 G-1T variant target
protospacer plasmid to the pUC19 backbone. The height of the histogram bars corresponds to the
number of HTS reads found for a particular position. The location of the priming protospacer
and the PAM is shown as a blue-red box. A bar marked in orange marks hotspot HS1
protospacer, which was used for semi-quantitative measurements of the primed adaptation
efficiency (see chapter 4.7.2). (B) The same histograms made for every target variants that
supported priming. Every histogram looks identical/similar. (C) Position-dependent acquisition
frequency for targets with seed mutation plotted over the acquisition frequency for the G-1T
PAM mutation target. High correlation between spacer acquisition patterns of all tested target

variants (see supplementary Figure D1 for correlation coefficients) is apparent.

4.7.2 Quantitative adaptation measurement supports kinetics model of primed
adaptation

The identical hot-spot selection of spacers during primed adaptation for the
different targets allowed us to design a semi-quantitative assay to measure
adaptation efficiency. The assay is more accurate than gel images analysis (Figure
19B and C). The assay involves gqPCR reactions where one of the primers is
specific to a frequently acquired spacer (orange colored hotspot HS1, see Figure
20A), and another specific to CRISPR array leader. By normalizing the gPCR
signal from HS1 by qPCR signal from gyrA gene from bacterial genome, an
adaptation score could be calculated: it measures the percentage of genomes
containing HS1 in CRISPR array over all the E. coli KD263 genomes present in
the sample (Figure 21, see Materials and Methods for details). The HS1 is one of
the most frequently acquired spacers and is acquired with same relative efficiency
for every target variant tested. All necessary calibrations were done to ensure
reliability of the assay.
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Implementation of the assay revealed that all targets that supported priming had a
similar adaptation score, i.e., priming occurred for all of them at a comparable
level (the scores are not going above 10% since it is only HS1 adaptation that we
follow, while the real adaptation score that takes all acquired spacers in account is
several times higher). We conclude that the locking state of Cascade, while well
correlated with the in vitro ability to recruit Cas3 for target degradation, does not
influence the extent of primed adaptation (insignificant correlation with r = -0.21
and p =0.7) or sequence preferences during spacer selection in vivo. In other
words, in vivo priming occurs independently of the particular locking state of
target-bound Cascade.
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Figure 21. gPCR assay to quantify adaptation levels. (A) Calibration of gPCR measurements on
hotspot (Figure 20A). Bacterial genome DNA containing an elongated CRISPR array with HS1
was diluted between 1- and 4096-fold and subjected to qPCR to determine the threshold cycle.
Plotting the binary logarithm of the DNA dilution over the threshold cycle provides the expected
linear relation with a slope of 0.85 (red line, R2=0.9987). This corresponds to a 1.8-fold increase
of the DNA amount per PCR cycle being close to the expected value of 2. (B) Calibration of
gPCR measurements on the gyrA gene used for normalization. The calibrations used the same
DNA as in A. The slope of a linear fit to the data is 0.978 (red line, R? = 0,9856) corresponding
to a 1.97-fold DNA increase per PCR cycle. (C) Testing the qPCR-based quantification of
primed adaptation. Cells containing either a non-elongated CRISPR array or an elongated
CRISPR array with HS1 were mixed in known ratios and the genomic DNA was extracted. The
obtained DNA was subjected to qPCR analysis. The adaptation score was obtained from the ratio
of the amount of DNA containing elongated CRISPR arrays and the amount of DNA containing
the gyrA gene. The DNA amounts were calculated from the measured gPCR threshold cycles
using the calibration curves in A and B. The measured adaptation score returns within error the
input percentage of cells containing HS1 thus verifying the calibration. (D) Relative frequency
of priming (i.e., CRISPR array extension; over HS1 spacer) probed by qPCR for the different
target variants at time point of 6 hours after CRISPR-Cas system induction. Error bars represent
the standard deviation of at least three technical (QPCR) of two biological (adaptation
experiments) repeats.
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Kinetics model of priming, thus, is much more compatible with our observations:
primed adaptation does not depend on R-loop stability (locking strength), neither
for seed mutants nor for crRNA length variants. In the same time, all the targets
tested that attenuate interference while still supporting R-loop formation, support
primed adaptation. It is hard to derive a clear formula for primed adaptation, since
kinetics model depends on virus (in our case plasmid) copy number, replication
rate and the time of CRISPR-Cas system action and level of its induction (126).
What it seen on Figure 21C it that even wild-type target appears to support primed
adaptation to some extent, something that was not detected by agarose gel analysis
of CRISPR array PCR products (Figure 19B). What we can estimate is that for
every seed mutant where Cascade binding is slower than for wild-type, the scores
of adaptation are few times higher. The best mutant to focus on is T4G: its Cas3
recruitment ability is the same as for wild-type protospacer (g8 with ATG PAM),
and R-loop has the same undistinguishable locking strength for both of these
targets. Thus, the only difference in CRISPR-Cas system action upon the wild-type
and T4G variant detected so far is Cascade binding (R-loop formation) rate: 6.27 +
1.7 sec and 84.4 + 12.3 sec, respectively. The adaptation scores for these targets
are 1.45 + 0.05 and 10 + 0.51 %, respectively. While the rate of Cascade binding is
constant value, the adaptation score is cumulative. If the kinetics model of primed
adaptation is valid (126), then adaptation score should be proportional to the time
of growth after induction. According to this model, the difference (ratio) between
T4G and wild-type should become larger at longer times, as wild-type protospacer
plasmid should be depleted, while the T4G variant should be constantly degraded
for much longer times, maintaining some amount of DNA in the cell.

4.8 Bulk assays development to reproduce priming conditions in vitro
4.8.1 Casl-Cas2 effect on Cas3 degradation rate

Further development of bulk assays involved the Casl-Cas2 complex. As
mentioned, some evidence supports that Cas3 activity on mutated targets is altered
by Casl-Cas2 (81). This distinct mode of Cas3 function is believed to be
connected to primed adaptation. Thus, next experiments were dedicated to analyze
the effect of Cas1-Cas2 on Cas3 degradation. If the model is true, the presence of
Cas1-Cas2 with Cascade and Cas3 should speed up plasmid degradation, causing
faster accumulation of relaxed and linear fraction than at interference conditions
with Cascade and Cas3 only. Experiments were done to check this, and the results
are presented in Figure 22.

A plasmid containing priming target protospacer with C1T mutation was mixed
with: only Cascade for binding to the substrate; Cascade and Cas3 to model
interference, all three Cas protein complexes to model primed adaptation
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conditions. The reaction was left at 37 °C for quite a long time — 18 hours, since
Cas1-Cas2 activity rate is slow. Results reveal, first of all, that Cascade remains
bound even after such a long time of incubation. Cas3 successfully degrades target
plasmid, as expected. Unfortunately, the presence of Cas1-Cas2 did not appear to
have any effect.

A B

pT7blue-g8-C1T-dir

18 hours incubation, 37 C, Rbco buffer
Cascade | - + + | + [ Cascade Relative PIZRlue 88 C11.
Cas3 i _ + + Cas3 | quantity | 18 hours
Cas1Cas2 - - - + |CaslCas2
kb kb )
PR Lo
4 i -Casl1Cas2
4= +Cas1Cas2
3. » -3 o4 Cascade only
—— 0 =
2 Nicked Linear Supecoiled
5. - - -

Figure 22. Cas proteins effect on priming mutant target degradation. Cascade, Cascade with
Cas3, and Cascade, Cas3, Cas1-Cas2 proteins were mixed with the target plasmid and incubated
for 18 hours at 37 °C. Plasmid without any Cas proteins was used as a control. (A) Reaction
products were analysed on agarose gel. (B) Quantification of gel bands is presented. No
significant difference induced by Casl-Cas2 is observed. In opposite of expected outcome, the
Cas1-Cas2 presence leads to a slight loss of linear and nicked forms — 3% difference.

