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General Introduction
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1.1 Immunity: Why do bacteria need it?

As has become very apparent in the world recently, immunity against viruses is
important to survival. Just like humans many bacteria face the chance of infection
by viruses known as bacteriophages (from here on phages). In this introductory
chapter we will briefly review the ever-evolving bacterial immune system
repertoire, zooming in on CRISPR and in particular the type I-E system central
to the research covered here. Additionally, we will introduce the molecular
genetics and microscopy techniques that have been used to study CRISPR
defense in both populations and single cells thus far, and are further built upon
in this thesis.

The basis of animmune system relies on the ability of the host cell to discriminate
‘host’ from ‘non-host’ or foreign invaders. The ability to do so then allows specific
targeting of the threat and its clearance from the cell. This distinction may be
particularly challenging for bacteria as, unlike in eukaryotic cells where DNA is
located in the nucleus ', initially there is often no separation between the injected
phage DNA and the bacterial chromosome. In addition, phages have been
estimated to outnumber their bacterial hosts by 10-fold, contributing to at least
20 % of the daily bacterial mortality 2. As a result of this constant peril, bacteria
have evolved many sophisticated mechanisms to provide immunity 34
Unsurprisingly, in response phages have developed a plethora of ways to ensure
successful replication 58, describing what we refer to as a never ending co-
evolutionary arms-race. Such evolution is driven by the rapid adaptation of
phages to selective pressures, such as host defense barriers, and has resulted
in bacteria equipped to survive a wide range of threats and competitive
environments 47.

Much like the human immune system bacteria can initiate both innate and
adaptive immune responses against invaders. Innate immunity is non-specific,
resulting in an immediate but generic response to an incoming threat. A wide
arsenal of innate mechanisms can be put in play to target all phases of the viral
lifecycle including: preventing phage adsorption to the cells through loss or
modification of surface receptors or production of an extracellular matrix &°;
prevention of DNA entry via superinfection exclusion (Sie) systems 12
restraining replication through bacteriophage exclusion BREX '3; destruction of
the phage genome through restriction-modification (R-M) systems '4; and
premature or programmed cell death to limit phage propagation via toxin-
antitoxin (TA) systems and abortive infection (Abi) systems respectively 57,
While innate immunity provides a strong first line of defense, it can lack the
specificity and adaptability to combat certain invaders. Previously, it was thought
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that adaptive immunity existed only in eukaryotes, however in recent years

adaptive immunity has also been found in prokaryotes (bacteria and archaea)
4,18

1.2 A more specific example: CRISPR-Cas

The first known example of an adaptive immune system in prokaryotes is
CRISPR-Cas, a system which has become well known for its potential in genome
editing 192, The system was first discovered as a number of interspaced
genomic repeat sequences during sequencing of the iap gene in Escherichia coli
21, In 2002 these repeat regions interspaced with short sequences were aptly
named CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)
arrays and identified to reside nearby a cas (CRISPR associated) gene locus.
However, it was not until in 2005 that the sequences interspacing the repeats
were linked to viral genomes 2224, and a role in cell immunity was proposed.
Following this, the first experimental evidence of adaptive immunity was
published in 2007 25, resulting in a new, exciting and quickly advancing field of
research to uncover the mechanistic nature bacterial adaptive immunity.

The CRISPR-Cas system is unique in its capacity to provide both specific and
adaptive immunity to the bacterial cell. In short CRISPR defense can be defined
in three phases (Fig. 1.1). The first stage, adaptation, involves the acquisition of
a short sequence (termed spacer) from the invader and its storage in the
CRISPR array for future defense 2325, The second stage involves expression of
the cas genes, and processing of the array transcript into short guide sequences
known as CRISPR RNAs (crRNAs) 6. These crRNAs associate with the Cas
proteins forming surveillance complexes that in the third stage, known as
interference, are able to scan the cell, locate the invader and facilitate their
degradation 27-2°,

Since its initial discovery in depth computational work has revealed a huge
diversity of CRISPR-Cas variants, that have now been divided into two distinct
classes, six types and several subtypes * (Fig. 1.2a). While Class 1 systems
are characterized by the formation of a large multi-subunit effector complexes, in
contrast, Class 2 systems require a only a single crRNA-surveillance subunit with
multiple domains *'. The types are then further divided based on the presence
of certain signature Cas proteins, such as the Cas3 nuclease, which is conserved
in all Type | systems %233 (Fig. 1.2a). Finally, sub-types are determined based on
the composition of the effector complexes and operon organization 3'. In this
thesis we focus on the DNA targeting type I-E CRISPR-Cas system (Fig. 1.2b),
which is the most commonly found system in bacteria 3 and is often found in
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Enterobacteriaceae *° making it a convenient model organism for investigating
CRISPR-Cas immunity 3.

Step 1:
Adaptation

Spacer insertion
Spacer capture
by Casi1-2
Spacer Repeat
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Figure 1.1: CRISPR-Cas adaptive immunity consists of three main steps. Step 1 Adaptation;
Upon infection a small fragment if the invaders DNA is captured and inserted into the CRISPR
array by the Cas1-2 complex. Step 2 Expression; Expression of the cas genes and transcription
and processing of the CRISPR arrays into crRNAs enables assembly of effector complexes
which in Step 3 Interference; find and degrade the invading DNA.
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Figure 1.2: Classification of Class 1 and Class 2 CRISPR-Cas systems. a, CRISPR-Cas
systems can be divided into two classes based on the presence of a multi-subunit effector
complex (Class 1) or a single effector protein (Class 2). Further division into types is then based
on the presence of signature genes. b, The type I-E CRISPR-Cas system consists of two
CRISPR arrays and cas gene cluster encoding the Cascade effector complex (light green), the
Cas3 nuclease-helicase (dark green) and the Cas1-2 adaptation module (light blue).

1.3 The type I-E system

In recent years, thorough investigations into the type I-E CRISPR-Cas system
have made important progress in identifying the sequence of steps of defense
26,27.3637 the kinetics of molecular interactions 383°, and their structural basis 4%~
4 In E. coli K12 the CRISPR system consists of two CRISPR arrays
supplemented by a cas gene cluster which encodes proteins for the 11 subunit
Cascade effector complex, the Cas1-2 adaptation complex and the Cas3
nuclease-helicase fusion protein 4546 (Fig. 1.2b). Native expression levels of the
cas genes in this system are too low to provide defense against invading mobile
genetic elements 4748, consequently, in vivo studies have had to manipulate or
engineer strains to allow further investigation and the wealth of knowledge that
is now available 26:37:4548-52,
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1.4 CRISPR interference

While acquisition of a specific spacer is first required before a specific CRISPR
response against an invader can be carried out (details below), once the spacer
has been stored in the CRISPR array the cell is able to mount an immediate
response, termed direct interference, upon re-infection. During direct
interference one of the main challenges faced by the I-E CRISPR system is the
requirement to quickly locate the target amid all DNA in the cell within a limited
time window. Interference is a tug-of-war between invader replication rates and
CRISPR target search and degradation rates 5354, If the Cascade complexes
locate the target too slowly, the invader will have the chance to replicate to a
level that either exceeds the degradation rates (e.g. plasmid establishment at
100 copies) % or in the case of a phage induce cell death by lysis facilitating the
release of progeny into the population +%. Fast, low-fidelity target location could
however result in accidental targeting of complementary sequences in the cells
own genome. Fortunately, Cascade is able to differentiate between self and non-
self through a small 3 nt sequence 5-CTT termed the PAM (Protospacer
Adjacent Motif). This sequence is present only on the invader, adjacent to the
target, and not in the CRISPR array 5.

In addition, a number of studies have shown that Cascades uses the PAM to
scan the cellular DNA faster, checking crRNA complementarity with the DNA
only when a PAM is recognized 4546064 (Fig. 1.3a,b). This unwinding
subsequently allows for examination of the PAM adjacent DNA, known as the
seed region %, for complementarity to the crRNA guide (Fig. 1.3a,c). The base
pairing between a complementary crRNA and target sequence displaces the
non-target strand of DNA and ultimately results in the formation of an R-loop 42,
expanding from the PAM proximal (or seed) region to the PAM distal region
84(Fig. 1.3c). The directional formation of the R-loop allows Cascade to proofread
the target sequence and often rapidly dissociate when a mismatch or off-target
is present %867 (Fig. 1.3d). Full formation of the R-loop is considered to result in
a conformational change in Cascade to a “locked” state and subsequently the
recruitment of Cas3 helicase-nuclease to the target site (Fig. 1.3c) %4285, Once
at the target site Cas3 proceeds to unwind the DNA and cleave the resulting

ssDNA, ultimately degrading the invader and thus clearing it from the cell 2768~
70

Though Cascade complexes in E. coli have been observed to have a wide-
ranging specificity for PAMs 41495 plasmids and phages with mutations in the
PAM and seed region were able to escape CRISPR interference %95, Though it
has been shown that the invader can often still be degraded despite mutations
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in the PAM, seed or target sequence *%%, the reduced binding affinity of the
Cascade complex 7' and in some cases reduced Cas3 degradation rates 3852
leads to a reduced target degradation rate, that will often not be able to overcome

the invader replication rate to eliminate all invader copies from the cell in time 1
51,53

a b

rPAMi—— Protospacer —m8

Initiation of unwinding
\

3’ TTC GACTGCTG GCCCAGAGGCGTTCACCGTGAAAA 5’
PEL L0 e
5’ AGG CTGACGAC CGGGTCTCCGCAAGTGGCACTTTT 3’

PAM scanning

L Seed— Recognised target

[
Partial R-loop [} Full R-loop [}
seed crRNA

PAM Protospacer R-loop

Dissociation

\\

PAM scanning

o @

Directional R-loop formation Stfglerget

Figure 1.3: Directional formation of the R-loop by Cascade. a, Schematic of the sequence
elements required for full R-loop formation. The PAM (red) is adjacent to the protospacer
(highlighted in blue and purple) on the target. The first 8 nt of the protospacer is known as the
seed sequence (blue). b, The Cascade complex uses the PAM to scan the target DNA efficiently,
initiating unwinding upon PAM recognition. ¢, The R-loop is formed directionally from the PAM
proximal to PAM distal region. The partial R-loop is in an unlocked state and allowing
proofreading of the target sequence (left). Upon full R-loop formation Cascade undergoes a
conformational change to a locked state (right). d, If a mismatch or off-target is detected during
R-loop formation Cascade can rapidly dissociate.

1.5 CRISPR adaptation

The acquisition of a new spacer in the type I-E system can happen via two
pathways, naive adaptation or primed adaptation 7>74. Naive adaptation occurs
from a previously unencountered invader and requires only the well conserved
Cas1 and Cas2 proteins which form the adaptation complex . Primed
adaptation can occur for example when an escape target (i.e. PAM or seed
mutation) is partially recognised by a pre-existing spacer promoting the
acquisition of new spacers %. It has been shown that primed adaptation occurs
1000 times more frequently than naive acquisition, suggesting this is the main
pathway of acquiring new spacers in the type I-E system 7°. Regardless of which
pathway is taken adaptation is comprised of a series of subsequent steps
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including pre-spacer generation, selection for a consensus PAM and further
processing by Cas1-2, followed by insertion of this fragment into the CRISPR
array at the leader proximal end 37437677,

Primed adaptation followed by interference with the new spacer (together called
priming) is present in class | systems, and considered to be feedback loop in
which mismatched or mutated targets are able to stimulate rapid spacer
acquisition when the cell is under threat %7374, Two models of pre-spacer
generation interference-dependent, or -independent, have been proposed and
investigated experimentally . The interference-dependent model describes pre-
spacer production through low-level CRISPR interference. In this case despite
the lowered binding affinity for a mutant target Cascade is still able to bind and
initiate degradation at a slower rate 4°%"78, Further, a number of studies have
provided evidence linking these CRISPR interference products and adaptation
through the characterization of pre-spacer substrates produced by Cas3
51527980 Kunne et al 2016 demonstrated that Cas3 cuts fragments both between
30 — 100 nt in length and enriched for thymine stretches at the 3’ end, thus
enhancing the chance of selection and insertion of a spacer with a 5-CTT
consensus PAM into the CRISPR array %2.

The interference-independent pathway on the other hand, suggests that upon
binding a mutant target Cas3 is recruited by Cascade in a Cas1, Cas2 dependant
manner. This results in the formation of a primed acquisition complex (PAC)
coupling pre-spacer production and capture by Cas1-2 for integration 383961,
Recently pre-spacers were shown to be associated simultaneously with both
Cas1 (assumed to be in complex with Cas2) and Cas3 in vivo, further supporting
the formation of a PAC complex 8. While a large number of groups have
investigated both the interference-dependant and -independent pathways of
adaptation in type I-E CRISPR-Cas system, the maijority of studies have only
been able to consider a small selection of the 64 possible PAM sequences, often
making a direct comparison of results difficult and leaving many details to be
further elucidated.

1.6 Bacterial population studies

Due to the ease of access to the techniques, equipment required and the ability
to rapidly screen a large number of cells, numerous population-based studies of
CRISPR defense have been carried out. Direct interference has been
investigated using techniques such as patch plating assays, conjugation assays
and plaque assays allowing us to determine the conditions, for example the PAM



Introduction | 15

and CRISPR components, under which cells are able to successfully clear an
invader 2526.29.82_ Adaptation on the other hand, due to its low frequency in some
systems is more difficult to study on a population level. Classical polymerase
chain reaction (PCR) screening methods require acquisition to have occurred in
at least 1% of the cells in the population in order to successfully detect an effect
using gel electrophoresis ¥. Nevertheless, initial studies screening single
colonies with this technique, were able to determine the protein and sequence
requirements for spacer selection and insertion 377483, Further, sequencing of
the PCR expanded arrays allowed mapping of spacers back to the invader,
determining where they were selected from, leading to the first proposed
mechanistic models for primed adaptation 737484, Since then, a number of
methods have been developed to improve the sensitivity of detection, including
but not limited to; PCR methods involving extra selection steps 88, more
specific primers binding only new spacers 3788587 frameshift systems for
identification of cells that have acquired a spacer 82° and deep sequencing of
arrays from cells that successfully eliminate the invader 50869091 The constant
advance of methods to study CRISPR at the population level will allow further
advancement in our understanding of both well characterized systems and new
previously inaccessible systems. However, population studies in general are
limited in their resolution and unable to provide insight on the individual stages
of the CRISPR processes and their timing in single cells.

1.7 Single molecule studies

In addition to the population assays described above, advancements in
fluorescence and forced based microscopy techniques %2 have enabled high
resolution information to be obtained about individual molecules and their
kinetics during CRISPR defense. Force based microscopy techniques involving
magnetic tweezers, optical tweezers have shed light on details such as target
recognition, R-loop formation and target cleavage %-°3-%, Furthermore, a number
of fluorescence based microscopy techniques such as single particle tracking
54.96.97 - single-molecule fluorescence resonance energy transfer (smFRET)
39707698 and DNA curtains in combination with total internal fluorescence
microscopy (TIRF) 3881.99 have shed light on the details of target search, the
molecular interactions that occur at the target site and the mechanisms of the
adaptation machinery. Single molecule studies however, occur on short time
scales (seconds to hours) and are limited to the study of only a few components
in the cell due to the advanced set up required for multi fluorophore imaging.
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1.8 Time-lapse microscopy

Time-lapse microscopy describes the ability to image cells frequently for long
periods of time monitoring changes in cell features of interest perhaps through
cell morphology, for example cell length, or fluorescent labelling. Originally, time-
lapse experiments were carried out on gel pads soaked in a medium of interest
100-102 however, this set up allowed imaging of only a few generations due to
possible desiccation of the cells or the formation of multiple cells layers,
preventing further imaging.

Technology such as microfluidic flow cells have enabled researchers to cross
this barrier, allowing long-term imaging due to a constant supply of media,
dimensions designed to maintain a single layer of cells, and the removal of
excess cells by flow %3-105_ The ability to image and follow individual cells within
a dynamic population has enabled the characterization of many biological
processes and the variation that exists within them 101.106-110,

Heterogeneity of the CRISPR response in individual cells is likely to play a role
in the overall protection of a population against an invader. Moreover, when
measuring population survival in bulk it can be difficult to establish whether
protection is determined by a resistant sub-population or the majority of cells
undergoing successful defense. Recent work has challenged the view of
CRISPR-Cas as a single cell defense mechanism %11 exhibiting the need for
further elucidation of the single cell dynamics of CRISPR defense. In this thesis
we introduce time-lapse microscopy in combination with microfluidics to
investigate CRISPR interference and adaptation on the single cell level. Further
investigation of single cells, and development of these imaging techniques in the
field will be critical to obtaining an overall picture of population survival
mechanisms in particular in native settings where populations are likely more
complex.

