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Summary

Among the extensive repertoire of bacterial defense mechanisms against mobile genetic
elements (MGEs), CRISPR-Cas systems have emerged as versatile tools, primarily relying on
nucleases that recognize foreign DNA or RNA. These systems are classified into two classes,
seven types, and 33 subtypes based on the composition of the effector complexes involved
in the interference process. Since the discovery of CRISPR-Cas systems as adaptive immune
systems in bacteria, research has increasingly explored their broader functions beyond
immunity against MGEs. One intriguing aspect is the presence of self-targeting spacers (STS)
that target functional genes within the host genome, potentially leading to lethal effects.
Bacterial cells employ various strategies to mitigate these effects, such as mutations in

CRISPR elements, partial complementarity or using anti-CRISPR proteins.

Interestingly, the Type IV-A1 CRISPR-Cas system of Pseudomonas oleovorans contains an
STS within its CRISPR array that targets the host pilN gene, which is involved in Type IV pili
formation. Notably, this system operates without common mitigation strategies. Instead, the
presence of a functional system with a tolerated STS suggests additional functions beyond

adaptive immunity.

Type IV systems are typically found on large plasmids and lack adaptation modules like Cas1
and Cas2, as well as nucleases for target degradation. Despite this, they exhibit active
defense mechanisms, particularly against plasmids and conjugative elements. Recent
studies have highlighted the importance of the helicase-containing protein CasDinG in the
interference process. However, the exact interference mechanism and the extent to which

the system could be used as a genetic tool remain to be fully elucidated.

In my thesis, | address the characterization of the Type IV-A1 CRISPR ribonucleoprotein
(crBNP) interference activities through two main research approaches: characterizing
CRISPR interference using lllumina RNA-seq and visualizing crRNP dynamics using single-
molecule microscopy (SMM). In Chapter Il, we present the first publication on the
characterization of the self-targeting activities of the crBRNPs in P. oleovorans. My
contributions to the study revealed that fluorescently tagged crRNPs displayed distinct
dynamics in the presence and absence of the STS, evaluated in both wild-type and ACRISPR
array strains. In the wild-type strain, significant numbers of confined molecules displayed

lower diffusion rates over the bacterial nucleoid, suggesting active nucleoid scanning and



probing in the presence of STS. Additionally, comparison of the transcriptomes from the
RNA-seq data of wild-type and ACRISPR strains showed significant changes in the transcript
abundance of the host pilN, with increased transcripts for pilN and neighboring genes in the
ACRISPR strain. This suggests an interference mechanism that, while tolerating STS, is able

to downregulate transcripts while maintaining DNA integrity.

Following these findings, we explored the scope of the interference and potential as a
CRISPR interference (CRISPRI) tool in Chapter Ill. We compared crRNP interference at the
transcript level with the well-known dCas9 system, which interferes by physically blocking
RNA polymerase (RNAP) and preventing transcription elongation. Targeting different genes
in the histidine operon resulted in broader transcriptomic impacts by crRNPs, effectively
silencing the entire operon, compared to the local downregulation seen with dCas9

treatments.

In the final part of Chapter lll, we evaluated the spatiotemporal dynamics of fluorescently
tagged crRNPs in a recombinant system exposed to both genome and target-containing
plasmids. Results confirm the distribution of crRNPs over the bacterial nucleoid in presence
of genome targets. In contrast, introducing target-containing plasmids redistributed the
crBNPs towards cell poles and showed particles with lower diffusion rates, indicating
prolonged target interaction times. This supports the hypothesis of crBRNP interaction with
plasmids. Our findings suggest that crRNPs interfere with plasmid replication by interacting
with the replication/transcription machinery, particularly the DnaX clamp loader complex,
which was fluorescently tagged to evaluate interactions of crRNPs with replication forks upon
plasmid targeting. Experiments showed decreased DnaX diffusion rates in the presence of
target-containing plasmids, implying replication fork stalling. This effect aligns with
observations in other CRISPR systems and supports the notion of crRNP-mediated plasmid

replication inhibition.

Altogether, this research enhances our understanding of Type IV-A1 CRISPR-Cas systems,
highlighting their unique interference mechanisms and potential as natural CRISPRIi tools.
The findings provide a foundation for future studies to explore their broader biological roles

and applications in bacterial gene regulation.



Zusammenfassung

Unter den umfangreichen Abwehrmechanismen von Bakterien gegen mobile genetische
Elemente (MGEs) haben sich CRISPR-Cas-Systeme als vielseitige Werkzeuge erwiesen,
welche hauptséchlich durch Nukleasen fremde DNA oder RNA erkennen. Diese Systeme
werden basierend auf der Zusammensetzung der an den Interferenzprozessen beteiligten
Effektor-Komplexe in zwei Klassen, sieben Typen und 33 Untertypen unterteilt. Seit der
Entdeckung der CRISPR-Cas-Systeme als adaptive Immunsysteme in Bakterien wurden
weitere Funktionen jenseits der Immunitat gegen MGEs untersucht. Ein faszinierender Aspekt
ist das Vorhandensein von Spacern, die funktionale Gene im Wirtsgenom anvisieren und
potenziell tédliche Effekte hervorrufen kénnen. Diese werden als self-targeting spacer (STS)
bezeichnet. Bakterien verwenden verschiedene Strategien, um STS zu umgehen, wie
Mutationen in den CRISPR-Elementen, fehlende Komplementaritdt oder die Nutzung von

Anti-CRISPR-Proteinen.

Interessanterweise enthdlt das Typ IV-A1 CRISPR-Cas-System von Pseudomonas
oleovorans einen STS in seinem CRISPR-Array, der das Wirtsgen pilN anvisiert, welches an
der Bildung von Typ IV Pili beteiligt ist. Allerdings verfugt dieses System keine Strategien, um
die Effekte des STS zu umgehen. Stattdessen deutet das Vorhandensein eines funktionalen
Systems mit einem tolerierten STS auf zuséatzliche Funktionen jenseits der adaptiven

Immunitat hin.

Typ [IV-Systeme sind typischerweise auf groBen Plasmiden zu finden, wobei
Adaptationsproteine wie Cas1 und Cas2, sowie Nukleasen zur Degradation von Ziel-DNA
fehlen. Dennoch zeigen Typ IV-Systeme aktive Abwehrmechanismen, insbesondere gegen
Plasmide und konjugative Elemente. Die Wichtigkeit der Helikase CasDinG im
Interferenzprozess wurde bereits belegt, der genaue Interferenzmechanismus und
Anwendungen, in welchen das System als genetisches Werkzeug genutzt werden kénnte,

mussen jedoch noch vollsténdig geklart werden.

In meiner Dissertation beschéaftigte ich mich mit der Charakterisierung des
Interferenzmechanismus des Typ IV-A1 CRISPR-Ribonukleoproteins (crBNP) mit zwei
Hauptforschungsansatzen: die Charakterisierung der CRISPR-Interferenz mittels lllumina
RNA-Seq und die Visualisierung der crRNPs mittels single molecule microscopy (SMM). In

Kapitel Il werden erste Erkenntnisse zur Charakterisierung der Aktivitdten der crBRNPs in P.



oleovorans gezeigt. Meine Beitrdge zu der Studie zeigen, dass fluoreszenzmarkierte crRNPs
unterschiedliche Dynamiken in An- und Abwesenheit des STS aufweisen, die sowohl im
Wildtyp- als auch im ACRISPR-Stamm evaluiert wurden. Im Wildtyp zeigte eine signifikante
Anzahl an gebundenen Molekiilen niedrigere Diffusionsraten Uber dem bakteriellen Nukleoid,
was auf aktives Scannen des Nukleoids in Anwesenheit des STS hinweist. Zusétzlich zeigte
der Vergleich der Transkriptome aus den RNA-Seqg-Daten des Wildtyps und ACRISPR-
Stamms signifikante Anderungen in der Transkriptmenge des Wirtsgens pilN, mit erhéhten
Transkripten fur pilN und benachbarten Genen im ACRISPR-Stamm. Dies deutet auf einen
Interferenzmechanismus hin, der trotz Tolerierung des STS in der Lage ist, Transkripte zu

regulieren ohne die DNA zu schadigen.

Aufbauend auf diesen Erkenntnissen zeigt Kapitel |l das Interferenzpotenzial und die
Anwendbarkeit als CRISPR-Interferenz (CRISPRi) Werkzeug. Wir verglichen die crRNP-
Interferenz auf Transkriptebene mit dem bekannten dCas9-System, welches durch physische
Blockierung der RNA-Polymerase (RNAP) die vollstidndige Transkription blockiert. Das
Targeting verschiedener Gene im Histidin-Operon flhrte zu erweiterter Reduzierung von
Transkripten durch crRNPs, welche zur effektiven Stilllegung des gesamten Operons flhrte.

Experimente mit dCas9 flhrten hingegen nur zur lokalen Inhibition des Ziels.

Im abschlieBenden Teil von Kapitel Il wird die raumzeitiche Dynamik von
fluoreszenzmarkierten crBNPs in einem rekombinanten System gezeigt, das sowohl dem
Genom als auch Ziel-Plasmiden ausgesetzt war. Genomziele bestatigten die Verteilung der
crRNPs Uber das bakterielle Nukleoid. Im Gegensatz dazu verteilten sich die crRNPs bei
Einflhrung von Ziel-Plasmiden zu den Zellpolen und zeigten Partikel mit niedrigeren
Diffusionsraten, was auf verldngerte Zielinteraktionszeiten hinweist. Dies unterstitzt die
Hypothese der crRNP-Interaktion mit Plasmiden. Unsere Ergebnisse legen nahe, dass
crRNPs mit der Replikations-/Transkriptions-Maschinerie, insbesondere dem sogenannten
clamp loader Komplex, interagieren. Hierbei wurde DnaX mit einem Fluoreszenzmarker
versehen, um die Interaktionen von crBRNPs mit Replikationsgabeln beim Angriff gegen
Plasmide zu bewerten. Experimente zeigten verringerte Diffusionsraten von DnaX in
Anwesenheit von Ziel-Plasmiden, was auf eine Stdérung der Replikationsgabel hinweist.
Dieser Effekt steht im Einklang mit Beobachtungen in anderen CRISPR-Systemen und

unterstitzt die Vorstellung einer crRNP-vermittelten Inhibition der Plasmid-Replikation.



Insgesamt erweitert diese Forschung unser Verstdndnis der Typ IV-A1 CRISPR-Cas-
Systeme, hebt ihre einzigartigen Interferenzmechanismen hervor und zeigt ihr Potenzial als
natlrliche CRISPRi-Werkzeuge. Die Ergebnisse bilden eine Grundlage fiir zuklnftige Studien,
die weitere biologische Rollen und Anwendungen des Typ IV-A1 CRISPR-Cas-Systems in

der bakteriellen Genregulation untersuchen sollen.



Chapter I: Introduction
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Underlining the boundaries of self -defense in
presence of self-targets: The intriguing case of
Type IV CRISPRCas system

Abstract

Within the repertoire of microbial defense mechanisms, CRISPR-Cas systems stand out for
their precision in combating invasive genetic elements. Despite their classification into
various types and subtypes, their fundamental mode of action remains consistent: utilizing
guide RNA molecules to direct Cas proteins to specific target sequences. Among the diversity
of spacers, it is possible to find self-targeting spacers, which play an important role in
reshaping the interference mechanism, especially when discriminating targets becomes a
determinant for cell survival. Moreover, they raise questions about bacterial regulation
beyond immunity. In this review, we explore the implications of self-targeting spacers in
CRISPR-Cas systems, focusing on examples of avoidance of lethal effects. Furthermore,
description of dynamics within Type IV-A1 CRISPR-Cas systems, whose interference
mechanism remains under investigation. Our goal is to investigate the paradox of self-
defense in presence of self-target inherent in these systems and understand the advantages
they confer for CRISPR interference mechanisms.

l.I.I Introduction

Among the strategies used for bacteria in the arms-race with phages, the CRISPR-
Cas systems have emerged as one of the adaptive strategies that not only offer protection
against mobile genetic elements (MGEs). The general interference mechanism of CRISPR-
Cas systems relies on small RNA molecules serving as a guide for Cas proteins to specifically
find and interfere with target sequences, whether DNA or RNA, depending on the specificity

of each CRISPR-Cas system (Barrangou et al., 2007; Horvath & Barrangou, 2010)

The guide RNA molecules are transcribed from DNA sequences, termed spacers,
allocated within the CRISPR-Cas locus. Spacers are acquired during previous interactions
with invasive elements like foreign plasmids or bacteriophages. However, nestled within
these diverse origins of spacers lies the intriguing integration of host-derived spacers or self-
targeting spacers (STS). These STS seem to hold profound implications on the evolutionary
path of the host organism, as well as paving the way for the exploration of novel genetic tools.
As a matter of fact, STS have raised questions about their role in bacterial regulation beyond

immunity.



In the following sections, we will describe a general overview of spacers acquisition
and the implications of self-targets in different CRISPR-Cas systems. Moreover, we will
describe some examples of avoidance of lethal effect in presence of self-targeting spacers.
Particularly, we will focus on the intriguing phenomenon within the Type IV-A1 CRISPR-Cas
system of Pseudomonas oleovorans which represents a functional system that preferably
targets plasmids but also contains an STS, therefore incentivizing the investigations on its
interference mechanism. As we explore this topic, we aim to understand the paradox of self-
defense or self-sabotage inherent in these systems. Our goal is to elucidate the extent to
which such self-targets confer advantages for CRISPR interference mechanisms across the
diverse repertoire of CRISPR-Cas systems. Particularly, we want to focus on the features
displayed by the Type IV-A1 CRISPR-Cas system, which interference mechanism also

remains under elucidation.

l.I.1l The CRISPRCas systems diversity: Molecular guar dians
of microbial immunity

CRISPR-Cas systems are found in archaea and bacteria provide adaptive immunity
against mobile genetic elements (MGEs) through recognition and interference processes
(Barrangou et al., 2007; Horvath and Barrangou, 2010). These systems consist of CRISPR
arrays, composed of repetitive palindromic sequences (repeats) interspaced with unique
sequences with a size range of 21-72 bp called spacers and derived from MGEs (Mojica et
al., 2009). Accompanying the CRISPR array, there are CRISPR-associated proteins (Cas) that
play various roles, including acquiring information about invading MGEs, also called
adaptation process, processing the guide CRISPR RNA (crRNA), and participating in the
interference process (Haft et al., 2005; Hale et al., 2009; Makarova et al., 2011) (Figure I.1).

The adaptation or immunization process relies on the integration of a piece of an
invading genetic element, known as a protospacer, into the CRISPR array between two
repeat sequences (Barrangou et al., 2007). Once incorporated into the CRISPR array, this
sequence is called a spacer and is distinguished from the protospacer by the absence of a
short motif, the protospacer adjacent motif (PAM), which is found only next to the
protospacer. The presence of a PAM sequence is important for “self” “non-self”
discriminations during adaptation and interference process, at least in systems that target
dsDNA (Moijica et al., 2009; Leenay et al., 2016). The spacer integration is facilitated by the

Cas1-Cas2 complex, serving as a scaffolding protein and responsible for the side-specific



integration of spacers downstream of the leader sequence. The nucleophilic integration of
spacers resembles the mechanism of DNA integration used by retroviral transposases (Nufiez
et al., 2014; Makarova et al., 2015). In some cases, the auxiliary protein Cas4 has a similar
function in the adaptation process during pre-spacer acquisition (Lee et al., 2018). Moreover,
not only Cas proteins are involved in this process, but also host nucleases like RecJ and
RecBCD in E. coli play a significant role during pre-spacer generation in Type |-E CRISPR-

Cas systems (Shiriaeva et al., 2024).

Following the incorporation of new spacers, the CRISPR array is transcribed into
precursor crRNA (pre-crBNA), which is then processed into mature crRNA through cleavage
by endonucleases part of the CRISPR effector complex (Garside et al., 2012; Haurwitz et al.,
2010). Additional no-CRISPR related host nucleases, such as RNAse E, are reported to
participate in the crBRNA maturation process for some Type Il systems (Behler et al., 2018;

Chou-Zheng & Hatoum-Aslan, 2019, 2022).

The interference process involves the formation of the ribonucleoprotein (crRNP)
complex, consisting of mature crRNA and Cas proteins. This complex guides the interference
machinery to its target through complementarity binding and, typically, leads to the
degradation of foreign nucleic acid molecules (Barrangou et al., 2007; Horvath & Barrangou,

2010).

Examples
Bacteriophages Classl Class?
PAM 1. ADAPTATION O
Plasmids (E}jﬁ ) ‘ ‘
) Cas proteins CRISPR array Casl & Cas?
PAM |
\_i_ﬁ
Typel Typell
'“/t criAs 2. EXPRESSION
& 7 / AND Cas6 | |[RNaselll
& ! !3. 5' !53 PROCESSING
crRNP complex Type | T 1
ype

PAM ] #
-

253' | 3. INTERFERENCE @ O&

Cas3 Cas9



Figure 1.1. Schematic of general CRISPR-Cas mechanism in archaea and bacteria with some
examples of proteins participating in each process according to the class. MGEs originated from
phages, plasmids or transposons are recognized during adaptation, and a small sequence next to the
PAM sequence is incorporated into the CRISPR array. Upon foreign MGE invasion, the pre-crRNAs
are processed into mature crRNA and serve as single guides for target interference, which in most

cases involves the degradation by specific nuclease. Adapted from (Klein et al., 2022).

Over the past decade, there has been a great interest in characterizing the
components, target specificity, and mode of action of the diverse CRISPR-Cas systems.
These systems are currently classified into two classes, with seven reported types, and 33
subtypes based on the presence of signature proteins and the arrangement of the CRISPR
locus (Altae-Tran et al., 2023; Faure, Makarova, et al., 2019; Makarova et al., 2020). Class 1
encompasses Types |, lll, and IV, along with the recently proposed Type VI, while Class 2
comprises Types Il, V, and VI. Notably, these classes exhibit variations in the composition of
their interference machinery. Class 1 systems typically feature a compilation of multiple Cas
proteins forming a complex, whereas Class 2 systems predominantly rely on a single multi-
domain Cas protein (Barrangou et al., 2007; Louwen et al., 2014; Makarova et al., 2020). The
specific nature of the target depends on the recognition and mode of action inherent to
different CRISPR-Cas types. However, the substrate, whether DNA, RNA, or both, is typically
subject to degradation (Figure 1.2).



Despite considerable progress in elucidating the mechanisms and target molecules
of most CRISPR-Cas systems, Type IV remains relatively less understood, presenting an

intriguing area for further investigation.

Type Target Nuclease Year
CLASS 2 1l DNA Cas9 20122
\'} DNA Cas12 2015°

S
e VI RNA Cas13 2016¢
CLASS 1 | DNA Cas3 20114
m DNA/RNA Cas10 2015¢
\ DNA - 2019f

Multiple

Cas proteins Vil RNA Cas14-B-CASP 20239

Figure 1.2. Schematic table of general CRISPR-Cas classification with target and reported nucleases.
a. First report of activity of Cas9 in Type Il system by (Jinek et al., 2012). b. First report of Cas12
(previously named Cpf1) activity of Type V system by (Zetsche et al., 2015). c. Cas13, previously
named C2c2) in the Type VI system by (Abudayyeh et al., 2016). d. Cas3 from the Type | system by
(Sinkunas et al., 2011). e. Cas10 from the Type lll system by (Samai et al., 2015). f. First in vitro
characterization of the Type IV crRNP complex by (Ozcan et al., 2019). g. First report of Cas14-B-
CASP activity and the Type VIl system by (Altae-Tran et al., 2023).

l.I.1II Type IV CRISPRCAS system: Intriguing variants with
unique features

Type IV CRISPR-Cas systems were initially described and classified as a distinct Type
by Makarova and colleagues (2015). Subsequent studies provided insights into their activity
role in environmental and pathogenic bacteria (Kamruzzaman and Iredell, 2020; Newire et al.,
2020; Moya-Beltran et al., 2021).0One of the unique features of Type IV systems is their
presence on large-size plasmids (>200 kb), the lack of adaptation modules such as Cas1 and
Cas2 (Junget al., 2016; PinillaRedondo et al., 2020) and no apparent nuclease for target
degradation. Despite lacking known nucleases, Type IV systems possess spacers that target

MGEs, indicating their involvement in active defense mechanisms. The defense role is



particularly pronounced in plasmid-host interactions, as evidenced by the substantial
proportion of identified spacers targeting plasmids and other conjugative elements (Crowley
et al., 2019; Kamruzzaman & Iredell, 2020; Pinilla-Redondo et al., 2020). The first experimental
insights into the Type IV system were reported by our research group in 2019 (Ozcan et al.,
2019). The research focused on the system found in Aromatoleum aromaticum and provided
the first characterization of the Cas proteins from the effector complex in vitro. Among the
main findings of this study, the Type IV crRNA processing mechanism was elucidated
showing the facilitation of the Cas6 (Csf5) endonuclease, which revealed a crucial role for the
formation of the crRNA-guided effector complex. Subsequent investigations on Type IV
systems in other microorganisms corroborated these initial findings (Taylor et al., 2019). We
also reported the presence of multiple subunits of the Cas7-like protein (Csf2) unspecifically
binding to the crBNA spacer region and forming the complex backbone. Additionally,
attempts to characterize the function of the helicase DinG (CasDinG) showed a possible

transient interaction with the crBNP complex (Ozcan et al., 2019).