Thus, Cas1-Cas2 appear to have no significant effect on the process of interference
products accumulation at our conditions.

4.8.2 Short fragments investigation

Despite the fact that Cas1-Cas2 does not drastically speed up degradation of target
plasmid by Cas3, it may still generate fragments necessary for insertion into the
array. Data from Musharova et al (83) indicate that in the cell 33 nt DNA
fragments can be cut out of target DNA by Cas proteins activity from templates
containing priming protospacers. If this process creates exactly 33 nt length parts
of DNA, they should be detectable. Even if the rate of Cas3 only (not triggered by
Casl-Cas?2) target degradation is significantly higher than at priming conditions,
the former should generate DNA fragments of random lengths distributed as a
smear on gels, while Cas1-Cas2 activity should be seen as an enhanced band of
defined length. Thereby, the reaction shown in Figure 22 was repeated but on a
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larger scale. Reaction products were purified by phenol-chloroform DNA
extraction, such that short fragments generated or grabbed by Casl-Cas2 were
released. After ethanol DNA precipitation, the samples were separated by
denaturing Urea PAGE (Figure 23), which allows to analyze short fragments at
single-nucleotide resolution. Oligonucleotides of different sizes were used as size
markers. However, no difference in 33-nt area was detected in the presence or
absence of Casl-Cas2. The conclusion from these results is that some co-factors
are missing in our reactions, preventing the generation of spacer-sized fragments
for insertion (or that there is no specific 33-nt fragments generation during
CRISPR-Cas response under priming conditions).

One of the possibilities discussed was that additional nucleases degrade material
partially damaged by Cas3 in the cell, leaving only 33 nt fragments bound by
Cas1-Cas2 protected. To test this theory, the same reaction set was repeated, but
this time the products were treated with DNase I, which could degrade all DNA,
except for that protected by a bound protein. Again, no enhancement of specific
bands in the presence of Casl-Cas2 was seen after Urea PAGE (supplementary
Figure D9). While the assay has still to be optimized in terms of DNase
concentration and incubation time, there could be a possibility that the binding of
Casl-Cas2 is not strong enough in vitro. Alternatively, some new insertion-
substrate generating process not understood properly has to be revealed in future
research.

One interesting fact that appeared during this experiment was shortening of crRNA
after the incubation with target plasmid. It is hard to say why it is happening, but it
is unlikely to be related with target binding, since Cascade is present in the
solution in 100 nM concentration, when target plasmid is only at 5 nM.

It should be mentioned, that this assay was repeated multiple times during
optimization of buffer conditions and proving activity of Casl-Cas2 protein
complex. Results presented on the figures were obtained with optimal conditions.
It was done in the same buffer, where spacer integrase activity of Cas1-Cas2 was
observed (see next chapter).
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Figure 23. Investigation of short DNA fragments generated in the reactions with Cascade, Cas3,
and Casl-Cas2 proteins. On (A) is repeat of experiment presented in Figure 22 (B) represents
denaturing Urea PAGE showing short DNA and RNA fragments in reactions. It can be seen, that
non-cleaved plasmid contains almost no short fragments. 61-nt crRNA of Cascade complex can
be clearly seen on the gel, although, so far not clear why, it gets shortened after the incubation,
and a band corresponding to around double size of crRNA appears. Bands corresponding to ~33-

nt size fragments do not show any difference in the presence of Cascade, Cascade plus Cas3, and
Cascade plus Cas3 plus Cas1-Cas2.

4.8.3 Complete reaction of primed adaptation. Attempt of reconstitution

The main goal during this project development was to reproduce the full cycle of
primed adaptation. Even despite the fact that insights and ideas into how the
process can happen did not bring results in Cas1-Cas2 activity experiments, it does
not mean that the full cycle is not reproducible in vitro. In this chapter summary of
experiments describing such attempts is presented.

As was already seen, interference can be reproduced in vitro, showing Cascade
induced Cas3 nuclease activity, which is required for primed adaptation (113). The
best way to check the adaptation activity in any conditions is to perform Casl-
Cas2 dependent integration test. In (72) it was shown that Cas1-Cas2 can integrate
33-bp non-phosphorylated oligoduplex into the plasmid containing CRISPR leader
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region and several repeats with spacers. Indeed, mixing 200 nM of 33-nt
oligoduplex with plasmid and Casl-Cas2 in the presence of Mg?" initiates
integration, changing the plasmid state (Figure 24). Due to Casl nuclease activity,
initiation of the integration events leads to accumulation of the circular relaxed
plasmid form, signaling accumulation of single-stranded breaks in DNA. But the
most noticeable distinctive effect is the secondary product of integration reaction,
which is believed to be integration-disintegration result leading to accumulation of
plasmid topoisomers with different supercoiling index. Those topoisomers run in

the gel between original supercoiled plasmid and the relaxed circle form and can
be seen as multiple faint bands.

It is seen on the figure, that Casl-Cas2 is inactive on integration target without
oligoduplex substrate. Two batches of Casl-Cas2 were tested and both show
expected activity. The need of preincubation of Cas1-Cas2 with oligoduplex before
contact with plasmid was studied. The reason was high stickiness of Casl-Cas2,
which could lead to Casl-Cas2 binding to the plasmid with activity loss. The
results indicate that preincubation step can be skipped.

Plasmid + + + + + Plasmid
Oligoduplex | + - + + + | Oligoduplex
CaslCas2 - + + + + CaslCas2
Batch - [New|New | Old [New Batch
Preincubation| + + + + - |Preincubation
- L J
4- - - -<- ----- Relaxed
- <#___.. Cas1Cas2 induced
¢ topoisomers
2- a»GHEGh U am Ve SC
L -
- fe==3]
anm -
- L]
(=) -
- L 4
- -

- * Oligoduplex

Figure 24. Oligoduplex integration by Casl-Cas2 into plasmid containing CRISPR leader and

repeats. Products of Casl-Cas2 activity are clearly seen as the relaxed plasmid form and
topoisomers.

First assays on Casl1-Cas2 integration in the conditions used for Cascade and Cas3
activity assays, showed, surprisingly, that the Cas1-Cas2 complex is inactive in the
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buffers used. Additional research revealed Casl-Cas2 salt concentration
dependence (Figure 25). The integration activity was not detected at higher than
100 mM NacCl or KCI in the solution. Taking this into account, the buffer base was
switched from Tris to HEPES, and salt concentrations compatible with both Casl-
Cas2 and Cas3-Cascade reactions were established. The optimized buffer was 20
mM HEPES pH 7.5, 35 mM KCI, 10 mM MgCl,, 10 uM CoCl,, 1.5 mM ATP, 1
mM TCEP. Cobalt and magnesium are cofactors for Cas3 ATP-dependent activity,
magnesium as well is a cofactor for Casl-Cas2 activity, reducing agent tris (2-
carboxyethyl)phosphine (TCEP, Sigma, Germany) was added to minimize possible
protein aggregation due to disulfide bonds formation.

Cas1Cas2 integration KCl titration Cas3 cleavage KCl titration
— e KC! Plasmid | + | + | + | + | + | + | + | Plasmid
[kcimm ] 25 30] 40] 50 | 60] 80]100] kCimm| | C3scade | + | + | + | + | + ] + | + | Cascade
] Cas3 - + | + + | + | + | + Buffer
zb = @ kb KCl,mM | 25 | 25| 30 | 40 | 50| 60| 80 | KCI, mM
ﬂnnnu— - -4 —Te
S--. - - -3
L KD s o kl;)1
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Figure 25. Casl-Cas2 and Cas3 plus Cascade activity under titration of KCI concentration. (A)
Casl1-Cas2 is limited by salt concentration and working better in the range of 25-50 mM KCI.
(B) Cas3 cleavage on Cascade bound target is happening efficiently at any salt concentration
tested.