1.9 Thesis Outline

The goal of this thesis was to develop new methods and further elucidate the
dynamics of the CRISPR interference and adaptation processes in the type I-E
CRISPR-Cas system of Escherichia coli.

Chapter 2 CRISPR-Cas: Adapting to change |
This chapter focuses on CRISPR adaptation; the detailed process in which cells
hosting a CRISPR system can insert small pieces of foreign DNA into their
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CRISPR array to be stored for future defense. The process of adaptation requires
several mechanistic steps and is crucial for ensuring protection of both the
population and host. Here, we review the current mechanistic understanding of
the adaptation process and the role of the well conserved Cas1-Cas2 protein
complex.

Chapter 3 Using CAPTURE to detect spacer acquisition in native CRISPR
arrays |

Acquisition of spacers, to allow specific defense against certain invaders by the
host CRISPR-Cas system, is a tightly controlled and low frequency process. In
Chapter 3 building on previous techniques, we present a new method developed
to detect rare spacer acquisition events in native settings. The method harnesses
PCR amplification in combination with size extraction and specific primer design
to allow detection of spacer acquisition in just 1 in 10° cells.

Chapter 4 Direct visualization of native CRISPR target search in live
bacteria reveals Cascade DNA surveillance mechanism |

In this chapter we focus on the target search process of Cascade, the crRNA
guided surveillance complex of the type I-E CRISPR-Cas system in Escherichia
coli. Using single-molecule tracking we visualize Cascade abundance and DNA
probing kinetics in live cells. We observe that Cascade scans DNA through both
PAM-dependent and -independent reactions, spending approximately 50% of its
time bound to DNA. In addition, we investigate the relationship between Cascade
copy number and interference levels finding more than 20 copies of Cascade are
required for clearance in the majority of cells. Finally, we identify that the copy
number dependence of Cascade follows a model where there is a tug-of-war
between target replication and target search time upon invasion.

Chapter 5 Single cell variability in CRISPR-Cas adaptation and
interference|

In this chapter we develop a time-lapse microscopy approach that in combination
with microfluidics and fluorescent reporters allows monitoring of the CRISPR
response against a foreign plasmid. We show that while the priming process is
highly variable, direct interference is comparatively deterministic, clearing the
plasmid from all cells in a number of hours. Moreover, by comparing the kinetics
of direct interference and primed interference we are able to define spacer
acquisition as the origin of the variation in the priming process. Further, we
experimentally identify a number of cellular factors such as growth rate,
interdivision time and Cascade concentration that effect the efficiency of the cells
response to foreign DNA. Finally, we develop a minimal agent-based model that
can accurately reproduce our experimental data. This allows us to further probe
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important additional factors of the primed adaptation process, giving insight into
the influence of target copy number and Cascade variation within the population.
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Abstract

Bacteria and archaea are engaged in a constant arms race to defend against
the ever-present threats of viruses and invasion by mobile genetic elements.
The most flexible weapons in the prokaryotic defense arsenal are the
CRISPR-Cas adaptive immune systems. These systems are capable of
selective identification and neutralization of foreign DNA and or RNA.
CRISPR-Cas systems rely on stored genetic memories to facilitate target
recognition. Thus, to keep pace with a changing pool of hostile invaders, the
CRISPR memory banks must be regularly updated by the addition of new
information, through a process termed CRISPR adaptation. In this review,
we outline the recent advances in our understanding of the molecular
mechanisms governing CRISPR adaptation. Specifically, the conserved
protein machinery, Cas1-Cas2, provides the cornerstone of adaptive
immunity in a range of diverse CRISPR-Cas systems.
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2.1 Introduction

Bacteria and archaea are constantly threatened by phage infection and
invasion by mobile genetic elements (MGEs) through conjugation and
transformation. In response, a defense arsenal has evolved, including
various ‘innate’ mechanisms and the CRISPR-Cas adaptive immune
systems 3. CRISPR-Cas systems are widely distributed, occurring in 50%
and 87% of complete bacterial and archaeal genomes, respectively. These
systems function as RNA-guided nucleases that provide sequence-specific
defense against invading MGEs 5. The repurposing of these sequence-
specific Cas nucleases, particularly Cas9, has stimulated a biotechnological
revolution in genome editing that has resulted in breakthroughs across many
biological fields ©. In native hosts, the advantage conferred by CRISPR-Cas
systems over innate defenses lies in the ability to update their resistance
repertoire in response to infection (termed CRISPR adaptation). CRISPR
adaptation is achieved by incorporating short DNA fragments from MGEs
into CRISPR arrays to form memory units termed spacers. Early
bioinformatic studies showed many spacers were of foreign origin, hinting
that CRISPR loci may act as a form of memory for a prokaryotic immune
system 70, Subsequent confirmation of the link between spacers and
resistance to phage and MGEs was gained experimentally 4%, An overview
of CRISPR-Cas-mediated defense and CRISPR adaptation is provided in
Figure 2.1.

2.1.1 Red Queen CRISPR adaptation

The ability to keep defenses up to date, by acquiring new spacers, is central
to the success of CRISPR-Cas systems. Typically, new spacers are inserted
at a specific end of the CRISPR array, adjacent to a ‘leader’ region that
contains conserved sequence motifs 4214, The leader usually also contains
the promoter driving CRISPR transcription and it has been demonstrated
that integration of new spacers at the leader end enhances defense against
phages and MGEs encountered recently 5. This ‘polarized’ addition of
spacers into CRISPR loci produces a chronological account of the
encounters between phages and bacteria that can provide insights into
phage-host co-occurrences, evolution and ecology '®'”. However, phage
and MGE variants with genetic mutations can avoid detection by existing
CRISPR spacers — these evaders are termed ‘escape mutants’. Additionally,
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spacers can be lost from CRISPR arrays by recombination between the
repeats 1618,
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Figure 2.1: A roadmap of CRISPR-Cas adaptation and defense. In the example
illustrated, a bacterial cell is infected by a bacteriophage. The first stage of CRISPR-Cas
defense is CRISPR adaptation. This involves the incorporation of small fragments of DNA
from the invader into the host CRISPR array. This forms a genetic “memory” of the infection.
The memories are stored as spacers (colored squares) between repeat sequences (R) and
new spacers are added at the leader-proximal (L) end of the array. The Cas1 and Cas2
proteins, encoded within the cas gene operon, form a Cas1-Cas2 complex (blue) — the
‘workhorse’ of CRISPR adaptation. In this example, the Cas1-Cas2 complex catalyzes the
addition of a spacer from the phage genome (purple) into the CRISPR array. The second
stage of CRISPR-Cas defense involves transcription of the CRISPR array and subsequent
processing of the precursor transcript to generate CRISPR RNAs (crRNAs). Each crRNA
contains a single spacer unit that is typically flanked by parts of the adjoining repeat
sequences (grey). Individual crRNAs assemble with Cas effector proteins (green) to form
crRNA-effector complexes. The crRNA-effector complexes catalyze the sequence-specific
recognition and destruction of foreign DNA and / or RNA elements. This process is known
as interference.
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Thus, maintenance of CRISPR-Cas defense is reliant on the addition of new
spacers into CRISPR arrays '°2°. The continuous competition between host
CRISPR adaptation and MGE escape, akin to Red Queen dynamics, have
been exposed in several recent metagenome studies 2?2 Individual cells
within a prokaryotic community acquire different, and often multiple spacers
during CRISPR adaptation 2324, The diversity of CRISPR loci within cell
populations optimizes defense by limiting the reproductive success of
mutants that escape the CRISPR-Cas defenses of individual cells 25.
Furthermore, the resulting polymorphisms in CRISPR loci enable fast and
accurate differentiation of species subtypes, which may prove to have
economic and clinical benefits - for example, enabling tracing of pathogens
during outbreaks 726,

2.1.2 Origins of CRISPR adaptation

According to their constituent Cas proteins, CRISPR-Cas systems are
classified into two major classes consisting of six types and nineteen
subtypes (Fig 2.2) 27?8, Comparative genomics indicate that all known
CRISPR-Cas systems evolved from a single ancestor 27?8, The more
compact class 2 CRISPR-Cas systems likely evolved from class 1 ancestors,
through acquisition of genes encoding new single-subunit effector proteins
and loss of additional cas genes 28. However, despite the divergence of
CRISPR-Cas systems into several types, the proteins primarily responsible
for catalyzing spacer acquisition, namely Cas1 and Cas2, remain relatively
conserved, and the genes encoding these proteins are associated with
nearly all CRISPR-Cas systems ?’. Indeed, as long as spacers can be
acquired from MGEs, unique effector machineries capable of utilizing the
information stored in CRISPRs are likely to arise. Knowledge of the structure
and function of CRISPR-Cas effector complexes has advanced rapidly in
recent years 22°, In addition, significant progress has been made lately
toward elucidating the molecular basis of how, when and why CRISPR
adaptation occurs. Here, we review these recent findings and highlight the
insights they shed on the function of different CRISPR adaptation
mechanisms employed by diverse CRISPR-Cas systems.




30 | Chapter 2

Class 1 Class 2
[ 1
.? Type V
5
o T U
z & i
g 5
Q i 5 | S 3
<
E PAM Protospacer Target strand PAM PAM
G
= Type lll Type VI
3
< « \\
z et 3]
[ N8 j 5
<Z,': T 7 RNA
o
5 PFS

Figure 2.2: Target interactions and the PAMs of diverse CRISPR-Cas types.
Recognition of the invading DNA target by the crRNA-Cas effector complexes of types |, Il
and V, results in the formation of an RNA-DNA hybrid in which the non-target DNA strand
is displaced. The target strand contains the protospacer (red), which is complementary to
the spacer sequence (crRNA, orange). The protospacer adjacent motif (PAM, blue) is
located at either the 3’ end of the protospacer (type | and type V) or the 5’ end (type ).
Type lll and VI recognize RNA targets, with type Ill exhibiting additional transcription-
dependent DNA targeting. Some type Ill systems require an RNA-based PAM (rPAM). Type
VI systems exhibit specificity for a protospacer flanking sequence (PFS) motif, which is
analogous to a PAM.

2.2 The molecular basis of CRISPR adaptation

CRISPR adaptation requires the integration of new spacers into CRISPR loci
and duplication of the associated repeat sequences. The Cas1 and Cas2
proteins, which form a Cas14-Cas2, complex 303! (hereafter Cas1-Cas2)
constitute the ‘workhorse’ of spacer integration. Spacers added to CRISPR
arrays must be compatible with the diverse range of type-specific effector
complex machinery (Fig. 2.2). Thus, despite being near-ubiquitous amongst
CRISPR-Cas types, Cas1-Cas2 homologues meet the varied requirements
for the acquisition of appropriate spacer sequences in different systems. For
example, the effector complexes of several CRISPR-Cas types only
recognize targets containing a specific sequence adjacent to where the
crRNA basepairs with the target-strand of a MGE (Fig. 2.2) 32. The crRNA-
paired target sequence is termed the protospacer and the adjacent target-
recognition motif is called a protospacer adjacent motif (PAM) 33, PAM-based
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target discrimination prevents the unintentional recognition and self-
destruction of the CRISPR-locus by the crRNA-effector complex, yet
canonical PAM sequences vary between, and sometimes even within
systems.

Much of what we know about the Cas1-Cas2 molecular structure and
function has been gained from studies in the Escherichia coli type I-E
system. Within the Cas14-Cas22 complex the Cas1 subunits form two dimers
that are bridged by a central Cas2 dimer (Fig. 2.3a) 303435 Cas1-Cas2-
mediated spacer integration prefers dsDNA substrates and proceeds via a
mechanism resembling retroviral integration 3637, In addition to Cas1-Cas2,
at least one CRISPR repeat, part of the leader sequence 2131538 gnd
several host factors for repair of the insertion sites (e.g., DNA polymerase)
are required 3°. Spacer acquisition involves three main processes: substrate
capture, recognition of the CRISPR locus and integration within the array.

2.2.1 Cas1-Cas2 substrate capture

During substrate capture, Cas1-Cas2 is loaded with an integration-
compatible pre-spacer, which is thought to be partially duplexed dsDNA 3¢,
For type | systems, the presence of a canonical PAM within the pre-spacer
substrate increases the affinity for Cas1-Cas2 binding, yet is not requisite 34.
Details of how pre-spacer substrates are produced from foreign DNA is
discussed later. For the E. coli type |-E Cas1-Cas2:pre-spacer complex, the
ends of the dsDNA pre-spacer are splayed by tyrosine wedges in each Cas1
dimer, which lock open the DNA branch points while fixing in place a core 23
bp dsDNA region. The 3’ single-stranded ends of the pre-spacer extend into
active subunits of each corresponding Cas1 dimer (Fig. 2.3a-c) **35. The
length of new spacers is governed by the fixed distances between the two
Cas1 wedges and from the branch points to the integrase sites. Many
CRISPR-Cas systems display highly consistent, yet system-specific, spacer
lengths and it is likely that analogous wedge-based Cas1-Cas2 ‘molecular
rulers’ exist in these systems to control pre-spacer length 343, However, in
some systems, such as type Ill, the length of spacers found within CRISPR
arrays appears more variable and studies of Cas1-Cas2 structure and
function for these systems are currently lacking.




32 | Chapter 2

pre-spacer DNA with splayed ends
Cas1-Cas2 loaded with pre-spacer

Type | systems Type Il systems

T\

Cas1 PAM sensing
Y165T,

IHF assisted docking

<™~ ), ...
SN2
K211
Hzos}’ Q287

PAM-proximal nucleophilic attack

v v
©) -

)

PAM-proximal nucleophilic attack PAM-distal nucleophilic attack

2, .-‘, )
“rccnﬁmrmcc i
CACAA clelclclelc]eGGT, : 'CTATT?F;E @13(? @130o

+
Anchor sequences

Figure 2.3: Cas1-Cas2-mediated spacer acquisition. a, The Cas1-Cas2 protein complex
loaded with a pre-spacer substrate (E. coli type I-E structure shown; PDB 5DQZ). b, The
Cas1 protospacer adjacent motif (PAM) sensing site shows the canonical type I-E PAM
(CTT, yellow), residue-specific interactions (a residue from the non-catalytic Cas1 monomer
is annotated with *) and the site of PAM processing (scissors). €, A schematic representation
of the substrate loaded Cas1-Cas2 protein complex with the active PAM sensing site
highlighted (light purple) and a partially duplexed DNA pre-spacer substrate (strands are
purple and pink). The ruler mechanism determining spacer length for the E. coli type I-E
system uses two conserved tyrosine residues (i.e. the “Cas1 wedge”, grey hexagons). d,
Spacer integration proceeds as follows: 1) the Cas1-Cas2:pre-spacer complex binds to the
leader (green) and first repeat (black). For type | and type Il systems, respectively, Cas1-
Cas?2 docking to the leader is assisted by integration host factor (IHF) or recognition of the
leader adjacent sequence (LAS). 2) The first nucleophilic attack most likely occurs at the
leader-repeat junction and gives rise to a half-site intermediate. 3) The second nucleophilic
attack occurs at the repeat-spacer (orange) boundary, resulting in full site integration. 4)
Host DNA repair enzymes fill the integration site. (E) The type I-E repeat is magnified (lower
left) to indicate the inverted repeats within its sequence and highlight the anchoring sites of
the molecular rulers that determine the point of integration.
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2.2.1 Cas1-Cas2 substrate capture

During substrate capture, Cas1-Cas2 is loaded with an integration-
compatible pre-spacer, which is thought to be partially duplexed dsDNA 3.
For type | systems, the presence of a canonical PAM within the pre-spacer
substrate increases the affinity for Cas1-Cas?2 binding, yet is not requisite 4.
Details of how pre-spacer substrates are produced from foreign DNA is
discussed later. For the E. coli type |-E Cas1-Cas2:pre-spacer complex, the
ends of the dsDNA pre-spacer are splayed by tyrosine wedges in each Cas1
dimer, which lock open the DNA branch points while fixing in place a core 23
bp dsDNA region. The 3’ single-stranded ends of the pre-spacer extend into
active subunits of each corresponding Cas1 dimer (Fig. 2.3a-c) 33%. The
length of new spacers is governed by the fixed distances between the two
Cas1 wedges and from the branch points to the integrase sites. Many
CRISPR-Cas systems display highly consistent, yet system-specific, spacer
lengths and it is likely that analogous wedge-based Cas1-Cas2 ‘molecular
rulers’ exist in these systems to control pre-spacer length 343, However, in
some systems, such as type lll, the length of spacers found within CRISPR
arrays appears more variable and studies of Cas1-Cas2 structure and
function for these systems are currently lacking.