Recently, significant advancements have been made in understanding Type IV-A
CRISPR-Cas systems. For instance, in their work on Pseudomonas aeruginosa, Cui and
colleagues revealed the system's structure, highlighting the presence of five Cas7 subunits,
one subunit of Cas6, one subunit of Cas5, one subunit of Cas8. Notably, the first subunit of
Cas7 interacts with the helicase CasDinG, which is recruited to the non-target strand of a

double-stranded DNA (dsDNA) subtrate (Cui et al., 2023).

Further studies by Benz et al. (2024) explored the potential crosstalk between Type IV
and Type I-E CRISPR-Cas systems during the adaptation process. They proposed that the
host utilizes the adaptation machinery from the Type I-E system to acquire spacers for the
Type IV CRISPR array. Additionally, their research uncovered the significant impact of Type
IV CRISPR-Cas systems on plasmid competition in Klebsiella pneumoniae, where the Type
IV-A3 system interferes with the uptake of conjugative plasmids. A common mechanism
proposed by these studies involves the helicase activity of CasDinG, which unwinds the
dsDNA (Benz et al., 2024; N. Cui et al., 2023) and RNA/DNA helix (Domgaard et al., 2023) in

a 5'-3' polarity upon target binding, potentially leading to transcriptional repression.

Remarkably, our research group recently reported insights into the Type IV-A
CRISPR-Cas system in Pseudomonas oleovorans (Guo et al., 2022). We showcased the

system's PAM-dependent activity, characterized by a 5'-AAN-3' motif. Furthermore, we found



that successful interference with DNA targets occurred in the absence of nuclease activity,
relying instead on the essential involvement of CasDinG and Cas8 proteins. Our study also
revealed the production of crRNAs containing spacers that precisely match a sequence
within the host pilN gene (Figure 1.3). The pilN gene is involved in the assembly of pili
structures within the bacterial Type IV secretion system. Notably, the system actively scans
the nucleoid in the presence of the self-targeting spacer, as demonstrated by single molecule

microscopy results.

nucleoid =N

= CRISPR interference
| of Type IV-A without a

nuclease

CRISPR array

Type IV-A CRISPR-Cas system

Figure 1.3. Scheme of self-targeting Type IV-A CRISPR-Cas system in Pseudomonas oleovorans. The
type IV-A1 system of P. oleovorans is encoded on a megaplasmid and contains a self-targeting spacer
in its CRISPR array that matches 100% of the coding strand within the gene pilN. Adapted from (Klein
et al., 2022).

To date there is no reported evidence of anti-CRISPR proteins associated with Type
IV-A1 CRISPR-Cas in P. oleovorans. Hence, the absence of nuclease activity and the
presence of a self-targeting system raise intriguing questions and require further exploration
of the precise interference mechanism. In fact, the Type IV-A1 self-targeting paradox in
Pseudomonas oleovorans serves as a reference point to explore alternative functions of this
particular system. However, it is crucial to describe the context of self-targets acquisition and
the extent to which this event can delineate the boundaries of lethality or evolution for survival

in the context of CRISPR-Cas systems.



l.I.IV Navigating the self -targeting enigma: Insights into
self -targeting survival and functions beyond defense

In general, the acquisition of new spacers into CRISPR arrays mainly relies on two
well described mechanisms: Naive and primed acquisition. The main difference between both
is the acquisition of spacer from foreign DNA by a first encounter or due to bias towards a

pre-existing spacer, respectively (Sternberg et al., 2016).

Primed acquisition is triggered by the pre-existing spacers that might be partially
complementary with the invader. This priming adaptation is particularly important to enhance
immunity against “escape invaders” that mutated their target site (Datsenko et al., 2012;
Nicholson et al., 2019). In terms of self-targeting spacers (STS), such a way of acquisition

might represent a bias towards similar sequences in chromosomal DNA (Staals et al., 2014).

During naive acquisition, on the other hand, invader or host-derived spacers can be
acquired by the first encounter with the foreign MGE. Some studies propose differentiating
self vs non-self-DNA fragments based on the presence of chi sites, which are motifs with
eight nucleotides that are enriched in the host chromosome and limit the activity of the DNA
repair machinery (Yosef et al., 2012). These sites occur every 5kb in the E. coli genome and
can be a distinguishing feature for foreign DNA (Levy et al., 2015). Likewise, studies have
reported the acquisition of plasmid spacers from the replication fork, as this region is more
likely to produce small DNA fragments after dsDNA breakage and can induce DNA damage
responses such as RecBCD in gram-negative bacteria or AAdAB in Gram-positive bacteria
(Levy et al., 2015). In order to explain the circumstances under which bacterial cells fail in
self/non-self-recognition, the acquisition of an STS is still being investigated. An STS is
thought to target the bacterial chromosome, often containing a lysogenized phage that
becomes part of the genome (Nobrega et al., 2020). In certain cases, the presence of a
CRISPR-Cas system herein does not directly interfere with the target but instead promotes
an abortive infection which favors populations containing prophage-cured bacteria
(Strotskaya et al., 2017). STS are common among bacteria harboring all Types of CRISPR-
Cas systems, however, they predominate in Types I-B and I-F. In addition, they are more

enriched in bacterial genomes containing prophages (Nobrega et al., 2020).

There is a predisposition for naive acquisition of RNA-derived spacers, mainly in Type
Il and VI systems, due to the presence of a reverse transcriptase (RT)-associated system

(Artamonova et al., 2020; Toro et al., 2019). In the archaeon Haloferax volcanii, which carries



a Type I-B CRISPR-Cas system, spacers are acquired from sites with frequently exposed
DNA ends, such as highly transcribed regions (Stachler et al., 2020). In this organism, naive
adaptation is a regulated process where a low concentration of self-target crRNAs promotes
the acquisition of spacers from the whole genome, especially regions under dsDNA break
pressure (Stachler et al., 2020). These dsDNA breaks can originate from genomic islands with
lysogenized prophages, and the sources of STS can be derived from non-coding regions or
fully functional genes involved in various metabolic processes, such as ABC transporters,
transcriptional regulators, or even parts of the same CRISPR operon (Cardona & Rivera,

2023).

The intriguing case of the self-target spacer in the Type IV-A1 system from
Pseudomonas oleovorans is not an isolated incident within the CRISPR-Cas repertoire. There
are numerous reports of self-targeting events across different CRISPR-Cas systems,
regardless of their origin. Self-targeting has been a subject of interest since shortly after the
initial reports of CRISPR-Cas systems (Stern et al., 2010). Many efforts to gather information
on this topic have established clues regarding the presence of self-targets within CRISPR-
Cas systems. Several studies have described possible mechanisms of tolerance and other
functions of this intriguing feature (Devi et al., 2022; Heussler & O’Toole, 2016; Wimmer &
Beisel, 2020). Moreover, self-targeting incidents have been of interest within the study of
insertion sequences from the 1S200/IS605 and IS607 families, even before the CRISPR-Cas
systems were fully described (Jacques & Michael, 1998; Siguier et al., 2014). These elements
shape the bacterial genome through the recognition of specific motifs for intrachromosomal

jumping (Siguier et al., 2014).

More recently, the association of these elements with CRISPR-Cas systems has
opened a new field of interest in minimalist bacterial immunity, encompassing CRISPR-Cas
loci containing transposable elements for RNA-guided transposition (Karvelis et al., 2021;
Koonin & Krupovic, 2023; Petassi et al., 2020). For instance, Tn7-like elements contain a
conserved attachment motif in the chromosome and a second one directing transposition
towards mobile plasmids to facilitate intercellular transfer. Tn7-CRISPR-Cas elements use
guide RNAs with partial mismatches to chromosome targets, allowing transposition while

preventing the lethal effects typical of canonical Type I-F systems (Petassi et al., 2020).

In addition to transposon-associated CRISPR-Cas systems that may mitigate

autoimmunity with lethal effects, bacteria with self-targeting CRISPR arrays have developed



several strategies to avert this threat. The next section will describe some of the most
common and relevant strategies, including the inactivation of the CRISPR-Cas system
through mutations or deletions of CRISPR elements and maintaining CRISPR activity while
mitigating autoimmunity effects. Strategies to mitigate autoimmunity effects include partial
complementarity between the spacer and protospacer, induction of DNA repair
mechanisms, and the presence of anti-CRISPR proteins, which is the most common

method (Figure 1.4).
(See figure on the next page)

Figure 1.4. Scheme of the most common strategies used for bacterial survival in presence
of STS. The upper cell represents the most common scenarios for the bacteria to acquire
an STS. Below panel contains the schematics for the strategies reported in bacteria for

surviving lethal effects of STS.
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l.I.V Conditions for surviving autoimmunity by STS

Self-targeting triggering DNA repair mechanism and SOS response
system

The activation of the SOS response and DNA repair machinery in bacteria subjected
to self-targeting spacers (STS) is a crucial adaptive mechanism used to counteract the
persistent pressure of autoimmunity (Heussler et al., 2015). Bacteria can withstand damage
through continuous repair facilitated by the homologous recombination (HR) pathway (X. Li &
Heyer, 2008) Efforts to rescue chromosomal-targeted cells from Cas9-induced lethality by
introducing the non-homologous end joining (NHEJ) pathway from Mycobacterium
tuberculosis proved ineffective, although they did induce small deletions at a low frequency

(Cui & Bikard, 2016).

Further studies on Staphylococci with an activated Type IlI-A CRISPR-Cas immune
response reveal that the SOS response is essential for generating mutations (Mo et al., 2021).
This research described the non-specific nuclease activity of Cas10 on single-stranded DNA
(ssDNA) substrates, which induces chromosomal lesions, leading to the formation of RecA
filaments and subsequent activation of the SOS response (Mo et al., 2021). Collectively, these
studies highlight the association of CRISPR-Cas systems with DNA repair mechanisms and
the SOS response, underscoring the adaptive strategies bacteria employ to navigate self-

targeting challenges.

Mutations/deletions in the CRISPR -Cas elements

Bacteria and Archaea harboring self-targeting spacers (STS) have also induced
point mutations or deletions in key CRISPR elements, generating inactivation of the
CRISPR-Cas system (Dy et al., 2013; Fischer et al., 2012; Stachler et al., 2017; Vercoe et
al., 2013). By altering these elements, bacteria can evade recognition and degradation by

their own CRISPR-Cas machinery.

An example illustrating a genome-scale evolution is represented in Pelobacter
carbinolicus, where an actively transcribed CRISPR spacer targeting the essential
housekeeping hisS gene, causes a shortage of histidyl-tRNA, affecting the translation of
proteins with multiple histidines. Along the histidyl-tRNA deficiency, the bacterium presents
loss of several ancestral genes with high histidine demand. Comparative genomics revealed
that P. carbinolicus is deficient in genes with 35 or more histidine codons, likely due to

ribosomes stalling during translation of genes with numerous histidine codons. Thus, the self-



targeting pressure induced the deletion of genes with a high histidine demand such as the

ones in metal-respiration-related clusters (Aklujkar & Lovley, 2010).

A similar report in the potato phytopathogen Pectobacterium atrosepticum showed
the elimination of an entire pathogenicity island upon chromosomal targeting to escape
deleterious effects (Vercoe et al., 2013). These examples illustrate how self-targeting pressure

can induce genome reshaping, leading to evolutionary changes in native systems.

Artificially induced self-targeting spacers also produce deleterious effects,
underscoring the importance of bacterial strategies for mitigating autoimmunity (Canez et al.,
2019; Stout et al., 2018). In cases where the protospacer is mutated or deleted, bacteria can
reshape their genome to escape deleterious self-targeting effects. One example is
represented in Streptococcus thermophilus, in which STS pressure resulting in genome
remodeling (Carnez et al., 2019). After electroporating synthetic crBRNAs targeting the
genome-encoding lacZ gene with Type I-E and Type II-A systems, author reported that
surviving clones either had deletions of spacer or repeat sequences in the plasmids (Type |-
E) or complete deletion of the endogenous targeted lacZ gene (Type II-A), findings that
indicate a genome modification mediated by homologous recombination in a flanking region

of the gene (Cui & Bikard, 2016).

These responses not only contribute to bacterial survival but also hold promise for
developing gene editing tools capable of eliminating large genomic portions in the presence
of self-targeting. For instance, engineered miniature Cas12F from Acidibacillus sulfuroxidans
has been used to delete up to 300 base pairs in a genome-targeting strategy (Wu et al., 2021).
Additionally, the presence of a helicase-containing nuclease like Cas3 has been shown to
perform even larger deletions, such as up to 424 kilobases in Pseudomonas aeruginosa,
demonstrating the potential for leveraging bacterial adaptive mechanisms for precise

genome editing (Csdrgd et al., 2020).

Self-target with partial complementarity

Mutations on protospacer leading to partial complementarity is another strategy to
escape self-targeting in bacteria. In particular cases, although the specific CRISPR-Cas
system may not mediate nuclease activity, it retains the target recognition function and can
act as a transcriptional regulator. Studies on the FnoCas12a and FnoCas9 systems from the
model bacterium Francisella novicida have shown their role in transcriptional regulation

through modulating crBRNA complementarity with DNA targets. Despite partial



complementarity with the protospacer, the complex can recognize the target without cleaving

the DNA (Ratner & Weiss, 2021).

This mode of interference can also be associated with small CRISPR-like RNAs in the
type I-F1 CRISPR-Cas system, functioning as regulatory guides that repress Cas promoters
without DNA degradation (Shmakov et al., 2023). Similarly, the discovery of a natural long
tracrRNA (tracr-L) in the type II-A CRISPR-Cas system of Streptococcus pyogenes shows
how a repeat-spacer-like sequence can transform the tracrRNA into a transcription
repressor(Workman et al., 2021). This mechanism effectively prevents autoimmunity upon
complex with Cas9 and interaction with the respective promoter. These findings highlight the
diverse roles of partial complementarity in CRISPR-Cas systems, with significant implications

for gene regulation and bacterial behavior.

Furthermore, population-driven behavior was evident in a case study of STS with
partial complementarity within the Type I-F CRISPR-Cas system targeting lysogenized
prophage DMS3 in Pseudomonas aeruginosa (Zegans et al., 2009). Zegans and colleagues
examined the population dynamics influenced by P. aeruginosa's Type I-F CRISPR-Cas
system, revealing its impact on biofilm formation and swarming motility. Additionally, upon
Cas3 activation, the recruitment of RecA, a crucial component of the SOS-regulated phage-
related genes, was observed (Heussler et al., 2015). This population-driven behavior
emphasizes the complexity of bacterial responses to self-targeting challenges and the
importance of understanding population dynamics in CRISPR-Cas-mediated immunity,
which may have significant effects on ecological dynamics and microbial community

structure (Broniewski et al., 2021).

Self-targets in presence of anti -CRISPR proteins

A significant portion of documented self-targeting spacers (STS) originate from
prophages integrated within the genomic islands of the host genome (Nobrega et al., 2020).
In the ongoing evolutionary arms race, bacteriophages and prophages have evolved anti-
CRISPR (Acr) proteins to circumvent bacterial immune defenses. The investigation of
bacterial systems harboring STS often focuses on investigating Acr. In fact, among the
diverse repertoire of bacterial immunity inhibitors (Mayo-Muhoz et al., 2024), Acr proteins
have attracted significant attention. This interest is due not only to their role in elucidating the
natural regulatory mechanisms that bacteria use to modulate their CRISPR-Cas immune

systems but also to their potential applications in CRISPR-based genome editing.



Acr proteins, encoded by bacteriophages, are small molecules that inhibit the
CRISPR-Cas bacterial immune system, particularly by impeding DNA cleavage in STS-
containing systems. Remarkably, most identified Acr proteins thus far have been found to
inhibit Type | and Type Il CRISPR-Cas systems, with recent discoveries extending inhibition
to Type lll and Type V systems. Acr exhibit a broad spectrum of actions, including, but not
limited to i. the inhibition of spacer acquisition  which has been observed in an archaeal
phage-encoded Cas4:AcrlA1 protein inhibiting Type |-A adaptation system (Dao et al., 2023;
Zhang, 2019); ii. interferen ce with crRNP complex assembly , exemplified by AcrliC2 and
AcrlD1 targeting Type Il and type I-D, respectively (Manav et al., 2020; Thavalingam et al.,
2019); iii. Certainly, they participate in the inhibition of nuclease activity by binding it to the
catalytic domain of the respective nuclease, as evidenced for instance by the AcrlIC1
(Harrington et al., 2017). iv. They obstruct binding sites , a phenomenon observed in several
Acr targeting Type I-F systems, which mimic PAM duplex interactions to block both binding
sites of target DNA and PAM recognition (Gabel et al., 2021). v. Acr proteins have been
observed to mimic DNA structures , such as DNA hairpins or double-stranded DNA,
effectively competing with target DNA binding sites (Deng et al., 2024; Shin et al., 2024).
Additionally, recent findings have uncovered a novel class of small non-coding RNAs, termed
RNA Acrs (Racrs), which resemble CRISPR repeats and are able to inhibit interference

activity of type I-F CRISPR-Cas system (Camara-Wilpert et al., 2023).

In the presence of STS, Acr proteins AcrF1 and AcrF3 in P. aeruginosa inhibit both
spacer acquisition and interference mechanisms of Type IF system (Vorontsova et al., 2015).
AcrF1 physically interacts with DNA-binding surfaces, while AcrF3 blocks Cas3 recruitment
by the Cse1 subunit in the complex, prohibiting binding to the DNA substrate, thus, impeding
interference activity (Bondy-Denomy et al., 2015; Maxwell et al., 2016; Wang et al., 2016).

Similarly, in Type Il systems, Acr proteins interfere with Cas9 stability, complex
formation (Osuna et al., 2020), DNA-binding, and cleavage (X. Li et al., 2023; Song et al.,
2022). The dynamic interplay between self-targeting spacers and Acr proteins highlights the
adaptive strategies bacteria employ to evade CRISPR-Cas immunity. Moreover, these
proteins exhibit high species-specificity (Pawluk et al., 2016), and might serve as natural
CRISPRI tools when dealing with regulation of endogenous genes without degrading the
target. Therefore, making them valuable tools not only in bacterial contexts but also in

contemporary mammalian cells gene editing field (Nakamura et al., 2019).



l.1.VI Self-targeting beyond defense: Implications as natural
interference tools

The emergence of self-targeting spacers (STS) within bacteria and archaea equipped
with CRISPR-Cas systems, alongside their survival outcomes, suggests a participation of
Acrs in many of these scenarios. In cases when the STS is directed towards functional genes,
such the ones present in recent reports (Cardona & Rivera, 2023)rather than prophages,

rases questions about evolutionary conditions leading to bacterial survival.

Growing literature expanding the roles of CRISPR-Cas systems beyond adaptive
immunity encourages us to explore the broader context of interference, particularly the
interference whose mechanism does not involved harm to DNA but downstream regulation.
CRISPR interference (CRISPRI) has been proposed as a crRNA-guided model that not only
provides immunity but also acts as a transcription regulation-based tool. This tool has been
used to investigate the role of essential genes using controlled downregulation rather than
complete gene knockout. (Rousset et al., 2018). Synthetic CRISPRI tools utilize engineered
nuclease-deficient CRISPR-Cas variants to regulate gene expression. This is the well-studied
death Cas9 (dCas9) which contains a catalytically inactive Cas9 that binds to the target
without producing the dsDNA break. Mechanistically, the complex acts as a “roadblock” for
the RNA polymerase (RNAP) and depending on the target position it can inhibit transcription
initiation or elongation (Gilbert et al., 2013; Qi et al., 2013). Similarly, mutations on the HD
domain of the Cas3 protein can be generated to abolish nuclease activity while retaining
target binding of the Type | CRISPR-Cas systems (Mulepati & Bailey, 2011). In this context,
the cascade physically obstructs RNAP progression, inhibiting transcription elongation

(Prescott & Proudfoot, 2002; Shearwin et al., 2005).

Natural CRISPRi systems can be also found in the case of nuclease-deficient
CRISPR-Cas systems. For instance, Cas12c from Type V system employs a DNase-
independent interference mechanism for transient antiviral immunity by impeding
transcription elongation for RNAP (Huang et al., 2022). This non-canonical function extends
not only to Class 2 systems acting on DNA substrates but also to cases where the

degradation of host mRNA transcripts could lead to potential lethal effects.

A study on the Type llI-B CRISPR-Cas system in Myxococcus xanthus found that a

spacer matching the pilA gene segment, which encodes the major subunit of pilin, leads to



increased exopolysaccharides (EPS) production and enhanced fruiting body development

(Wallace et al., 2014).

An example can be observed in on the Type llI-B CRISPR-Cas system in Myxococcus
xanthus where a spacer fully complementary to a segment of the pilA gene, which encodes
the major subunit of pilin, leads to increased exopolysaccharides (EPS) production and
enhanced fruiting body development (Wallace et al., 2014). Here, the Type Ill system seems
to use a function unrelated to immunity in response to the spacer, suggesting a CRISPR
interference (CRISPRI) effect similar to RNA interference (RNAI). This indicates that transcript
regulation extends beyond MGE infection, influencing key cellular processes (Hale et al.,
2012; Makarova et al., 2006). Furthermore, one controversial observation was reported for a
potential MRNA degradation by a Type I-F CRISPR-Cas system (Li et al., 2016). The authors
claimed that the STS that targets the endogenous lasR gene, is able to degrade the mRNA
of the gene with a 5'-GGN-3' PAM-like sequence and a nine-nucleotides downstream as a
seed region. However, subsequent discussions have raised questions regarding the impact
of this reported mRNA targeting mechanism on the bacterial transcriptome Among the
considerations, there is for instance a possible regulatory effect on mRNA abundance due to
a large number of potential targets sharing a similar PAM-like sequence and seed region,
therefore this organism should have evolved a mechanism to avoid cleavage of off-target

mRNA (Mliller-Esparza & Randau, 2017).