Once the Casl1-Cas2 integration ability was proved, we tested if Cas1-Cas2 can use
the products of in vitro Cas3 interference as a substrate for spacer insertion.
Accordingly, a combined experiment was done: target plasmid with g8 protospacer
was added to Cascade and Cas3 mixture, and then, immediately or after incubation
for 1 hour, a Casl-Cas2 solution containing “pUC mini CRISPR (E. coli)” —
plasmid for insertion was added (Figure 26). Unfortunately, the results obtained so
far did not show any processing of plasmid containing CRISPR part.
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Figure 26. First attempt for complete in vitro primed adaptation reconstitution; experiment in the
presence of all Cas proteins, target degradation plasmid and target plasmid for insertion. The
target plasmid pT7blue containing target g8 protospacer with wild type or priming C1T mutation
was mixed with Cascade (g8 crRNA) and Cas3. Then, immediately, Casl-Cas2 protein with
plasmid containing E. coli derived CRISPR leader sequence was added. The mixture was
incubated at 37 °C for 1 hour. No sign of insertion is seen. Missing processing machinery or lack
of substrate for integration are the most probable issues.

The reason for the lack of integration activity could be that some other machinery
in the cell could be needed for processing degradation products generated by Cas3.
In that case, as was discussed above, some nucleases can degrade DNA overhangs
around the double-stranded part bound by Cascade. One possible way to solve this
problem would be to use available nucleases in add-back experiments. Other
candidates could be phosphatases that remove phosphate groups from 3’ ends of
oligoduplex, or even polymerases that can take part in the processing of the
insertion substrate fragments. In this cases, more data on in vivo process and/or
extract fractionation coupled with activity assays is required to identify such
missing factors.

Another reason can be the lack of sufficient amounts of integration substrate
generated. Integration tests were performed at 200 nM concentration of
oligoduplex, while target plasmid with g8 protospacer was used usually at 5 nM. If
from one DNA molecule only one fragment for insertion is generated, then the
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reaction would be 40 times slower. However, the exact number of substrates that
can be taken form one target molecule is not known. Trying to solve this issue, the
product of g8 target plasmid incubated with all Cas proteins was carried through
phenol-chloroform DNA extraction and was resuspended in small volume,
concentrating degradation products 20 times. This concentrated product was
incubated with Casl-Cas2 and pCRISPR plasmid for insertion (supplementary
Figure D11). The design of experiment should be elaborated further. Since both
plasmids have about the same size, concentrated degradation products mentioned
above makes indistinguishable any changes happening to pCRISPR. In that sense,
there is clearly room to develop the procedures and get more results out of these
experiments.

4.9 Summary of results

We would now like to summarize the insights obtained during the project. The
most important (in our opinion) results for understanding the priming phenomenon
are reflected in Table 2, with asterisk indicating the novel results obtained in this
project. First, the MT assays showed that all point seed mutants tested supported
unwinding of DNA in the presence of Cascade. Target protospacer melting was
stable at both positive and negative rotations and was undistinguishable in its
extent from that observed on wild-type g8 protospacer, meaning that, most likely,
full-sized R-loops were formed for each seed mutant. This conclusion was
supported by bulk assays: agarose gels with plasmids and permanganate
footprinting experiments made by our collaborator. Negative control with CCG
trinucleotide in the place of PAM, as expected, did not show any R-loop formation
in either of bulk, MT, or permanganate footprinting experiments.

Kinetics of R-loop formation for seed mutants was directly studied and shown to
be much slower (by 5 to 50 fold) than for the wild-type target. Locking, tested by
measuring R-loop dissociation times under positive torque applied was shown to
be dependent on the position of mismatch: the closer it was to PAM, the less stable
the complex was. PAM mutant (at -1 position) demonstrated weak locking similar
to mismatch in the +1 position (first position after PAM in protospacer). At the
same time, mismatch in the fourth (+4) position showed the locking ability that
was as high as that for wild-type target. The second and third positions showed
intermediate locking strengths. Overall, E. coli Cascade locking was, surprisingly,
much stronger compared to the previously studied Streptococcus thermophilus
Cascade.

Cas3 cleavage kinetics observed in bulk assays correlated well with the strength of
R-loop locking measured in the magnetic tweezers assay, i.e., targets with longer
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dissociation times of R-loops under high positive torque were cleaved faster by
Cas3.

Finally, priming experiments in vivo revealed that every tested seed mutant
supported primed adaptation independent of its locking or Cas3 recruitment ability.
HTS data revealed same profiles of acquired spacers for every seed mutant.

The qPCR approach allowed to evaluate adaptation efficiency quantitatively, and
to detect some adaptation for wild-type target. The result supports genetic
experiments of (124) and shows that qPCR approach is much more sensitive in
detecting low-level adaptation than standard amplification methods.

Table 2. A summary of observations from MT, biochemical and in vivo experiments for the
target variants tested. This data was obtained in the current work (marked with asterisk) or taken
from literature (45, 113, 114, 156).

Results
Target variant Escape in vivo R-loop formation R-loop locking Cas3 cleavage Priming

CCG PAM Yes No N\A N/A No
WT No Fast* Strong* Fast No
G-1T Yes Very slow* Weak* Slow* Yes
C1T Yes Very slow* Weak* Slow Yes
T2A Yes Slow* Moderate* Moderate* Yes*
G3T Yes Slow* Moderate* Fast* Yes*
T4G Yes Slow* Strong* Fast* Yes*
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5 Discussion

It has been previously shown that a +1 seed mutation causes escape from CRISPR
interference and stimulates primed adaptation in E. coli cultures (113). The Csel
subunit of Cascade for an R-loop formed on +1 seed mutation target (as well as on
targets with single PAM mutations) adopted an open conformation, while it was
found at closed conformation on wild-type targets (114). A +1 seed mutation was
also reported to support Cas3 DNA degradation at significantly reduced rate. The
magnetic tweezers assay measures a global effect of conformational changes that
contribute to locking. Given that we observe extremely strong locking on the WT
target and weak locking for a +1 seed mismatch target, we may conclude that full
locking requires closed Csel conformation. Thus, the attenuated locking and DNA
degradation that we observe for targets with the G-1T PAM and with the +1 as
well as the +2 seed mutations are consistent with a model of predominantly open
Csel conformation on these substrates. Locking involves a large movement of
Csel and the Cse2 dimer — the latter establishing PAM-distal DNA contacts (88).
The crystal structure of Cascade with bound single-stranded DNA (170), as well as
Cryo-EM data and molecular dynamics simulations (170), suggest that on weakly
locked targets the Cse2 dimer adopts a locked position that stabilizes the R-loop on
the PAM-distal side, while Csel remains in the open conformation. The open
conformation of Csel fails to support full R-loop locking, leaving the R-loop in a
“semi-locked” state (Figure 27). The differences in R-loop stabilities between the
weakly locked targets may be due to Csel being in dynamic equilibrium between
the predominantly open and closed conformations. Targets with seed mismatches
more distal to PAM (from position +3 onwards) support wild-type like locking and
thus Csel should adopt here a closed conformation, which is additionally
supported by the wild-type like DNA degradation rates. The fact that locking is
practically irreversible on these substrates suggests that the closed state is almost
exclusively occupied. Important to note that there may be slight differences in the
occupancy of the closed Csel conformation for the wild-type and the +4 mismatch
target, since we cannot quantitatively evaluate the differences in locking strength
between these two targets with our methods.
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Figure 27. A model of conformation states of Cascade at different target variants. The Csel
subunit is predominantly in the open state for the -1 and +1 substitutions resulting in a weak
(semi-locked) R-loop that is not able to support efficient Cas3 recruitment. For other seed
substitutions the locking strength and the ability to recruit Cas3 increase with increasing distance
from the PAM, reaching the wild-type level for +4 substitution (suggesting a closed wild-type
like Csel conformation that readily recruits Cas3).