2.2.2 Recognition of the CRISPR array

Prior to integration, the substrate-bound Cas1-Cas2 complex must locate the
CRISPR leader-repeat sequence. Specific sequences upstream of CRISPR
arrays direct leader-polarized spacer integration, both via direct Cas1-Cas2
recognition and assisted by host proteins. The Cas1-Cas2 complexes of
several systems display intrinsic affinity for the leader-repeat region in vitro
36,40 yet this is not always wholly sufficient to provide the specificity observed
in vivo. It was recently discovered that for the type I-E system, leader-repeat
recognition is assisted by the integration host factor (IHF) heterodimer 4'.
IHF binds the CRISPR leader in a sequence-specific manner and induces
~120° DNA bending, providing a cue to accurately localize Cas1-Cas2 to the
leader-repeat junction 4142, A conserved sequence motif upstream of the IHF
pivot is proposed to stabilize the Cas1-Cas2-leader-repeat interaction and
increase adaptation efficiency, supporting binding of the adaptation complex
to DNA sites either side of bound IHF 2,
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IHF is absent in many prokaryotes, including archaea, suggesting other
leader-proximal integration mechanisms exist. Indeed, type II-A Cas1-Cas2
from Streptococcus pyogenes catalyzed leader-proximal integration in vitro,
at a level of precision comparable to the type I-E system with IHF 4041 |n
type Il systems, a short leader-anchoring site (LAS) adjacent to the first
repeat and <6 bp of this repeat are essential for adaptation >3840 and are
conserved in systems with similar repeats. Placement of an additional LAS
in front of a non-leader repeat resulted in adaptation at both sites %, whereas
LAS deletion caused ectopic integration at a downstream repeat adjacent to
a spacer containing a LAS-like sequence '°. Hence, in contrast to type I-E,
type II-A systems appear to rely solely on intrinsic sequence specificity for
the leader-repeat.

2.2.3 Integration into the CRISPR array

For CRISPR-Cas types that are reliant on PAM sequences for recognition of
targets, the acquisition of interference-proficient spacers requires processing
of the pre-spacer substrate at a specific position relative to the PAM. Each
of the four Cas1 monomers in the Cas1-Cas2 complex contains a PAM
sensing domain. The presence of a PAM in the active site of just one of the
Cas1 monomers is sufficient to appropriately position the substrate and PAM
relative to the cleavage site (Fig. 2.3b) 3435, Furthermore, the presence of a
PAM within the pre-spacer substrate ensures integration into the CRISPR in
the correct orientation 234345 This directional fidelity is critical because
otherwise the PAM in the MGE target would lie at the wrong end of the crRNA
target binding site, thus abrogating target recognition (Fig. 2.2). To avoid
premature loss of the PAM directional cue, processing of the pre-spacer
likely occurs after Cas1-Cas2 orients and docks at the leader-repeat (Fig.
2.3d). Cas1-mediated processing of the pre-spacer creates two 3'OH ends
required for nucleophilic attack on each strand of the leader-proximal repeat
36,3746 The initial nucleophilic attack most likely occurs at the leader-repeat
junction and forms a half-site intermediate, then a second attack at the
existing repeat-spacer junction generates the full-site integration product
(Fig. 2.3d). The precise order of the pre-spacer processing and integration
steps remains to be fully determined, yet considerable progress toward
elucidating the reaction mechanisms has been made.

Following the first nucleophilic attack, the intrinsic sequence-specificity of the
Cas1-Cas2 complex defines the site of the second attack and ensures
accurate repeat duplication. CRISPR repeats are often semi-palindromic,
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containing two short inverted repeat (IR) elements, but the location of these
can vary #’. In type I-B and I-E systems, the IRs occur close to the center of
the repeat (Fig. 2.3e) and are important for spacer acquisition 4849, In the
type I-E system, both IRs act as anchors for the Cas1-Cas2 complex, which
contains two ‘molecular rulers’ to position the Cas1 active site for the second
nucleophilic attack at the repeat-spacer boundary “6. However, in the type I-
B system from Haloarcula hispanica, only the first IR is essential for
integration and a single molecular ruler, directed by an anchor between the
IRs, has been proposed “°. In the type II-A systems of Streptococcus
thermophilus and S. pyogenes the IRs are located distally within the repeats,
suggesting these short sequences may directly position the nucleophilic
attacks without a need for molecular rulers 340 Although these recent
findings suggest that leader-repeat regions at the beginning of CRISPR
arrays contain sequences to ensure appropriate Cas1-Cas2 localization,
further work is required to determine how the spacer integration events are
specifically orchestrated in the diverse range of CRISPR-Cas types.

2.3 Production of pre-spacers from foreign DNA

Despite the elegance of memory-directed defense, CRISPR adaptation is
not without complications. For example, the inadvertent acquisition of
spacers from host DNA must be avoided because this will result in cytotoxic
self-targeting — akin to autoimmunity in eukaryotic adaptive immune systems
50,51 Therefore, production of pre-spacer substrates from MGEs should
outweigh production from host DNA. In the following sections, we outline the
routes to pre-spacer generation in different CRISPR-Cas systems.

2.3.1 Naive CRISPR adaptation

Acquisition of spacers from MGEs that are not already catalogued in host
CRISPRs is termed naive CRISPR adaptation (Fig. 2.4) %2. To facilitate
naive CRISPR adaptation, pre-spacer substrates are generated from foreign
material and loaded onto Cas1-Cas2. Currently, the main known source of
these precursors is the host RecBCD complex %3. Stalled replication forks
that occur during DNA replication can result in double strand breaks (DSBs),
which are repaired via RecBCD-mediated unwinding and degradation of the
dsDNA ends back to the nearest Chi sites °*. During this repair
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process, RecBCD produces ssDNA fragments, which have been proposed
to subsequently anneal to form partially duplexed pre-spacer substrates for
Cas1-Cas2 %3. The greater number of active origins of replication and the
paucity of Chi sites on MGEs, compared with the host chromosome, biases
naive adaptation toward foreign DNA. Furthermore, RecBCD recognizes the
unprotected dsDNA ends that are commonly present in phage genomes
upon injection or prior to packaging, which theoretically provides an
additional phage-specific source of naive pre-spacer substrates 3.

Despite the role of RecBCD in substrate generation, naive CRISPR
adaptation can occur in its absence, albeit with reduced bias towards foreign
DNA %3, Thus, events other than DSBs might also stimulate naive CRISPR
adaptation, such as R-loops that prime plasmid replication, lagging ends of
incoming conjugative elements %, and even CRISPR-Cas-mediated spacer
integration events themselves 2353, Furthermore, we do not know whether all
CRISPR-Cas systems display an intrinsic bias towards production of pre-
spacers from foreign DNA. In high throughput studies of native systems, the
frequency of acquisition of spacers from host genomes is likely to be
underestimated, because the autoimmunity resulting from self-targeting
spacers means these genotypes are typically lethal 23505156 For example,
in the S. thermophilus type 1I-A system, spacer acquisition appears biased
toward MGEs, yet nuclease-deficient Cas9 (dCas9) fails to discriminate
between host and foreign DNA %6, It is unknown whether CRISPR adaptation
in type Il systems is reliant on DNA break repair. Further studies in a range
of host systems are required to clarify how diverse CRISPR-Cas systems
balance the requirement for naive production of pre-spacers from MGEs
against the risk of acquiring spacers from host DNA.

2.3.2 crRNA-directed CRISPR adaptation (Priming)

Mutations in the target PAM or protospacer sequences can abrogate
immunity, allowing MGEs to escape CRISPR-Cas defenses 5759,
Furthermore, the protection conferred by individual spacers varies: often
several MGE-specific spacers are required to mount an effective defense
2480 and to prevent proliferation of escape mutants '72%, Thus, CRISPR-Cas
systems need to undergo CRISPR adaptation faster than MGEs can evade
targeting. Indeed, type | systems have evolved a mechanism known as
primed CRISPR adaptation (priming) to facilitate rapid spacer acquisition
4561 even against highly divergent invaders %° (Fig. 2.4). Priming utilizes
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MGE target recognition that is facilitated by pre-existing spacers to trigger
the acquisition of additional spacers from previously-encountered elements.
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Stalled replication fork Restriction endonuclease Type | priming Cas9
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Figure 2.4: Casi1-Cas2 substrate production pathways. a, Naive generation of
substrates by RecBCD activity on DNA ends resulting from DSBs that occur as a result of
stalled replication forks, innate defenses such as restriction endonuclease activity, or from
the ends of phage genomes (not shown). b, Primed pre-spacer production in type | systems,
which requires Cas3 helicase and nuclease activity. ¢, Cas9-dependent spacer selection in
type Il systems, which for some subtypes is dependent on the activity of accessory proteins,
such as Csn2 or Cas4. The PAM specificity of the Cas9 protein determines the selection of
PAMs in pre-spacer substrates.

Thus, priming is advantageous when MGE replication within the host cell
exceeds current defense capabilities. This can occur when cells are infected
by MGE escape mutants, or when the levels of CRISPR-Cas activity are
insufficient to provide complete immunity using only the existing spacers —
even in the absence of MGE escape mutations 4559.61-64,

Priming begins with target recognition by crRNA-effector complexes.
Therefore, factors that influence target recognition (i.e. the formation and
stability of the crRNA-DNA hybrid — see Fig. 2.2), including PAM sensing
and crRNA:target complementarity, affect the efficiency of primed adaptation
59606570 Fyrthermore, these same factors can induce conformational
rearrangements in the target-bound crRNA-effector complex that result in
favoring of either the interference or priming pathways %6871 In type I-E
systems, the Cas8e (Cse1) subunit of Cascade can adopt one of two
conformational modes 87!, which may promote either direct or Cas1-Cas2-
stimulated recruitment of the effector Cas3 nuclease 66771,



38 | Chapter 2

Cas3, found in all type | systems, exhibits 3' to 5’ helicase and endonuclease
activity that nicks, unwinds and degrades target DNA 7274, In vitro activity of
the type I-E Cas3 produces ssDNA fragments of ~30-100 nucleotides that
are enriched for PAMs in their 3' ends and that anneal to provide partially
duplexed pre-spacer substrates 2. The spatial positioning of Cas1-Cas2
during primed substrate generation has not been clearly established,
although Cas1-Cas2-facilitated recruitment of Cas3 would imply the CRISPR
adaptation machinery is localized close to the site of pre-spacer production
8671 In type I-F systems Cas3 is fused to the C-terminus of Cas2 and forms
a Cas1-Cas2-3 complex 3! that couples the CRISPR adaptation machinery
directly to the source of pre-spacer generation during primed adaptation 2375

Despite different target recognition modes favoring distinct Cas3 recruitment
routes, primed CRISPR adaptation can be provoked by MGE escape
mutants and non-escape (interference-proficient) targets 23456176 However,
when the intracellular copy-number influences of the MGE are excluded,
interference-proficient targets promote greater spacer acquisition than
escape mutants 2376, This forms a positive feedback loop, reinforcing
immunity against recurrent threats even in the absence of escapees 234°. If
the copy-number of the MGE within the host cell is factored in, then escape
mutants actually trigger more spacer acquisition. This is because
interference rapidly clears targeted MGEs from the cell, whereas escape
mutants that evade immediate clearance by existing CRISPR-Cas immunity
persist for longer. Over time, the prolonged presence of the escape MGE,
combined with the priming-centric CRISPR-Cas target recognition mode,
results in higher net production of pre-spacer substrates and spacer
integration 23646576,

Because priming is initiated by site-specific target recognition (i.e. targeting
a ‘priming’ protospacer), Cas1-Cas2 compatible pre-spacers are
subsequently produced from MGEs with locational biases (Fig. 2.5).
Mapping the MGE sequence positions, and strands targeted by newly
acquired spacers (i.e. their corresponding protospacers), has revealed
subtype-specific patterns and has provided much of our insight into the
mechanisms of primed CRISPR adaptation 234445617577.78 |n type I-E
systems, new protospacers typically map to the same strand “445 as the
priming protospacer (Fig. 2.5). For type I-B priming, Cas3 is predicted to load
onto either strand at the priming protospacer, resulting in a bidirectional
distribution of new protospacers 7. For type I-F priming, the first new
protospacer typically maps to the strand opposite the priming protospacer,
in a direction consistent with Cas3 loading and 3' to 5’ helicase activity on



CRISPR-Cas: Adapting to change| 39

the non-target strand. Furthermore, once the first spacer is acquired, two
protospacer targets in the MGE will be recognized and pre-spacer production
can be driven from both locations 2275 (Fig. 2.5). However, priming is
stimulated more strongly from the interference-proficient protospacer than
from the original ‘priming’ protospacer. Thus, subsequent spacers (i.e.
second and following) result from targeting by the first new spacer and are
typically located back towards the original priming protospacer 22 (Fig. 2.5).
The dominance of the first new spacer also holds true for type I-E 4576 and
likely all other systems that display priming. However, these are generalized
models and many questions remain unresolved, such as the mechanisms
resulting in strand selection and why some spacer sequences are more
highly acquired from MGEs than others. Further analyses of priming in
different systems, particularly the order of new spacers acquired, will greatly
inform our understanding of primed Cas1-Cas2 substrate production.

2.3.3 Cas protein-assisted production of spacers

Given the apparent advantages conferred by priming in type | systems,
analogous mechanisms to stimulate ‘primed-like’ CRISPR adaptation, are
likely to exist in other CRISPR-Cas types. For example, DNA breaks induced
by interference activity of class 2 CRISPR-Cas effector complexes could
trigger host DNA repair mechanisms (e.g. RecBCD), thereby providing
substrates for Cas1-Cas2. In agreement with a model for DNA break-
stimulated enhancement of CRISPR adaptation, restriction enzyme activity
can stimulate RecBCD-facilitated production of pre-spacer substrates 3.
RecBCD activity may also partially account for the enhanced CRISPR
adaptation observed during phage infection of a host possessing an innate
defense restriction-modification system 7°. Whether in this example, the
enhanced CRISPR adaptation was RecBCD-dependent is unknown. In a
CRISPR-Cas-induced DNA break model, the production of pre-spacer
substrates is preceded by sequence-specific target recognition, hence this
could be considered related to ‘priming’ 8. Although direct evidence to
support this concept is lacking, CRISPR adaptation in type II-A systems
requires Cas1-Cas2, Cas9, as well as a trans-activating crRNA (tracrRNA; a
cofactor for crRNA processing and interference in type Il systems) and Csn2
5680 The PAM-sensing domain of Cas9 enhances the acquisition of spacers
with interference-proficient PAMs &. However, Cas9 nuclease activity is
dispensable % and existing spacers are not strictly necessary &, suggesting
that the PAM interactions of Cas9 could be sufficient to select appropriate
new spacers. Some Cas9 variants can also function with non-CRISPR RNAs
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and tracrRNA &', This raises the possibility that host or MGE-derived RNAs
might direct promiscuous Cas9 activity, resulting in DNA breaks, or
replication fork stalling that could potentially result in pre-spacer generation.
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Figure 2.5: Primed CRISPR adaptation from a multi-copy MGE by type I-E and I-F
CRISPR-Cas systems. a, An existing spacer (purple) with homology to an MGE sequence
that has escaped interference (the ‘priming’ protospacer denoted with an asterisk) directs
target recognition. The PAM adjacent to the protospacer is shown in black. The crRNA-
effector complex recruits Cas3 (or Cas1-Cas2-3 for type I-F) and the 3’ to 5 helicase activity
(illustrated by the red arrow) results in the acquisition of a new spacer from a site distal to
the initial priming location. The new spacer maps to an interference-proficient protospacer
(orange). Spacer acquisition in the type I-E system requires the Cas1-Cas2 complex and
spacer acquisition in the type I-F system uses a Cas1-Cas2-3 complex. b, The new spacer
(orange) perfectly matches the MGE sequence at the orange protospacer location and
facilitates targeting of the MGE and recruitment of Cas3. Hence, subsequent spacers
(mapping to blue protospacers) typically originate from Cas3 activity (red arrows) beginning
at this location.