Another intriguing aspect of natural CRISPR interference mechanisms is their
apparent co-evolution with MGEs. Multiple studies have revealed cases where CRISPR-Cas
systems are recruited by transposons, plasmids, and phages. Although MGE may lose their
interference capacity, they often retain the ability to recognize specific targets (Faure,
Shmakov, et al., 2019), suggesting once more an alternative function beyond defense. For
example, studies in Campylobacter jejuni have revealed the involvement of noncanonical
crBNA derived from host transcripts outside of the CRISPR locus, which participate in Cas9-
guided DNA degradation. These transcripts hybridize to the tracrRNA and guide the crRNP
complex to the desired target (Jiao et al., 2021). Similarly, recent research has highlighted
the role of mini-arrays encoding Cas-regulating RNAs (CreRs), which resemble crRNAs. The
CreRs serve as modulators of several Types I-B, I-E, and V-A Cas effectors, helping to

mitigate lethal effects during autoimmunity (Liu et al., 2023).



Focusing on the Type IV-A1 CRISPR-Cas system, unlike the described CRISPR-Cas’
STS common evasion/survival strategies, Type IV-A1 appears to function as a natural
CRISPRI system whose activity notably resembles dCas9 or other. Since both systems can
interfere with the target without DNA degradation (Guo et al., 2022). Understanding the
mechanism of Type IV-A1 crRNP interference and its impact on adjacent target regions is
therefore crucial, considering the potential applicability and similarities between the Type IV

CRISPR-Cas system and dCas9 in various biological contexts.

l.I.VII Versatility of Type IV CRISPR -Cas systems:
Interference for invading plasmids and genomic targets

After the first experimental characterization of a Type IV CRISPR-Cas system (Ozcan
et al., 2019), the need of deciphering the mechanism by which this system might interfere in
the plasmids warfare and in the host (Pinilla-Redondo et al., 2020), as well as understanding
the role of each protein in vivo, led us to optimize the characterization by identifying another
Type IV-A CRISPR-Cas-encoding bacterium with high degree of protein similarity to the
system reported in A. aromaticum. The selection of Pseudomonas oleovorans as the model
organism for this study was then also grounded in practical considerations. As a member of
the Pseudomonas genus, its phylogenetic proximity to other environmentally and clinically
relevant Pseudomonas species facilitated extrapolation and comparison of findings. The
presence of a bona fide spacer targeting an endogenous gene pointed out the possibility of
a versatile system that participates in both plasmid interference and transcriptional regulation
in the host. However, the elucidation of the interference mechanism and the range of the

effect remain under investigation.

Chapter 1. 1I:

l.Il. Aims of this study

The overall objective of this thesis is to investigate the CRISPR interference
mechanism of the Type IV-A1 CRISPR-Cas system of Pseudomonas oleovorans, using an
integrated approach that combines high-throughput transcriptome analysis, single-molecule
microscopy, and in vivo interference activity assays. The ultimate goal is to provide a
comprehensive understanding of the Type IV-A1 CRISPR-Cas system's functionality and its

potential applications as a genetic tool.



In Chapter 1l , we aim to identify the distinct features of the Type IV-A CRISPR-Cas
system in its native organism. This includes investigating the transcription and processing
dynamics of CRISPR components, particularly crRNA processing, and analyzing spacer
content and target preferences. Additionally, we seek to identify a consensus PAM sequence
essential for precise interference activity in vivo against targets on plasmids, phages, and the
host chromosome. We also explored the behavior of the crRNP complex and the

transcriptome landscape in the presence and absence of the STS.

Chapter Il is a followed-up study which focuses on visualizing the target interference
mechanism in both native and recombinant systems. We aim to elucidate the activities of the
crBNP complex in the presence of plasmid and genome targets, assess the range of
interference on genomic targets, and investigate the role of CasDinG in promoter regions.
We compared the transcriptional-related effects induced by the CRISPRi activities of our
system to those of dCas9, which is the well-known synthetic CRISPRi tool. Additionally, we
visualized plasmid interference dynamics in real-time, examining the interplay between the

CRISPR-Cas system and host proteins involved in DNA replication.

Finally, Chapter IV presents a comprehensive discussion of the study, highlighting
the main findings and their relevance to the overall research context. | discuss the
implications of the STS for understanding CRISPR activities beyond immunity, hypothesize
the possible origins of the STS in the Type IV-A1 CRISPR-Cas system, and conclude with
potential applications and limitations of the study. This chapter provides meaningful context

for the Type IV-A1 CRISPRI activities in vivo.
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ABSTRACT

Bacterial Type IV CRISPR-Cas systems are thought to rely on multi-subunit ribonucleoprotein
complexes to interfere with mobile genetic elements, but the substrate requirements and
potential  DNA nuclease activities for many systems within this Type are uncharacterized.
Here we show that the native Pseudomonas oleovorans Type IV-A CRISPR-Cas system
targets DNA in PAM-dependent manner and elicits interference without observation of DNA
nuclease activity. We found that the first crRNA of P. oleovorans contains a perfect match in
the host gene coding for the Type IV pilus biogenesis protein PilN Deletion of the native Type
IV CRISPR array resulted in upregulation of pilN operon transcription in the absence of
genome cleavage, indicating that Type IV-A CRISPR-Cas systems can function in host gene
regulation. These systems resemble CRISPR interference (CRISPRi) methodology but
represent a natural CRISPRI-like system that is found in many Pseudomonas and Klebsiella

species and allows for gene silencing using engineered crRNAs.



MAIN

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-
associated (Cas) proteins elicit adaptive immunity in many bacterial species'?. Foreign DNA
fragments, termed protospacers, with short protospacer-adjacent motifs (PAM) are captured
by Cas1-Cas2 adaptation complexes and inserted into an extending CRISPR locus®®.
Transcription and processing of the CRISPR array results in mature CRISPR RNAs
(crBNAs)*67 that guide CRISPR ribonucleoprotein complexes (crRNPs) towards
complementary nucleic acid target sequences®®'°. Two classes and six types of CRISPR-
Cas systems have been classified'’ and Type IV CRISPR-Cas remains as the only Type
without description of its endogenous activity. Subtype IV-A CRISPR-Cas was first
discovered in the genome of Acidithiobacillus ferrooxidans '> and later shown to contain the
signature proteins Csf1 and the crRNP backbone subunits Csf2'. Type IV-A systems are
usually present on large plasmids (>200 kb)' and lack adaptation modules and apparent
DNA nucleases like Cas3 or Cas10'®', Identification of plasmid-borne protospacers targeting
conjugative elements suggested that Type IV systems are mainly involved in inter-plasmid
competition™. The characterization of recombinant Cas proteins of the Type IV-A system of
Aromatoleum aromaticum™ indicated the presence of crRNPs that resemble Type |
effectors’®'’. Heterologous anti-plasmid interference activity was reported for a Type IV-A
system of Pseudomonas aeruginosa and shown to require DinG activity'®'® However, it is not
known how its crRNPs can combat plasmids without an apparent target DNA nuclease. In
order to pinpoint the native activity of a Type IV-A CRISPR-Cas system, we identified and
characterized a complete cas gene module (csf1 (cas8-like), csf2 (cas7-family), csf3 (cas5-
family), csf5 (cas6-family) and csf4 (dinG)) and a neighboring CRISPR array on a megaplasmid

of Pseudomonas oleovorans.



RESULTS

The CRISPR arrays of P. oleovorans

The Type IV-A CRISPR-Cas system was identified on an IncP-9 family plasmid of P.
oleovorans strain DSM1045 (Fig 1.1 A, B). In addition, a Type I-E and a Type I-F CRISPR-Cas
system are present in the host genome and contain cas1-cas2 adaptation modules. Small
RNA libraries of P. oleovorans DSM1045 were sequenced using lllumina RNA-seq
methodology and sequencing reads were found to map to all three CRISPR arrays (Fig 1l.1A
and Extended data Fig 11.1). Mature crRNAs were identified to contain 8 nt long 5'-terminal
repeat tags (Type IV: 5-GUGAGCGS, Type {E: 3-AUGAACCS, Type 4F: B-CUCAGAAAR) that
indicate processing of the CRISPR array transcript at the base of hairpin structures of the
individual repeats. Each CRISPR-Cas system was found to contain a Cas6-family crRNA
endonuclease that enables subtype-specific crRNA maturation. Abundance of individual
crRNAs was highly variable for different CRISPR arrays, but the large numbers of mature

crRNA sequences suggests that all three native systems are active.

The Type IV-A CRISPR-locus contains twenty spacers, generating twenty crRNAs
with different targeting potential. BLAST search analyses?® identified targets for the spacers
of the Type IV-A CRISPR array in transposon and plasmid elements. Alignment of the
genomic context of these target protospacers unveiled a consensus 5'-AAG-3' PAM-motif at
the 5' end of the non-targeting strand (Fig I1.1C). In addition, we identified two targets of Type
I-E crBRNAs and both protospacers also exhibited a 5'-AAG-3' PAM (Extended data Table
I1.1). Therefore, it is plausible that the Type |-E adaptation module defines the PAM
requirements for both systems and compensates for the absence of cas1-cas2 genes in the

Type IV-A CRISPR-Cas system.
PAM-dependent Type IV -A CRISPR-Cas activity

We investigated P. oleovorans Type IV-A CRISPR-Cas activity using a plasmid expressing
sfGFP and different versions of a second pUCP18 plasmid coding for crRNAs that target
selected gfp protospacers (Extended data Table 11.2 ). The GFP signal was quantified using
flow cytometry and revealed GFP signal reduction for protospacer targets in the gfp coding
and non-coding strand in the presence of a 5-AAG3' PAM Fig I1.1D). A protospacer target
in the gfp coding strand with 5'-CGG3' PAM and a noitargeting crRNA did not result in
significant GFP signal reduction, suggesting PAM-dependent CRISPR interference. To



follow plasmid curing in this system, P. oleovorans was transformed with target and crRNA-

production plasmids and cultivated for 12 hours without antibiotic selection for the target
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plasmid (Extended data Table 11.2 ). The cells were then transferred into a medium with

Q

antibiotics to select for the presence of both plasmids. PAM-dependent plasmid curing was
observed indicating that the native Type IV-A crRNP can interfere with plasmid replication

(Fig I1.1E).

Figure 11.1. In vivo activity of the P. oleovorans  Type IV-A CRISPR-Cas system . a. Coverage plots
of small RNA-seq analysis of three P. oleovorans CRISPR-Cas systems highlighting transcription and
effective processing of individual crRNAs. High abundance of Type IV-A crRNA8 correlates with a point
mutation in repeat 7. Repeat structures and their observed processing sites are indicated. b. Gene
organization of the Type IV-A CRISPR-Cas system in P. oleovorans strain DSM 1045. c. Schematic
representation of Type IV-A R-loop formation of crRNA1 and its genomic pilN target. The indicated
PAM sequence was observed for all identified protospacer targets of this CRISPR array. d.



Fluorescence intensity measurement of a gfp-containing plasmid targeted by engineered crRNAs in P.
oleovorans. The target protospacer strand and its PAM are indicated. A crRNA without a protospacer
target served as control. e. Plasmid curing efficiency was calculated in reference to colony forming
units of cells containing non-targeting crBNAs. The  PAM is indicated. f. Plaque-forming units (PFU)
were identified following virulent lambda phage infection of E. coli cells producing recombinant Type
IV-A crRNPs. Activities of two crRNAs targeting geneE with 5'-CGG-3' and 5'-AAG-3' PAMs are
compared and DinG deletion and K136A mutants were assayed during AAG protospacer targeting. g.
EQT assays of recombinant Type IV-A crRNPs targeting protospacers on an electroporated plasmid
with the indicated PAM sequence in E. coli. The AAG-PAM (see b) served as positive control, a crRNA
without protospacer match as negative control. h. EOT assays were performed with an AAG
protospacer and indicated cas gene deletions and mutations. All experiments were performed in
triplicates (n=3 biologically independent samples). Data are presented as mean values +/- SD. P-
Values were calculated using unpaired f-test for d (**p=0.009; ***p=0.0006) and e (**p<0.0001), and
unpaired t-test for f (**p=0.0006), g (TGG *p=0.0235; AGG *p=0.0463; TAG *p=0.0283; others
***p<0.0001), and h (***p<0.0001).

To analyse this targeting mechanism in greater detail, we designed a heterologous E.
coli BL21-Al system for the production of recombinant P. oleovorans Type IV-A crRNPs. The
genes csfl-5 and a minimal CRISPR array consisting of a single spacer-repeat-spacer unit
were provided on two plasmids (Extended data Table 1.2 ). Protospacer-containing target
plasmids (pCDF-Duet1) were then transformed into E. coli using electroporation and the
efficiency of transformation (EOT) was calculated. We observed reduced transformation
efficiency only for plasmids carrying a protospacer with a 5'-AAG3' PAM, indicating that the
recombinant Type IV-A system facilitates PAM-dependent interference (Fig 11.1G). Base
pairing of PAM sequences and crRNA repeat is used to identify self-targets in Type |l
CRISPR-Cas systems and to prevent DNA cleavage'®?'#. In our system, the -1 position of
the 5-AAG3' PAM can base pair with the TypeACrRNA repeat. To obtain insights into the PAM
specificity in this interaction, we mutated the -2 and -3 PAM nucleotides in the target plasmid
and followed changes in the EOT for the different constructs (Extended data Table 1.2 ). We
showed that the presence of 5-GTG3' and 3-AAN3' PAM sequences result in significant EOT
reduction (Fig I11.1G). However, many other PAM sequences without complementarity to the
5'-crRNA repeat tag prevented astiasmid activity, suggesting a PAM selection mechanism that
resembles Type | CRISPR-Cas systems. Larger EOT error bars correlate with highly
variable sizes of obtained colonies and might be an indication of competition between

plasmid replication and interference in these assays.

Next, we analysed Cas protein mutants in the recombinant system. The putative

helicase DinG is found in all Type IV-A CRISPR-Cas systems, but its function is not known?.



A multiple sequence alignment of several Type IV-A associated DinG enzymes revealed a
conserved walker-A motif indicative of ATP-binding (Extended data Fig 11.2 ). EOT assays
showed that a null mutation in the walker-A motif of DinG (K136A) abolished interference,
suggesting that ATP-dependent helicase activity of DinG is crucial for CRISPR interference
(Fig Il.AF, H and Extended data Table I.2 ). These results agree with the requirement for
DinG activity in EOT assays using recombinant P. aeruginosa crRNPs'®. The function of the
signature protein Csf1 is elusive, but it was suggested that this protein might fulfil the crRNP
large subunit’s role of PAM recognition and R-loop stabilization?*?°. A conserved cysteine-
rich motif of Csf1 was identified and could be part of a zinc-finger structure involved in target
recognition?*?’. EQOT assays highlight the functional importance of this motif as single

mutations in each of the cysteine residues abolished CRISPR interference (Fig 11.1H).

As some Type IV CRISPR arrays also contain spacers that match viral targets, we
evaluated their phage targeting potential. Therefore, plasmids coding for a crBRNA that targets
lambda phage geneE next to a 5'-AAG3' or a 3-CGG3' PAM were transferrd into E. coli producing
recombinant Type IV-A crRNPs. Cells were infected with a virulent lambda phage (Avir) and
plague formation was quantified. We observed PAM-dependent immunity against lambda
phages (Fig Il.1F). The deletion of the dinG gene or the introduction of a null mutation (K136A)

in DinG abolished plaque reduction, indicating that DinG is required for this activity.

Self-targeting activity of recombinant Type IV -A crRNPs

It remains unclear if the observed activities against phages and plasmids require DNA
degradation. An earlier report showed that Type |-C CRISPR-Cas activity can be evaluated
using lacZ blue-white screening®. In this system, white colonies correlate with large genomic
deletions around the lacZ gene as a consequence of the activity of the DNA nuclease Cas3%.
We used this Type I-C system activity as a control and designed a comparable set-up to
monitor genomic lacZ targeting of our Type IV-A system. Plasmids coding for a crRNA with
a spacer base pairing with protospacers in either the coding or non-coding strand of lacZ
were transferred into E. coli cells producing Type IV crRNPs (Extended data Table 1.2 ). The
presence of a non-targeting crRNA resulted in all blue colonies. For both Type I-C and Type
IV CRISPR-Cas systems, the presence of crRNAs with lacZ protospacer targets resulted in
significant and comparable amounts of white colonies (Fig II.2A and Extended data Fig 1.3 ).
Protospacers in both strands and adjacent of the lacZ gene region generated white colonies,

providing further support for a DNA targeting mechanism (Extended data Fig 1.4 ). A DinG



null mutant (K136A) did not induce white colony formation (Extended data Fig II.3A ). Next,
we PCR-amplified the lacZ gene of selected blue and white colonies. All blue colonies
contained intact lacZ. Strikingly, the PCR ampilification of fourteen white colonies indicated
no bands for the Type I-C system and wildtype bands for the Type IV-A system (Fig 11.2B, C).
We sequenced these PCR amplicons and obtained wild type sequences, confirming that
Type IV-A-mediated CRISPR interference of lacZ did not involve DNA degradation or
mutation. In agreement, individual blue and white colonies were picked and shown to be able

to revert their phenotype when grown on new plates (Extended data Fig. 11.3B ).
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Figure I1.2. Self -targeting CRISPR interference of recombinant Type IV -A crRNPs in E. coli. a.
Representative blue-white screening of E. coli BL21-Al cells producing either recombinant Type |-C or
Type IV-A crBNPs. Individual crRNAs are targeting lacZ and the protospacer strand is indicated. A
crRNA without lacZ target served as a negative control. Experiment was repeated four times observing
similar results. b. Quantification of the observed percentage of blue colonies for all ((=9852) counted
colonies on friplicate plates (n=3 biologically independent samples). Data are presented as mean
values +/- SD. P-Values were calculated using unpaired t-test (***p<0.0001). c. Representative PCR
amplification of a 900 bp lacZ product. All investigated colonies revealed the absence of lacZ following
Type I-C CRISPR-Cas genome editing while all white colonies with Type IV-A crRNPs maintained lacZ.
Sequencing of PCR bands revealed wild type sequences. PCR products were run in three gel obtaining
similar results.

Self-targeting activity of the native system

We aimed to evaluate the biological relevance of such Type IV-A self-targeting
mechanism. The native Type IV-A CRISPR array in P. oleovorans contains with spacer 1 a
perfect match for the host chromosome gene pilN, which encodes for a Type IV pilus
assembly protein. Therefore, crRNA1 should be self-targeting, which is further supported by
the presence of a correct 5-AAG3' PAM sequence next to thalN target (Fig 11.1C). To visualize
the scanning of self-targets in the P. oleovorans genome, we fused the mNeonGreen
fluorescent protein to Cas6 in both a wild type (WT) and a Type IV CRISPR array deletion
(ACRISPR) strain, allowing us to quantify changes in the crRNP dynamics at the single-

molecule level. Diffusion patterns of Cas6-mNeonGreen revealed two molecule populations



mainly distributed in the bacterial nucleoid (Fig 11.3A and Extended data Fig II.5A, B ). The
distribution of molecules over the nucleoid and the fact that most of the confined molecules
(dwell events) in the WT strain are located there, suggest the existence of a self-target region
(i.e. piIN) (Fig 11.3B, C). Similarly, among the mobile molecules, there is an increase of
molecules with low diffusion rate in the WT strain (60.2%) compared with a 24.8% of
molecules in the ACRISPR strain, which again might be biologically associated with a longer
scanning time of the crBNPs attached to the fluorophore in the WT strain (Fig 11.3D).
SMTracker 2.0 software®* was used to estimate the number of crRNPs and we observed an
average of 26 crRNPs in a single P. oleovorans cell (Extended data Fig 11.5C, D ). Therefore,
the presence of a significant number of Type IV crRNPs in the cells correlates well with the

observed RNA-seq data of mature crRNAs (Fig. I1.1A).