Dual control of DNA degradation by (i) triggering locking upon R-loop expansion
until the PAM-distal end of the target and (ii) additional verification of PAM by
Csel seems to be a shared mechanism of type I-E CRISPR-Cas systems Cascade
complexes. It has been shown for S. thermophilus Cascade (85) that R-loop
degradation is impeded for PAM mutants, while R-loops with a +2 seed mismatch
(corresponding to the +1 position in E. coli Cascade) were cleaved at wild-type
rate (85). For T. fusca Cascade, Cas3-recruitment is impeded by PAM and +1 seed
mutations but not by more PAM-distal mutations (136). The relative involvement
of the first base pairs of the seed in this additional verification step seems,
however, to vary between these species.

The strong differences in R-loop degradation for target variants tested in our work
did not lead to changes in primed adaptation, which occurred at comparable levels
for all mutant targets. This result is difficult to reconcile with a model in which
priming is triggered by the open conformation of Csel (114). The open-form
Cascade is thought to represent a specific priming signal for a Cas3-Casl-Cas?2
complex, inducing a distinct mode of Cas3 movement along the DNA molecule
with less DNA degradation and concomitant spacer acquisition (81). While this
model can explain the behavior of protospacers with mutations at positions -1, +1
and +2, the priming behavior of +3 and +4 mismatches is not explained.

An alternative kinetic model (126) posits that the persistent presence of target
plasmid DNA at conditions of reduced interference allows bulk levels of spacer
acquisition in cultures that by far exceed the acquisition levels that can be attained
during a restricted time window in the case of rapid interference. According to this
model, high yields of primed adaptation are a consequence of a steady slow Cas3-
based production of target DNA fragments at low interference rates such that the
loss of invader DNA can be compensated by its ongoing replication. Since R-loop
complexes with mismatches at positions +3 and +4 readily recruit Cas3 and
support rapid DNA degradation, their ability to promote priming should arise only
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from the slower R-loop formation kinetics detected in vitro. Likewise the kinetic
model can explain priming for the targets with mutations at positions -1, +1, and
+2 since they also exhibit a low overall rate of target degradation. Thus, for all
tested target variants, invader DNA should, at conditions of ongoing replication,
persist over longer periods of time. Together with the ongoing degradation of the
foreign DNA a constant production of substrates for spacer acquisition by Casl-
Cas2 should be ensured. Thus, our data - while clearly supporting the existence of
multiple conformations of the Cascade complex on target protospacers - are more
consistent with a minimalistic kinetic model for primed adaptation.

Approaches developed in this work allow to design experiments to further test the
models of priming. First, if proposed by Severinov et al. kinetic model is true
(supplementary Figure D10), targets that are subject for strong interference, should
deplete out after a reasonable time (from minutes to hours), and should produce no
fuel for adaptation thereafter. If so, experiments presented in chapter 4.7.2
performed for a series of time points, especially in few hours to dozens of hours
time range, should be of interest.

The nature of the spacer selection process still remains unknown: what causes in
cis strand preference and hot spot profile for selected spacers (113, 115, 119, 120,
122, 123). Several ideas were proposed, but no solid proofs were made so far. If
Casl-Cas?2 in type I-E system of E. coli is capable to cooperate with Cas3 during
DNA fragments (future spacers) selection, single-molecule studies could be used to
reveal this cooperation (81). Fluorescently labeled functional Casl-Cas2 would
allow to demonstrate directly whether Casl-Cas2-Cas3-Cascade interaction
happens. Another approach is to capture the Casl-Cas2 interaction with Cas3 in
vivo: by co-purification of proteins, hopefully, with DNA adaptation intermediates.
Another approach to understand the process is to compare molecular machinery of
E. coli system with others that support primed adaptation but demonstrate different
spacer selection preferences, such as inverted strand bias polarity as is the case of
I-E and I-F systems (94, 120, 123, 171) .

Another development that can help to better understand priming is FRET studies of
Csel conformation of Cascade when bound to the PAM-distal seed mutated targets
(point mutations at positions +3,+4 and further). We expect that Csel
conformation will become closed starting from +3 and +4, with small occupancy
of open conformation for +3 seed mutant (114). However, we cannot undoubtedly
claim from our experiments that the conformation of Csel subunit at +4 seed
mutant is identical to the wild-type. There might be changes that are not detected at
MT assays: since we applied close to highest possible torque, it is unknown if the
+4 mutant would show R-loop dissociation under the higher torque and if there
will be any difference between it and the wild-type target.
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With regards to MT measurements of Cascade complexes with altered length
crRNA, first of all, they provide an additional proof for MT assay validity: the
shifts of DNA molecules’ supercoiled states were in linear correlation with
expected R-loop lengths. Observed alterations in crRNA complexes locking
properties could help understand the conformational changes in Cascade required
for locking. Even though the -6 and -3 crRNA variants were shown to contain two
Cse2 and five Cas7 subunits (159), their locking ability was weak in ~66% of
cases, while stronger locking was observed in remaining cases. This “stronger”
locking still did not survive high positive torque for longer than dozens of second.
The -3 variant has shown even stronger locking level, dissociating only after
dozens of minutes. Since mass-spectrometry demonstrated homogeneity of -6 and -
3 variants (no variation in subunit composition of complexes) (159), such
difference may be explained by different, discrete occupancy levels of locked
(presumably closed) to not-locked (presumably open) conformation of Csel
subunit or, alternatively, by the presence of several, more than two stable
conformational states of Csel (all affecting the locking strength). The mechanism
that defines what mode of Csel is assumed to remain unknown. This part of the
project resulted in preparation of scripts that are able to analyze rotational shifts
with independent averaging and fitting of parts of rotational curve ensuring better
precision of measurement. These scripts shall be helpful in future investigations.

As for the improvements and adjustments of the MT assays for E. coli Cascade
measurements, we believe that majority of the developments were useful and
efficient. The most questionable development is synthetic genes concept. In
addition to issues with backbone “breathing” uncovered during MT measurements,
new data indicate that many more trinucleotides can function as functional PAMSs
for E. coli Cascade, making it difficult or even impossible to create the needed
templates (45, 136).

As for bulk assays reported in chapter 4.8, the main achievement of those is
defining conditions where every protein component of the CRISPR-Cas system is
functional: Cascade, Cas3, and Casl1-Cas2. Attempts to reconstite the full priming
cycle in vitro were unsuccessful, however. Previous studies suggested that an
additional cell machinery other than the Cas proteins may be required for primed
adaptation (172). In this case, more in vivo studies would be performed before
reconstituting primed adaptation in vitro. One model proposes that Cas3 is not the
main nuclease that degrades targeted DNA molecule, but that it just starts the
degradation process (79). It is also possible that in vitro Cas3 just does not produce
enough necessary “fuel” for Casl1-Cas2 to capture. Another potential reason for
lack of success inreconstitution of primed adaptation may be low concentrations of
generated substrates for spacer insertion.
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Overall, our project has brought valuable insights to the model of priming, and laid
ground for further developmentand studies of CRISPR-Cas systems function by
combining biophysical, biochemical and genetic approaches.
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Appendix A. Results obtained by collaborators in this project.
A.1. Absence of Cascade binding torque dependence.

This part was done by Dr. Christophe Rouillon (University of Leipzig, University
of St Andrews).

Measured at different torques binding rate for two most active PAM sequences
ATG and AAG, displayed, in contrast to St-Cascade, that E. coli Cascade displays
no torque dependence. Thus, time of R-loop formation is the same within error
limits, no matter what negative torque is applied to DNA molecule. This may
indicate on large energetic barrier of Cascade to start R-loop propagation via PAM
binding and DNA opening.
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A.2. Permanganate footprinting results are in agreement with other assays on
Cascade binding to mutated targets.