2.4 Roles of accessory Cas proteins in CRISPR adaptation

Although Cas1 and Cas2 play a central role in adaptation, type-specific
variations in cas gene clusters occur. In many systems, Cas1-Cas2 is
assisted by accessory Cas proteins, which are often mutually exclusive and
type-specific ?’. For example, in the S. thermophilus type Il-A system,
deletion of csn2 impaired the acquisition of spacers from invading phages “.
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Direct interaction between Cas1 and Csn2 also suggests a role for Csn2 in
conjunction with the spacer acquisition machinery 8. Csn2 multimers
cooperatively bind to the free ends of linear dsDNA and can translocate by
rotation-coupled movement 8384 Given that substrate-loaded type II-A Cas1-
Cas2 is capable of full-site spacer integration in vitro 4°, Csn2 may be
required for pre-spacer substrate production, selection or processing.
Potentially, Csn2 binding to the free ends of dsDNA provides a cue for
nucleases to assist in pre-spacer generation 83,

Cas4, another ring-forming accessory protein, is found in type I, II-B and V
systems ?7. Confirming its role in CRISPR adaptation, Cas4 is necessary for
type I-B priming in H. hispanica ’" and interacts with a Cas1-2 fusion protein
in the Thermoproteus tenax type I-A system 8. Fusions between Cas4 and
Cas1 are found in several systems, which indicates a functional association
with the spacer acquisition machinery. Cas4 contains a RecB-like domain
and four conserved cysteine residues, which are presumably involved in the
coordination of an iron-sulfur cluster 8. However, Cas4 proteins appear to
be functionally diverse with some possessing uni- or bi-directional
exonuclease activity, while others exhibit ssDNA endonuclease activity and
unwinding activity on dsDNA 837 Due to its nuclease activity, Cas4 is
hypothesized to be involved in pre-spacer generation.

In type Il systems, spacers complementary to RNA transcribed from MGEs
are required to provide immunity (Fig. 2.2) 88, Some bacterial type Il
systems contain fusions of Cas1 with reverse transcriptase domains (RTs)
that provide a mechanism to integrate spacers from RNA substrates %. The
RT-Cas1 fusion from M. mediterranea can integrate RNA precursors into an
array, which are subsequently reverse transcribed to generate DNA spacers
9. However, integration of DNA-derived spacers also occurs, indicating that
the RNA derived-spacer route is not exclusive . Hence, the combined
integrase and reverse transcriptase activity of RT-Cas1-Cas2 enhances
CRISPR adaptation against highly transcribed DNA MGEs and potentially
from RNA-based invaders.

Other host proteins may also be necessary for pre-spacer substrate
production. For example, RecG is required for efficient primed adaptation in
both type I-E and I-F systems, but its precise role remains speculative 3%°1.
Additionally, it remains enigmatic why some CRISPR-Cas systems require
accessory proteins, while closely related types do not. For example, type II-
C systems lack cas4 or csn2 that assist CRISPR adaptation in type II-A and
[I-B systems, respectively. These type-specific differences exemplify the
diversity that has arisen during the evolution of CRISPR-Cas systems.
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2.5 The genesis of adaptive immunity in prokaryotes

Expanding knowledge of the molecular mechanisms underlying CRISPR
adaptation has led to a promising theory for the evolutionary origin of
CRISPR-Cas systems %2. Casposons are transposon-like elements typified
by the presence of Cas1 homologs, casposases, which catalyze site-specific
DNA integration and result in the duplication of repeat sites analogous to
spacer acquisition %%, It is possible that ancestral innate defenses gained
DNA integration functionality from casposases, thus seeding the genesis of
prokaryotic adaptive immunity . The innate ancestor remains unidentified,
but is likely to be a nuclease-based system. Co-occurrence of casposon-
derived terminal inverted repeats and casposases in the absence of full
casposons might represent an intermediate of the CRISPR signature repeat-
spacer-repeat structures %. However, the evolutionary journey from the
innate immunity-casposase hybrid to full adaptive immunity remains unclear.
Evolution of diverse CRISPR-Cas types would have required stringent co-
evolution of the Cas1-Cas2 spacer acquisition machinery, PAM and leader-
repeat sequences, crRNA processing mechanisms and effector complexes.

In some systems, mechanisms to enhance the production of Cas1-Cas2
compatible pre-spacers from MGEs, such as priming, might have arisen
because naive CRISPR adaptation is an inefficient process with a high
probability of acquiring spacers from host DNA. However, it was recently
revealed that promiscuous binding of crRNA-effector complexes to the host
genome results in a basal level of lethal ‘self-priming’ in a type I-F system 22,
Host cas gene regulation mechanisms might have arisen to balance the
likelihood of self-acquisition events against the requirement to adapt to new
threats — for example, when the risk of phage infection or horizontal gene
transfer is high %, Alternatively, it has been proposed that selective
acquisition of self-targeting spacers could provide benefits such as invoking
altruistic cell death %, rapid genome evolution ®', regulation of host
processes 90191 or even preventing the uptake of other CRISPR-Cas
systems 192,

2.6 Outlook

The past four years has seen rapid progress in understanding mechanisms
of CRISPR adaptation. Despite this progress, many facets of CRISPR
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adaptation need more work. Synergy between innate defense systems and
adaptation is relatively unexplored, but two aspects may be interrelated.
First, DNA breaks % could stimulate generation of substrates for spacer
acquisition (Fig. 2.4) and second, the stalling of infection could ‘buy time’ for
CRISPR adaptation 79103104 Analogously, it remains to be determined
whether interference by CRISPR-Cas systems other than type | can also
stimulate primed CRISPR adaptation. If not, the benefits of priming might
provide an explanation for why type | systems are the most prevalent and
diverse CRISPR-Cas type.

It is also unclear why many CRISPR-Cas systems have more than one
CRISPR array that is used by a single set of Cas proteins. Given that Cas1-
Cas2 is directed to leader-repeat junctions during integration, multiple arrays
might provide additional integration sites, increasing CRISPR adaptation
efficiency. In addition, parallel CRISPR arrays should increase crRNA
production from spacers that were acquired recently (i.e. due to the polarized
insertion of new spacers next to the promoter-containing CRISPR leaders)
5. Whereas some strains have multiple CRISPR arrays belonging to the
same type, other hosts have several different types of CRISPR-Cas systems
simultaneously. The benefits of harboring multiple CRISPR-Cas systems are
not entirely clear, but can result in CRISPRs being shared by different
systems to extend targeting to both RNA and DNA %5, From a CRISPR
adaptation perspective, multiple systems might also enable a wider PAM
repertoire to be sampled during spacer selection. Additional systems in a
single host could also be a result of phage- and MGE-encoded anti-CRISPR
proteins, which can inhibit both interference and primed CRISPR adaptation
106-108  Alternatively, additional systems may allow some systems to function
in defense, while others perform non-canonical roles 10",

While Cas effector nucleases, such as Cas9, have been harnessed for many
biotechnological applications, the use of repurposed CRISPR-Cas
adaptation machinery has yet to be widely exploited. The sequence-specific
integrase activity of Cas1-Cas2 holds promise in synthetic biology, such as
for the insertion of specific sequences (or barcodes) to mark and track cells
in a population. In E. coli the feasibility of such an approach is evident 3, but
transition to eukaryotic systems will provide the greatest utility where lineage
tracking and cell fate could be followed. A similar approach has been
demonstrated by exploiting Cas9 nuclease activity '%°. The elements
required for leader-specific integration must be carefully considered for the
introduction of CRISPR-Cas spacer acquisition machinery into eukaryotic
cells, as unintended ectopic integrations could be problematic given the
larger eukaryotic sequence space. Ultimately, our understanding of CRISPR
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adaptation in prokaryotes may lead to applications where entire CRISPR
systems are transplanted into eukaryotic cells to prevent viral invaders. As
we begin to comprehend CRISPR adaptation in more detail the opportunities
to repurpose other parts of these remarkable prokaryotic immune systems is
increasingly becoming reality.
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Abstract

CRISPR-Cas systems are able to acquire immunological memories
(spacers) from bacteriophages and plasmids in order to survive infection,
however this often occurs at low frequency within a population making it
difficult to detect. Here we have developed CAPTURE (CRISPR Adaptation
PCR Technique Using Re-amplification and Electrophoresis) a versatile and
adaptable protocol to detect spacer acquisition events by electrophoresis
imaging, with a sensitivity that can identify spacer acquisition in 1 in 105 cells.
Our method harnesses two simple PCR steps, separated by automated
electrophoresis and extraction of size-selected DNA amplicons, allowing the
removal of unexpanded arrays from the sample pool, and enabling a 1000
times more sensitive detection of new spacers than existing PCR protocols.
CAPTURE is a straightforward method requiring only one day to enable
detection of spacer acquisition in all native CRISPR systems and facilitate
studies aimed both at unravelling the mechanism of spacer integration and
more sensitive tracing of integration events in natural ecosystems.
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3.1 Introduction

Microbes have the unique capacity to acquire resistance against
bacteriophage and plasmids by the incorporation of small DNA fragments
(spacers), derived from these invaders, into the genome of the infected
cell'2. Cells that successfully incorporate these spacers in their CRISPR
array become immunized against further infection by this specific invader!?.
The inserted spacers are expressed and processed into CRISPR RNAs
(crRNAs) and act as guides for Cas protein effector complexes which help
find, bind and cleave matching invader nucleic acid sequences, resulting in
invader elimination and host survival®3.

To date a number of evolutionarily diverse CRISPR-Cas systems have been
identified and classified into 2 main classes (I and Il) and six main types (I —
V1) based on their cas gene repertoire*. Due to the rarity of spacer acquisition
events, which are estimated to occur in 1 in 107 cells in some CRISPR-Cas
systems®8, adaptation remains hard to observe. Spacer acquisition was first
shown in the type II-A system of Streptococcus thermophilus' and
subsequently in a number of type | systems”® including the well
characterized type I-E system®''. Some type Ill systems were shown to
acquire spacers by converting RNA into DNA through a reverse transcriptase
mechanism'? but spacer acquisition in type Il systems seems to be very
rare.

3.2 Comparison to Existing Approaches

Current methods to detect CRISPR spacer acquisition utilize the conserved
aspects of CRISPR array structure and the spacer acquisition mechanism.
CRISPR loci are generally comprised of repeat-spacer arrays preceded by
an AT-rich leader sequence, which acts as the transcriptional promoter and
binding site for factors assisting with spacer acquisition'. Spacers are
typically between 30 and 40 base pairs, and are inserted at the leader
proximal end of the array duplicating the first repeat in the process?. The
insertion of a spacer results in an increase in CRISPR array size which can
be assessed by PCR and harnessed as an indicator for acquisition
events®”%-11 In addition to these conventional PCR approaches, reporter
systems have been developed that give a detectable signal upon spacer
insertion due to a frameshift'*'>. While these reporter systems provide a
quantifiable and sensitive method of detection, their reliance upon a
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frameshift requires strain engineering and limits the number of CRISPR
types and systems this technique is applicable to'+'®. Conventional array
amplifying PCR methods are simple and user friendly but often lack the
sensitivity that is required to study many aspects of CRISPR adaptation.

Advances in the study of adaptation were made in parallel with the increasing
availability of deep sequencing allowing detection of spacer acquisition in
minor fractions of the bacteria present in the population’. However, massive
sequencing efforts suffer from high levels of non-informative PCR amplicons,
representing unexpanded CRIPSR arrays from cells that did not acquire new
spacers. Recently published work, showed the development of a method,
SENECA, to eliminate such unexpanded arrays from sequencing samples.
This method requires the presence of an engineered restriction
endonuclease site flanking the first repeat, which can be harnessed to
prevent PCR amplification of non-expanded CRISPR arrays in a second
PCR round'. Here we present a general strategy termed CAPTURE
(CRISPR Adaptation PCR Technique Using Re-Amplification and
Electrophoresis), which can be adapted to any native CRISPR array. The
method has been applied in recently published work from our lab "7 and
builds on, combines and improves existing tricks to selectively amplify
expanded CRISPR arrays 579", Our method harnesses two PCR steps,
separated by automated electrophoresis and extraction of size-selected
DNA amplicons, allowing the removal of unexpanded arrays from the sample
pool (Fig. 3.1). Following this, PCR re-amplification of the captured DNA pool
with spacer acquisition specific primers allows visible detection of spacer
acquisition within just 1 in 10° cells (0.01%) of the population, and potentially
up to 1in 108 cells after deep sequencing. With this method we enable the
direct study of CRISPR-Cas systems with low acquisition rates, which
appears to be a common feature of a large number of bacteria and
archaea®®.
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Steps 1-4

Step 5

Steps 6-7

Steps 8-14

Steps 15-16

Steps 17

Steps 18-19

Steps 20-31

PCR 1: Amplification of the CRISPR
array

Visualization of PCR product

PCR CleanUp  [:----

Size Selection and Extraction

Visualization of PCR product

PCR 2: Re-Amplification with more
specific primers

Gel Electrophoresis Visualization
(Detection)

Deep Sequencing %
(Spacer population analysis)| <«

Figure 3.1: Overview of the CAPTURE protocol. Outline of the major steps required in
order to detect spacer acquisition in a population of cells with high sensitivity. Dashed lines
indicate steps where choices have to be made before proceeding to the next step.
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3.3 Potential Applications

The study of CRISPR adaptation reveals the physical interactions of hosts
with their invaders, and can be utilized in computational methods to couple
viral invaders to unknown hosts and to track spacer acquisition events over
time, in sequenced strains'®'°. Because each bacterial strain has a different
history, differences in spacer content can be used to distinguish closely
related pathogenic strains, such as Mycobacterium and Yersinia species?.
Typically only a small fraction of spacers can be mapped back to known
invaders suggesting a vast amount of unexplored invader diversity in
nature'®.

Aside from strain typing, the sequence of new spacers provides mechanistic
information for example helping to identify the protospacer adjacent motif
(PAM), a critical sequence motif in the DNA that authenticates DNA for
cleavage by Cas proteins in type I, Il and V CRISPR systems and prevents
self-targeting of the CRISPR array’""-17. Here, we aimed to develop a highly
sensitive, simple and generally applicable method that could be used to
detect the occurrence of such rare spacer acquisition events and unravel
further mechanistic details of uncharacterized CRISPR systems. The use of
CAPTURE can provide a wealth of information of both uncharacterized,
newly discovered and well known CRISPR systems. The method helps to
elucidate the role of Cas proteins, the identity of the PAM, the preferred
spacer substrates of Cas1-Cas2, and the minimal requirements for both
adaptation and defense as exemplified by Kieper et al. where the role of the
Cas4 protein in adaptation was recently uncovered'’.

3.4 Limitations

The use of CAPTURE includes the requirement of a gel extraction machine
or more laborious manual extraction methods’. In order to increase both the
utility of this protocol as a tool for the detection of spacer acquisition and to
remove non-expanded CRISPR arrays, multiple PCR amplification steps are
required. Re-amplification in PCR 2 with primer sets 2, 3 or 4 may introduce
PCR bias, which prohibits using absolute abundance levels of new spacers
with high confidence. Typically, only unique spacer sequences are used for
downstream analysis (Table 3.1). It is therefore important that all users take
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this into consideration when analysing sequencing results. The removal of
duplicates during the processing of sequencing reads is recommended and
ensures that re-amplification bias does not influence the prevalence of
certain spacer sequences in the population. We advise users to consider
using biological triplicates and to compare the results obtained from all
unique and non-unique spacers. If the degenerate primers are used, it is
possible to carry out normalization to correct for the bias introduced by the
fixed 3’ nucleotides of the primer?'. This allows the user to draw accurate
conclusions about the prevalence of certain spacers in the population.

3.5 Experimental Design

This protocol contains a series of steps involving size selection and
extraction in combination with two PCR amplifications, PCR 1 and PCR 2.
The options provided for these steps can be used in various combinations
both to detect if the CRISPR adaptation module in your strain is active, as
well as to aid the preparation of a deep sequencing sample containing a
majority of arrays that have acquired spacers. Not all steps of the protocol
need to be completed if the desired outcome can be reached at an earlier
step (Fig. 3.1 and 3.2). Prior to use of this protocol, primer design and re-
amplification options should be carefully considered, as these will differ
depending on both the CRISPR array of the strain used and further actions
to be taken with the final sample (Fig. 3.2, Supplementary Fig. 3.1 and
Supplementary Table 3.1).
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Table 3.1: Primer sets and their limitations

sequences. The
primers designed need
to bind in opposite
directions specifically
within the repeat
sequence.
Subsequently these
primers may be very
short and if the repeat
region for a system is
AT-rich it may be
difficult to design
primers with an
appropriate annealing
temperature.