(See figure on next page)

Figure 11.3. Self -targeting Type IV -A CRISPR interference in P. oleovorans cells. a . Single molecule
tracking of crBNPs via Cas6-mNeonGreen in wildtype (WT) and delta CRISPR array (ACRISPR) P.
oleovorans strains, respectively. Gaussian mixture model (GMM) analyses of frame-to-frame
displacements in x- and y-directions were performed: the black line represents the sum of the two
Gaussian distributions; dotted red and blue lines represent the single Gaussian distributions
corresponding to the static and mobile fractions. Inset heat maps show the spatial distribution of
fluorophores mainly located in the nucleoid of the cell. A darker colour indicates that more tracks with
longer scanning time are distributed in that area. b. Projection of 98300 tracks analysed from 60 cells
in WT and 92400 tracks analysed from 62 cells in ACRISPR array and represented into a standardized
cell model. A trajectory is considered to present confinement (red) when it has at least one dwell event.
Molecules changing between confinement and mobility are termed “transition” (mixed behaviour) and
are shown in turquoise. Freely diffusive molecules lacking considerable parts of confinement are
shown in blue. c. Representatives cells from the WT and ACRISPR array P. oleovorans strains,
respectively, scale bar 2um. Tracks show confinement (red), transition (turquoise) and freely diffusive
(blue) molecules. Similar results were observed for the 60 and 62 cells from WT and CRISPR,
respectively. d. Bubble plots showing fraction sizes (size of the bubble) and diffusion constants (y-
axis) in a P. oleovorans strain expressing free-diffused mNeonGreen, a WT, and ACRISPR array P.
oleovorans strains. Step size distributions reveal two populations, a mobile (upper circle) and a static
(lower circle) fraction. e. lllumina RNA-Seq coverage plots of the pilN operon region highlight specific
loss of pilN reads for the wildtype strain in comparison to the ACRISPR (KO) strain. f. RT-gPCR data
support upregulation of pilN in the ACRISPR array strain. Similar expression patterns are observed in
early logarithmic phase (EP) as well as during late logarithmic phase (LP). Experiments were performed
with n=4 biologically independent colonies. Statistical analysis was performed using an unpaired f-
test. Data are presented as mean values +/- SD with a ***p<0.0001. g. Scatter plot of the genes
upregulated in the delta CRISPR array strain showing significant expression of genes in the pil operon
including pilN, pilO, pilP, and pilQ. A list of all genes with significant p-value is provided in Extended
data Table 3.
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Type IV-A self-targeting at the pilN gene should influence pilN transcript levels. We

used RNA-seq to compare the transcriptomes of wild type P. oleovorans cells ACRISPR

strain. The effective absence of sequence reads mapping to the CRISPR locus verified its

successful deletion in the ACRISPR strain. We calculated the changes in transcript

abundance and observed the strongest increase for transcripts of pilN and neighbouring

genes in the ACRISPR strain (Fig 11.3E, G). gRT-PCR verified significantly increased pilN




transcript levels in this strain (Fig 11.3F). These results suggest that the native pilN operon is
downregulated by crRNA1 of the P. oleovorans Type IV-A system. It is possible that the self-
targeting of pilN is a result of neutral evolution that is tolerated in the cell as the target is not
degraded. In agreement, we did not observe a clear growth advantage for the ACRISPR
strain. Alternatively, P. oleovorans might even benefit from a reduction of type IV pilus
formation in an environment where its presence is not essential, and the bacterium might
save energy. Type IV pili are involved in the uptake of DNA (natural transformation and
bacteriophage infection) and P. aeruginosa type IV pili were shown to bind DNA®. Thus, it is
intriguing to speculate that a CRISPR-Cas system that evolved to target foreign DNA might
benefit from down-regulating a cellular component that is involved in the uptake of such

foreign genetic material.

Finally, we introduced synthetic crRNAs into wild type P. oleovorans cells to analyse
the efficiency of gene silencing applications based on endogenous Type IV-A CRISPR-Cas
activity. A first target was the gene trpE designed to create a tryptophan auxotroph strain
(Fig. 11.4A). Successful trpE silencing was evidenced by nearly four orders of magnitude lower
colony numbers after crRNA-trpE induction in minimal medium without tryptophan
(Extended data Fig. 11.6). As a second target, a crRNA against gene hmgA was shown to
stimulate production of the pigment pyomelanin (Fig. 11.4B). These phenotypes upon
production of synthetic crRNAs indicate they can compete with endogenous crRNAs for
incorporation into wild type Type IV-A effectors and enable sequence-specific inactivation of

targeted pathways.
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Figure 1.4. CRISPRI activity in  P. oleovorans using engineered crRNAs . Plasmids with a Type IV-
A repeat-spacer-repeat construct were conjugated into wild type P. oleovorans cells. The crRNA
spacers (Extended data Table 2 ) are complementary to the non-coding strand of the indicated genes
in the host genomes and CRISPRI phenotypes were analysed after the induction of crRNA expression
with arabinose (ara). a. Targeting of trpE induces tryptophan auxotrophy, which can be complemented
by the addition of tryptophan (trp). Representative cell growth (after 24 hours) for indicated conditions
(top/middle) was quantified for OD600 values (bottom) b. Targeting of hmgA induces formation of
pyomelanin. Representative pigment accumulation (after 48 hours) (top/middle) was quantified for
OD400 measurements (bottom) of the supernatant. All experiments were performed in triplicates (n=3
biologically independent samples). Data are presented as mean values +/- SD. Statistical analysis were
performed using an unpaired t-test (**p=0.001 for trpE and **p=0.0028 for hmgA).

DISCUSSION

In conclusion, we showed that the Type IV-A CRISPR-Cas system of P. oleovorans
targets DNA in a PAM-dependent manner and can be used to down-regulate gene
expression in the absence of DNA nuclease activity. The mechanism of this system resembles
CRISPRi methodology which uses CRISPR-Cas proteins with inactivated catalytic sites (e.g.,
dead Cas9 (dCas9) or missing nucleases (Cascade without Cas3) to stably bind targets and

block the transcription machinery®'-%, We would like to note that Type IV CRISPR-Cas activity



also generated heterogenous colonies with distinct blue and white patterns (Extended data
Fig. 11.3B) in our heterologous E. coli system. This observation suggests possible feedback
mechanisms that remain to be elucidated. = Type IV-A CRISPR activity at genomic DNA
resembles CRISPRI-like tools. In return, we propose that endogenous Type IV-A
CRISPR-Cas systems (e.g. found in many pathogenic Pseudomonas and Klebsiella strains)
can be utilized for convenient regulation of host gene expression by providing synthetic

crBRNA sequences.

MATERIAS AND METHODS

Strains and growth conditions

E. coli BL21-Al and P. oleovorans DSM 1045 cells were cultivated in LB media at
37°C. Gene expression was induced in E. coli BL21-Al by the addition of 1 mM IPTG and
0.2 % arabinose. E. coli WM3064 cultures were grown at 37°C in LB media supplemented

with diaminopimelic acid (DAP).

lllumina RNA Sequencing

P. oleovorans DSM 1045 cells were grown until OD600=0.4. To analyse crRNA
processing, smal/l RNAs were extracted and enrich
with DNase | (NEB), end-repaired with T4 Polynucleotide Kinase (NEB), and submitted to
|l i brary preparation using a NEBNext® Ultra™ RNA

the manufacturer’s instructions. For the transcrt
1045 WT and delta CRISPR array strains, total RNA wa s extracted with a
isolation kit (Ambion) from cells exponentially growing at two different phases, early phase

(EP) until OD600=0.3 and late phase (LP) OD600=1. The extracted RNA was treated with

DNase | (NEB), rRNA depleted using a NEBNext® rRNA Depletion Kit (Bacteria) and
submitted to |ibrary preparation using a NEBNext
Ki t for 'l umi na®, foll owing t he manufacturer
sequencing was performed using an Illlumina® MiniSeq ™ Sy st em -dncdimodei ngl e
generatingl50 nt reads. Data quality was analyzed using FastQC 0.11.9, reads were

trimmed with Cutadapt 2.8, and aligned to the genome of P. oleovorans DSM 1045 using
Hisat2 2.2.13+%, Data analysis, coverage plots, and scatter plots were generated using the
R packages ggplot2 3.3.6 and DEseq2 v1.36.0%*%, Mapped reads were visualised and
inspected using IGV 2.13.2%



Conjugation of P. oleovorans

Genetic constructs for genome editions in the P. oleovorans strains were delivered
via conjugation following an adapted protocol from “° and using the helper strain E. coli
WM3064. As this strain is DAP-auxotroph, 0.3 mM DAP was added to the LB media and agar
plates, allowing the maintenance of the E. coli strain during the first step of conjugation. The
absence of DAP allowed the elimination of E. coli and visualization of only P. oleovorans
transformed cells. For the first event of conjugation 1 ml and 0.5 ml of a fresh overnight culture
of P. oleovorans and E. coli WM3064, respectively, were harvested separately by
centrifugation at 8000 x g for 3 min at room temperature. Cell pellets were washed twice with
LB supplemented with 0.3 mM DAP (LB-DAP) and finally resuspended in a total volume of
100 pl of LB-DAP. The whole suspension was pipetted as a single drop onto a LB-DAP agar
plate. Plates were incubated for five to seven hours at 37°C. After incubation, cells were
harvested by adding 2 ml of plain LB medium to the plate and scraping the agar with an
inoculation loop. Cells were washed two times with 1 ml of plain LB medium to remove traces
of DAP. Finally, cells were resuspended in 1 ml of LB medium and serial dilutions of 10" and
102 were plated onto agar plates supplemented with 50 pg/ml kanamycin or 30 pg/ml
gentamicin. A negative control was considered as the P. oleovorans strain before

conjugation. Plates were incubated at 37°C for 36 hours.

Generation of P. oleovorans gene knock -in and knock -out strains

Insertions and deletions of specific elements in the P. oleovorans genome were
carried out following the adapted protocols for endonucleases-mediated recombination3®,
The suicide vector pEMG was used for delivery of genome-specific regions flanking the place
of the desired insertion or deletion of parts. The first construct was designed by fusing
mNeonGreen fluorescent protein (mNeonGreen FP) to the C-terminal of the native Cas6
protein in the Type IV-A CRISPR-Cas of P. oleovorans. In this construct, mNeonGreen gene
flanked by 500bp of homologous region upstream and downstream of the insertion site of
interest (i.e., between csf5 and csf1) was cloned into the pEMG suicide vector between
BamHI and EcoRlI restriction sites. For doing multiple insertions or deletions in the same
strain, the helper plasmid pSEVA6213S was used for digestion of the suicide vector pEMG.
A second construct was designed to further knockout elements of the native system including
the CRISPR array. In this case, two fragments of 500 bp of homologous regions upstream

and downstream of the CRISPR array were cloned into the pEMG vector between BamHl



and EcoRl restriction sites. A list of plasmids used in this work are found in Extended data

Table 4.

Transformation efficiency assays

E. coli BL21-Al cells were transformed with plasmids enabling production of
recombinant Type IV-A crBRNPs. A pETDuet-1 contained all five Type IV-A cas genes.
Individual mutants (ADinG, DinG K136A, ACsf1, Csf1 C30A, Csf1 C33A, Csf1 C66A or Csf1
C69A) were created via Quikchange mutagenesis. A second plasmid, pRSFDuet-1 carried a
minimal CRISPR array with crBRNA1 from P. oleovorans. E. coli cells producing Type IV-A
crRNP variants were then transformed with a target pACYCDuet-1 vector carrying a perfectly
complementary protospaceri to crRNA1 with a 5'-AAG-3' PAM. A pCDFDuet-1 vector with
a protospacer1 and a 5'-CGG-3' PAM or a non-base-pairing protospacer served as controls.
Transformation efficiency was calculated with the formula: Transformation efficiency = CFU
(sample) / CFU (non-matching spacer control). To identify functional PAM elements,
protospaceri sequences were synthesized with different 3 nt PAM combinations and cloned
into vector pPCDFDuet-1. These vectors were transformed into E. coli BL21-Al cells containing
recombinant wildtype Type IV-A crBRNPs and the transformation efficiency was recorded as

described above.

FACS measurements

P. oleovorans cells harbored a pHERD3O0T vector expressing sfGFP and a pUCP18
vector with a minimal CRISPR array. Different constructs contained spacers targeting the
coding strand of gfp with a 5'-AAG-3' PAM or a 5'-CGG-3' PAM, the non-coding strand of
gfp with a 5'-AAG-3' PAM, or a non-targeting crRNA (Extended data Table 2). Individual
colonies were cultivated in LB medium overnight at 37°C. The cultures were washed twice
and diluted 100x with phosphate-buffered saline solution. Fluorescence intensity
measurements were conducted using a BD Fortessa Flow Cytometer and GFP was excited
by the 488 nm laser line. For each sample, 10,000 events were recorded, and the ungated
average fluorescence intensity of each measurement was recorded. Data were analyzed with

BD FACSDiva 8.0.1

Bacteriophage plaque assay
E. coli BL21-Al cells producing all Type IV-A Cas proteins were transformed with a

pCDFDuet-1 plasmid carrying a minimal CRISPR array with a spacer targeting the coding or



non-coding strand of gene E of the virulent Avir variant of phage lambda. A pCDFDuet-1
vector with a minimal CRISPR array carrying a random spacer sequence was transformed in
control experiments. Individual colonies were inoculated in LB medium for overnight
incubation and 100 pl of the overnight culture was pre-incubated with 10 pl of lambda phage
(titer 1.2 x 107 PFU/mI). After incubation for 10 minutes, cultures were mixed with 3 ml of
selective 0.7 % soft LB agar supplemented with 2 mM MgCI2. The mixture was transferred
onto a plain LB agar plate containing 1 mM IPTG, spectinomycin (100 pg/ml) and ampicillin
(100 pg/ml). Cells and phages were co-incubated at 30°C for 10 hours and plaques were

counted.

Gene silencing assays

() Genomic lacZ-targets in E. coli - E. coli BL21-Al cells producing all Type IV-A Cas
proteins expressed in pETDuet-1 were transformed with a pCDFDuet-1 vector containing a
minimal CRISPR array with a spacer targeting the coding or non-coding strand of lacZ
(Extended data Table 2 ) or a pCDFDuet-1 vector carrying a random sequence. As control a
pCas3cRh vector encoding a complete Type I-C CRISPR-Cas system and a crRNA targeting
lacZ were used as detailed before28. After transformation, cells were transferred onto LB
agar plates containing 0.005 % X-gal, 0.2 % arabinose and 1 mM of IPTG. After overnight
incubation at 37°C, images of plates were captured and analyzed with OpenCFU 3.8-
BETA41. For recognition of white colonies, its color filter was set to a hue angle of 0 to 80.

(i) Genomic targets in P. oleovorans — pHERD30T plasmids with a Type IV-A repeat-
spacer-repeat construct under control of an araBAD promoter were conjugated into wild type
P. oleovorans cells as described above. The crRNA spacer sequences are provided in
Extended data Table 2 . Cells producing a crRNA targeting trpE (anthranilate synthase
component ) were grown overnight in M9 minimal medium (Na2HPO4 x 2H20, 5.6 g/l;
KH2PO4, 3 g/l; NaCl, 0.5 g/I; NH4CI, 1 g/I; 2 mM MgS04; 0.1 mM CaCl2; 0.4 % (w/v) glucose)
supplemented with 0.2 % arabinose for crRNA induction and absorbance at OD600 was
monitored to analyse tryptophan auxotrophy. For complementation, 0.6 mM tryptophan was
added to the medium. For the plated assay, cells were grown overnight in LB, washed with
M9 minimal medium and tryptophan-complemented M9, respectively. The cell suspensions
were adjusted to the same OD600 and plated onto M9 (+ tryptophan) agar plates additionally
containing 0.2 % arabinose and selective antibiotic. After incubation at 37°C for 2-3 days,
the CFU/ml was determined from the colony number of countable dilutions. Cells producing

a crRNA targeting hmgA (coding for homogentisate 1,2-dioxygenase) were grown in LB



medium for 48 hours and absorbance at OD400 of the supernatant was monitored to quantify

pyomelanin accumulation in the medium.

Quantitative real -time PCR (RT -gPCR) from P. oleovorans wildtype and delta CRISPR
array strains
Primer efficiency test (PETest) was performed for the primers designed for pilN and

the housekeeping gene recA from P. oleovorans using a 3-log dilution series of cDNA from P.

oleovorans WT. RT-g PCR was perfor med on -d@imeCACKR Deteotibmect ™

F

System (BioRad, Hercules, CA) usi-RadHerc@e¥ CABYBR® Gr

USA). Amplification conditions were as follows: denaturation at 95°C for 3 minutes, followed
by 40 cycles of 95 °C for 30 seconds, and 60 °C for 30 seconds, followed by additional final
extension of 55°C for 5 seconds and 95°C/0.5°C. Three technical replicates were used per
dilution and five serial concentrations were considered for constructing the linear equation and
finding the regression coefficients (R2). Adequate primers were selected with a PETest
between 90-110% and R2 >0.7 (Extended data Table I1.5 ). Reaction mix consisted of 1X of
i Q™M SYBR® Gr een -FBad plercules, GA, YSB)j lopL of 1:50 cDNA, 0.5 pM of
each primer (0.5 uL of primer mix) and adjustment with nuclease-free water to a final volume
of 10 uL. Three technical replicates were used for each biological replicate (i.e., four different
colonies per treatment) following the RT-gPCR protocol described previously. Gene
expression analysis was performed by normalizing the internal control as the Ct values of the
housekeeping gene recA and calculating the relative transcript level of pilN gene using the 2-

AACT method*2.

Single molecule microscopy (SMM) of mNeonGreen  -Cas6 tagged Type IV -A crRNPs
To investigate the intracellular dynamics of the Type IV-A crRNP complex in its native
system, and in a system lacking the CRISPR array, mNeonGreen FP was fused with the Type
IV-A Cas6 protein, respectively, which is a stable part of the Type IV-A crRNP complex'®. A
wild type P. oleovorans expressing mNeonGreen in pHERD30T plasmid was used as a control
(Extended data Table 4). P. oleovorans cultures were grown until OD600 ~0.3 and prepared
for single molecule microscopy following the samples preparation by Hernandez-Tamayo et
al., 2021 in an Olympus IX71 microscope®, with a x100 objective (JAPON 100xOTIRF;
numerical aperture [NA], 1.49; oil immersion). In general, this microscopy technique relies on
strong excitation of the fluorophores, in this case mNeonGreen, followed by rapid bleaching,
which allows tracking of a few unbleached molecules. Image acquisition was performed

continuously during laser excitation with the electron-multiplying CCD (EMCCD) camera iXon



Ultra (Andor Technology, Belfast, UK). For each movie, 2,500 frames were taken with an
acquisition time of 20 msec. Further processing was done with Oufti 1.244, to set the cell
meshes. Track generation was performed with a minimum track length of five steps U-track
2.2.145. Bleaching curves were analysed in Imaged 2.0 to verify single-molecule
observations. Analytical evaluation was carried out using the SMTracker 2.0 software®. To
determine the presence or absence of signals corresponding to single molecules and to
determine the number of Cas6-mNeonGreen molecules per cell, photon count of single
bleaching steps was quantified (i.e., single-fluorescent-protein bleaching) towards the end of
the acquisitions and the total fluorescence intensity at the beginning of the acquisition was
divided by the fluorescence intensity of single fluorophores, relative to cell size. SMTracker
2.0 was used to automatically determine background signals in individual cells and to
subtract these from the specific point spread functions from single molecules?. Estimation

of the Cas6 protein copy number was based on the Single Molecule Tracking pipeline®®.

Statistics & reproducibility

RNA-seq, gRT-PCR, Type IV-A CRISPR-Cas activity assays (EOT assays, plasmid
curing and phage assay) were performed in triplicate (n=3 biologically independent samples;
n=4 for gRT-PCR), all attempts at replication were successful. No sample size calculation
was performed, and no data were excluded during the analyses. The experiments of this
study compare different bacterial cells with defined plasmid sequences and genotypes. A
selection bias should not affect the results. Statistical analyses and p-values for all the
experiments were obtained using an unpaired two-sided t-test (and f-test for gRT-PCR

experiment).

Data availability

All data are available in the manuscript or the Extended data file. lllumina sequence
data generated in this study have been deposited in the NCBI Sequence Read Archive
database under project ID PRJEB48544. Raw data from single molecule microscopy
analyses are provided at https://doi.org/10.6084/m9.figshare.20359071. Source data are
provided with this paper.
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Extended Data Fig.ll.1 RNA -seq coverage plots for crRNAs of  P. oleovorans . lllumina RNA-seq
analysis revealed 8 nt long 5'-terminal repeat tags for crRNAs of three CRISPR arrays (Type IV: 5
GUGAGCGG-3', TypedE: B-AUGAACCG, Type{F: B-CUCAGAAA).
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Extended Data Fig.ll 2 Multiple sequence alignments of conserved Csfl and DinG sections.