This part was done by Dr. Konstantin Kuznedelov (Rutgers, The State University
of New Jersey, USA).

The results of MT and bulk assays of target binding are in full agreement with
permanganate footprinting protocol provided below (Fig A2). The wild-type target,
as well as the seed mutants in positions 1-4 and the PAM variant with single
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substitution at position -1 all showed Cascade-dependent localized melting of
DNA and the extent of this melting was identical for all targets (the differences in
patterns of permanganate sensitivity between the wild-type and some of the mutant
complexes are due to introduction/removal of thymine residues by substitutions).
In reactions containing a DNA substrate with a fully matching g8 protospacer and
a CCG PAM, the permanganate sensitivity was weak and the pattern that was
detected was markedly different compared to other complexes indicating the
absence of an R-loop.

DNA: CCG GIT CiT T2A G3T T4G WT

Cascade: - + - + - + - + - + - + - +
A
|
\
- L - ‘+27T
— L d - - — - 21T
- — — - e o +15T
- - —— - — - ‘+12T
+8T
= . = = =
— rer
’- - : | +2T
| cc
— — —_——— —1 @ dg
B g8-spacer SC
G &
A
CG
& N GG-2,3'P
crRNA 5’0H-AUAAACCGCUGUCUUUCGCUGCUGAGGGUGACGAUCCCGCGAGUU

target 3’..AGCAAGGCTACGACAGAAAGCGACGACTCCCACTGCTAGGGCGTTTTCGCCGG. .5’

ARRARRARR g8-protospacer [T
non-target 5’..TCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCCGCAAAAGCGGCC. . 37

-10 -5 A+1 45 +1'0 +1'5 +2b +i5 +3.0 +3.5 +40
PAM

Figure A2. KMnO4 probing of mutant g8 protospacers bound by Cascade-g8-crRNA. (A)
Probing of complexes formed on WT, PAM (CCG, G-1T), and indicated protospacer mutant
templates. Positions of permanganate-sensitive thymines are indicated by dark red numbers on
the right side of the gel. (B) A schematic model of R-loop formed upon the recognition of g8
protospacer target. Thymines sensitive to permanganate oxidation are shown in red (see also
panel A).
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Protocol of permanganate probing.

The target g8 DNA fragment (213 bp) and its mutant variants were amplified by
PCR of M13mp18 phage DNA (wild-type and engineered escape mutants (34))
using g8-dir 5-AGTCTTTAGTCCTCAAAGCCTCTG-3' and @8-rev 5'-
AGCTTGCTTTCGAGGTGAATTTC-3" primers. For radioactive labeling, 3-5
pmoles of the target DNA fragments were combined with 8 pmoles of [y-32P]-
ATP (3000 Ci/mmol) and 10 units of T4 polynucleotide kinase (NEB) in 20 pl of
the reaction buffer containing 70 mM Tris-HCI (pH 7.6), 10 mM MgCI2, 5 mM
DTT, and incubated for 30 min at 37 °C. 32P-labeled DNA fragments were
purified by micro Bio-Spin™ chromatography on columns packed with Bio-Gel P-
30 (Bio-Rad) and used for permanganate probing reactions performed as described
before (41). Target binding was performed in 10 pl of binding buffer (40 mM Tris-
HCI, pH 8.0, 50 mM NacCl, 10 mM MgCl2, 0.5 mM TCEP, 50 pg/ml BSA) using
15 nM labeled DNA fragment and 2 pM Cascade. After 30 min incubation at 37
°C, the probing reaction was initiated by adding KMnO4 to a final concentration of
2.5 mM. The reaction was quenched after 15 s by the addition of 10 ul 1% 2-
mercaptoethanol. The reaction products were extracted using a phenol—chloroform
mixture, followed by an ethanol precipitation. The DNA pellets were dissolved in
100 pl of freshly prepared 1 M piperidine solution and placed in a 90 oC water
bath for 10 minutes. After chloroform extraction DNA was ethanol precipitated.
The pellets were dissolved in 8 ul of formamide loading buffer. The reaction
products were separated using an 8% denaturing PAGE gel and visualized with a
Typhoon 9400 phosphorimager.

Appendix B. Genetic plasmids and constructs used.

B.1. Protein expression (for further purification) vectors
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(6824) Blpl
(6745) PaeR7I - PspXI - TIiI - Xhol Dralll (245)
(6737) Eagl - Notl
(casE

(6258) EcoRV

Psil (370)

(6003) AfIII
(5994) Agel
(5882) BfuAl - BspMI

AsiSI - Pvul (945)

TspMI - Xmal (1067)
Smal (1069)

(5735) BsiWI
(5675) SexAI*

(5233) BamHI
(5206) Ncol

enterokinase site

(5188) KpnI
(5184) Acc651
(5177) BglII
(5152) BstBI

thrombin'site |
6xHis

(5074) Ndel
(5034) Xbal

T7 promoter

(4923) SgrAl
(4775) Sphl
(4566) BstAPI

Nrul (1286)

pPET30-casA
6907 bp

Pcil (2141)

BspQI - SapI (2258)
Accl (2373)
BstZ171 (2374)
PFIFI - Tth111I (2399)
(4242) Miul
(4228) Bcll*

(4060) BstEII
(4039) Apal :
(4035) PspOMI PpuMI (3136)

) Fspl - FspAl (3164)
(3831) BssHII BglI (3185)
(3740) HincII - Hpal

PshAI (3401)

Csel (CasA) purification plasmid.

B.2. pEX-K4 backbone sequence and Synthetic genes sequence
pEX-K4 backbone

GTGGGCGATCGCTCTAGAGCTAGCGAATTCCTGTGTGAAATTGTTATCC
GCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGC
CTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCA
CTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAA
TCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCG
CTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGC
GGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGG
GGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCA
GGAACCGTAAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCC
CCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAA
CCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTC
GTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTT
TCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTAT
CTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAAC
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CCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGA
GTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGG
TAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTT
GAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTAT
CTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCT
TGATCCGGCAAACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCA
AGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTGA
TCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGG
GATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTA
AATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAAAA
TATTCCGGAATTGCCAGCTGGGGCGCCCTCTGGTAAGGTTGGGAAGCC
CTGCAAAGTAAACTGGATGGCTTTCTTGCCGCCAAGGATCTGATGGCGC
AGGGGATCAAGATCTGATCAAGAGACAGGATGAGGATCGTTTCGCATG
ATTGAACAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAG
AGGCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGAT
GCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCA
AGACCGACCTGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGC
GGCTATCGTGGCTGGCCACGACGGGCGTTCCTTGCGCAGCTGTGCTCGA
CGTTGTCACTGAAGCGGGAAGGGACTGGCTGCTATTGGGCGAAGTGCC
GGGGCAGGATCTCCTGTCATCCCACCTTGCTCCTGCCGAGAAAGTATCC
ATCATGGCTGATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCT
GCCCATTCGACCACCAAGCGAAACATCGCATCGAGCGAGCACGTACTC
GGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACGAAGAGCATC
AGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCGCATGC
CCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGA
ATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCG
GCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGA
TATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTT
TACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTC
TTGACGAGTTCTTCTGAACCGGTAATATTATTGAAGCATTTATCAGGGT
TATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAAC
AAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCT
AAGAAACCATTATTATCATGACATTAACCTATAAAAATAGGCGTATCA
CGAGGCCCTTTCGTCTCGCGCGTTTCGGTGATGACGGTGAAAACCTCTG
ACACATGCAGCTCCCGGAGACGGTCACAGCTTGTCTGTAAGCGGATGC
CGGGAGCAGACAAGCCCGTCAGGGCGCGTCAGCGGGTGTTGGCGGGTG
TCGGGGCTGGCTTAACTATGCGGCATCAGAGCAGATTGTACTGAGAGT
GCACCAATTGGTCGACCTCGAGTTAATTAACGTA