Step in | Primer Set | Desired Limitations Solution
protocol Outcome
for Sample
4 Set 1, Initial | Detection Does not select Try size selection and
Primers specifically for re-amplification
expanded arrays. Can
only detect expanded
arrays when
adaptation occurs in at
least 10% of the entire
bacterial population
17(A) Set 2, Detection Does not specifically Try primer set 3 or 4
Internal bind expanded arrays | for more specific
Primers and thus does not binding of expanded
provide an extra level arrays
of detection
17(A) Set 2, Sequencing | Creates a PCR bias in | Remove duplicate
Internal deep sequencing sequences during
Primers results and could analysis. Use
strongly influence the biological replicates
prevalence of certain to confirm observed
spacer sequences trends
17(B) Set 3, Sequencing | Creates a PCR bias Complete a
Degenerate due to both stronger G- | normalization during
Primers C annealing at the 3’ analysis that
end and exclusion of accounts for the bias
the primer ending with | introduced by
the same 3’ nucleotide | omitting a primer
as the existing leader containing the same
proximal spacer 3’ nucleotide as the
first spacer2!.
17(C) Set 4, Sequencing | Cannot be used for all | Try Set 3, degenerate
Repeat systems due to the primers
Primers differing repeats
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3.5.1 PCR 1, Amplifying CRISPR arrays from a population (Step 4)

The described protocol is designed with the assumption some sequence
knowledge or metagenomics data has previously been obtained for the
bacterial strain or population of interest. Exact sequence information of the
CRISPR array to be studied is required for the primer design step. Primers
for PCR 1, the initial array amplification, must be specifically designed for
each strain to bind within the leader sequence and where possible within the
closest known spacer to the leader, as the sequence of both binding sites
can differ greatly between species and subtypes of the CRISPR system.
Careful design of primer Set 1 allows amplification of all expanded arrays
present within the population and enables elimination of all repeats
downstream from spacer 1 (Fig. 3.3). Elimination of excess repeats is
important for later steps of the protocol because if a second re-amplification
is required, the primer set may bind the repeats specifically, resulting in
amplification only when a new spacer is inserted and two repeats are
present. For an example of the primers that can be designed, here for the
Type I|-E CRISPR system of Escherichia coli BW25113, see
(Supplementary Fig. 3.1 and Supplementary Table 3.1).

R

Unexpanded
2

Expanded

Figure 3.3: Primer design for amplifying the CRISPR arrays within a population.
Schematic of the CRISPR array consisting of a leader sequence (L) and repeats (R)
interspaced by short DNA sequences termed spacers (coloured squares). When acquisition
occurs an additional spacer (+1) is added at the leader proximal end (orange) of the array.
Primers indicated by black arrows (numbered 1 and 2) are designed to allow PCR
amplification of both expanded and unexpanded arrays within the population.
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3.5.2 Size Selection and Extraction Parameters (Steps 8-14)

In addition to considering which part of the CRISPR array is amplified it is
also important to consider the amplified array product size in relation to the
following size selection and extraction steps. Smaller bands will allow a
higher degree of size separation during use of the Blue Pippin cassette. The
highest percentage of agarose available in a Blue Pippin cassette is 3% and
allows selection within the range of 100 — 250 bp. This equally applies to
users completing the size selection and extraction manually from an agarose
gel. For manual extraction we recommend use of a 3% agarose gel to
increase expanded and non-expanded array separation. Following this the
expanded array band must be excised from the gel, extracted and purified.
For optimal selection of only the expanded arrays we suggest both the gel
electrophoresis separation and subsequent DNA extraction to be completed
twice’.

3.5.3 Controls (All Steps)

We recommend the use of an unexpanded (native) array control sample
throughout the entire procedure to allow assessment of size extraction
success and proportion of unexpanded arrays in the final DNA sample. The
control should be the same as the CRISPR array of the strain of interest, in
which the reverse primer (for example primer 2) will bind in the most leader
proximal spacer (Supplementary Fig. 3.1 and Supplementary Table 3.1).
Either the parental strain with no new spacers or a synthetic DNA construct
with the sequence of the unexpanded array could be used as controls
throughout this protocol. Use of the original strain of interest as a control can
begin at Step 1 with the samples to be tested. A synthetic DNA control should
be added as a separate sample during size extraction (Steps 8 -15). Such a
control determines the carryover of the non-expanded arrays in the size
selection and extraction step and allows optimization of the parameters for
both use of the blue pippin and manual extraction (Fig. 3.4). The control also
aids in the identification of PCR amplification artefacts that can arise due to
unspecific annealing temperatures for primer binding or, internal binding of
the repeats creating larger PCR amplicons. These artefacts can appear as
expanded arrays in the control after size selection and can be removed with
small optimizations (see Table 3.2)
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Cc 10" 102 C 10" 1072

ot ~—t— e
1

Before size selection After size selection

Figure 3.4: Gel Electrophoresis images of CRISPR arrays before (Step 5) and after
(Step 15) size selection. The proportion of expanded CRISPR arrays (indicated by the
black arrow labelled +1) in the sample (10-) is greatly increased after size selection (right)
compared to the control (C).

3.5.4 PCR 2, Re-Amplification after Size Selection (Step 17)

Re-amplification is an important additional step to this protocol as often the
initial amplification (PCR 1) is not sensitive enough to detect acquisition
occurring at a low frequency in the population (Fig. 3.4). In addition, when
high frequency spacer acquisition can be detected in the PCR 1 there is often
still a large amount of non-expanded arrays present in the sample, these
non-expanded arrays can act as a mask to low frequency acquisition events
which are revealed after size selection and re-amplification (Fig. 3.5). In this
protocol through size selection and re-amplification we aim to maximise both
the detection limit and the number of expanded array sequences obtained
from deep sequencing. There are three options, Step 17 A, B or C, using
primer sets 2, 3 or 4 respectively, for the second amplification step (PCR 2)
of this method. The three primer sets we refer to as; (Set2) internal primers
(Set 3) degenerate primers and (Set 4) repeat primers, should be carefully
designed based on the desired output, subsequent plans for the sample pool
and sequence analyses (Fig. 3.2 and 3.5, Supplementary Fig. 3.1 and
Supplementary Table 3.1). The internal primers (Set 2) allow re-
amplification of the expanded arrays enabling confirmation of successful
spacer acquisition taking place in just 1 in 103 cells in the population of
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interest (Fig. 3.6a). The degenerate primers (Set 3) allow extremely sensitive
detection of acquisition at an occurrence of just 1 in 105 cells (Fig. 3.6b).
This amplification is based on the use of 3 forward primers, these primers
anneal their 3’ nucleotide only with new spacers beginning with a nucleotide
different from the original spacer® (Fig. 3.5, Supplementary Fig. 3.1). The
repeat primer (Set 4) strategy ensures that the short 60 bp array products
can only be amplified in the presence of 2 repeats (i.e. an expanded array),
this process relies on the removal of a repeat during the first PCR
amplification but allows high sensitivity detection of acquisition occurring in
just 1in 10° cells and a final sample population ready for further sequencing
(Fig 3.5 and 3.6c¢).

Internal Degenerate Repeat
3. DE, [N
Unexpanded -(;;9.
2 8

L\l

3, bR OF
Expanded
~2 2 8

Figure 3.5: Primer design options for re-amplification of expanded CRISPR arrays.
Schematic of the three possible primer options for the second PCR amplification step. The
internal primers (left) bind in spacer 1 (primer #2) and the leader sequence (#3) internally of
primer #1 used in the first PCR step before size selection. The degenerate primers (middle)
consist of 3 forward primers (DP) that anneal their 3’ nucleotide only with new spacers
(orange) starting with a nucleotide different from the original spacer (blue), in combination
with #2. The repeat primers (right) bind within the repeat (#7 and #8) orientated such that a
product is only amplified when two repeats are present i.e. the array is expanded.

3.5.5 Sequencing (Steps 20-31)

A user may choose to sequence new spacers to determine spacer length
distribution (can be consistent or variable), spacer source (bacteriophage
genome, plasmid or host genome), or to retrieve the PAM of the newly
acquired spacers. Deep sequencing may be used to increase the sensitivity
at which new spacers are detected to enable discovery of rare spacer
acquisition events. When deep sequencing is carried out it is advisable to re-
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amplify expanded PCR amplicons using the CAPTURE method to minimize
the presence of non-expanded CRISPR array amplicons. A user may choose
not to sequence new spacers, by following the protocol up to and including
step 15, when only general spacer acquisition activity is monitored over time,
or for example when trying to answer questions about the general effect of
cas gene mutants on the spacer acquisition activity.

a Internal Primers (Set 2)
Figure 3.6. Anticipated

Detection Results after Re-

10" 102 10° 10* 10° 10°

amplification. Populations
containing between 1:10 (107)
and 1:108 (10%)

expanded:unexpanded CRISPR
arrays plus an unexpanded
control (0) were compared and
visualized on a 2% agarose gel
after completion of Step 15, Re-
amplification after size selection.
102 10° 104 10° 10° a, Re-amplification using internal
e = = N — primers option A, b, re-
amplification with degenerate
primers option B, ¢, re-
amplification with repeat binding
primers option C. The black arrow
labelled +1 indicates the
expected fragments size when
the array has expanded. Here it is
c Repeat Primers (Set 4) shown that while the internal
primers (a) have a low sensitivity
to detect acquisition, occurring in
at least 1% of the entire bacterial
population, CAPTURE with the
more specific degenerate primers
(b) and repeat primers (c) is able
to detect acquisition events that
‘+_1 occurred in just 0.01% of the
population.

b Degenrate Primers (Set 3)

10* 102 10®* 10* 10° 10°
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3.6 Materials

3.6.1 Biological Materials

CAUTION Use gloves and a lab coat when working with biological samples.

- Escherichia coli K12 BW25113 (Parental strain KEIO Collection,
National BioResource Project (NBRP) E. coli Strain)?2.

- E. coli PIM5, a variant of the KEIO strain E. coli K12 JW12252 (ref.
10, Brouns lab collection). CRITICAL: The protocol described below
permits the use of any bacterial strain in which sequence information
of the CRISPR array is known or is suspected to be similar to a
known array to allow the primer design.

3.6.2 Reagents

Lysogeny Broth (LB) Medium (Sigma Aldrich, cat. no. L3022)

GeneJET Genomic DNA Extraction Kit (Thermo Fisher Scientific, cat. no.
K0721)

CAUTION Components of the kit are dangerous if swallowed and harmful to
aquatic life if released into the environment.

OneTaq® Quick-Load® 2X Master Mix with Standard Buffer (Bioké, cat. no.
M0486S)

Agarose (Promega, cat no. V3125)

40X TAE buffer stock (Promega, cat no. V4281)

SYBR Safe (Thermo Fisher Scientific ,cat no. S33102)

SYBR Gold (Thermo Fisher Scientific, cat no. S11494)

SmartLadder SF (Eurogentec, cat no. MW-1800-04)

Quick-Load® Purple Low Molecular Weight DNA Ladder (NEB, cat no.
N0557S)

Primer sets (Figure 3, Figure 5, Supplementary Figure 1 and Supplementary
Table 1.) (Integrated DNA Technologies)

Gibco Distilled Water (Thermo Fisher Scientific, cat. No. 10977035)
Absolute Ethanol (Sigma Aldrich, cat. no. 46139) CAUTION Flammable, so
keep away from heat sources.

GeneJET PCR Purification Kit (Thermo Fisher Scientific, cat. no. KO701)
CAUTION Components of the kit are dangerous if swallowed and harmful to
aquatic life if released to the environment.

Isopropanol (Sigma Aldrich, cat no. 33539)

Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific, cat no. Q32854)
Blue Pippin Cassette kit 3% agarose, including TAE Buffer and Internal
Marker Q3 (Sopachem, cat. no. BDF3010)
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CRITICAL Cassettes must be stored at room temperature (~20°C). The TAE
buffer and marker should be stored separately at 4°C.

CRITICAL If the Blue Pippin machine is not available for this protocol the
selection and extraction step can be carried out manually, additionally
requiring:

GeneJET Gel Extraction Kit (Thermo Fisher Scientific, cat. no. K0691)

Next Generation Sequencing library preparation requires:

NEBNext® Ultra™ [l DNA Library Prep Kit for lllumina® (Bioke, cat no.
E7645S)

NEBNext® Multiplex Oligos for lllumina (Index Primers Set 1) (Bioke, cat no.
E7335S)

Agencourt AMPure XP Magnetic Beads 5 mL (Thermo Fisher Scientific, cat
no. NC9959336)

2100 Bioanalyzer Instrument (Agilent Technologies, cat no. G2939BA)

3.6.3 Equipment

PCR tubes (Sarstedt, cat no. 72.991.002)

Implen NanoPhotometer NP80

Incubators (New Brunswick, cat. no. M1335-0002)

Microcentrifuge tubes (Eppendorf, cat. no. Z606901)

Pipette tips (Thermo Fisher Scientific, cat. no. 7325)

Pipettes (Thermo Fisher Scientific, cat. no. 4642080)

Biometra TOne Thermocycler

Centrifuge

BioRad Gel Doc XR+

VortexBlue Pippin (Sopachem, cat. no. BLU0001)

CRITICAL If you do not have the blue pippin machine on offer in your facility,
gel extraction of the expanded arrays can be done manually by first
concentrating the DNA samples for each condition. This is followed by
manual gel extraction; the entire sample including 1 pl loading dye per 6 pl
of sample should be loaded in a 3% agarose gel and run at 100 V for ~ 1 hr
to maximise band separation, the expanded array (larger) band should be
excised from the gel as accurately as possible and DNA extracted using the
GeneJET Gel Extraction Kit. The manual gel extraction can be repeated a
second time to further remove remaining non-expanded arrays.

Qubit™ 4 Fluorometer (Thermo Fisher Scientific, cat no. Q33226)

Qubit™ Assay Tubes (Thermo Fisher Scientific, cat no. Q32856)
DynaMag™-96 Bottom Magnet (Magnetic Stand) (Thermo Fisher Scientific,
cat no. 12332D)
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3.6.4 Reagent set up

Fresh Lysogeny Broth (LB) Medium

To produce 1L of media weigh 5g/L yeast extract, 10g/L NaCl, 10g/L
tryptone and mix well with 800 mL distilled H2O. After mixing thoroughly add
the final 200mL of distiled H20. The media must then be sterilized by
autoclaving at 121°C for 20 mins and can be stored short term at room
temperature.

Degenerate Primer Master Mix

To create the degenerate primer master mix used in Step 16, mix the three
forward degenerate primers containing differing 3’ nucleotides that do not
match the existing spacer in your system (See Experimental Design and
Supplementary Table 1) equally to give a final concentration of ~3.3 uM of
each primer and total concentration of 10 uM. The primer master mix can be
stored in the — 20°C freezer indefinitely.

1X TAE Buffer

Dilute a 40X TAE Buffer stock using MilliQ H20. 1X TAE buffer can be stored
at room temperature for a recommended maximum of 3 years.

Agarose Gels

Make fresh when needed by combining agarose and 1X TAE buffer wt/vol.
The most commonly used gels in this protocol are 2% i.e. 1 g agarose and
50 mL 1X TAE. Mix and heat these components for ~ 1 min. Then add 5 pL
of Sybr safe (10,000X) to allow visualization of the DNA and pour into a gel
mold with a comb. Leave to set for at least 10 mins.

3.7 Procedure

3.7.1 Preparation of samples for use as PCR template

TIMING ~12 hrs + 1 hr

1| Set up an overnight culture of your strain of interest at the optimal
temperature for growth (here, 37°C, 180 rpm).

2| (Optional) Extract the genomic DNA of your sample using the GeneJET
Genomic DNA Extraction Kit (ThermoFisher Scientific) following the supplied
protocol. Elute the DNA in 200 pl of molecular biology grade H>O or less
where a low concentration is expected.

CRITICAL STEP If your sample is acquired from the environment or a
different source, there may be a more appropriate kit to complete this step.
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CRITICAL STEP Genomic extraction is recommended when your sample
has a low cell density or may contain contaminants that will affect
subsequent PCR reactions.

3] (Optional) Measure the DNA concentration in ng/ul with a
NanoPhotometer.

PAUSE POINT Can be stored at 4°C overnight or frozen at -20°C for long
term storage.