The Clustal X default color scheme is applied47, positions of point mutations investigated in this
study are labeled with an asterisk. a. Multiple sequence alignment of Type IV-A Csf1, cysteine
residues at position 43, 46, 84 and 87 are conserved. b. Multiple sequence alignment of Type IV-A
associated DinG proteins; a variant walker-A motif with consensus sequence TGXGK is identified.
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WT
lacZ targeted

Extended Data Fig.ll.3 Blue white screening of E. coli colonies with a recombinant Type IV -A
CRISPR-Cas system targeting lacZ. a. Targeting of the genomic lacZ by the recombinant P.
oleovorans type IV-A CRISPR-Cas system with point mutation in DinG (K136A) generates only blue
colonies. b. Targeting of the genomic lacZ by the recombinant P. oleovorans Type IV-A CRISPR-Cas
system generates a mixture of blue and white colonies (left). Individual white colonies (W1-W3) and
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blue colonies (B1 — B3) were picked for a repeated round of blue white screening. Reversibility of the
phenotype was observed.
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Extended Data Fig.Il.4 Recombinant Type IV -A CRISPR targeting of different lacZ regions in E.
coli. a. Overview of targeted protospacers in the genome of E. coli BL21-Al which include the
promoter region (1), untranslated region (2), a region of lacZ gene (3) and a downstream region of
lacZ (4). A crRNA without lacZ target served as a negative control (C-). Employed spacer sequences
are provided in Extended data Table 2. b. Quantification of the observed percentage of blue colonies
in blue-white screening of E. coli BL21-Al cells producing Type IV-A crRNPs with indicated target
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Extended Data Fig.ll.5 Single Molecule Tracking of Cas6 -mNeonGreen in P. oleovorans .
Representative P. oleovorans cell from the WT and ACRISPR strains stained with DAPI for nucleoid
visualization and overlying all projection tracks from the SMM analysis. Scale bar 2 um. b.
Standardized cell model containing the projection tracks of a P. oleovorans strain expressing free-
diffused mNeonGreen. a-b Experiment was repeated twice (n =2) using a total of 100 cells per
experiment. Scale bar 2 um. c. Distribution density function of the number of detected fluorophores in all
cells. d. Distribution density function of 57329 integrated spot intensities. In the best estimation,

there are two populations of average integrated intensity 11D =29341 and 12D = 27901 u.a., with a
proportion of 57%/43%. Therefore, the estimation of the number of fluorophores after accounting for
crBRNP complex formation and simulation corrections is 26 per cell.
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Extended Data Fig.ll.6 Gene silencing assay for trpE in  P. oleovorans plated on minimal
medium agar. The control strain is carrying an empty pHERD3O0T plasmid instead of pHERD30T

coding for the crBNA targetingtrpE. Experi ments were performed in tripl
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Supplementary information

Supplementary Table 11.1. Identification of PAM sequences for perfect protospacer matches of indicated

Type I-E CRISPR array

Spacer sequence contig
TATCTGTTCAACGGCACCA  NIUB01000
TTGATTGGCTGTT 004.1

CGCTTCCTGCTGGTCGCCC NIUB01000
GCCACGTCGAGAA 004.1

Type IV-A CRISPR arrays*

Spacer sequence contig

CATCATGCTGAGGCCGCAT = NCJV01000
TTGGCGGATAAGG 006.1
TGGTCGCGAGTTTCTTGGC | CP018048.1
GAAGAAGGGGCTC
GTGTTCCTGTGATCCAAGG @ CP018048.1
CGCTGGGCAAATT
GTGGTCGGGATCGCACGGT CP018048.1
GCCTATTGATACG

CATCCAAGTTACGCATCAG = Niub010000
ATTCGAGACGCGA 35.1
TCAGCTTCTCAAAATTAAG Niub010000
GGATATAGGGACC 35.1

CGGGGCAGGTTCATTCTGT = AP015030.1
CACCCACTGGCTG

position

1714306
171461
157732
157763

position

1725917290
3869338724
3759637627
3838838419
2392323954
2355623587

113850
113881

target accession number
MN366360.1

CP046060.1

target accession number

CP013124.Pseudomonas
mendocingss.2
CP045916./Pseudomonas
aeruginosaCF39S
CP033832.1Pseudomonas
aeruginosaFDAARGOS 505
CP013124.Pseudomonas
mendocingss.2
CP031606.1iIN

MH547561.1ihsE

CP032257.1Pseudomonas
aeruginosaAR_0111

target position
1501115042

68839126883943

target position
15843351584369

67703236770354
17470721747103
15842701584301
509142509173
2018320214

36230383623069

P. oleovorans CRISPR array spacers

PAM

ACGTCAACAAGTATCTGTTCAACGGCACCATTGAT
TGGCTGTTCGATGCC
AGTCGCGAAAGCGCTTCCTGCTGGTCGCCCGCCAC
GTCGAGAAGGTGCCG

PAM

GTAAAGGAAAGCATCATGCTGAGGCCGCATTTGG
CGGATAAGGGCAGCTA
GGGACGATAAGGAGCCCCTTCTTCGCCAAGAAAC
TCGCGACCAACGGCCA
TTTTGGCRAAGGTGTTCCTGTGATCCAAGGCGCTC
GGCAAATTCCGGTGG
CGGCACGAAAGGTGGTCGGGATCGCACGGTGCCT
ATTGATACGCCAGAGC
CCACTCAGAAGCATCCAAGTTACGCATCAGATTC
GAGACGCGATTATTCG
GGCGCGCRAGTCAGCTTCTCAAAATTAAGGGAT
ATAGGGACCACTTCAG
TCGGCCCPRAGCAGCCAGTGGGTGACAGAATGAA
CCTGCCCCGTCTAAAC

* Type IV-A spacer sequences wardlected from four highly similar systems found?eeudomonaspeciesThe position of the conserved PAM is underlined



Spacer sequence
ACCAGAATCGGCACAACGCCGGTAAACAGTT
CTGGTGACCACCCTGACCTATGGCGTTCAGTG
CCACGGAACCGGCAGTTTACCGGTGGTGCAAA

CGTTGTGCCGATTCTGGTGGAACTGGATGGTG

ACAGGCGGCAGTAAGGCGGTCGGGATAGTTTTG

CTGCCATTGTCAGACATGTATACCCCGTACGTG

CATAAAGTGTAAAGCCTGGGGTGCCTAATGAG

TGTGAGCGGATAACAATTTCACACAGGAAACA

ATCGCACTCCAGCCAGCTTTCCGGCACCGCTT

GAAATCCATTATGTACTATTTAAAAAACACAA

TCAACTCGCACTGTGAGGGTCACATGGGCGTT

TCTATCTCTCACAAATTCCGGGACTGGTAAAC

AGAAAGTCTATCTCTCACAAATTCCGGGACTG

CATCCAAGTTACGCATCAGATTCGAGACGCGA

Supplementary Table 11.2. List of spacers used for Type IV

Assay

Fluorescence intensity

measurement/ Plasmid curing

Fluorescence intensity
measurement
Fluorescence intensity

Description

PAM: AAG, protospacer on
coding strand

PAM: AAG, protospacer on
non-coding strand

PAM: CGG (non

measurement/ Plasmid curing functional)

Fluorescence intensity

measurement/ Plasmid curing

LacZtargeting assay
LacZtargeting assay
LacZtargeting assay
LacZtargeting assay
LacZtargeting assay
LacZtargeting assay
LacZtargeting assay/phage
assay

Phage assay

Phage assay

Efficiency of transformation
assays

-A CRISPR-Cas targeting

nontargeting negative
control

PAM: AAG, protospacer on
coding strand itacZ

PAM: AAG, protospaceon
noncoding strand itacZ
PAM: AAG, protospacer in
promoter region ofacZ
PAM: AAT, protospacer in
UTR oflacz

PAM: AAG, protospacer on
non-coding strand imacZ
PAM: AAG, protospacer
downstream ofacZ
nontargeting negative
control

PAM: AAG, geneEcoding
strand

PAM: CGG,geneE coding
strand

PAM:AAG and variants

Plasmid
pUCP18
pUCP18
pUCP18
pUCP18
pCDFDuetl
pCDFDuetl
pCDFDuetl
pCDFDuetl
pCDFDuetl
pCDFDuetl
pCDFDuetl
pCDFDuetl
pCDFDuetl

pCDFDuetl

Restriction sites
for insert

EcoRI & Kpnl
EcoRI & Kpnl
EcoRI & Kpnl
EcoRI & Kpnl
EcoRI & Ncol
EcoRI & Ncol
EcoRI & Notl
EcoRI & Notl
EcoRI & Notl
EcoRI & Notl
EcoRI & Ncol
EcoRI & Ncol

EcoRI & Ncol

Ncol & BamHlI



Supplementary Table 11.3. List of differentially expressed genes with significant adjusted p -values identified from the RNA -seq data comparing P.
oleovorans WT and delta CR ISPR array strains. Genes are sorted from highest to the lowest Log2FoldChange values, all of them with significant
adjusted p -value (padj)

Genes Annotation Basemean Log2FoldChange Lfcse Stat pvalue padj
PSOLE_RS11635 PilO 655.947 60.793 0.8325 73.021 2.83E13 1.14E09
PSOLE_RS11640 PilN 367.056 59.241 10.144 58.400 5.22E09 2.33E06
PSOLE_RS18395 Hypothetical 1.412.758 40.668 0.7106 57.231 1.05E08 4.20E06
PSOLE_RS19030 Hypothetical 1.563.214 40.355 0.6821 59.162 3.30E09 1.80E06
PSOLE_RS19025 Hypothetical 3.446.918 39.182 0.6219 63.007 2.96E10 3.96E07
PSOLE_RS14300 Hypothetical 3.562.531 38.254 0.6290 60.814 1.19E09 9.55E07
PSOLE_RS1163 PilP. 418.189 37.286 0.6942 53.711 7.82E08 2.36E05
PSOLE_RS19020 Hypothetical 558.652 35.548 0.6980 50.929 3.53E07 7.44E05
PSOLE_RS14285 toprim domaircontaining protein 10.710.950 34.068 0.6629 51.393 2.76E07 6.50E05
PSOLE_RS14310 Hypothetical 2.068.435 33.712 0.6175 54.594 4.78E08 1.60E05
PSOLE_RS18400 Hypothetical 1.847.183 33.670 0.6041 55.732 2.50E08 9.12E06
PSOLE_RS14320 DUF3150 domaifrcontaining protein 11.652.646 31.337 0.6378 49.136 8.94E07 0.00016
PSOLE_RS19015 Hypothetical 2.068.333 31.308 0.6667 46.961 2.65E06 0.00041
PSOLE_RS14335 1.429.675 31.155 0.6624 47.032 2.56E06 0.00041
PSOLE_RS19040 DNA cytosine methyltransferase 8.872.645 31.113 0.6257 49.728 6.60E07 0.00012
PSOLE_RS18385 Hypothetical 3.457.336 30.702 0.5881 52.202 1.79E07 4.78E05
PSOLE_RS02515 DUF1850 domaircontaining protein 2.358.322 30.688 0.7232 42.434 2.20E05 0.00285
PSOLE_RS14325 Hypothetical 5.362.715 30.522 0.6641 45.962 4.30E06 0.00064
PSOLE_RS14305 MoxR family ATPase 20.680.491 30.425 0.6123 49.691 6.73E07 0.00012
PSOLE_RS14295 Hypothetical 3.409.122 30.420 0.5673 53.621 8.23E08 2.36E05
PSOLE_RS18365 Hypothetical 1.915.138 30.209 0.5041 59.930 2.06E09 1.38E06
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Supplementary Table 11.4. Plasmids used for genetic manipulation of

Supporting Table 11.5. Primers used for gqRT -PCR

P. oleovorans
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ABSTRACT

Type IV CRISPR-Cas effector complexes are often encoded on plasmids and are proposed
to prevent the replication of competing plasmids. The Type IV-A1 CRISPR-Cas system of
Pseudomonas oleovorans additionally harbors a CRISPR RNA (crRNA) that tightly regulates
the transcript levels of a chromosomal target and represents a natural CRISPR interference
(CRISPRI) tool. This study investigates CRISPRI effects of this system using synthetic crRNAs
against genome and plasmid sequences. Targeting of reporter genes revealed extended
interference in P. oleovorans and Escherichia coli cells producing recombinant CRISPR
ribonucleoprotein (crRNP) complexes. RNA-Seq analyses of Type IV-A1 CRISPRi-induced
transcriptome alterations demonstrated highly effective long-range down-regulation of
histidine operon expression, whereas CRISPRI effects of dCas9 remained limited to the
vicinity of its binding site. Single-molecule microscopy uncovered the localization dynamics
of crRNP complexes. The tracks of fluorescently labeled crRNPs co-localized with regions of
increased plasmid replication, supporting efficient plasmid targeting. These results identify
mechanistic principles that facilitate the application of Type IV-A1 CRISPRI for the regulation
of gene expression and plasmid replication.



INTRODUCTION

Microorganisms exhibit high levels of adaptability through gene transfer mechanisms
that include transformation, transduction, and conjugation’. Clustered regularly interspaced
short palindromic repeats (CRISPR) and CRISPR-associated (Cas) proteins are adaptive
immune systems that protect prokaryotes against invading mobile genetic elements (MGEs)
such as viruses and plasmids?®. They are present in approximately half of all bacteria and
most archaea*®and are characterized by their ability to capture and incorporate fragments of
foreign DNA, termed protospacers, into an endogenous CRISPR array, providing a memory
of past encounters with MGEs. The CRISPR arrays are transcribed and processed, generating
CRISPR RNAs (crRNAs) that guide Cas effector proteins to recognize and interfere with
complementary nucleic acid sequences, thus neutralizing the invading MGEs®**®. CRISPR-Cas
systems contain diverse Cas protein components that were used to establish a classification
of seven types and additional subtypes’®. The mechanisms of Type IV CRISPR-Cas systems
are proposed to vary and are not fully understood. Type IV systems are often found on large
conjugative plasmids, and subtype Type IV-A was shown to facilitate plasmid clearance and
gene regulation in the absence of a nuclease domain in its Cas proteins®'". The effector
complex of a Type IV-A CRISPR-Cas system typically consists of four proteins, including Csf1
(Cas8-like), several copies of Csf2 (Cas7-like), Csf3 (Cas5-like), and Csf5/Cas6, as well as a
CRISPR-associated DinG (CasDinG) protein (Fig. Ill.1a). CasDinG was identified to be
essential for plasmid targeting and gene silencing, as mutations that affect its helicase and
ATPase activities abolished CRISPR-Cas interference®'%'2-'%, The protein’s helicase domain
exhibits ATP-dependent 5'-3' DNA translocase activity, enabling the unwinding of DNA and
RNA/DNA duplexes'®. However, CasDinG was found to be dispensable for gene repression

when the effector complex was targeting the promoter region of a gene'.

The Type IV-A1 CRISPR-Cas system of Pseudomonas oleovorans'® contains a crRNA
with a bona fide target in the host chromosome and its depletion was shown to increase the
transcript levels of the targeted pilN gene®. In contrast to most other CRISPR-Cas types, the
interference mechanism of Type IV-A CRISPR-Cas systems does not involve cleavage of the
targeted DNA. Instead, a mechanism was proposed that resembles the popular dead Cas9
(dCas9) tool, which was engineered to lack DNase activity. In this case, the Cas complex
remains tightly associated with its DNA target and is proposed to act as a “roadblock” that

physically obstructs bacterial polymerases, thereby inhibiting transcription elongation'”. This



method for crRNA-guided control of gene expression was termed CRISPR interference

(CRISPRI).

The range of Type IV-A1 CRISPRI effects was not explored in detail, which hinders its
applications as a gene regulation tool. Therefore, this study analyzes the interference activity
of the Type IV-A1 CRISPR-Cas system of P. oleovorans in the native host and in the
heterologous Escherichia coli system. Synthetic crRNAs and RNA-Seq analyses were utilized
to compare regional gene repression effects of the Type IV-A1 CRISPR ribonucleoprotein
(crBNP) complex with those of dCas9-induced CRISPRI. In addition, single-molecule
microscopy was employed to elucidate the spatiotemporal dynamics of Type IV-A1 crRNP-
mediated DNA scanning in the presence of genomic and plasmid targets, which suggested

interactions with plasmid replication forks.

MATERIALS AND METHODS

Strains and growth conditions

E. coli BL21-Al and P. oleovorans DSM 1045 cells were cultivated in LB media at 37°C,
optionally supplemented with antibiotic(s). E. coli WM3064 cultures were grown at 37°C in LB
media supplemented with diaminopimelic acid (DAP) (Supplementary Table 111.S6 ).

Generation of P. oleovorans gene knock -in and knock -out strains

The insertion of the sfgfp reporter construct and the deletion of the CRISPR array or
dinG in the chromosome of P. oleovorans were carried out following the adapted protocols
for endonucleases-mediated recombination®®. Derivatives of the suicide vector pEMG were
used to deliver genome-specific sequences flanking the region of interest. ~500 bp flanks of
a homologous region up- and downstream of the insertion (or deletion) site were used. The
region chosen for the insertion of sfgfp insertion is located in between the tadA and mltF
genes, as the integration of a gene in this specific region had no effect on growth in
Pseudomonas putida®'. The helper plasmid pSEVA6213S was used for digestion of the
suicide vector pEMG, followed by a plasmid curing assay. For the deletion of csf4 (CasDinG)
of the Type IV-A1 CRISPR-Cas system of P. oleovorans, 500 bp of homologous regions up-
and downstream of csf4 were cloned into the pEMG suicide vector between its BamHI| and
EcoRl restriction sites. To delete the CRISPR array, two fragments of 500 bp of homologous
regions up- and downstream of the CRISPR array were cloned into the pEMG vector between
the BamHI and EcoRl restriction sites. A list of the plasmids used in this work is provided in

the (Supplementary Table 111.S5 ).



CRISPR interference (CRISPRI) assays in P. oleovorans

Derivatives of the pSEVA424 vector (Supplementary Table II1.S5 ) were transferred by
conjugation into different sfgfp-expressing P. oleovorans (wild type, ACRISPR and AdinG)
strains. The plasmids carry an araC gene and different crRNAs, inducible with IPTG, that
target different chromosomal regions in the sfgfp-expressing P. oleovorans strains
(Supplementary Table 111.S6 ). For crBNA induction, IPTG was added to the cells to a final
concentration of 1 mM. For the induction of sfgfp, arabinose was added to a final
concentration of 0.5% (w/v). Cells were grown in a 96-well plate shaking (180 rpm) at 37°C.
Growth and fluorescence were monitored for 48 hi
plate reader, measuring the optical density at 600 nm (ODeoo) and the fluorescence of sfGFP,

with excitation at 485 nm and detection of the emission at 510 nm. Datawere further processed

using RStudio®.

Generation of BL21 -Al mutants

To tag the C-terminal domain of DnaX, we integrated the gene for the fluorescent
protein mScarlet at the chromosomal dnaX locus of E. coli BL21-Al following the protocol by
Thomason et al.,*®. To this end, cells were transformed by electroporation with linear DNA
containing the mScarlet gene sequence flanked by 50 nt of homologous sequences upstream
and downstream of the desired integration site (Supplementary Table 111.S6 ). Successful
insertion of the mScarlet sequence was confirmed by PCR using primers flanking the insertion

site, and the integration was further verified through Sanger sequencing.

CRISPR interference (CRISPRI) assays in E. coli
Genomic auxotroph targets. Genes in the histidine operon in E. coli strain BL21-Al

were used as targets for the CRISPRi experiment comparing the recombinant Type IV-A1

CRISPR-Cas of P. oleovorans with the dCas9 system. An all-in-one plasmid system was used

to express either the Type IV-A1 crBNP complex (pSR77) or dCas9 (pMSL26)

(Supplementary Table III.S5 ). The respective vectors carrying editable spacers without
potential targets, were used as negative controls in all the experiments. Protospacers were
chosen in the region of the targeted gene containing a 5-AAG3' PAM and 5NGG3' PAM for
Type IV-A1 and dCas9 treatments, respectively (Supplementary Table 111.S7). Colonies
obtained right after transformation were grown overnight in LB media at 37°C. The cells were

diluted into fresh medium and cultivated for 6 hours in LB medium supplemented with 1 mM



IPTG and 0.2% (w/v) arabinose. Then, 2 ml of the culture were pelleted at 9000 rpm for 3 min,
and cells were washed twice with completed M9 minimal medium (commercially available)
supplemented with 2 mM MgSQ, 0.1mM CaCl 0.4% (w/v) glucose and corresponding antibiotics
to remove remaining LB. Cells were plated for spotting assays onto completed M9 minimal
media agar plates (additionally supplemented with 1 mM IPTG and 0.2% (w/v) arabinose and
with/without supplementation of 0.6 mM histidine). ODsyx was normalized to 1 for all
treatments, followed by 10-fold serial dilutions. The remaining volume of cells were flash-

frozen for RNA extraction.

Genomic targeting of lacZ for SMM. CRISPRi assays were also carried out with cells
containing the recombinant Type IV-A1 CRISPR-Cas system targeting genomic lacZ and used
for the single-molecule microscopy (SMM) studies to corroborate the interference activity of
the complex visualized in the different SMM experiments. To this end, the genes of all Type
IV-A1 Cas proteins and DinG were cloned into a pETDuet-1 vector. Then, an allele encoding
a Csf1-mNeonGreen fusion protein with a GSGSGS linker was cloned into the resulting
plasmid (pMSL66). This vector was co-transformed with a pCDFDuet-1 vector containing a
minimal CRISPR array with a spacer targeting lacZ or a filler spacer as a negative control into
BL21-Al:dnaXmS cells (Supplementary Table 111.S5 ). Single colonies obtained right after
transformation were grown overnight in LB media with the respective antibiotics. After 16
hours of growth, fresh cultures with a starting ODso 0f 0.1 were regrown to an ODgg of 0.6.
Then, 1 ml of cells was pelleted and resuspended in 1 ml of ddH,O for microscopic analysis.
A small sample was also plated onto LB agar plates containing 0.005% (w/v) X-gal, 0.2%

(w/v) arabinose, 1 mM IPTG and suitable antibiotics for bhadite screening.

Plasmid interference assay for SMM.  BL21-Al:dnaXmS cells were transformed with
the two-plasmid system encoding the Type IV-A1 crRNP complex. For this experiment, the
spacer in the pCDF-Duet vector was designed to target a protospacer with a 5’-AAG-3’ PAM
in a third plasmid once introduced by electroporation. Colonies obtained right after
transformation were grown overnight and then used for the preparation of electrocompetent
cells following a protocol adapted from Lessard et al.,**. To this end, 20 ml of fresh culture
was grown to an ODego of 0.6. Cells were pelleted at 4600 rpm for 7 min at 4°C and washed
with 20 ml of cold sterile ddH.O and pelleted again. After resuspension in 1 ml of cold sterile
ddH.O, a last centrifugation was carried out at 13000 rpm for 1 min at 4°C. Cells were

resuspended in 200 pl of cold sterile ddH.O. For every electroporation, 50 pl of cells were



mixed with 10 ng of the third plasmid, and cells were exposed to one pulse at 1.8 kV, 25 uF
and 200 Q in a Micropulser electroporator (Biorad). Cells were immediately resuspended in
550 pl of LB and recovered at 37°C for 30 minutes at 450 rpm. Cells were pelleted and
resuspended in 1ml of ddH.O, and 2 pl were used as samples for single-molecule

microscopy.