Synthetic gene 1
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GTCGCACACGGTGTTGAACACCCGATATTATTATCGTGCTGCAACACAA
TAGCCGTTGCACTACTAATTAATAGATCACGTTAATAGCGTATAGATTA
GTTGTACTATTATACCGACGTCGTAGTATTGCTATATACGGCGTTGGGT
ATCCGTGATCTAACACGGATTCTGCTGCGACGAACGCCGTACGTCTAGA
TCGATTATTCCCGGGCGGCTAATATCACTATAATTGATTCACAATTCGG
CTAGCCCGATACGATCGTTGGAACTATTGTGAACAACCGTGTGTGATTC
TGCTAATTCAACGATTCAACGCTAGCGGGTGGGCGGGCTATATTATCGT
AGCTATTGAATAGCGTGTGTTATTCCACGTGTTCCGGCCGGATTCGATA
TAATCTGATCGATCAATACCGACGTATATTGTAGTTCAGCACCGCGTAC
TACGTGGATTGCGGATAATACTATACGCGATTCGCACGAACGTCCCCGC
TGCACACCGATCGCCGTTAACTAACACAACACCCGCGCGTTAATATTAG
ACGATTGTGGTAATAATATCCAACCGCGGCGCAGATTAGTGTGTTACTA
ACGCCCAACCGTGGGTACCGACTATTATCGGTTGTTGTAATAATCCGGA
TAATTCGTGGATTGTATATTCTACGACGACTATTCGACGATTCGTTAGT
ACCAACTATTATTCTGCGTAGCTGCGCGCAATCAATTGATACAACTATT
GTTCGCGGATATCGGGAACTAATCCGCCGACGTAATTCTGCGATTCACG
CAGCGCTAATTCTACGACTATTGTGATCCACGCACCCGACGTACGTTCG
CGAACTATATAGATTACGCACGAATATTGTGGCTAATACCCCGATCCGG
CCGATTAGCGGGGCCGACGAATTCAGAATAGTGCGGGGTGGTCGGTGA
ACGCCGGGGTAGTGATCTGCGCGGGCGATACCGTGGAATTGTGGTTCC
GGCGATCCGGCAACGATCCGGG

Synthetic gene 2

CGCTAATCTATATATTAATTAGACCCACGATACTATAGTATTAATAGAC
GTCTATAATTGTGTAGCTACAACGCCGAATTCGTGCGTGCACGCGTGCG
ATCGCACGAATTGAATCACACGTGAATTCCGTTGATTCGGGCCGTGGCC
CCACGTGTAACGGTGTTGCCAACAACCGTGCAATATCCACGCGGACGC
GTACTATTGCCGGAACGGTTCCGCGCGTTCCGTGTGCAATTGTATAGAT
CCCACACACTACAATTCAATAACGACGAATCAGCGCACACACTACGAT
TGTTGTAGTATATCAGAACGGCTATAGATTCTAGATTGTGCTACGTGCA
CAATAGTGAATTCAATCACGCGGGATTCAACCGTTGGTTGTGGTTCGGC
CGCCGTTGACTAATTCGTCGGTACACAACCCGATCAGCGGGTCGGGGE
ACGTGATATATATTACCGTGCCGCGATTGCCGTGGAACGCCGAATCTGC
GCCGCACGTGGTCCGTAGTTCGTTCGATTCGAATATTCGTTGGTTGGCA
ATTCACTAATATACCGTGTGGCCGGGCGGTGCAATAACAACGGTTGGT
ACGTGGTCGTATCCACGCGCAATCGCACGACGTATCCCGCGTCACCGA
ACAATAGTTGTGTAGTTACCCCAACGCTGCTAGAATAGCGATAATATCG
ATACGGCGTACGTGGTTAATAGATACACCGTAGTGTAGCTACGATAAT
CGCCCGGCGTTCAGAATCTATTCGACTACCGACTATTATTATCGTTGTG
GGACCCAACTATTAGATCGGGTAATTATCGGATTCGTTGTACTACGTTA
GTTGTAATTAGTGATCAGCCGTAATTCTAGCGTAATTAGCGGGGCCACC
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GCGGCGTTAACGGTTCTATACGGATATCTATTGTGGGGTTGTTCTGAAT
AGCCGTAATATCCACGTAACCGAACGAATATTGTGTGTTAGTAATTCAC
ACGCGGCAATCTAATCGTCTGCACTA

Appendix C. Self-made code and algorithms

C.1 Synthetic genes design

Code for Monte-Carlo simulations:

% For now the program is making random DNA without any AAG; ATG; CCT;
TTT; CTC and 5xN repeats

Nuc =['A"'T''C"'G';

N=10000; %lenght of the sequence

seq_1 =[]; % blanks(N); %[];

seq_1=strcat(seq_1, Nuc(random('unid',4))); %first letter
seq_1=strcat(seq_1, datasample(['A' 'T' 'C''G"], 1)); %second letter

for i = 3:4 % without repeats cheks

sub=Nuc;

if (seq_1(i-2)=="A")&&(seq_1(i-1)=="A") %No AAG |
sub=strrep(sub, 'G', ");

end

if (seq_1(i-2)=="C")&&(seq_1(i-1)=="T") %No CTT |
sub=strrep(sub, 'T", ");

end

if (seq_1(i-2)=="A")&&(seq_1(i-1)=="T") %No ATG II
sub=strrep(sub, 'G', ");

end

if (seq_1(i-2)=="C")&&(seq_1(i-1)=="A") %No CAT I
sub=strrep(sub, T', ");

end

if (seq_1(i-2)=="A")&&(seq_1(i-1)=='G") %No AGG I
sub=strrep(sub, 'G', ");

end

if (seq_1(i-2)=="C")&&(seq_1(i-1)=="C) %No CCT Il
sub=strrep(sub, T', ");

end

if (seq_1(i-2)=="A")&&(seq_1(i-1)=="A") %No AAA IV

sub=strrep(sub, ‘A", ");
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end

if (seq_1(i-2)=="T")&&(seq_1(i-1)=="T") %NOo TTT IV
sub=strrep(sub, T, ");

end

iIf (seq_1(i-2)=="C")&&(seq_1(i-1)=="T") %No CTC V
sub=strrep(sub, 'C', ");

end

if (seq_1(i-2)=="'G")&&(seq_1(i-1)=="A") %No GAG V
sub=strrep(sub, 'G', ");

end

seq_1l=strcat(seq_1, datasample(sub, 1)); %Adding new letter which satisfy
all conditions

end
for i = 5:N % with 5xN repeats cheks

sub=Nuc;

if (seq_1(i-2)=="A")&&(seq_1(i-1)=="A") %No AAG |
sub=strrep(sub, 'G', ");

end

iIf (seq_1(i-2)=="C")&&(seq_1(i-1)=="T") %No CTT |
sub=strrep(sub, 'T", ");

end

if (seq_1(i-2)=="A")&&(seq_1(i-1)=="T") %No ATG Il
sub=strrep(sub, 'G', ");

end

if (seq_1(i-2)=="C"&&(seq_1(i-1)=="A") %No CAT I
sub=strrep(sub, T', ");

end

if (seq_1(i-2)=="A")&&(seq_1(i-1)=="G") %No AGG llI
sub=strrep(sub, 'G', ");

end

If (seq_1(i-2)=="C")&&(seq_1(i-1)=="C") %No CCT I
sub=strrep(sub, 'T", ");

end

if (seq_1(i-2)=="A")&&(seq_1(i-1)=="A") %No AAA IV
sub=strrep(sub, ‘A", ");

end

if (seq_1(i-2)=="T")&&(seq_1(i-1)=="T") %No TTT IV
sub=strrep(sub, 'T', ");

end

if (seq_1(i-2)=="C")&&(seq_1(i-1)=="T") %No CTC V

sub=strrep(sub, 'C', ");
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end

if (seq_1(i-2)=="G")&&(seq_1(i-1)=="A") %No GAG V
sub=strrep(sub, 'G", ");
end

If seq_1(i-4)==seq_1(i-3)&&seq_1(i-3)==seq_1(i-2)&&seq_1(i-2)==seq_1(i-1)