3.7.2 Amplification of CRISPR arrays present in sample population

TIMING ~3 hrs

4| Using either the overnight culture from Step 1 directly, or the sample
prepared in optional Steps 2 and 3 as a template, prepare a PCR reaction
as follows:

Reagent Volume Added Final
Concentration

OneTag®  Quick-Load®  2X 25 pl 1X

Master Mix with Standard Buffer

FWD Primer Set 1 (10uM) 2 ul 0.4 uM

REV Primer Set 1 (10uM) 2 ul 0.4 uM

Template DNA or Overnight xpl ~100 ng

Culture of your strain of interest

Molecular biology grade H20 Up to 50 pl

Then perform a PCR amplification under the following conditions:

Cycles Denature Anneal Elongate Extend
35 94°C for 30 s 58°C* for 30 68°C for 30 68°C 2 min
S s*

* Conditions must be adapted to your specific primers and or product length
CRITICAL STEP If you are using an overnight culture as template for the
initial PCR increasing your denaturation time to 5 mins at 98 °C can help aid
cell lysis making more genomic DNA available as a template in PCR the
reaction tube.

5| Run the PCR products (5-10 pl) on a 2% (wt/vol) agarose gel containing
SYBR safe (1 pl/ 10 ml) at 100 V for ~30min to check for the presence of a
single band of your desired size (gel extraction or PCR optimization is
needed if more bands are present).



Using CAPTURE to detect adaptation |71

CRITICAL STEP The gel percentage can be adapted for your expected
fragment size. A higher percentage of agarose allows larger separation of
smaller bands.

? See Troubleshooting (3.7.5)

6| Clean and concentrate the PCR(s) using the ThermoFisher Scientific
GeneJET PCR Purification kit, following the manufacturer’s instructions.
Elute in 30 ul molecular biology grade H2O.

CRITICAL STEP Add isopropanol in equal proportion to the DNA binding
buffer when purifying fragments smaller than 500 bp.

CRITICAL STEP The PCR reaction must be purified and H.O must be used
during the elution of samples from kits, as salts in the PCR reaction or elution
buffer can interfere in future steps using the Blue Pippin Machine.

7| Measure the concentration of DNA (ng/pl) on the NanoPhotometer. In the
next steps large quantities of DNA can be lost so a concentration of at least
30 ng/ul in 30 pl is advised; run additional PCRs and pool if more DNA is
needed.

CRITICAL STEP Between 20 and 50% of the DNA sample can be lost during
the Blue Pippin process so it is better to load as much as possible without
exceeding the maximum of 5 ug of DNA

PAUSE POINT DNA can be stored at 4°C overnight or frozen at -20°C for
long term storage.

Size Selection and Extraction of Expanded Arrays

TIMING ~2 hrs 45 mins

CRITICAL In the absence of the Blue Pippin, manually extracting the
expanded arrays from a gel will take ~ 4 hrs

8| Based on the size (or sizes if multiple spacers were acquired) of your
arrays visualized in Step 5 choose an appropriate Blue Pippin Cassette. For
arrays between 100 — 250 bp the 3% Gel Cassette with Internal Standards
Marker Q3 (Cat. no. BDF3010) is advised.

9| Calibrate the Blue Pippin machine as described in the Sage Science Blue
Pippin Operations Manual.

10| Load your cassette of choice into the machine, exchange the elution
buffer and check buffer levels as described in the Sage Science Blue Pippin
Operations Manual.

CRITICAL STEP The loading buffer must be at room temperature (~20°C)
before use in the Blue Pippin gel cassette
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11| Prepare your samples for loading into the Blue Pippin (final volume 40
pl) by adding 10 pl of assigned marker or loading solution. CRITICAL STEP:
This step is cassette dependant.

CRITICAL STEP Samples should be vortexed well and spun down before
loading. The loading solution contains a densifying agent that will allow the
sample to sink below the electrophoresis buffer layer in the well, increasing
the size selection accuracy.

CRITICAL STEP The fluorescein labels (on the DNA marker) will degrade at
room temperature, minimize time spent on the bench or keep on ice.

12| Program the selection range as outlined in the Sage Science Blue Pippin
Operations Manual to collect the size range in which all expanded arrays are
included.

CRITICAL STEP Programming a wider selection range can improve DNA
yield (For example ~20 bp either side of your desired fragment size).

13| Load samples slowly into appropriate lanes and run the program as
described in the Sage Science Blue Pippin Operations manual.

14| Collect the DNA extracted for the defined size range from the elution
chamber.

15| (Optional) Visualize DNA by gel electrophoresis (Figure 4). Run the
extracted DNA products (5-10 pl) on a 2% (wt/vol) agarose gel containing
SYBR safe (1 pl / 10 ml) at 100 V for ~30 min and image to check for the
presence of expanded arrays.

CRITICAL STEP This step should be carried out if the user simply desires
to check if their CRISPR system actively incorporates new spacers or not.
Visualization of the extracted products allows confirmation of the ability to
acquire spacers, and can be followed by optional deep sequencing.
CRITICAL STEP If the user desires to carry out deep sequencing without
further re-amplification this step should be carried out. Visualization of the
extracted products allows assessment of the success of the extraction and
verification of the presence of expanded arrays in the sample before
sequencing.

? See Troubleshooting (3.7.5)

16| Measure the concentration of DNA from Step 14 using the
Nanophotometer to assess which step needs to be taken next (See Figure 2
and Experimental Design).

? See Troubleshooting (3.7.5)
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PAUSE POINT DNA can be stored at 4°C overnight or frozen at -20°C for
long term storage.

CRITICAL STEP If your DNA concentration is high enough immediately after
this step to be used as input DNA for next generation sequencing library
preparation with your kit of choice it is possible to proceed directly to
sequencing (Step 20). However, it is important to note that higher starting
concentrations are often recommended for library preparation kits as DNA
can be lost when using magnetic beads.

3.7.3 Re-Ampilification of the size selected arrays to increase
detection sensitivity

TIMING ~2 hrs

17| Use the size selected DNA fragments as template DNA for a PCR
amplification with one of the primer sets outlined in the Experimental Design
section ‘Re-Amplification after Size Selection’ (Figure 5, Supplementary
Figure 1 and Supplementary Table 1). Follow option A for re-amplification
with internal primers, option B for re-amplification with degenerate primers,
or option C for re-amplification with repeat primers. Option A should be used
when a high acquisition rate is observed for your strain (Figure 6a). Options
B and C (degenerate and repeat primers respectively) are capable of
detecting rare events, enabling sensitive detection on gel, further detection
through deep sequencing and removing the unexpanded background
(Figure 6b and c). However, only the option C maintains full spacer diversity
(Table 1).

CRITICAL STEP Primer set must be system specific and chosen carefully
see details in Experimental Design and recommendations below.

(A) Re-Ampilification with Internal Primers
(i) Prepare a PCR reaction as follows, using the fragments collected in Step
14 as a template:

Reagent Volume Added  Final
Concentration

OneTag®  Quick-Load® 2X 25 pl 1X

Master Mix with Standard Buffer

FWD Internal Primer Set 2 2pl 0.4 uyM

(10uM)

REV Internal Primer Set 2 (10uM) 2 pl 0.4 uM

Size Extracted Template DNA X Ml
Molecular Biology Grade H20 Up to 50 pl
Perform PCR amplification under the following conditions:
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Cycles Denature Anneal Elongate Extend
25 94°C for 30 s 62°C* for 30 68°C for 30 68°C 2 min
] s*

* Conditions must be adapted to your specific primers and or product length

(B) Re-Ampilification with Degenerate Primers
(i) Prepare a PCR reaction as follows, using the fragments collected in Step
14 as a template:

Reagent Volume Added Final
Concentration

OneTaqg®  Quick-Load® 2X 25 pl 1X

Master Mix with Standard Buffer

FWD Degenerate Primer Master 2 ul 0.4 uM

Mix, Set 3 (10uM)

REV Degenerate Primer Set 3 2 pl 0.4 uM

(10uM)

Size Extracted Template DNA X Ml

Molecular biology grade H20 Up to 50 pl

Perform PCR amplification under the following conditions:

Cycles Denature Anneal Elongate Extend
25 94°C for 30 s 62°C* for 30 68°C for 30 68°C 2 min
S s*

* Conditions must be adapted to your specific primers and or product length

(C) Re-Ampilification with Repeat Primers
(i) Prepare a PCR reaction as follows, using the fragments collected in Step
14 as a template:

Reagent Volume Added Final
Concentration

OneTag® Quick-Load® 2X 25yl 1X

Master Mix with Standard Buffer

FWD Repeat Primer Set 4 1yl 0.2 uM

(10uM)

REV Repeat Primer Set 4(10uM) 1 pl 0.2 uM

DMSO 1.5 3%

Size Extracted Template DNA 0.5 pl

Molecular biology grade H20 Up to 50 ul

Perform PCR amplification under the following conditions:
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Cycles Denature Anneal Elongate Extend
20 94°C for 15 s 58°C* for 30 68°C for 20 68°C 2 min
s s*

* Conditions must be adapted to your specific primers and or product length

3.7.4 Visualizing spacer acquisition by Gel Electrophoresis

TIMING ~45mins

18| Run the PCR products (5-10 pl) on a 2% (wt/vol) agarose gel containing
SYBR safe (1 pl/ 10 ml) at 100 V for ~30 min to check for the presence of a
single band of your desired size (gel extraction or PCR optimization is
needed if more bands are present).

? See Troubleshooting (3.7.5)

19| Assess whether adaptation has occurred (presence of a band with the
expected size) and when next generation sequencing is planned assess if
your sample pool has a greater proportion of expanded arrays compared to
the unexpanded control array (Figure 6).

Next generation sequencing to investigate spacer content (Optional)
TIMING ~ 1 day sample library preparation, 1-2 days sequencing
CRITICAL: Sequencing of samples with a next generation sequencing
(NGS) platform allows even greater detection and more importantly
sequence specific information for the spacers acquired within the population.
There are many kits and sequencing platforms that could be used to
sequence expanded array PCR amplicons, below we provide the
preferences from our lab.

20| Measure the concentration of DNA (ng/pl) in your samples from Step 17
using the Flurometric Qubit machine for higher accuracy. Prepare samples
with the dsDNA HS kit (10 pg/uL to 100 ng/uL) in a thin walled tube to allow
accurate measurement.

21| Choose the appropriate library preparation kit for your samples input
concentrations and barcoding required. Here we use the NEBNext® Ultra™
[ DNA Library Prep Kit for lllumina® in combination with NEBNext® Multiplex
Oligos for lllumina.

22| Prepare your samples with the chosen kit to add flow cell binding
adapters and where applicable individual barcodes to each sample. This
involves end preparation (A-tailing), adaptor ligation, size selection using
magnetic beads, PCR amplification to add barcodes and a final clean up with
magnetic beads, following the manufacturer’s instructions.
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CRITICAL STEP Beads need to be at room temperature before use.
Remove from 4 °C 30 mins before use.

23| Assess the quality of your sample using the Qubit (DNA concentration in
ng/ul) and where available Bioanalyzer (fragment size and molar
concentration).

24| If you will be sequencing your sample in house: Based on the guidelines
for your sequencing instrument (here Miseq) pool all barcoded sample
libraries at the desired proportions to the recommended final concentration
here (2 nM). Denature your sample with an equal amount of freshly diluted
0.2 N NaOH and dilute to the appropriate loading concentration and volume
for the flow cell following the lllumina guidelines for the specific platform.
CRITICAL: The entire sample is not required for sequencing and it is
therefore recommended to store a portion of your sample library before
dilution and denaturation at -20 °C for long term storage.

CRITICAL STEP Use equimolar amounts of all barcoded libraries to
maintain equal depth among all samples sequenced.

CRITICAL STEP The recommended loading concentration will differ for
each sequencing machine. The recommended concentration for the MiSeq
is 6 — 10 pM, here we use 4 pM, as we load very small fragments that cluster
more efficiently than the recommended minimum 250 bp fragments.
PAUSE POINT Prepared sample library can be stored long term at 20 °C
until sequencing will be carried out.

25| Following the specific instructions for the sequencing instrument load the
appropriately diluted sample into the reagent cartridge. Next clean and load
the flow cell into the machine, check for any additional solutions required and
start the run. Alternatively, frozen libraries prepared above can be sent for
custom sequencing.

26| In order to analyse sequencing data for each sample, the sequences
must first be quality assessed, normalized, merged where necessary and de-
multiplexed (separated by unique barcodes into samples). This can be
carried out at a basic level by the sequencing instrument itself, or a software
package or more detailed pipeline can be used” 72",

27| Once de-multiplexed, for each sample all spacer-containing sequences
can be extracted by identifying conserved CRISPR array regions such as the
3’ end of the degenerate primer and the 5’ end of the repeat. The sequences
flanked by these regions can be extracted as spacer sequences®.
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28| In order to assess spacer content extracted sequences are aligned to
potential spacer sources such as the host genome, other known factors in
the cell such as plasmids or when the potential sources are unknown,
sequences can be screened using BLAST (Basic Local Alignment Search
Tool) or other sequence databases?*.

29| After extraction of all spacer sequences duplicate spacers should be
removed to determine the number of unique spacers acquired and to remove
the duplication bias created by PCR amplification. In addition, normalization
should be applied to the sequences if any form of degenerate primer was
used for re-amplification in PCR 2 (See Table 1)?'.

30| The orientation of the extracted spacers then needs to be determined to
enable extraction of the PAM containing nucleotides adjacent to the target
sequence’'"25, Web tools such as WebLogo can then be used to further aid

determination of the strongest PAM sequence for the system of interest®2.

31| Finally, spacer content (nucleotide sequence) and length of the extracted
sequences can be analysed and compared between conditions'”.

3.7.5 Troubleshooting

Table 3.2. Troubleshooting

selection

be lost during the
extraction procedure

Step | Problem Possible Reason Solution
5 Multiple bands seen after | Primers are binding to Annealing temperature
PCR amplification multiple regions of primers must be
adjusted (increased) to
be as specific as
possible
5 No PCR products Primers were not Consider a gradient
optimized to specific PCR or decreased
conditions annealing temperature
16 Low DNA vyield after size | Up to 50% of DNA can A Blue Pippin cassette

in which your DNA
fragment size is in the
middle of the selection
range should be chosen

Programming a wider
selection range should
also increase your yield

Increase the
concentration of DNA
loaded into the blue
pippin cassette by
pooling multiple PCRs
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15 A large proportion of Selection range was too | Increase the size of the
unexpanded arrays are close to the unexpanded | collection starting point
present in the extracted | array fragment size to as close to the
sample expanded array size as

possible

To widen the overall
range and increase the
yield as mentioned
previously you can
instead increase the end
collection size

18 A large proportion of The acquisition rate may | Try using the
unexpanded arrays are be very low degenerate or repeat
present after internal primers to re-amplify the
primer re-amplification extracted fragment pool

18 No PCR product can be | Low DNA yield from the | Run the extracted
visualized after re- extraction step fragment pool directly on
amplification of size a gel to ensure product
extracted fragments was extracted

18 No or low PCR yield Not enough template The template DNA

used for PCR concentration as
indicated in the protocol
can be increased
Primers were not Consider a gradient
optimized to specific PCR or lower annealing
conditions temperature

18 High levels of the There may be carryover | Increase the annealing
expanded band can be of longer products temperature to increase
seen in the control after | amplified in PCR 1 from | the primer binding
re-amplification the entire array. specificity in PCR 1

There could be a Increase the annealing

contamination or an temperature in PCR 2

amplification artefact,

caused by repeats Lower the number of

binding to each other, cycles and template

present in the sample used for the re-
amplification PCR and
check control levels

18 High levels of the| A large proportion of | Lower the number of

unexpanded array band
can be seen in the control
after re-amplification

unexpanded or control
arrays are still present
after size extraction

cycles and template
used for the re-
amplification PCR and
check control levels

Increase the annealing
temperature to increase
the  primer  binding
specificity
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Consider changing
primer set for the re-
amplification

If this does not work
repeat the size extraction
using the previously
extracted sample pool

Or alternatively use the

size extracted DNA
directly for deep
sequencing

18 Bands are not clearly | Gel was not run long | Increase the percentage
distinguishable enough | enough or DNA vyield is | of your gel and run the
on the agarose gel to | low and hard to visualize | products for longer
determine expanded:
unexpanded array ratio If this does not work

consider staining with
SYBR Gold for clearer
bands

3.7.6 Timing

Step 1, Overnight growth ~12 hrs

Steps 2 and 3 (optional), Genomic DNA extraction 1 hr

Step 4, PCR amplification 1 2 hrs

Steps 5-7, Gel electrophoresis and purification of sample 1 hr

Steps 8-14, Extraction of expanded arrays 2 hrs

Step 15 (optional), Visualization of extracted DNA 45 mins

Steps 16, Determination of DNA concentration 10 mins

Step 17, PCR amplification 2 ~2 hrs

Steps 18 and 19, Gel electrophoresis to visualize expanded arrays and
determine if sequencing is necessary 45 mins