Single -Molecule Microscopy (SMM) in the recombinant and native system.

Single-molecule microscopy (SMM) experiments were performed on an automated
Nikon Ti2-Eclipse microscope equipped with an Abbelight SAFe 180 3D nanoscopy module
with appropriate dichroic filters (ET488/ET561/75 bandpass, Croma) and a Nikon CFl Apo
TIRFx100 oil objective (NA 1.49). All lasers (488 Oxxius, 561 Oxxius) were combined into a
single output via an Oxxius L4Cc combiner. Fluorescence was detected with an ORCA-
Flash4.0 V3 EMCCD camera (Hamamatsu Photonics), using a pixel size of 512 nm, frame
transfer mode and the following readout parameter settings: EM-gain 300, pre-amp gain 2
and 30 MHz readout speed. The imaging process was controlled using NEO SAFe software
(Abbelight). Single-particle tracks were recorded using slimfield microscopy®. In this
approach, the back aperture of the objective is underfilled by illumination with a collimated
laser beam of reduced width, generating an area of ~10 um in diameter with a light intensity
high enough to enable the visualization of single fluorescent protein molecules at very high
acquisition rates. Images were taken continuously during laser excitation. The single-
molecule level was reached by bleaching most mNeonGreen molecules in the cell for 100 to
500 frames, followed by tracking of the remaining molecules. To perform the SMM analysis
of BL21-Al:dnaXmS cells carrying plasmids pMSL66 and pSR24 and transformed with target
or no-target plasmid, 3000 frames were recorded at a frame rate of 30 ms, with a camera
sensor size of 256 pixels and HILO illumination. First, mScarlet was tracked over 1000 frames
using 5.2% laser power and an ET561 filter set. After a gap of 500 frames of gap,
mNeonGreen was tracked over 1500 frames using 10% laser power and an ET488 filter set).
A total of 8-10 movies were analyzed per condition from two independent colonies. The SMM
analysis of the native P. oleovorans system in the presence of a high-copy plasmid was

carried out as described previously®.

SMM data processing and diffusion analysis of single -molecule tracks
To analyze the SMM data, the cell meshes were determined with Oufti 1.2%. Bleaching

curves were analyzed in Imaged 2.0% to verify single molecule observations. An estimate of



the diffusion coefficient and insight into the kind of diffusive motion exhibited were obtained
from mean-squared-displacement (MSD)-versus-time-lag curves. In addition, the frame-to-
frame displacements of all molecules in x and the y direction were fitted to a two-population
Gaussian mixture model to determine the proportions of mobile and static molecules in each
condition, a widely accepted method to analyze the diffusive behavior of molecules. This
provides an estimate of the diffusion coefficient as well as of the kind of motion. To identify
molecule populations with distinct mobilities, we compared the frame-to-frame displacement
of all molecules in x and the y directions. Tracking analysis was performed with U-track-2.2.0%

in the Matlab environment (MathWorks, Natick, MA, USA), using a minimum length of five

steps. Finally, the diffusion rated12}weerecal cul
At is the time interval bet ween subsequent i magi
and the visualization of static and mobile tracks in a standardized cell are based on the Matlab

script SMTracker 2.0 27,

Distance probability m easurement of Type IV -Al regarding DnaX -mScarlet foci

In this study, dwelling tracks representing movements of slow-population DnaX-
mScarlet molecules were plotted for each cell analyzed. The resulting movies were saved as
TIFF images within the same folder containing data related to Type IV-A1-mNeonGreen
tracks. Using the distance measurement tool provided by SMTracker 2.0, all foci from the
DnaX-mScarlet dwelling images were used as reference points. After plotting the tracks from
the three populations of the mNeonGreen-tagged crBRNPs onto each cell, we measured their
distances from the nearest DnaX-mScarlet focus. To this end, we identified the five points in
the track that represented the positions of the molecule at different times. We then specified
a single point in the center of the focus as a fixed reference position and calculated the

distance from this point for each of the five points in the track, using the distance formula

D= w"Q¢ wa W"Q¢ w&iQ , where (xfocus,yfocus) are the coordinates of the focus
point and (x;Y;) are the coordinates of the point at position i in the track. To further characterize
the movement of the molecule relative to the focus point. Histograms were then generated to
plot the probability distribution of molecule trajectories based on their proximity to the nearest

focus.

RNA extraction
Total RNA was extracted using TRIzol from pellets previously treated with 0.8 ml of

lysis buffer (2% SDS and 4 mM EDTA) and heated for 2 min at 90°C. Total RNA was purified



using Acid-Phenol:Chloroform (Invitrogen) extraction. The extracted RNA was treated with
DNase | (NEB) and purified with the Monarch RNA clean-up kit (NEB). cDNA was prepared
from 1 pg of RNA, using SuperScript | Reverse Transcriptase (Invitrogen) according to the

manufacturer’s instructions.

RT-gPCR
RT-gPCR was performed following a previously described protocol® with primers
against lacz, hisA, hisH, hisF, and recA as the housekeeping gene control in E. coli BI21-Al.

Primers are listed in (Supplementary Table 111.S8) .

lllumina RNA sequencing and data analysis

RNA quality and integrity was inspected in 1% agarose gels and a 2100 Bioanalyzer
(Agilent). rRNA depletion, library preparation, and sequencing (lllumina Nova Seq X - Paired
End Mode — 150 nt reads) were performed by Novogene, Inc. Data quality was assessed using
FastQC (v0.11.9)%*, reads were trimmed with Cutadapt (v3.5)*° and aligned to the Escherichia
coli BL21-Al (CP047231.1) genome using Hisat2 (v2.2.1)*'. Output files were converted and
sorted using samtools suite (v1.13)* and mapped reads were inspected using IGV (v2.16.2)*.
Differential expression analysis was performed with the R package DESeq2 (v1.42.1)* and

coverage plots were generated using ggplot2 (v3.5.0)%.

Statistics and Reproducibility

CRISPRi assays, RT-gPCR and RNA-seq were performed in triplicate (n=3
independent biological replicates, based on 3 different colonies). All attempts to replicate the
experiments were successful. Statistical analyses and the determination of p-values for the

RT-gPCR experiments were performed with an unpaired two-sided t-test.

RESULTS AND DISCUSSION

Influence of synthetic crRNAs on  sfgfp gene expression in P. oleovorans

We previously showed that recombinant crRNP complexes can be used to target the
reporter gene lacZ, revealing CRISPRI-like activity without DNA degradation®. To investigate
this gene repression phenotype in the native host, we integrated a superfolder green
fluorescent protein (sfgfp) gene into the genome of wild-type P. oleovorans DSM1045. In

addition, a CRISPR knockout (ACRISPR) strain was generated which does not contain



competing natural crRNAs of the wild-type strain, including the self-targeting crBRNA that
represses expression of the pilN gene®. As CasDinG was observed to be essential for Type
IV-A CRISPR-Cas activity'>'s, we also created a CasDinG knockout (AdinG) strain. Both
deletion strains expressed sfGFP from an arabinose inducible promoter. Additionally, they
contained plasmids that enabled inducible production of synthetic crRNAs compatible with
the host Type IV-A1 crRNP. After induction, we monitored how synthetic crRNAs targeting
different sites repressed the expression of sfgfp (Fig. Ill.1b). Negative controls included a

non-targeting crRNA (C-) and a distant target region located 88 kb upstream of sfgfp.

The sfgfp expression assays allowed us to follow long-range effects of Type IV-A1
CRISPR-Cas activity. In the wild-type strain, significant repression of sfgfp expression was
observed when synthetic crRNAs targeted coding or non-coding regions, including sites up
to 3 kb up- and 1 kb downstream of sfgfp (Fig. lll.1c). A target al.,most 4 kb upstream of sfgfp
showed no significant reduction of the sfGFP signal and exempilifies a limit of CRISPRI effects
for this genomic region. These results indicate that the Type IV-A1 CRISPR-Cas system can
robustly interfere with gene expression across a broad genomic area and allows for a wide
range of possible targeting sites. The ACRISPR strain, which lacks all native crBRNAs and has
only a single perfect protospacer match, also showed gene repression for an extended region
with reduced CRISPRI efficiency at the promoter region (Fig. 1ll.1c). In contrast, the AdinG
strain only showed significant downregulation of sfGFP when synthetic crRNAs targeted
regions near the sfgfp promoter. Targeting of regions distant to sfgfp did not exhibit significant
effects on sfGFP signals (Fig. Ill.1c). Thus, we demonstrated that without CasDinG, the
interference is limited to regions close to the promoter, underscoring the essential role of the

CasDinG helicase in mediating long-distance effects.

Our observations support previous findings showing that (i) the Type IV-A1 system of
P. oleovorans reduces transcript levels in an extended area surrounding its native
chromosomal target site® and that (i) CasDinG is dispensable for targeting promoter regions™.
The extended CasDinG-mediated regional effects of Type IV-A1 CRISPRI has implications for
applications in CRISPR-Cas-mediated gene regulation that complement dCas9-mediated

CRISPRi methodology'"'®.
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Figure lll.1. Regional effect s of Type IV-Al CRISPR-Cas activity in P. oleovorans . a)
Schematic representation of Type IV-A1 CRISPR-Cas endogenously expressed in P.
oleovorans. b) Schematic representation of target sites. Triangles represent locations of
protospacers on template (white) and non-template strand (black). c) Different sfGFP
expressing P. oleovorans strains were transformed with plasmids encoding synthetic crRNAs
that target protospacers in different regions (see b). A non-targeting crRNA served as a
negative control (C+). Data represent the mean (+SD) of 3 independent experiments. The
statistical significance (p-value) of differences to the results obtained for target 1 were
calculated using an unpaired, two-tailed t-test (* p<0.05, ** p<0.01, ** p<0.001, *** p<0.001).

Comparative RNA -Seq analysis of Type IV -Al crRNP - and dCas9 -mediated CRISPRAI

To analyze the CRISPRi effects observed in P. oleovorans at single-nucleotide
resolution, we heterologously produced crRNP complexes in E. coli and analyzed their effects
on target gene expression by lllumina RNA-Seq. This experimental set-up enabled us to load
crRNPs with a single synthetic crRNA and allowed for a direct comparison with a dCas9-
mediated gene expression control. As a target, the histidine operon, a well-characterized

genome segment whose repression leads to histidine auxotrophy, was chosen™. Three key



target regions were studied: the promoter of the histidine operon, an internal promoter located

within the hisC gene?, and the hisA gene (Fig. Ill.2a, Supplementary Figure Il.S1a).

An analysis of the coverage plots of the different CRISPRIi strains revealed striking
differences in the range over which the abundance of transcripts was reduced. The dCas9-
mediated targeting of either the coding and non-coding strand of hisA resulted in reduced
transcript levels for hisA and the two downstream genes hisF and hislE (Fig. 1ll.2b).
Transcripts of the five upstream genes (hisG to hisH) were still abundant (Supplementary
Figure 111.S1b) . In contrast, the targeting of hisA by the crRNP resulted in the absence of
transcripts for the entire operon, effectively depleting the whole histidine biosynthesis
pathway. Type IV-A1 CRISPRi worked successfully for crRNAs that targeted either the coding
or non-coding strand of hisA (Fig. ll.2c, Supplementary Figure 111.S1c ). We also followed
changes in the range of the affected region after targeting promoters of the histidine operon.
In this case, both promoter targets resulted in an extended downregulation of histidine operon
gene expression with transcripts of hisB-hislE only detectable for the construct that was
guided to the main promoter of the operon. Our results support the presence of an
independent internal promoter in the 3' region of thehisC gene® as the clear increase of
forward read coverage are indicative of transcription initiation. Targeting this internal promoter
in hisC resulted in a positional shift of the affected region. Two genes located upstream of the
histidine operon and transcribed in opposite orientation were mostly affected by Type IV-A1
CRISPRI targeting the main histidine operon promoter (Fig. lll.2c). The CasDinG helicase is
proposed to be recruited upon target DNA recognition, binds to the non-target strand and
initiates unwinding of DNA in 5'-3' directiont>. Consequently, we propose that this activity results in
clashes with actively transcribing RNA polymerase while crBRNPs without CasDinG still

prevent proper promoter recognition by the transcription machinery.

The downregulation of hisA and further genes was verified by RT-qPCR analysis (Fig.
[11.2d, e; Supplementary Figure 111.S1d, e ). Type IV-A1 CRISPR-mediated downregulation of
histidine operon expression resulted in a pronounced phenotype. Cells expressing crRNPs
failed to grow in minimal medium without the supplementation of histidine, while cells
subjected to dCas9-mediated CRISPRI (assaying four different spacers) were still able to grow
(Fig. lll.2f, Supplementary Figure 111.S1f) . This suggests that the observed knock-down
levels of hisB-hiskE expression in the dCas9 strain maintained sufficient histidine production.
While gene expression was effectively downregulated in both dCas9 and Type IV-A1 CRISPRI

strains, DNA integrity was always preserved (Supplementary Figure 111.S2a) . A genome-wide



analysis of transcript abundance changes in the Type IV-A1 CRISPRI strain indicated an
upregulation of genes coding for a D-amino acid dehydrogenase and an alanine racemase.
These genes were not affected by dCas9 (Supplementary Figure II1.S2b, ¢ ) and might
exemplify compensatory effects of the downregulation of the histidine metabolism for Type

IV CRISPRI.

(See figure on next page)

Figure III.2. Interference of the recombinant Type IV -Al CRISPR-Cas system on the
histidine operon. a. Schematic representation of a 17 kb region of E. coli BI21-Al genome
containing the histidine operon. Genes are represented as horizontal arrows indicating the
direction of transcription. Green arrows represent genes outside of the histidine operon, and
salmon arrows represent genes that are part of the histidine operon. Gene A: plaP, B: yoel,
C: GSUB80_09680, D: GSUB0_09685, F: wzzB, G: GSU80_09740, H: gndA and |: opsG.
Vertical arrows (1, 2, and 3) indicate three target sites, targeting the coding or non-coding
strand, respectively. 1: Target in histidine operon promoter, 2: Target in internal promoter in
hisC, and 3: Target in hisA. b. lllumina RNA-Seq coverage plots of the histidine operon
region with dCas9 targeting hisA gene (3). The plots indicate a reduction in the number of
reads in the local area of the target in comparison to the negative control (dCas9 C-). c.
lllumina RNA-Seq coverage plots of the histidine operon region with different sites targeted
by the Type IV-A1 CRISPR-Cas system. The plots indicate a significant reduction in the
number of reads for the different treatments in comparison to the negative control (IV-A1 C-
). d. RT-gPCR of hisA targeted by dCas9 (3). e. RT-gPCR of hisA with different Type IV-Al
target sites on the histidine operon. Statistical analysis was performed using an unpaired
two-tailed t-test. Data represent the mean (+ SD) of n=3 biol ogi c al replicates),
0.0005 and **** p < 0.0001. f. Spotting assay after CRISPRI with different sites targeted by
dCas9 or Type IV-A1. Cells were plated in 10-fold dilution series (3 pl of each dilution) onto
two plates made of M9 minimal medium with or without 0.06 mM histidine, respectively,
both containing inducers (1 mM IPTG and 0.2% (w/v) arabinose)
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Single -Molecule Microscopy analysis of Type IV -Al plasmid targeting

Next, we aimed to visualize Type IV-A1 interference in vivo. To this end, we performed
single-molecule microscopy (SMM) studies of individual fluorescently labelled crRNP
complexes to follow their movement and spatiotemporal localization within the cell.
Previously, we found that most crRNPs were located across the nucleoid in the presence of
a natural chromosomal target®. However, most natural Type IV protospacers are present on
plasmids, leading to the proposition that Type IV-A1 CRISPR-Cas systems inhibit target
plasmid replication. Therefore, we introduced a high-copy conjugative plasmid in P.
oleovorans cells producing mNeonGreen-tagged crRNPs in order to characterize possible
plasmid-crRNP interactions in real time. In general, this set-up allows us to follow how far
molecules move from their starting point in a given time interval. This movement is expressed
as the jump-distance function where the probability of particle densities is classified
according to their displacement from the origin®'. Thus, values closer to zero indicate a more
static behavior. SMM confirmed that crRNPs showed a high probability to be localized over
the bacterial chromosome in the wild-type strain. However, the introduction of a high-copy
plasmid altered the distribution of crRNPs, directing them away from the nucleoid (Fig. 111.3a).
Approximately one third of all crRNPs in the wild-type strain were found to exhibit a low
mobility with a diffusion rate of 0.023 + 0.001 pm?- s, which is proposed to include crRNPs
associated with the native chromosomal target site. In contrast, the presence of a high-copy
plasmid led to a considerable decrease in this low-mobility population, accompanied by a
steep increase in the size of a crBRNP population with an intermediate diffusion rate of 0.128
+ 0.002 pm?-s™ (Fig. 111.3b, Supplementary Table 111.S1 ). Given that the plasmid lacked a
specific target site for the native crRNP complex, this elevated diffusion rate likely represents
DNA scanning interactions. Therefore, in subsequent experiments, we designed plasmid

targets to enable us to follow plasmid interference.

Monitoring the behavior of plasmid-targeting crRNPs is challenging as their activity
inhibits target plasmid replication. To achieve this goal, we generated recombinant E. coli
BL21-Al cells that produced Type IV-A1 crRNPs, whose large subunit (cfs1) was tagged with
mNeonGreen, using the basal activity of the T7 promoter in the absence of inducer. Genomic
lacZ targeting combined with blue-white screening®?? was applied to verify that the fusion
with the fluorescent tag did not affect Type IV-A1 CRISPR-Cas interference (Supplementary
Figure 111.S3a). We then used the E. coli BL21-Al transformants to analyze the diffusional

behavior of the fluorescent crBNPs when targeting a plasmid or lacZ (Fig. 111.3c). After



introduction of the respective target or non-target plasmid via electroporation, the cells were
allowed to recover for 30 min prior to SMM analysis. This time frame was estimated to be
appropriate for the synthesis and maturation of fluorescent proteins?®. The results supported
our observations in the native host and revealed that in the presence of a plasmid containing
the target sequence, crBNPs were redistributed to cellular regions located outside of the

nucleoid, especially towards polar regions (Fig. 111.3d, Supplementary Figure Il 1.S3b, c).

Quantification of fluorescent particles revealed 58 to 83 recombinant crRNPs in cells
with different targets (Supplementary Figure [11.S3d and Table 111.S2) , exceeding the
previously reported average of 26 crRNPs per cell in the native system®. We calculated the
Mean Squared Displacement (MSD) as the average squared distance that crRNPs travel over
time to analyze their diffusion behavior. This analysis revealed a lower mobility of Type IV-A1
complexes, as indicated by a decrease in the MSD and diffusion rates, when a genome target
was present (Fig. lll.3e; Supplementary Figure I11.S3e and Table 111.S3 ). The low-mobility
crBNP population increased even further in the presence of a target on the plasmid (Fig.
[11.3e), and the distribution of the tracks suggests a greater likelihood of encountering

replicating high-copy plasmids in the polar regions of the bacterial cell.

(See figure on next page)

Figure 111.3. Spatiotemporal dynamics of Type IV  -Al crRNP complexes targeting the

genome or plasmids, studied by SMM in the native and a recombinant system. a. Heat
maps showing the probability of distribution of all tracks detected in a representative cell. The
plots give the spatial distribution of the mNeonGreen-tagged Type IV-A1 crRNP complex of
P. oleovorans in the wild-type strain and the wild type harboring a high-copy plasmid. Areas
with darker coloration indicate a higher concentration of tracks, reflecting longer scanning
times. b. Jump-distance distribution histograms for mNeonGreen-tagged Type IV-A1
complexes in P. oleovorans showing the probability of displacement in the wild-type strain
and the wild_type harboring a high-copy plasmid. The y-axis represents the probability
density, indicating how frequently a molecule travels a certain distance in one step plotted on
the x-axis in micrometers (um). The closer the values are to zero, the more static the molecules
are. The model was fitted assuming three populations of complexes with distinct diffusion
behavior. Salmon curves show slow populations, green curves show the intermediate
population, and dark grey curves show the mobile population. Global diffusion constants were
used to facilitate the comparison of the diffusion behaviors in different conditions. Insets:
bubble plots obtained by squared displacement analyses (SQD), showing the population sizes
and diffusion constants (y-axis) of the three populations. Each plot is accompanied by the
respective residuals, whose size (between + 0.02) verifies the statistical significance of the
results. c. Schematic of the different strains used to study the diffusion dynamics of P.
oleovorans crBRNP complexes in the heterologous host E. coli. Parental strains containing two



plasmids (one expressing the mNeonGreen-tagged Type IV-A1 crRNP and one carrying the
minimal CRISPR array with the spacer were electroporated with either a non-target plasmid,
a target plasmid, or nuclease-free water, depending on the assay condition. The target is
represented as a small reddish circle located either on the chromosome or a plasmid. d. Heat
maps showing the probability distribution of all tracks detected in a representative cell for
each of the indicated strains. The heat maps give the spatial distribution of mNeonGreen-
tagged Type IV-A1 crBRNP complexes heterologously expressed in E. coli BL21-Al:dnaXmS.
Areas with darker coloring indicate a higher concentration of tracks, reflecting longer scanning
times. e. Jump-distance distribution plots showing the diffusion behavior of mNeonGreen-
tagged crBRNP complexes in the three indicated recombinant strains.
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Type IV-Al CRISPR-Cas complexes interfere with plasmid replication.