%if 4xN repeat
sub=strrep(sub, seq_1(i-1), ");

end

seq_1=strcat(seq_1, datasample(sub, 1)); %Adding new letter which satisfy
all conditions
end
fileID=fopen('Crispr Leipzig\seq_1.txt','w');
fprintf(filelD, seq_1);

%This program aims to get rid of g_8 and another protospacer seed matching

file_seq_l1=fopen(‘Crispr Leipzig\seq_1.txt', 'r);
seq_l=fscanf(file_seq 1,'%s";
seed g8=['C''T"'G"'T''C']; %g8 seed region NTS;
seed g8 r=['G''A''C"'A"'G"]; %98 seed region TS;
seed_Skott=['C''C''A"'G' 'T']; %Skotts protospacer seed region NTS;
seed_Skott_r=['A"'C' 'T''G' 'G"]; %Skotts protospacer seed region TS;
Nuc =['A"'T''C''G';
i=1;
N=0;
while i<(length(seq_1)-length(seed g8)+1)
if ((seq_L1(i)==seed_g8(1))... = %matching >3 for seed g8 direct
+(seq_1(i+1)==seed g8(2))...
+(seq_1(i+2)==seed _g8(3))...
+(seq_1(i+3)==seed g8(4))...
+(seq_1(i+4)==seed g8(5b)))>3
seq_l=clean_seed func(seq_1,i);
if i>4 %going back for 4 nucleotides
[
i=i-4;
N=N+1;
else
[
i=1;
N=N+1;
end
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elseif ((seq_1(i)==seed g8 r(1))... %omatching for seed g8 reverse complement
+(seq_1(i+1)==seed g8 r(2))...
+(seq_1(i+2)==seed g8 r(3))...
+(seq_1(i+3)==seed g8 r(4))...
+(seq_1(i+4)==seed g8 r(5)))>3
seq_l=clean_seed_func(seq_1,i);
ifi>4 %going back for 4 nucleotides
[
I=i-4;
N=N+1;
else
[
i=1;
N=N+1,;
end
elseif ((seq_1(i)==seed_Skott(1))... %amatching for Skotts seed direct
+(seq_1(i+1)==seed_Skott(2))...
+(seq_1(i+2)==seed_Skott(3))...
+(seq_1(i+3)==seed_Skott(4))...
+(seq_1(i+4)==seed_Skott(5)))>3
seq_l=clean_seed func(seq_1,i);
ifi>4 %going back for 4 nucleotides
[
i=i-4;
N=N+1,;
else
[
i=1;
N=N+1;
end
elseif ((seq_1(i)==seed_Skott r(1))... %matching for Skotts seed reverse
complement
+(seq_1(i+1)==seed_Skott_r(2))...
+(seq_1(i+2)==seed_Skott _r(3))...
+(seq_1(i+3)==seed_Skott _r(4))...
+(seq_1(i+4)==seed_Skott _r(5)))>3
seq_l=clean_seed func(seq_1,i);
if i>4 %going back for 4 nucleotides
[
I=i-4;
N=N+1;
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else
[
iI=1;
N=N+1;
end
else
iI=i+1;
end
end

fileID=fopen('Crispr Leipzig\seq_2.txt','w");
fprintf(filelD, seq_1);

% This function checks for not creating "forbidden™ PAMs and mutate the
% selected region
function seq_out = clean_seed(seq_in,i)
Nuc =['A"'T''C"'GT;
seq_out=seq_in;
if i>2
forj=0:4
sub=strrep(Nuc, seq_out(i+j), ");
if (seq_out(i+j-2)=="A")&&(seq_out(i+j-1)=="A")  %No AAG before |
sub=strrep(sub, 'G', ");
end
if (seq_out(i+j+1)=="A")&&(seq_out(i+j+2)=="G") %No AAG after |
sub=strrep(sub, 'A', ");
end
if (seq_out(i+j-1)=="A")&&(seq_out(i+j+1)=='G") %No AAG Middle I
sub=strrep(sub, 'A', ");
end
%%%%%%%%%%%%%%% %% % %% %% %% %% % %% % % % % %% %% % %%
%%%%%%%%%%%%%%% %% %% %% %% %% % % %% % % % % % %% %%
if (seq_out(i+j-2)=="A")&&(seq_out(i+j-1)=="T") %No ATG before Il
sub=strrep(sub, 'G', ");
end
If (seq_out(i+j+1)=="T")&&(seq_out(i+j+2)=="G") %No ATG after Il
sub=strrep(sub, ‘A", ");
end
if (seq_out(i+j-1)=="A")&&(seq_out(i+j+1)=='G') %No ATG Middle II
sub=strrep(sub, 'T', ");
end
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%%%%%%%%%%%%%%%% %% %% %% %% %% % %% % % % % %% %% % %%
%%%%%%%%%%%%%%% %% %% % %% %% % % % % % % % % %% %% %%
If (seq_out(i+j-2)=="C")&&(seq_out(i+j-1)=="T") %No CTT before |
sub=strrep(sub, 'T", ");
end
if (seq_out(i+j+1)=="T)&&(seq_out(i+j+2)=="T") %No CTT after |
sub=strrep(sub, 'C', ");
end
if (seq_out(i+j-1)=="C")&&(seq_out(i+j+1)=="T") %No CTT Middle I
sub=strrep(sub, 'T", ");
end
%%%%%%%%%%%%%%%% %% %% %% %% %% % %% % % % % %% %% % %%
%%%%%%%%%%%%%%% %% %% %% %% %% % % % % % % % %% %% %%
if (seq_out(i+j-2)=="C")&&(seq_out(i+j-1)=="A")  %No CAT before Il
sub=strrep(sub, 'T", ");
end
if (seq_out(i+j+1)=="A")&&(seq_out(i+j+2)=="T") %No CAT after Il
sub=strrep(sub, 'C', ");
end
if (seq_out(i+j-1)=="C")&&(seq_out(i+j+1)=="T") %No CAT Middle Il
sub=strrep(sub, 'A', ");
end
%%%%%%%%%%%%%%% %% % %% %% %% %% % %% % % % % %% %% % %%
%%%%%%%%%%%%%%% %% %% %% %% %% % % % % % % % %% %% %%
if (seq_out(i+j-2)=="C")&&(seq_out(i+j-1)=="C") %No CCT before III
sub=strrep(sub, T', ");
end
if (seq_out(i+j+1)=="C")&&(seq_out(i+j+2)=="T") %No CCT after Il
sub=strrep(sub, 'C', ");
end
if (seq_out(i+j-1)=="C")&&(seq_out(i+j+1)=="T") %No CCT Middle IlI
sub=strrep(sub, 'C', );
end
%%%%%%%%%%%%%%% %% % %% %% %% %% % %% % % % % %% %% % %%
%%%%%%%%%%%%%%% %% %% %% %% %% % % % % % % %% %% %% %0
If (seq_out(i+j-2)=="A")&&(seq_out(i+j-1)=="G") %No AGG before IlI
sub=strrep(sub, 'G', ");
end
If (seq_out(i+j+1)=="G")&&(seq_out(i+j+2)=="G") %No AGG after III
sub=strrep(sub, ‘A", ");
end
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If (seq_out(i+j-1)=="A")&&(seq_out(i+j+1)=='G") %No AGG Middle III
sub=strrep(sub, 'G', ");
end
%%%%%%%%%%%%%%%%% %% %% %% %% %% %% % % % % %% %% % %%
%%%%%%%%%%%%%%% %% %% %% %% %% % % % % % % % %% %% %%
If (seq_out(i+j-2)=="A")&&(seq_out(i+j-1)=="A")  %No AAA before IV
sub=strrep(sub, ‘A", ");
end
If (seq_out(i+j+1)=="A")&&(seq_out(i+j+2)=="A")  %No AAA after IV
sub=strrep(sub, ‘A", ");
end
if (seq_out(i+j-1)=="A")&&(seq_out(i+j+1)=="A") %No AAA Middle IV
sub=strrep(sub, 'A', ");
end
%%%%%%%%%%%%%%%%% %% %% %% %% %% %% % %% % % % %% % %%
%%%%%%%%%%%%%%% %% %% %% %% %% % % % % % % %% %% %% %
if (seq_out(i+j-2)=="T")&&(seq_out(i+j-1)=="T") %No TTT before IV
sub=strrep(sub, T', ");
end
if (seq_out(i+j+1)=="T")&&(seq_out(i+j+2)=="T") %No TTT after IV
sub=strrep(sub, T', ");
end
iIf (seq_out(i+j-1)=="T")&&(seq_out(i+j+1)=="T") %No TTT Middle IV
sub=strrep(sub, T', ");
end
%%%%%%%%%%%%%%%% %% %% %% %% %% % %% % % % % %% %% % %%
%%%%%%%%%%%%%%% %% %% %% %% %% % % % % % % %% %% %% %0
if (seq_out(i+j-2)=="C")&&(seq_out(i+j-1)=="T") %No CTC before V
sub=strrep(sub, 'C', ");
end
if (seq_out(i+j+1)=="T)&&(seq_out(i+j+2)=="C') %No CTC after V
sub=strrep(sub, 'C', );
end
if (seq_out(i+j-1)=="C")&&(seq_out(i+j+1)=="C") %No CTC Middle V
sub=strrep(sub, 'T', ");
end
%%%%%%%%%%%%%%% %% % %% %% %% %% % %% % % % % %% %% % %%
%%%%%%%%%%%%%%%% %% %% %% %% %% % %% % %% % %% %%
If (seq_out(i+j-2)=="G")&&(seq_out(i+j-1)=="A")  %No GAG before IV
sub=strrep(sub, 'G', ");
end
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if (seq_out(i+j+1)=="A")&&(seq_out(i+j+2)=="G") %No GAG after IV
sub=strrep(sub, 'G', ");
end
if (seq_out(i+j-1)=="G")&&(seq_out(i+j+1)=='G') %No GAG Middle IV
sub=strrep(sub, 'A', ");
end
%%%%%%%%%%%%%%%% %% %% %% %% %% % %% % %% % % % %% % %%
%%%%%%%%%%%%%%% %% %% %% %% %% %% % % % % % % %% %%
% if seq_out(i+j-4)==seq_out(i+j-3)... %No 5xN repeats
% &&seq_out(i+j-3)==seq_out(i+j-2)...
% &&seq_out(i+j-2)==seq_out(i+j-1)
% sub=strrep(sub, seq_out(i+j-1), ");
% end
if ~isempty(sub) %substitute the letter if there are options
seq_out(i+j)=datasample(sub, 1);
end
end
else
forj=1:5
seq_out(j)=datasample(Nuc, 1);
end
end
end