Steps 20-24 (optional), Sample preparation for next generation sequencing
~1 day

Step 25-31 (optional), Next generation sequencing sequencing and analysis
of prepared sample ~1-2 days
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3.8 Anticipated Results

The outlined protocol provides a method enabling detection of spacer
acquired by active CRISPR systems even at extremely low levels. To test
the sensitivity of CAPTURE we mimicked a population in which only a small
fraction of the cells had acquired one new spacer. To achieve this we used
both the wild type strain Escherichia coli K12 BW25113 containing a type |-
E CRISPR system?’ and a variant of this strain, known to contain an extra
32 bp spacer'®, referred to as unexpanded and expanded respectively
(Figure. 3). The low prevalence of acquisition was simulated by the serial
dilution of genomic DNA extracted from the expanded strain to 10-% in DNA
extracted from the unexpanded strain. Such a dilution series allowed us to
test the true sensitivity of our method by simulating acquisition rates as low
as 1in 10° expanded arrays (0.0001% of the population) with an upper limit
of 1in 10 expanded arrays (10% of the population) acquiring a spacer (Fig.
3.6). In our experience if all steps are followed this procedure can detect
spacers acquired in just 1 in 10° cells of a population (Fig. 3.6), a sensitivity
which can be increased even further with the subsequent use of deep
sequencing on the prepared sample'’.
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3.10 Supplementary Information

Supplementary Table 3.1:

Oligonucleotide sets used for this protoco

Primer Set

Step
Primers
are
used in

Primer
name (in
this
protocol)

Sequence 5’ — 3’

Description

Set 1
(Initial
Primers)

4

1

GGATGTGTTGTTTGTGTGATAC

FWD
Anneals in
the leader
sequence of
CRISPR2.3

ACGCCTTTTTGCGATTGC

REV Anneals
in Spacer 1
of CRISPR
2.3

Set 2
(Internal
Primers)

17 (A)

GTTGGTAGATTGTGACTGGC

FWD
Anneals in
the leader
sequence of
CRISPR2.3
(Internal)

ACGCCTTTTTGCGATTGC

REV Anneals
in Spacer 1
of CRISPR
2.3

Set 3
(Degenerate
Primers)

17 (B)

AGCGGGGATAAACCGC

FWD
Anneals in
the type I-E
repeat with C
at the 3’ end

AGCGGGGATAAACCGA

FWD
Anneals in
the type I-E
repeat with A
at the 3’ end

AGCGGGGATAAACCGT

FWD
Anneals in
the type I-E
repeat with T
at the 3’ end

ACGCCTTTTTGCGATTGC

REV Anneals
in Spacer 1
of CRISPR
2.3

Set 4

17 ()

GCTGGCGCGGGGAACAC

FWD
Anneals in




82| Chapter 3

(Repeat type I-E
Primers) repeat
8 GCCAGCGGGGATAAACC REV Anneals
in type I-E
repeat

*Underlined character indicates a unique spacer binding nucleotide
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Abstract

CRISPR-Cas systems encode RNA-guided surveillance complexes to find
and cleave invading DNA elements. While it is thought that invaders are
neutralized minutes after cell entry, the mechanism and kinetics of target
search and its impact on CRISPR protection levels have remained unknown.
Here we visualized individual Cascade complexes in a native type | CRISPR-
Cas system. We uncovered an exponential relationship between Cascade
copy number and CRISPR interference levels, pointing to a time-driven arms
race between invader replication and target search, in which 20 Cascade
complexes provide 50% protection. Driven by PAM-interacting subunit
Cas8e, Cascade spends half its search time rapidly probing DNA (~30 ms)
in the nucleoid. We further demonstrate that target DNA transcription and
CRISPR arrays affect the integrity of Cascade and impact CRISPR
interference. Our work establishes the mechanism of cellular DNA
surveillance by Cascade that allows the timely detection of invading DNA in
a crowded, DNA-packed environment.
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4.1 Introduction

RNA-guided CRISPR-Cas surveillance complexes have evolved to
specifically and rapidly recognize sequences of previously catalogued
mobile genetic elements (MGEs) '. Target DNA recognition depends on
CRISPR RNA (crRNA) — DNA complementarity and on the presence of a
protospacer adjacent motif (PAM), a short nucleotide sequence flanking the
target site 23. To work effectively, the complexes need to find their targets
fast enough to prevent an MGE from becoming established in the cell, which
can occur within minutes upon cell entry 4. Target search inside a cell faces
a multitude of challenges: Firstly, cells are packed with DNA, and crRNA
surveillance complexes need to find the needle in a haystack before an
invading element takes control of the cell. PAM scanning and crRNA-seed
interactions with the target have been suggested to speed up the search
process by drastically reducing the number of potential target sites in the
genome 58, Several studies have shown that crRNA-effector complexes
spend more time probing PAM rich regions, which is indicative of its function
as the first recognition site 7-°. The Escherichia coli K12 genome contains
127.081 preferred PAMs (CTT) that are recognized by the crRNA-effector
complex Cascade in the Type I-E CRISPR-Cas system 0. This large number
of PAMs suggests that the interaction with the PAM needs to be sufficiently
fast to cover enough sequence space to find an invading DNA sequence in
time. A second challenge is posed by the action of other proteins present in
the cell such as DNA binding proteins, DNA or RNA polymerases that may
interfere with target search and formation of target bound crRNA complexes
511, Some invading MGEs even use specialized anti-CRISPR proteins to
inhibit crRNA-effector complexes and impair the target search process 1213,
A third challenge that microbes face is to produce appropriate levels of
Cascade complexes loaded with one particular crRNA to provide protection
against a single invading element. While adding more and more spacers to
CRISPR arrays will have the benefit of recognizing many invaders, the
tradeoff is that long CRISPR arrays will dilute the number of Cascade
complexes loaded with a particular crRNA, potentially decreasing the
CRISPR response against that target. These cellular challenges raise the
question how Cascade can navigate the crowded cell sufficiently fast to find
DNA targets, and how many copies of Cascade are required to do so.

Here, we report the visualization of single-molecule Type I-E Cascade
complexes in a native E. coli CRISPR-Cas system in vivo. We found that the
probability of successful CRISPR protection depends exponentially on
Cascade copy numbers, which leads to a time-driven arms race model
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between Cascade target search and invader replication. The localization of
Cascade shows the complex is enriched inside the nucleoid. We determined
that 60% of the Cas8e subunit is incorporated into Cascade complexes and
that Cascade DNA probing interactions are very rapid (~ 30 ms) and are
driven by Cas8e. Furthermore, transcription of targets and CRISPR arrays
reduce the number of functional complexes in the cell. Our work sheds light
on target search and dynamical assembly of Cascade complexes in their
native cellular environment, and describes how these processes impact
CRISPR protection levels.

4.2 Results

4.2.1 Visualizing Cascade abundance and target search at the single-
molecule level

To investigate how microbes deal with these challenges at the cellular level
we used intracellular single-particle tracking Photo-Activated Localization
Microscopy (sptPALM) 15 a technique capable of following the movement
and abundance of individual fluorescently-tagged proteins in cells with high
precision. By genetically fusing a photoactivatable fluorescent protein
(PAmCherry2, %) to the N-terminus of Cascade-subunit Cas8e (Fig. 4.1a),
which was the only subunit for which labeling had no influence on the
CRISPR interference ability of this strain (Fig. 4.1b), we were able to monitor
the mobility and abundance of Cascade complexes in E. coli cells.

4.2.2 Twenty Cascade complexes provide 50% CRISPR protection

We first wanted to link the copy number of Cascade to successful target
search, and established an assay that measures the level of CRISPR
protection in cells at the time of cell entry by a mobile genetic element (MGE).
In this assay all Cascade complexes present in the cell must be able to target
the incoming MGE and Cascade target search has to be rate limiting. To
meet the first requirement, we constructed a high copy plasmid (pTarget;
Fig. 4.1b) containing target sites for all 18 spacers found in the genomic
arrays of E. coli K12, such that all Cascade complexes would be targeting
the incoming plasmid. Secondly, we ensured that Cascade copy numbers
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were rate limiting '” by equipping cells with a low copy plasmid expressing
the nuclease Cas3 (pCas3, adapted from 18).

We achieved different expression levels of Cascade in the cell by tuning the
expression of the native regulator LeuO ' (Fig. 4.1¢). The copy numbers of
Cascade under these varying levels of LeuO induction were estimated from
the number of fluorescent particles present in the cell, taking complex
assembly (see following section), growth rate (Table S1) and maturation time
of PAmCherry into account (Fig. 4.1d; Methods). We found that the average
number of Cascade complexes per cell in the absence of LeuO induction
was low (~4 copies) and that copy numbers increased more than 30-fold for
the highest induction level (~130 copies). We measured the interference
ability under these conditions by determining the probability that pTarget
becomes established in a cell. We observed that establishment of pTarget
decreases sharply with increasing copy numbers of Cascade (Fig. 4.1e).
However, even with 130 Cascade complexes present, we still observed a
level of pTarget survival (~0.5%).

To explain these observations, we modelled the probability that an invading
MGE becomes established in the cell depending on the number of Cascade
complexes that target this specific MGE. The model is based on multi-copy
plasmids and phage systems, where the DNA clearance is most likely to
occur when an invader enters as a single copy, as the concentration of
invading DNA increases over time. Therefore, depending on the invader and
the level of CRISPR interference, there will be a critical time point (f;) beyond
which the invader is permanently established inside the cell and can no
longer be cleared '°. Our model describes the probability that it takes a
certain copy number of proteins (n) each with an average search time (t; ) to
find the target before t. is reached.

Our model accurately predicted that pTarget establishment decreases
exponentially with increasing copy numbers of Cascade (Fig. 4.1e,
Methods). When we translated these establishment probabilities into
interference levels, we could deduce that around 20 Cascade complexes are
required to reach a CRISPR interference level of 50% (Fig. 4.1f). The
exponential relationship further entails every subsequent 20 complexes
halve the number of cells not able to achieve interference, which means that
40 Cascade complexes can provide 75% interference; 60 Cascade
complexes 87.5%.
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Figure 4.1: Cascade copy number vs CRISPR protection. a, Chromosomal locus of the
Cascade subunits and integration site of the photoactivatable fluorescent protein upstream
of cas8e. b, pTarget establishment, calculated from the ratio of transformation of
pTarget/pGFPuv, is a measure for the interference level of the CRISPR system. To test
whether tagged Cascade complexes were able to function normally, we compared the
tagged strain to the untagged and the Acas3 strain. pTarget (bottom right) contains
protospacers for all spacers in the K12 genome (colored, not all depicted) and are flanked
by a 5-CTT-3’ PAM (black bars). ¢, Overlay of brightfield image of cells (grey) and single
molecule signal (red) from a single representative frame for different induction levels. d,
Number of fluorescent particles measured in each cell plotted for different levels of Cascade
expression (left). The mean number of fluorescent particles (+ standard deviation; table left
column) was converted to a Cascade copy number (table right column, Methods). e, pTarget
establishment plotted for different copy numbers of Cascade. The data points were fitted
with an exponential decay function. pTarget establishment = e??, where n equals Cascade
copy number and a the fitted coefficient. In our model a = t,/t.. f, The fitted exponential
decay on the left converted into an interference level (Interferencelevel =
1- pTarget establishment). Indicated in red (dashed) is the amount of Cascade copies
required for 50% interference.
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It becomes very unlikely for the CRISPR system to destroy multiple genetic
copies of the MGE if it has failed to destroy the single copy that was present
at the start before replication. Therefore, we can approximate t;, with the
replication time of the plasmid in the absence of copy number control (~3
min, %), which allows us to retrieve an estimated search time of ~90 minutes
for one Cascade complex to find a single target in the cell (Methods). In
contrast to pTarget establishment, which decreases exponentially, the
average search time decreases linearly with increasing copy numbers of
Cascade. Therefore 10 Cascade complexes require approximately 9
minutes to find a single target, while 90 Cascade complexes could achieve
this within a minute.

To summarize, we found a direct relation between the number of Cascade
complexes and the establishment probability of an MGE. The native E. coli
system requires 20 Cascade complexes loaded with a cognate crRNA to
obtain 50% CRISPR interference levels. This relation depends on the
replication rate of the invading MGE and the average search time of a single
complex and demonstrates the importance of rapid target search on CRISPR
interference ability.

4.2.3 The majority of Cas8e assembles into the Cascade complex

To quantify the dynamics of target search, we traced the diffusion paths of
thousands of individual complexes in the bacterial cell (Fig. 4.2a). The
apparent diffusion coefficient D*, a measure for mobility, of Cascade was
calculated by extracting the displacement of each fluorescent particle for four
consecutive 10 ms steps, allowing us to investigate the abundance, mobility
and behavior of individual complexes and subunits in the cell. To minimize
the influence of spurious autofluorescent particles in E. coli ?', we used
expression levels with the highest estimated Cascade copy numbers (~130
copies, high induction; Fig. 4.1d).

To distinguish diffusion of Cascade complexes from monomeric Cas8e
subunits, we first measured the diffusion of the tagged Cas8e fusion protein
in a strain lacking genes of the other four Cascade subunits in the genome
(Cas11, Cas7, Casb, and Cas6e). Based on the role of Cas8e in non-specific
DNA binding %>2*, we expected to find mobile and DNA-bound populations
of Cas8e.
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Figure 4.2: Diffusion behavior of Cas8e and Cascade. a, Tracks with small (blue),
intermediate (orange) and large (yellow) displacements from a single cell of the WT strain
(left). The most likely state for three tracks is indicated, although, due to limited track length
and fast transitions, states cannot be assigned confidently to every individual track. The D*
distribution (middle), from a large population of tracks, enables reliable extraction of DNA
interaction kinetic parameters (pseudo-first order on-rate (k;,), off-rate (k.¢) and the
apparent free diffusion coefficient (Dg.,)) by using analytical diffusion distribution analysis
(DDA; right). These parameters further allow the calculation of the fraction DNA bound
(fonpna)- b-d, D* distributions for b, Cas8e, ¢, Cascade and d, ACRISPR strain. Total
(black), Cas8e (blue) and Cascade (green) fractions fits are indicated by lines. Parameters
(right) of Cas8e (b) were used to fit the Cas8e fraction in Cascade (c-d). Error estimation is
based on bootstrapping (+ standard deviation). See also Figure S1, S2 and S3.

However, we were unable to describe the data accurately by static two-state
models of non-interconverting fractions (Supplementary Fig. 4.1). We
therefore hypothesized that rapid DNA binding and unbinding events of
Cascade on a timescale similar to the framerate (~10-40 ms) would lead to
time-averaging of a mobile state (high D* values) and a DNA-bound state
(low D* values), giving rise to intermediate D* values (Fig. 4.2a). We
accounted for these events by developing a generally applicable analysis
method called analytical Diffusion Distribution Analysis (analytical DDA),
which is useful for proteins with fast transitioning kinetics between states with
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different diffusion coefficients, such as DNA-interacting proteins. The
distribution of D* values is not only affected by the fraction of the time spent
bound and freely diffusing, but furthermore changes depending on the
absolute transition rates (Supplementary Fig. 4.2). Therefore this method
allows us to extract quantitative information on DNA binding kinetics and
enables the study of fast transition rates previously inaccessible to sptPALM
(Methods).

When we applied the analytical DDA on the Cas8e diffusional data, we
retrieved an average residence time of ~30 ms on DNA and a similar average
time spent (~30 ms) rapidly diffusing (D* ~3.5 um?/s, as expected for a
protein of 82 kDa; Methods), indicating that Cas8e is bound to DNA for
~50% of the time (Fig. 4.2b). The D* distribution of Cas8e then allowed us
to extract the diffusion behavior of the Cascade complex as a whole. We
estimated the fraction of free Cas8e and Cascade-containing Cas8e at 40%
and 60%, respectively (Fig. 4.2c). This finding suggests that Cas8e is
produced in excess '8 or somehow involved in a dynamic interaction with the
core Cascade subunits (crRNA, Cas11, Cas7, Cas5, Cas6e) 2223,

Surprisingly, we found that the DNA binding kinetics of Cascade were similar
to Cas8e alone, indicating that Cas8e is an important driver of DNA probing
characteristics of the Cascade complex. Furthermore, the DNA residence
times are on average ~30 ms and are thereby considerably shorter than the
0.1-10 s that have been reported for in vitro studies previously 72425 As
expected, we found a smaller diffusion coefficient for unbound Cascade
complexes (~1.0 um?/s) (Methods) due to their larger size. Together, our
analysis shows that more than half of the Cas8e proteins are part of intact
Cascade complexes, and that the DNA interacting behavior of Cascade is
largely determined by the properties of Cas8e.