The relocation of crRNPs in response to the presence of plasmids suggests that they
possibly interact with components involved in plasmid replication. One potential interactor is
DnaX, an essential component of the clamp loader complex in the DNA replisome?®. Earlier
studies demonstrated that a decrease in the diffusion rate of fluorescently labeled DnaX
indicates stalled replication forks?®. We therefore analyzed whether the dynamics of DnaX
were affected by crRNPs in the presence of plasmid targets. To this end, we generated an E.
coli BL21-Al derivative whose endogenous dnaX gene was fused to the gene for the
fluorescent protein mScarlet (mS). The resulting strain BL21-Al:dnaX-mS was then used to
track DnaX-mS in the presence of the mNeonGreen-tagged crRNPs after the introduction of
a non-target or target plasmid (Fig. Ill.4a). In cells with non-target plasmid, DnaX-mS tracks
were localized diffused over the chromosome (Fig. lll.4b). The fusion protein showed
considerable mobility, as reflected by a high MSD (Fig. lll.4c ) and a large fraction of molecules
in the mobile population (Fig. Ill.4d). Cells harboring a plasmid targeted by the crRNPs, by
contrast, showed a distinct change in the localization pattern of DnaX-mS (Fig. 1ll.4b;
Supplementary Figure 111.S4a, b ), accompanied by a substantial decrease in the MSD (Fig.
[ll.4c) and the diffusion rate of DnaX-mS, with a steep increase in the proportion of molecules
with low and intermediate mobility and a strong decrease of the mobile population (Fig. I11.4d,

Supplementary Table I11.S4 ).

The marked reduction in the diffusion rate of DnaX-mS in the presence of a target
plasmid could be the result of replication fork stalling due to a Type IV crBNP roadblock?®.
Similar effects have been observed for Type | interference complexes which can block DNA

replication?’.

To further investigate the interaction between DnaX and crRNPs, we analyzed the
trajectories of crRNPs for their spatial proximity to active replication forks. We defined active
replication forks as distinct foci of DnaX-mS, because DnaX is presumed to condense on
replisomes when actively engaged in replication and to adopt a diffuse localization when
replication ceases?®®. This analysis revealed that crRNPs localized to the proximity of

replication forks in both the presence and absence of a target plasmid. Notably, a particularly



close proximity to replication forks was observed when the cell harbored a target plasmid
(Fig. lll.4e).

Figure Ill.4. Spatiotemporal dynamics of DnaX -mS with and without Type IV -Al
crRNPs targeting plasmids . a. Schematic of the strains used to study the dynamics of
DnaX. b. Heat maps of all tracks projected in a representative cell indicating the spatial
distribution of mScarlet-tagged DnaX (DnaX-mS) in E. coli BL21-Al described in panel a.
The yellow-reddish areas indicate the highest probability of distribution tracks with longer
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scanning time. c. Mean Square Displacement (MSD) analysis of DnaX-mS molecules in cells
expressing mNeonGreen-tagged crRNPs with and without plasmid target. Shown is a
comparison of the MSD values obtained at different time intervals in the two conditions. The
data points represent the mean MSD, with error bars indicating the standard error of the
mean (SEM). d. Jump-distance distribution histograms of the DnaX-mS molecules in the
two indicated conditions were calculated as described in figure 3e. e. Histogram showing
the probability distribution of distance measurements between mNeonGreen-tagged crRNP
complex tracks and the nearest DnaX focus, representing dwelling events. Green bars
indicate Type IV-A1-mNeonGreen tracks in the presence of a target plasmid. Salmon bars
represent the Type IV-A1-mNeonGreen tracks in the presence of a non-target plasmid.

CONCLUSION

In conclusion, Type IV-A1 CRISPR-Cas activity was visualized at the transcriptome
and cell biological level. The transcriptomics analyses highlighted long-range gene repression
effects that rely on the processivity of the CasDinG helicase. CasDinG may initiate the
unwinding of the non-target DNA strand upon target recognition, potentially encountering and

stalling RNA polymerases. We also showed that CasDinG is not required for Type IV-A1



activity if its target is a promoter sequence. Consistent with recently reported similar
observations'?, this observation indicates that the crBNP is able to inhibit transcription
initiation. Together, our findings suggest a transcription-dependent role of CasDinG in

modulating Type IV-A CRISPR-Cas activity.

Native Type IV-A1 CRISPR-Cas systems most often contain spacers against plasmid
targets. Our SMM analysis supports this preference for plasmid targets as evidenced by (i)
the reduced diffusion rate of crBNPs if plasmid targets were provided and (ii) the polar
redistribution of crRNPs in the presence of high-copy plasmids. CasDinG is likely recruited to
the target, and it remains to be investigated if this helicase leaves the crBNPs to translocate

along the DNA or reels in DNA while remaining attached to the complex.

While dCas9 serves as a highly popular engineered tool to inhibit the activity of RNA
polymerases'’, it appears to be less efficient than Type IV-A1 in the downregulation of gene
clusters or operon regions. In this study, the Type IV-A1 CRISPR-Cas system was found to
serve as a versatile and effective tool to stimulate CRISPRi activities that resemble gene
knockouts without actual degradation of the target DNA. Notably, the existence of alternative
promoters represents a significant challenge for CRISPRI, while Type IV-A1 activity still
achieves an efficient downregulation of extended gene clusters with multiple promoters. This

highlights the potential of Type IV-A1 CRISPRI for operon regulation.
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Supplementary Table I1l.S1. Diffusion constants of slow, intermediate, and mobile molecule

populations of the native Type IV-A1-mNeonGreen crRNP complex in P. oleovorans.

cell track
Strain D@ le Dy¢ ng
S S
0.07 = 0.023 = 0.128 = 0.487 +
Wild type 98 3614
0.011 0.001 0.002 0.002
Wild type + 0.05 = 0.023 = 0.128 = 0.487 =
107 2350
plasmid 0.018 0.002 0.002 0.001

Da, MSD, average diffusion constant of all molecules (um?-s™).
Db, diffusion constant of slow population (um?-s).
D.c, diffusion constant of intermediate population (um?-s™).

D4d, diffusion constant of mobile population (um?2-s™).

Supplementary Table 111.S2. Mean number of molecules of the recombinant Type IV-A1

crBNP complex present in the different conditions in E. coli BL21-Al:dnaXmS.

Strain Mean molecules
Genome target 58
Non-target

75
plasmid

Target plasmid 83




Supplementary Table 111.S3. Diffusion constants of slow, intermediate, and mobile molecule
populations of the recombinant Type IV-A1-mNeonGreen crRNP complex in E. coli BL21-Al:

dnaXms.

Strain cells  tracks D2 D;" D,°¢ D¢
0.11 0.005 + 0.42+
Genome target 130 5723 0.06 + 0.001
0.018 0.002 0.002
Non-target 0.14 + 0.005 + 0.42 +
89 2809 0.06 + 0.002
plasmid 0.015 0.001 0.001
0.13 = 0.005 = 0.42 +
Target plasmid 97 3039 0.06 = 0.001
0.017 0.001 0.002

Da, MSD, average diffusion constant of all molecules (um?-s™).
Db, diffusion constant of slow population (um?-s).
D.c, diffusion constant of intermediate population (um?-s).

D.d, diffusion constant of mobile population (um2-s™).

Supplementary Table 111.S4. Diffusion constants of slow, intermediate, and mobile molecule
populations of DnaX-mScarlet in E. coli BL21-Al:dnaXmS in the presence of recombinant

Type IV-A1-mNeonGreen crRNP complex and target/non-target plasmids.

Strain cells  tracks D? D.° D,°¢ D5¢
Non-target 0.02 + 0.024 + 0.11 +
89 1030 0.88 + 0.01
plasmid 0.01 0.001 0.01
0.01 = 0.024 + 0.11
Target plasmid 97 1100 0.88 + 0.02
0.01 0.001 0.01

Da, MSD, average diffusion constant of all molecules (um?-s™).
Db, diffusion constant of slow population (um?-s™).

D.c, diffusion constant of intermediate population (um?-s).



Dsd, diffusion constant of mobile population (um?2-s™).



Supplementary Table III.S5. Plasmids used in this study.

insertion and deletion strains

Plasmid Description Features Reference
pSIM5 Homologous recombination vector CmFf; Temperature sensitive origin pSC101-ts (Kovach et al., 1995)
expressing A-Red gam, exo, and bet
pEMG Suicide vector used for deletions and | KmP®, oriT, traJ, lacZa, oriV(R6K); (Martinez-Garcia &
insertions in P. oleovorans Lorenzo, 2011)
pMSL15 pEMG derivative; homologious This study
regions of P. oleovorans for
generation of P. oleovorans ACRISPR
pMSL35 PEMG derivative; homologious This study
regions of P. oleovorans for
generation of P. oleovorans AdinG
pSR58 pEMG derivative; homologious This study
regions and sfgfp with pBAD
promoter for generation of P.
oleovorans expressing sfGFP; sfgfp
insertion site: between tadA and mltF
pSEVAG6213S Helper plasmid for generation of GmP, oriV (RK2), Pem; Promoter, I-Scel (Wirth et al., 2020)

pACYCDuERt ™

Generation of pSR14 and pSR15

CmP, p15A ori, 2x T7 promoter, lacl

Novagen

pCDFDu&t ™

Generation of pMSL26 and pSR56

SmR, 2x T7 promoter, CDF origin, lacl

Novagen




Plasmid

Description

Features

Reference

PETDuU€t ™

Generation of pMSL13

AmpR, 2x T7 promoter, pBR322 origin, lacl

Novagen

PRSFDu-gt ™

Generation of pSR77

KmP, 2x P17, T7 terminator, RSF origin, lacl

Novagen

pSR77

p RS F D u-& defiVative; MCS1:
Type IV-A1l CRISPR-Cas from
P.oleovorans (csf5, csfl, csf2, csf3);
MCS2: csf4; repeat-spacer-repeat
fragment with BseRl restriction site
on the spacer. Use as Type IV-A1
negative control in the histidine
auxotrophs CRISPRI assays

This study

pMSL26

p CDF Du-& tlefi¢ative; MCS1.:
dCas9 synthetic, T7 promoter, sgRNA
containing spacer and tracrRNA; Bsal
restriction enzyme on spacer. Use as
dCas9 negative control in the histidine
auxotrophs CRISPRI assays

This study

pMSL41

pSR77 derivative; spacer targets hisA
in E. coli BL21-Al

This study

pMSL45

pSR77 derivative; spacer targets hisA
coding strand in E. coli BL21-Al

This study

pMSL46

pSR77 derivative; spacer targets
promoter of his operon in E. coli
BL21-Al

This study




Plasmid

Description

Features

Reference

pMSL47

pSR77 derivative; spacer targets
internal promoter in hisC in E. coli
BL21-Al

This study

pMSL57

pMSL26 derivative; spacer efficiently
targets hisAin E. coli BL21-Al

This study

pMSL70

pMSL26 derivative; spacer targets
hisA in E. coli BL21-Al

This study

pMSL13

p E T D u €l defivative; MCS1: Type
IV-Al CRISPR-Cas from P.oleovorans
(csfb, csfl, csf2, csf3); MCS2: csf4;

This study

pSR56

pCDF-D u e t1#erivative; MCS1:
Type IV-Al repeat-spacer-repeat
fragment with BseRI restriction site on
the spacer.

This study

pSR54

pSR56 derivative; spacer targets lacZ
in E. coli BL21-Al; for genome
targeting assays using the
recombinant system

This study

pSR66

pSR13 derivative; MCS1: Type IV-A1
CRISPR-Cas from P.oleovorans (csf5,
csfl:mNeonGreen , csf2, csf3);
MCS2: csf4;

This study

pSR24

pSR56 derivative; spacer targets
sequence on pSR14




Plasmid Description Features Reference
pSR14 pACYCDuwEtd%erivativ (Guo et al., 2022)
AAG 3'-priRospdcer type IV;
Target plasmid in the SMM assays.
pSR15 pACYC-D u e t1#erivative, MCS1.: (Guo et al., 2022)
random 32 nt sequence; Non-target
plasmid in the SMM assays.
pS448 Generation of pMSL17. Derivative of | Sm® ori V (pRO1600) , P m { (Wirth et al., 2020)
pSEVA448 used for CRISPR-Cas9 pr omot er -SgRNA
counterselection; cured of Bsal
restriction sites.
pMSL17 pS448 derivative; sgRNA targeting This study
Kanamycin gene from pEMG vector
pSEVA424 Generation of pSR106 SmP, oriV (pRO1600), lacl (Silva-Rocha et al.,
2013)
pSR106 pSEVA424 derivative; insertion of This study
araC and Type IV-A1 repeat-spacer-
repeat fragment with BseRl restriction
sites in the spacer
pSR112 pSR106 derivative; carrying spacer This study
against sfgfp in P. oleovorans
pSR121 pSR106 derivative; carrying spacer This study

against promoter of sfgfp in P.
oleovorans




Plasmid

Description

Features

Reference

pSR122

pSR106 derivative; carrying spacer
against sfgfp in P. oleovorans

This study

pSR124

pSR106 derivative; carrying spacer
against protospacer ~ 500 bp
upstream of mid of sfgfp in P.
oleovorans

This study

pSR125

pSR106 derivative; carrying spacer
against protospacer ~ 400 bp
downstream of mid of sfgfp in P.
oleovorans

This study

pSR129

pSR106 derivative; carrying spacer
against protospacer ~ 2.8 kb
upstream of mid of sfgfp in P.
oleovorans

This study

pSR150

pSR106 derivative; carrying spacer
against protospacer ~ 900 bp
upstream of mid of sfgfp in P.
oleovorans

This study

pSR151

pSR106 derivative; carrying spacer
against protospacer ~ 900 bp
upstream of mid of sfgfp in P.
oleovorans

This study

pSR152

pSR106 derivative; carrying spacer
against protospacer ~ 800 bp

This study




Plasmid

Description

Features

Reference

downstream of mid of sfgfp in P.
oleovorans

pSR153

pSR106 derivative; carrying spacer
against protospacer ~ 800 bp
downstream of mid of sfgfpsfgfp in P.
oleovorans

This study

pSR154

pSR106 derivative; carrying spacer
against protospacer ~ 1.6 kb
upstream of mid of sfgfp in P.
oleovorans

This study

pSR155

pSR106 derivative; carrying spacer
against sequence ~88 kb upstream of
mid of sfgfp in P. oleovorans

This study

pSR160

pSR106 derivative; carrying spacer
against protospacer ~ 2.8 kb
upstream of mid of sfgfp in P.
oleovorans

This study

pSR162

pSR106 derivative; carrying spacer
against protospacer ~ 3.8 kb
upstream of mid of sfgfp in P.
oleovorans

This study




Supplementary Table I11.S6. Strains used in this study.
Strain Feature Reference
Pseudomonas oleovorans DSM1045 Wild type Leibniz Institute DSMZ
P. oleovorans DSM1045:sfgfp Wild type expressing sfGFP This study
P. ol eovor ans3ighR| SPRa ATypelV-Al-CRISPRarrayexpressing sfGFP | This study
P. ol eovor asigipNjCa s Di n G ACasDinG expressing sfGFP This study

Pseudomonas oleovorans;csfomNeongreen

csf5-mNeongreen

(Guo et al., 2022)

E.coli BL21-Al

F- ompT gal dcm lon hsdSB(rB-mB-)
[malB+]K-12(AS) araB:: T7RNAP-tetA

Thermo Fisher

BL21-Al:dnaX-mS

dnaX-mScarlet, Km?

This study

Supplementary Table III.S7. Spacers used for Type IV-A1 and dCas9 CRISPRi assays.

Protospacer is located on the
non-coding strand of hisA,
PAM: 5'-AAG3

Plasmid | Description Spacer sequence Restriction recognition sites for insert
pMSL26 | Negative control used in the GAGACCCGAGACTGGTCTCA Bsal

histidine auxotrophic dCas9

CRISPRI assays
pMSL41 | Type IV-A1 crRNP; TGTTGCACCTGGTGGATCTGACCGGGGCAAAA | NA




Plasmid

Description

Spacer sequence

Restriction recognition sites for insert

pMSL45

Type IV-A1 crRNP;
Protospacer is located on the
coding strand of hisA; PAM:
5'-AAG3

CGTGGCAGCGGGTCGTTACCGTAATCGCGTTG

NA

pMSL46

Type IV-A1 crRNP;
Protospacer is located in the
histidine operon promoter;
PAM: 5'-AAC3

GGTTCAGACAGGTTTAAAGAGGAATAAGAAAA

NA

pMSL47

Type IV-A1 crRNP;
Protospacer is located within
an internal promoter of the
histidine operon on hisC;
PAM: 5'-AAG3

CCTCCAGCGCAGTGTTTAAATCTTTGTGGGAT

NA

pMSL57

dCas9; Protospacer is located
on the non-coding strand of
hisA; PAM: 5'-CGG3'. Efficient
spacer

GTTCCAGTGCAGGTTGGTGG

NA

pMSL70

dCas9; Protospacer is located
on the coding strand of hisA;
PAM: 5-CGG3'

TAATCCTGTAAGCGTGGCAG

NA

pMSL44

dCas9; Protospacer is located
on the non-coding strand of
hisA; PAM: 5'-CGG3'. Inefficient

TTGCACCTGGTGGATCTGAC

NA




Plasmid [ Description Spacer sequence Restriction recognition sites for insert
spacer

pMSL55 | dCas9; Protospacer is located | CCGGCATTAGATTTAATCGA NA
on the non-coding strand of
hisA; PAM: 5'-CGG&3'. Inefficient
spacer

PMSL56 | dCas9; Protospacer is located | TACGGCAAACAACGCGATTA NA
on the non-coding strand of
hisA; PAM: 5'-CGG3'. Inefficient
spacer

pSR24 | Type IV-A1 crRNA; CATCCAAGTTACGCATCAGATTCGAGACGCGA NA
Protospacer is located on
pSR14; 5-AAG3 PAM

pSR54 | Type IV-A1 crRNA; ATCGCACTCCAGCCAGCTTTCCGGCACCGCTT | NA
Protospacer is located on the
coding strand of lacZ in BL21-
Al; PAM: 5-AAG3

pSR56 Negative control Type IV-A1 in | ATGTGACTCTCCTCCGAAGAGGAGGTAAGTAC BseRlI
the genomic lacZ CRISPRi
assays

pSR77 | Negative control used in the ATGTGACTCTCCTCCGAAGAGGAGGTAAGTAC BseRI

histidine auxotrophic Type IV-
A1 CRISPRI assays




Plasmid

Description

Spacer sequence

Restriction recognition sites for insert

pSR106

Negative control in the
genomic CRISPRI assays in P.
oleovorans strains

ATGTGACTCTCCTCCGAAGAGGAGGTAAGTAC

BseRl

pSR112

Type IV-A1 crRNA;
Protospacer is located on the
coding strand of sfgfp inserted
in P. oleovorans; PAM: 5'-AAG
g

GTGATGCGACCAACGGTAAACTGACCCTGAAA

NA

pSR121

Type IV-A1 crRNA;
Protospacer is located on
non-template strand in pBAD
promoter of sfgfp inserted in
P. oleovorans; PAM: 5'-AAG3

ATTAGCGGATCCTACCTGACGCTTTTTATCGC

NA

pSR122

Type IV-A1 crRNA;
Protospacer is located on the
coding strand of sfgfp inserted
in P. oleovorans; PAM: 5'-AAG
g

GCAGCCACCATCATCATCACCATTAAGCTGAA

NA

pSR124

Type IV-A1 crRNA;
Protospacer is located on
non-template strand 115 bp
upstream of beginning of sfgfp
inserted in P. oleovorans;
PAM: 5'-AAG3

TCCACATTGATTATTTGCACGGCGTCACACTT

NA




Plasmid

Description

Spacer sequence

Restriction recognition sites for insert

pSR125

Type IV-A1 crRNA;
Protospacer is located on
non-template strand 58 bp
downstream of end of sfgfp
inserted in P. oleovorans;
PAM: 5'-AAG3

GGCGGGGTTTGTTCTTCTTCGGGTTTACGCTT

NA

pSR129

Type IV-A1 crRNA;
Protospacer is located on
non-template strand 2421 bp
upstream of beginning of sfgfp
inserted in P. oleovorans;
PAM: 5'-AAG3

CCAAGCGGGCTCGGGCGGCTTGTTGATGATCG

NA

pSR150

Type IV-A1 crRNA;
Protospacer is located on
coding strand 541 bp
upstream of beginning of sfgfp
inserted in P. oleovorans;
PAM: 5'-AAC3'

CCTGCAGCATGTGTGCAGGTTTGATCGTGCAT

NA

pSR151

Type IV-A1 crRNA;
Protospacer is located on
non-coding strand 555 bp
upstream of beginning of sfgfp
inserted in P. oleovorans;
PAM: 5'-AAG3

CTGCACACATGCTGCAGGGTTCCAGGGTGACG

NA




Plasmid

Description

Spacer sequence

Restriction recognition sites for insert

pSR152

Type IV-A1 crRNA;
Protospacer is located on
coding strand 405 bp
downstream of end of sfgfp
inserted in P. oleovorans;
PAM: 5'-AAG3

GCTATGTCTGAGTTAACTGTTGCATATCCCTA

NA

pSR153

Type IV-A1 crRNA;
Protospacer is located on
non-coding strand 418 bp
downstream of end of sfgfp
inserted in P. oleovorans;
PAM: 5'-AAG3

AGGCGTTGGGGTATAGGGATATGCAACAGTTA

NA

pSR154

Type IV-A1 crRNA;
Protospacer is located on
coding strand 1183 bp

upstream of beginning of sfgfp

inserted in P. oleovorans;
PAM: 5'-AAG3

TATTGGCAGATCAATGGCCAGGCCTGGGATAT

NA

pSR155

Type IV-A1 crRNA;
Protospacer is located on
template strand 88.828 bp

upstream of beginning of sfgfp

inserted in P. oleovorans;
PAM: 5'-AAG3

TAAAATCAAAGCAAAAGTTATTGCAAGATCAC

NA




Plasmid

Description

Spacer sequence

Restriction recognition sites for insert

pSR160

Type IV-A1 crRNA;
Protospacer is located on
template strand 2435 bp
upstream of beginning of sfgfp
inserted in P. oleovorans;
PAM: 5'-AAG3

CCGCCCGAGCCCGCTTGGCTTAGGGGATTCGT

NA

pSR162

Type IV-A1 crRNA;
Protospacer is located on
coding strand 3460 bp
upstream of beginning of sfgfp
inserted in P. oleovorans;
PAM: 5'-AAG3

TCGCGCTCGGCGATCATGACCGCCCAGAGCCA

NA

Supplementary Table I11.S8. Primers used for RT-qgPCR.