Appendix D. Supplementary data
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Figure D1. Pearson correlation coefficients of selecter spacers for target seed mutants
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Figure D4. CasA purification SDS PAGE. Double bands are due to gel (not sample) issues.
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Figure D6. CasA purification SDS PAGE after gel filtration. Double bands are due to gel (not
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FIGURE 3 | Kinetic modeling of CRISPR interference and spacer
acquisition at different ratios of CRISPR interference and foreign DNA
copy number maintenance. The modeling resulis show outcomes of
CRISPR interference and adaptation depending on the rate of replication of
foreign DNA targeted by the CRISPR-Cas system « and the rate of CRISPR
interference B. The results for two ratios of these rates, 8 = 0.5« and 8 =
1.5a, are shown. When 8 < «, the plasmid number (dashed black line)
converges to a steady state and spacers (dashed green fing) are continuousty/\/
acquired from plasmid degradation products (dashed red line). In contrast,
when B > «, the plasmid population dies out (solid black line)andonly afew
spacers (solid green line) are acquired by the population ldarfg-a’ short fime
when plasmid degradation products (solid red line) are present. The plots are
shownfore =C=Pg=66=1and x = p =0.1.

Figure D10. Kinetics model of priming fueled by degradation of targeted DNA proposed by
(126)
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Figure D11. Tests for Casl-Cas2 integration using concentrated Cas3 degradation product. The
product of 5 nM target plasmid degradation was concentrated 20 times through phenol-
chloroform extraction and incubated with Casl-Cas2 and pCRISPR. Intense smear does not
allow to look carefully on pCRISPR changes. The method can be developed using bigger
plasmid for integration target.
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Figure D12. Set of measurements same as presented on Figure 10: Cascade binding mean times
in absence of Mg?*, comparing conditions of room temperature and 37 °C. The effect of

temperature is approximately 5-fold decrease the mean R-loop formation times (seed up R-loop
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formation time). This is an intermediate between no Mg?*, room temperature and 5 mM Mg?*, 37
°C.

Appendix E. Derivation of Poisson process to exponential distribution of the
events times

The following derivations were used extensively on data analysis for the results of
measurements. Let’s imagine the Poisson process with events happening
independently and repeatedly at the constant rate. Definition of the rate is

expected number of events over time t

rate of event A = (E.1)

timet

That means that at every infinitely small period of time dt there is a probability of
event happening is

P(Ngjy=1)=Axdt (E.2)
And not happening is
P(Ng = 0)=1-1*dt (E.3)

Thus, by time t in this case one can expect integral of (E.2) from 0 to t which is At
events, with average. Now, let’s think about the distribution of single events
happening at the constant rate. The probability that no single event will happened
over time T is superposition of (E.3) probabilities that nothing happened during
every single infinitely small period of time dt

P(Ngyae = 0) = P(N; = 0) * (1 — A+ dt) (E.4)
What with the fact that P(N, = 0) is equal 1 leads to the multiplication

P(Ny = 0) = [[5(1 — A+ dt) (E.4)

Which is the simple exponential limit:
T A* T\"
P(N; = 0) = lim (1 — A * dt)dt = lim (1 — —) = e MT(E.6)
dt-0 n—oo n

Now, if we look at the random event happened, probability of it to happen after
certain time t and before time t are correspondingly

S.(t) = e (E.7)

F(t)=1— e (E.8)

That means that if we collected data of N events, they should be distributed
exponentially as the normalized probability density function:

pdf(t) = A+ e Mt (E.9)
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And should lay on the fitting function:
Fy(t) =N=* (1 — e ™Y (E.10)

Fit by this function to the number of events data will allow to determine the rate of
the reaction 2, or the characteristic time T,,,, or % which is an Expected value of
time and will be:

r 1
E(t) = f t*pdf xdt =>X (E.11)
0

To estimate the error of the T,,,, determination with N events sample, let’s firstly
calculate variance for the time:

V() = E(t2) — (E()” (E.12)
Twice integrating by parts, find that

E(t?) = fooo t2x A x e Mxdt => ;—2 (E.13)

And the Variance is:
1
VO =53 (E.14)
Then, for N events Ty, To, ..., Ty mean value
N Tn

=1
Texp = nN

(E.15)

Since, N is constant, variance of the T,,,, will be sum of variances for every T,

over N2, And the variance of every T, is the same as just calculated in (E.12).
Then,

1N 1
V(Tew) = 3232 = W

(E.16)

Standard deviation of T,,,, then will be square root of variance by definition:

1 Texp
T =
o) = 753" VN

The reader can find a lot of examples of such procedure applied to the
experimental data further in the Results, so, it’s very beneficial to understand why
the constant rate leads to such kind of distribution.

(E.17)
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