The probing kinetics that we measured determine the number of sites
Cascade can scan every minute. The total time Cascade needs to probe a
single site includes the average time the complex is bound to a DNA site and
the average time it requires to find the next DNA site. The Cascade probing
time in vivo sums up to roughly 60 ms (1/k.g + 1/K,, ), which implies that the
complex is able to scan approximately 1000 DNA sites per minute. The
probing kinetics of single sites are furthermore linked to the distributions of
target search times, and with simulations we could verify that our model of
Cascade DNA scanning indeed leads to the expected distribution of
interference levels (Supplementary Fig. 4.3). Using our previous estimate
of the overall target search time for a single Cascade of ~ 90 min, we
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calculate that the complex scans 90.000 DNA sites in the cell before finding
a target (Methods).

To investigate the role of crRNAs in Cascade complex assembly, we deleted
all CRISPR arrays in the K12 genome (ACRISPR). The resulting diffusion
behavior can be described by fractions of free Cas8e and with Cascade-like
diffusion behavior (Fig. 4.2d) that almost entirely lacks interaction with DNA
(fonona = 3%). This indicates that although Cascade (sub)complex formation
does not strictly require the presence of crRNA 2627 Cascade assembly is
greatly enhanced by crRNA. Taken together, the majority of Cas8e proteins
are incorporated in Cascade complexes in the presence of crRNA, and this
gives Cascade DNA interacting properties.

4.2.4 Cascade is enriched but not exclusively present in the nucleoid

Not all potential DNA interaction sites in the host chromosome might be
accessible to Cascade. The host DNA is concentrated in the middle of the
cell in the nucleoid and is very compact which excludes large complexes
such as ribosomes 2. Nucleoid exclusion would reduce the amount of DNA
available for scanning and increase the amount of freely diffusing Cascade
complexes. To investigate whether the DNA-bound fraction is governed by
affinity properties of Cascade for DNA rather than a restricted search space
outside the DNA-containing nucleoid region, we studied the spatial
distribution of Cascade localizations. Nucleoid-excluded ribosomes are
enriched away from the central long axis of the cell ?°. For Cascade, we found
a homogeneous spatial distribution throughout the cell (Fig. 4.3a), indicating
that Cascade is small enough to freely scan the nucleoid for target sites.

We furthermore used the spatial distribution of Cascade to extract
quantitative information on the DNA-bound fraction. To that purpose, we
created a DNA-free environment in the cell by adding cephalexin 3. This
antibiotic affects cell wall synthesis and causes cells to elongate, forming
DNA-free cytoplasmic space between nucleoids without condensing the
nucleoid (Fig. 4.3b). The time Cascade is bound to DNA is inherently linked
to the relative amount it spends in DNA-free and DNA containing regions.
Therefore, by calculating the relative amount of localizations in both regions
(Enrichment Factor; EF) we can extract the fraction of time spent on DNA
independently from the DDA analysis. Cascade was only moderately
enriched (EF of 1.8 £ 0.2 fold) in the nucleoid regions (Fig. 4.3c), indicating
that Cascade spends a considerable amount of time diffusing in the
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cytoplasm while not associated with DNA. From the enrichment factor, the
fraction of Cascade complexes bound to DNA can be approximated to 45%
(Fig. 4.3d; for derivation see Methods). This value is consistent with the ~
50% value we extracted from the DDA distribution of Cascade (Fig. 4.2c).
However, it strongly contrasts other DNA binding proteins such as Fis and
RNA polymerase, which show a much higher nucleoid enrichment 33!, The
above findings indicate that Cascade inherently spends more time freely
diffusing the cell and that this is caused by the nature of DNA-Cascade
interactions and not by size-based nucleoid exclusion, as is the case for
ribosomes 2°. Therefore, we decided to study the nature of the DNA
interactions in more depth.

4.2.5 Cascade-DNA interactions are not only PAM-dependent

Next, we assessed how PAM interactions contributed to DNA binding by
introducing mutation G160A in the Cas8e subunit which abolishes the
interaction with the PAM 32, This G160A mutation decreased the fraction of
DNA-bound Cascade from 41 £ 11 to 28 = 6% (Fig. 4.4a) without fully
inhibiting DNA binding, suggesting that PAM-independent interactions 32-34
play a role in DNA probing as well. To assess the contribution of these
different types of interactions to the average DNA residence time found
previously, we measured the persistence of Cascade-DNA interactions by
increasing the dark time between exposures (Fig. 4.4b). Our data showed
that sustained binding events at longer time scales (100 — 250 ms) were
more frequently observed for WT Cascade than for the PAM binding mutant
complex Cascade-Cas8ecis0a (Fig. 4.4c). Together with the increased off-
rate of the mutated complex (Fig. 4.4a), this finding demonstrates that PAM-
dependent interactions of Cascade with DNA last longer than PAM-
independent interactions.
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Figure 4.3: Cascade localization inside the cell. a, Localization of Cascade in the cell.
Left: Distribution of Cascade over the cell width (n = 33 cells; 15428 localizations): in orange
is indicated the expected distribution in case of a homogeneous localization within the cell.
Right: same localizations plotted within dimensions of single cell in which the cell length and
cell width of each cell was normalized. b, Overlay of DAPI fluorescence and brightfield
image (left) with Cascade localizations (right) in cephalexin treated cells. ¢, The nucleoid
enrichment in the WT strain (27 subregions in 18 cells). The average ratio is indicated with
a black bar. The expected ratio if Cascade has no interaction with DNA is indicated in red
(dashed). d, Relation between DNA bound fraction and nucleoid enrichment. Left: A
theoretical relation between nucleoid enrichment and DNA bound fraction was derived
(Methods) and compared to simulated values for different amounts of fonpna. Right:
Localizations of simulated Cascade proteins (n =50.000) diffusing through part of an
elongated cell are plotted on top of long cell axis. A DNA-free region (black bar) is visible
due to enrichment of Cascade binding to DNA in nucleoid regions. Simulations of particles
were performed with off-rate of 38 s-* and an on-rate of 26 s-' to reach a nucleoid enrichment
of 1.8, similar to the average that was found for Cascade.
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Figure 4.4: PAM-dependent and PAM-independent DNA probing. a, D* distributions for
Cascade and Cas8e with a mutation (G160A) deficient in PAM binding. To compare kinetic
rates, we assumed that the relative Cas8e-Cascade fractions and the diffusion of free
Cascade and Cas8e were not altered by the mutation and those values were fixed. b,
Depiction of persistence analysis. Increasing the integration time while keeping exposure
time constant and counting the number of localizations within a certain radius allow the
calculation of the persistence of binding events. ¢, The relative amount of long binding
events (6 consecutive localizations within rmax: 1 pixel (0.128 um) of the mean position) for
WT and PAM binding mutant Cascade normalized to 50 ms integration time. Error
estimation in (a) and (c) is based on bootstrapping (+ standard deviation).

4.2.6 Target DNA binding is influenced by the cellular environment

After establishing intrinsic DNA probing characteristics of Cascade, we next
investigated its diffusion behavior in the presence of targets (Fig. 4.5). To
prevent target DNA degradation by Cas3 nucleases, we deleted the cas3
gene and verified that the deletion did not alter Cascade diffusion behavior
(Supplementary Fig. 4.4). To verify that all Cascade complexes could bind
a target, we measured the copy number of pTarget to be ~ 400 copies/cell
(Supplementary Fig. 4.5). As the native E. coli CRISPR arrays contain 18
spacers, this resulted in ~7000 target sites per cell which far outnumbers
Cascade copy numbers under our growth conditions (~130, Fig. 4.1d).
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Figure 4.5: Cascade - DNA interactions in the presence of targets. (a-b), D* distribution
for the Acas3 strain carrying pTarget (a) and pTarget-RNAP (b). pTarget contains
protospacers for all spacers in the K12 genome (colored, not all depicted) and are flanked
by a 5-CTT-3' PAM (black bars). Cascade (probing) (green) and Cas8e (blue) fractions
were fitted with parameters from Figure 1C and 1D, and a new target-bound fraction
(Cascade (bound)) was introduced as a single diffusion state (D* = 0.06 um2/s (+02/t); red).
¢, The abundance of sustained binding events as in Figure 3C, but for WT and pTarget-
carrying cells. (d-e), D* distribution for the Acas3 strain carrying pCRISPR1 (d) and
pCRISPR1-RNAP (e). pCRISPR1 contains the same protospacers as pTarget that are now
flanked by repeat PAMs. f, In vivo Kp estimates based on the ratio between Probing/Bound
Cascade and the plasmid copy number (Figure S5; Methods). g, pTarget establishment for
Acas3 (blue), WT (high induction; green), an empty high copy plasmid (pControl; pink), and
low or high copy plasmids carrying CRISPR arrays (pCRISPR2_LC/pCRISPR2;
grey/purple). Each dot represents an independent biological replicate. h, pTarget
establishment plotted for different copy numbers of Cascade. Same as Figure 1E but with
addition of pCRISPR2. The Cascade copy number of the pCRISPR2 strain was estimated
from the relative abundance of the Cascade (probing) fraction in the WT (high induction;
Figure 2¢) and pCRISPR2 (Figure S4) strain. Each dot represents an independent biological
replicate. Error estimation in (a-f) is based on bootstrapping (+ standard deviation).

See also Figure S4, S5 and S6.
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Compared to a non-targeted control plasmid (Supplementary Fig. 4.4), the
introduction of pTarget in cells decreased the fraction of free Cascade
complexes (from 60 + 4 to 29 + 3%), and gave rise to a 34 + 2% immobile,
target-bound Cascade fraction (Dzascade(bound) =0.06 ym?/s) (Figure 5A). As

expected, addition of pTarget increased the persistence of sustained binding
events, indicating specific DNA target binding (Fig. 4.5¢). The combined
information of plasmid copy number and the ratio of probing to target bound
Cascade enabled us to determine a cellular Kp value for the affinity of
Cascade for targets of ~180 nM (Fig. 4.5f; Methods), indicating that the

affinity in vivo is around 10 times lower than what has been observed in vitro
32

We hypothesized that transcription of DNA along target sites would be one
of the main factors influencing Cascade target DNA binding. To investigate
the effects of transcription by host RNA polymerase (RNAP), we introduced
a (lac) promoter in front of the pTarget sequence. To our surprise, we
observed that the affinity of Cascade for target sites that undergo
transcription (~100 nM) was higher than for non-transcribed target sites
(~180 nM; probing/target bound Cascade from 0.5 + 0.1 to 0.9 + 0.1). In
addition, we observed an increased fraction of free Cas8e subunits (from 37
* 2% to 54 £ 2%) in the strain containing transcribed pTarget (Fig. 4.5b).
Collectively, these findings suggest that transcription of a target DNA
sequence somehow facilitates target search and increases the affinity of a
target. In addition, it appears that collisions of RNAP with target-bound
Cascade result in changes in the Cascade assembly, likely by dissociation
of the Cas8e subunit from the complex upon collision with RNA polymerase,
which potentially dissociates Cascade from the target. The relatively
dynamic association of Cas8e within the Cascade complex has been
observed previously in vitro 22 and was more recently also observed upon
binding to the CRISPR array . We hypothesized that this dynamic behavior
might be a functional characteristic and will also occur upon encountering
CRISPR arrays inside the cell. To test this hypothesis, we made a variant of
pTarget where all 18 interference PAMs were replaced by the trinucleotide
sequence matching the repeats of the CRISPR array (pCRISPR1). Cascade
did not show any interaction with the non-transcribed pCRISPR1 plasmid
(Fig. 4.5d). However, when we added a promoter sequence in front of the
pCRISPR1 array of targets, we observed moderately enhanced levels of free
Cas8e (from 40 = 1 to 56 = 1%) (Fig. 4.5e), reminiscent of Cas8e expulsion
from the complex upon collision with RNA polymerase, or from targets with
repeat like PAMs 35, Effectively this shows that transcribed CRISPR arrays
may function as target decoys in the cell and can therefore potentially
influence the levels of functional Cascade complexes in the cell.
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To test whether CRISPR array really form decoys in the cell and could impact
interference levels, we constructed a compatible high copy number plasmid
pCRISPR2 containing a normal CRISPR array (Supplementary Fig. 4.6).
While the introduction of pCRISPR2 into cells containing pTarget only led to
a small decrease in the number of Cascade complexes (15% less)
(Supplementary Fig. 4.4), the CRISPR interference levels were reduced by
as much as 50% (Fig. 4.5g). This effect was not observed with low copy
variant of pCRISPR2 (pCRISPR2_LC) or with a high copy plasmid lacking
CRISPR arrays (pControl), indicating that this effect comes from the
presence of a large number of CRISPR arrays in the cell (Fig. 4.5g). We
further found that the observed impact of CRISPR arrays on Cascade copy
number and interference level fits well with our previously predicted relation
between Cascade copy numbers and probability of successful MGE
establishment (Fig. 4.5h). It furthermore demonstrates how relatively small
changes in Cascade copy numbers (15%) can have a big impact on CRISPR
interference levels (50%). Taken together, our data indicate that Cascade
target search and binding is strongly influenced by the action of RNA
polymerase and that CRISPR arrays form target decoys in the cell, which
can affect CRISPR interference levels.

4.3 Discussion

How crRNA-effector complexes can achieve timely detection of incoming
mobile genetic elements in the crowded environment of the cell is an
intriguing aspect of CRISPR biology that remains poorly understood. We
provide first insights into the fundamental kinetics of the surveillance
behavior of type | crRNA-effector complexes in their native cellular
environment. We determined how many copies of Cascade are required to
establish effective immunity and uncovered how Cascade complexes
navigate the crowded bacterial cell packed with DNA. Our results indicate
that Cascade does not restrict its search space to parts of the cell, for
example the nucleoid-free periphery, but instead is occupied scanning the
entire host nucleoid for a match. Depending on genome size of a microbe
and the number of copies of the genome in the cell, the nucleoid size may
vary widely. To cover this vast sequence space sufficiently fast, the Cascade
complex interrogates DNA sequences by using a combination of PAM-
dependent and PAM-independent interactions which on average last only 30
ms. This probing interaction is much faster than previously reported
interaction times determined of type | Cascade complexes by in vitro
methods, which range between 0.1 and 10 s 72425 The ability to rapidly
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probe DNA sequences for potential matches with the crRNA, and to move
from one place in the nucleoid to the next, may explain how a relatively low
number of Cascade complexes in E. coli may still confer CRISPR immunity.
Interestingly, the average probing time of 30 ms for Cascade matches values
found for Streptococcus pyogenes dCas9 in E. coli %3¢, suggesting that DNA
probing interactions of crRNA-effector complexes from both Class | and Il
systems may have evolved independently to take place at this time scale.

The probing kinetics we measured for Cascade will allow the complex to
scan 1000 DNA sites per minute. Given the abundance of PAMs in the host
DNA, this interaction time would lead to a search time in the order of hours.
This value matches our independently calculated estimate of 1.5 hours for a
single Cascade to find a single DNA target in the cell, which is four times
faster than dCas9 search time estimates of 6 hours °. However, our data also
indicates that Cascade not only probes PAMs, the complex also spends a
considerable amount of time engaged in PAM-independent DNA
interactions. These might be constituted by direct crRNA — DNA interactions
37.38  or electrostatic interactions of Cascade with the DNA 3339 This
suggests an even larger DNA sequence space needs to be covered, creating
the need for even more efficient and functionally flexible surveillance
solutions. This more flexible probing behavior would be required to recognize
targets with mutations in the PAM or protospacer in order to trigger a
CRISPR memory update pathway called priming “°#', which appears to be
unique for type | CRISPR-Cas systems.

One possibility to reconcile Cascade DNA probing characteristics to the
overall search time could be that Cascade undergoes facilitated 1D DNA
sliding, where Cascade probes multiple sites per DNA binding event. We
have shown that Cascade spends 50% of its search time on DNA, and the
other 50% diffusing to a new site in the cytoplasm. This value may seem low
compared to other DNA interacting proteins such as transcription factor Lacl,
which is DNA bound for 90% of the time (EIf et al., 2007). However, 50% has
been theoretically derived as the optimum for a target searc