Oligo name Sequence Primer Efficiency Test
gPCR hisA fw CGTGGTACGTCTCCATCAGG Efficiency: 94%
gPCR hisA rv GCGGGATTTGACGTTTAGCC R2: 098

gPCR hisH fw CTGTTTTTACCCGGCGTTGG Efficiency: 98%
gPCR hisH rv CCCAGCAGTTGCATCCCTAA R% 0.99




Oligo name Sequence Primer Efficiency Test

gPCR hisF fw AGAAGGTGCAGACGAACTGG Efficiency: 91.6%

gPCR hisF rv GAGACTTAATCCCACCCGCC R2 0.95

gPCR recA fw GTTCCATGGATGTGGAAACC Efficiency: 100%
ATATCGACGCCCAGTTTACG R2 0.99

gPCR recA rv
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Supplementary Figure 111.S1. Effects of CRISPRi by Type IV -Al crRNPs and dCas9 on
different genes. a. Schematic representation of a 17 kb region of E. coli BL21-Al genome
containing the histidine operon. Genes are represented as horizontal arrows indicating the
direction of transcription. Green arrows represent genes outside of the histidine operon, and
salmon arrows represent genes that are part of the histidine operon. Gene A: plaP, B: yoel,
C: GSU80_09680, D: GSU80_09685, F: wzzB, G: GSU80_09740, H: gndA and I: opsG. Vertical
arrows (1, 2, 3, and 4) indicate four target sites either above or below the genes, targeting the
coding or non-coding strand, respectively. 1: Target in histidine operon promoter, 2: Target
in internal promoter in hisC, 3: Target on the hisA coding strand, and 4: Target on the hisA
non-coding strand. b. lllumina RNA-Seq coverage plots of the histidine operon region with
the dCas9 treatment targeting the non-coding strand of hisA (4). The plots show a reduction
in the number of reads in the local area of the target in comparison to the negative control
(dCas9 C-). c. lllumina RNA-Seq coverage plots of the histidine operon region in the presence
of the Type IV-A1 CRISPR-Cas system targeting the non-coding strand of hisA. The plots
show a significant reduction in the number of reads for the different treatments in comparison
to the negative control (IV-A1 C-). d. RT-gPCR of hisH and hisF under dCas9 treatment
targeting both the coding (3) and the non-coding strand (4) of hisA. e. RT-gPCR of hisH and
hisF under Type IV-A1 CRISPR-Cas system treatment targeting the promoters (1 and 2), and
both the coding (3) and the non-coding strand (4) of hisA. RT-gPCR experiments were
performed with n=3 independent colonies. Statistical analysis was performed using an
unpaired two-tailed t-t e st . Data represent the mean (%
0.0001.

SD)
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Supplementary Figure 111.S2. Analysis of CRISPRI transcriptome effects. a. Agarose gel

showing the result of a PCR analysis testing DNA integrity after CRISPRi assays using dCas9 or
Type IV-A1. C-: Non-targeting control. Ladder: 1 kb Plus (NEB) b. Volcano plots showing the
differential expression of genes after dCas9 treatment for the two indicated target sites. Significantly
regulated genes are highlighted in salmon (downregulated) and green (upregulated). c. Volcano
plots showing the differential expression of genes after Type IV-A1 treatment for the indicated target
sites. Significantly regulated genes are highlighted in salmon (downregulated) and green
(upregulated).



a b Slow population Intermediate population Mobile population
10° 10 102 103

© ® 05 - —
Eo x o = - - - 0.4
5} E’g 0 - N ? 3 K. E &.\ 01
g q S L= ——
O* »-05
lacZ target i
9 4 - B 2 05 03
@ % P
o £ <
- ot 0 .
c o 2
F 3505
ko
53T g 0.5 0.2
= - -
: ] ﬁ £ 0 P S Q = 01
c 82 - T
oQ®-05 0
=z 0 05 1 0 05 1 0 05 1
Long Axis Long Axis Long Axis

Cc d x10°

1.8{=Prob. Intensity Gaussian smallest avg
—Mixuture model Gaussian 2 xavg
Genome Target
2
N g, =12
- g5 32
o™ 28
€5 =2
g3 ggos e
a c
8=
a —— Genome target
0 Target plasmid
x10* 0.0224 Non-target plasmid
1.84+Prob. Intensity Gaussian smallest avg
—Mixuture model Gaussian 2 xavg
>
. 2 . 0020+
v c %
o8 o 012 £
5E 23 2 —
2 . P
£ 23 g oo ‘ s
sa 88 2 ~-
Z gE08 = - -
& !
0.016 = /, /
x10 g
1.81*Prob. Intensity Gaussian smallest avg 0.012 = /
Target plasmid o —Mixuture model -~ Gaussian 2 xavg .
£
w3 S,
gE 23" T T T T
) 8 Ee 0.02 0.04 0.06 0.08 0.1 0.12
o =3 2 g .
8L Time lag [1]
a
0 x10*
0 20 40 60 80 100 120 140
Integrated intensity (u. a.)
Supplementary Figure 111.S3. Spatiotemporal dynamics of the mNeonGreen -tagged crRNPs

with different targets. a. Blue-white screening after CRISPRi with mNeonGreen-tagged Type IV-
A1 crRNPs targeting lacZ. b. Heat maps of the three different molecule populations for each
condition. Tracks are projected onto a representative cell from each condition. Heat maps indicate
the spatial distribution of mNeonGreen-tagged crRNPs heterologously expressed in E. coli BL21-
Al. The yellow-reddish areas indicate the distribution of most of the tracks with longer scanning
times. c. Projections of all tracks observed in three representative cells from the indicated
conditions, assigned according to the diffusion coefficient to the slow (salmon), intermediate (gray),
or mobile (green) population. d. Distribution density function of integrated spot intensities for each
condition. Number of particles detected for: Genome target (58322), non-target plasmid (52987),
and target plasmid (57329). In the best estimation, there are two populations of average integrated
intensity for all conditions and are represented in arbitrary units (u.a). The two populations are shown
as Gaussian distributions (salmon and green) and the mean number of particles is determined in the
intersection point of both curves. e. Comparison of the Mean Square Displacement (MSD) of



mNeonGreen-tagged crRNPs after different time intervals in the three conditions. Data points
represent the mean MSD, with error bars indicating the standard error of the mean (SEM) (Genome
target: 0.11 + 0.018 pm?; non-target plasmid: 0.14 = 0.015 pm?; target plasmid: 0.13 + 0.017 pm?).
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Supplementary Figure 111.S4. Spatiotemporal dynamics of the DnaX -mScarlet protein in

cells expressing mNeonGreen -tagged crRNPs targeting or not targeting a plasmid. a.
Three representative cells from each condition that contain projections of all tracks, assigned
according to the diffusion coefficient to the slow (salmon), intermediate (gray), or mobile
(green) population. b. Heat maps of the three different molecule populations for each
condition. Tracks are projected onto a representative cell from each condition. Heat maps
indicate the spatial distribution of DnaX-mScarlet in E. coli BL21-Al. The yellow-reddish areas
indicate the distribution of most of the tracks with longer scanning times.
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Chapter IV: General discussion



GENERAL DISCUSSION

IV.l Significance of self -targeting spacers in Type IV -Al
CRISPRCas

As described in chapter |, bacteria developed several strategies to mitigate the fitness
pressure associated with containing a self-targeting spacer (STS) during adaptive immunity.
These strategies may include inactivation of the CRISPR-Cas system through mutations or
deletions of CRISPR elements, escaping from self-targeting creating mutations on the
protospacer leading to partial complementarity with the spacer, as well as mechanisms

involving participation of anti-CRISPR proteins (Fig. 1.4).

In general, STS can lead to significant reshaping of bacterial genomes, driving
evolutionary changes. These changes range from deleting or modifying genes, leading to
adaptations in metabolic capacities, to influencing population dynamics. However,
Pseudomonas oleovorans presents a paradox. It possesses an STS within the Type IV-A1
CRISPR array, which is part of an active system with a valid target on a functional gene and
no reported anti-CRISPR proteins (Guo et al., 2022). This exemplifies how self-targeting can

contribute to our understanding of natural CRISPR interference systems.

Type IV CRISPR-Cas systems are distinguished by their unique features. These
include their apparent involvement in plasmid warfare (Pinilla-Redondo et al., 2020), crosstalk
with Type |-E CRISPR-Cas systems for spacer acquisition during the adaptation process
(Benz et al., 2024), the ability to downregulate gene expression in the absence of DNA
degradation (Guo et al., 2022), and the crucial role of the CasDinG helicase in the interference
process (Domgaard et al., 2023). However, the interference mechanism displayed by Type IV

CRISPR-Cas system is still under elucidation.

Therefore, we aimed to identify the general composition of the Type IV-A1 CRISPR-
Cas system and activities in presence of different targets. Among the 20 spacers encoded in
the CRISPR array of P. oleovorans we found potential targets towards conjugative elements
including transposons and plasmids in agreement with the participation of the system in the
plasmid-host interaction (Pinilla-Redondo et al., 2020). The most recently acquired spacer,
according to the closest proximity to the leader sequence, presents a perfect match with a
sequence within the pilN gene in the host chromosome. This feature prompted us to explore
the interference process of our system that tolerates the STS in addition to their primary role

in adaptive immunity. In the following sections of this final chapter, | will discuss in depth the



main results of my work, contributing to the understanding of the Type IV-A1 CRISPR

interference effect and its potential application as an endogenous gene regulation tool.

IV.1I Implications for understanding the possible origins of
self -targeting spacer in Type IV -Al CRISPRCas:

At this point, | would like to point out some discussion points regarding the possible
origins and implications of the self-targeting spacer (STS) in the Type IV-A1 CRISPR-Cas
system. The gene targeted by the STS, pilN, encodes a subunit of the bacterial inner
membrane Type IV pilus (T4P) biogenesis complex. T4P are multifunctional structures that
play vital roles in motility, adhesion, DNA uptake, and interactions with bacteriophages (Craig
et al., 2019). Phages recognize and bind to specific receptors on the pili, initiating the infection
process. Phage attachment to T4P can also influence horizontal gene transfer and the
dynamics of bacterial populations (Holland, Sanz, and Perham 2006). Additionally, it has been
also demonstrated that modifications on surface receptor proteins induced by prophages
proteins decrease the susceptibility to phage infection in bacteria (Pedruzzi et al., 1998;

Ragunathan & Vanderpool, 2019; Taylor et al., 2024).

For instance, a Pseudomonas aeruginosa strain infected with a filamentous prophage
(Pf), exhibits transient suppression of T4P when expressing Pf-derived proteins. These
proteins are able to bind to one of the pili assembly proteins (PilC), altering attachment sites
and preventing integration of new virions that lead to cell lysis therefore inducing a
superinfection exclusion (Schmidt et al., 2022). Similarly, other studies report phage-derived
proteins inhibiting bacterial ATPase PilB involved in pili biogenesis (Chung et al., 2014, 2021).
Additionally, phage-derived proteins show significant homology and biological effects on
Type IV minor pili subunits. For example, analogous phage-derived FimU (P-FimU) mimics
the function of bacterial FimU, subsequently inhibiting the binding of new phages (Sztanko et
al., 2024). This is particularly relevant since structural analyses of filamentous bacteriophages
infecting gram-negative bacteria have demonstrated that phage proteins mimicking T4P (plV)
share high homology with Type-IV-pilus secretins (Conners et al., 2021). This evidence
demonstrates that phages can produce proteins mimicking bacterial components to interfere
with cellular processes. However, bacteria could be indirectly benefited from the
superinfection extrusion condition. In this context, it is plausible to suggest that the above-
mentioned mechanisms provide indirect first line of defense, beneficial for the host and for

the prophage to avoid super infection.



Bacteria contain three lines of defense against antimicrobial agents. The first line of
defense involves physical and chemical barriers that prevent microbial entry, while the second
and third lines include mechanisms that target and degrade foreign nucleic acids, and provide
long-term immunity (Zhou et al., 2015). CRISPR-Cas systems can be part of both the second
and third lines of defense when they destroy the invader post-entry into the cell. Resuming
the context of the Type IV-A1 CRISPR-Cas system containing a pilN-targeting spacer, |
accordingly hypothesize that P. oleovorans might have acquired this spacer-targeting system
(STS) as a means of regulating the entrance of phages or plasmids during conjugation. This
regulation could effectively affect the genes encoding proteins that form "the gate" to access
the cell, resulting in a positive selection for a spacer that is tolerated by the cell and causes
no damage to the DNA. Simultaneously, this regulation indirectly influences the interaction
and entrance of phages and conjugation with plasmids, thereby featuring this CRISPR-Cas
system as part of the first line of defense. Future studies should focus on in vivo experiments

with phages capable of targeting this strain with and without the STS.

Considering that Type IV CRISPR-Cas systems lack an adaptation module, it can infer
the involvement of another CRISPR-Cas system providing the integration of new spacers. It
has been demonstrated that an intricate mechanism allows crosstalk with other CRISPR-Cas
systems for new spacer acquisition in the Type IV CRISPR-Cas system, such as the Type I-E
system found in Klebsiella pneumoniae (Benz et al., 2024). In fact, in P. oleovorans the Type
IV-A1 CRISPR-Cas system also co-exists with a Type I-E system, and a Type I-F system (Guo
et al., 2022). A parsimonious explanation is that the adaptation module from the Type I-E
system could allocate the spacer STS derived from a genomic fragment in the CRISPR array
of a nuclease missing system, ensuring cellular stability and adaptability, especially
considering that a system without an active nuclease does not have selective pressure to
acquire spacers from the own genome (Yosef et al.,, 2012). That spacer was eventually
tolerated by the cell and ultimately displayed beneficial features regarding regulation of

attachment site of phages.

However, the spacer might also originate from a mobile genetic element containing
sequence similarities with the host pilN and therefore representing a more complex
interaction. Although the proteins sequence and structures can be similar, it is necessary to
find a potential phage whose gene sequence perfectly matches with the STS for P.
oleovorans, which has not been possible with current databases. Overall, by enriching the

understanding of STS origins and mechanisms involving phage-host interactions, we can



better comprehend how CRISPR-Cas systems and prophages co-evolve, in symbiotic

scenarios.

I\V. lIl Evolutionary implications of the interference
mechanism

There is an interesting evolutionary feature worth considering which is the possibility
of a system involved in nuclease activities. Recent studies by Altae-Tran and colleagues
(2023), reported a rare Type IV CRISPR-Cas system from Sulfitobacter sp. JLO8 containing a
HNH nuclease domain integrated in the C-terminal of the CasDinG and capable of degrading
dsDNA in a PAM-dependent manner. This suggests an evolutionary scenario where a
nuclease domain might be associated with the CasDinG in the Type IV-A1 system. The
hypothesis would then hint that the integration of the STS necessitated structural or functional

adaptations to mitigate the lethal effects of constant nuclease activity.

Even though Type IV CRISPR-Cas systems are evolutionarily closer to Type |llI
CRISPR-Cas systems (Moya-Beltran et al., 2021), their same PAM recognition, DNA target
preference, and functional similarities align better with Type | systems. This alignment is
particularly evident due to the role of the helicase, which is recruited to the complex following
target recognition (Westra et al., 2012). The most evident difference among these systems is
the presence of the Cas3 in the Type | systems which is a 3’-5’ helicase with nuclease activity
(Huo et al.,, 2014). While CasDinG is the 5’- 3’ helicase exhibiting no nuclease activity
(Domgaard et al., 2023). Yet, if evolutionarily the nuclease activity of CasDinG was lost when
the STS was integrated into the array, or the system can evolve to a DNA-cleaving system, is

something that needs to be further elucidated in future studies.

While there might be several assumptions regarding the possible origin of the STS in
P. oleovorans, the most intriguing question remains the characterization of the interference
mechanism used by the Type IV-A1 CRISPR-Cas system. This characterization will ultimately

provide meaningful insights into the potential applications of this system as a genetic tool.

V. IV Spatiotemporal dynamics of Type IV CRISPR -Cas
system: CRISPR interference scope for genome and plasmid
targeting

A significant part of my contribution to understanding the interference activities of the

Type IV-A1 CRISPR-Cas system involved visualizing the dynamics of crRNPs using single-



molecule microscopy (SMM) tools which represent a great portion of the methods used in
chapters Il and Ill. By employing fluorescent tags, we monitored the spatiotemporal dynamics
of the crRNPs in vivo. One of the first experiments was performed to analyze the distribution
of quantitative diffusion rates of the crBRNPs in the native P. oleovorans which contains the
STS in the CRISPR array. In this strain, crBNPs displayed a distinct distribution across the
nucleoid, characterized by a high concentration of confined molecules (dwell events) with
lower diffusion rate (Fig. Il. 3a, d, Fig. 1ll.3a, b ). In contrast, a strain lacking the CRISPR array
(ACRISPR) exhibited a more dispersed distribution of the crRNPs, with higher diffusion rates,
implying reduced scanning and interaction time. To further validate these findings,
fluorescently tagged crBRNPs expressed in the recombinant system reproduced this nucleoid
scanning and probing behavior when a genome-directed target was provided (Fig. Ill. 3d).
The distinct nucleoid localization and reduced diffusion rates in the presence of an STS
suggest that the crRNPs are actively scanning for their targets. In agreement with recent SMM
studies using a nuclease-free dCas9 system, it has been demonstrated that the protospacer
adjacent motif (PAM) searching is one of the most time-consuming tasks, specially, over the
bacterial chromosome where most PAM sequences can be found (Martens et al., 2019; Olivi
et al.,, 2024). Performing a quick search in the P. oleovorans genome about the possible
probing events of the crRNPs, 218 sequences were found to be potential targets considering
a 5AAG 3" PAM plus the next six nucleotides as seed region. This aligns with the high
probability of finding molecules with an intermediate diffusion rate which are more likely

engaged in PAM scanning.

Since most studies on Type IV CRISPR-Cas systems show a strong bias towards
protospacers on plasmids, | employed SMM to visualize the distribution of the crRNPs in the
presence of plasmids within the cell. Introducing a high-copy plasmid into the native system
resulted in a significant redistribution of the crRNPs, with a predominant movement outside
of the nucleoid. This displacement suggests that high-copy plasmids even lacking target
sequences can alter the localization dynamics of the crRNPs, potentially by saturating the
cellular machinery and prompting crRNPs to relocate. Basically, the presence of numerous
plasmids might crowd the cellular environment, leading crRNPs to shift their positions to areas
where they can still function or find new targets. These findings support our hypothesis that

crBNPs interact with plasmids.

To further investigate this interaction, | employed a heterologous system expressing

fluorescently tagged crRNPs to study plasmids with specific targets. Upon introducing target-



containing plasmids, crRNPs exhibited a conspicuous redistribution towards the cell poles
and displayed reduced diffusion rates, indicative of prolonged interaction times with their
targets (Fig. lll. 3d, e). Previously, it was shown that high-copy plasmids replicate outside of
the nucleoid within the cell (Reyes-Lamothe et al., 2014; Yao et al.,, 2007). Therefore,
localization of crBRNPs in such areas suggests the real-time visualization of replicative high-

copy plasmids.

Quantitative analysis of the number of fluorescently tagged crRNPs revealed
approximately 26 particles per cell in the native system, closely correlating with RNA-seq data
of mature crRNAs, assuming production of mature crRNA for each spacer in the CRISPR
array. In the recombinant system, the number of crRNP molecules increased by 2 to 4 times,
likely due to the heterologous expression of crRNPs used in the study. This increase suggests
that crRNPs are not toxic to the cell even at elevated concentrations. For comparison, the
Type I-E CRISPR-Cas system in E. coli exhibits about four Cascade complexes per cell
without induction, rising to 20 under induction to confer 50% immunity (Vink et al., 2020). In
contrast, studies using a similar SMM approach to quantify the number of c-di-GMP receptor
particles, which act as a second messenger in Bacillus subtilis, reported between 6 and 25
copies of the receptor per cell (Sandra et al., 2020). Thus, compared to our system, the

number of particles found indicates low toxicity even at higher amounts.

Our findings at this point provided insights into the interaction of the Type IV-A1
CRISPR-Cas system with the targets in vivo. Next question was about the possible
mechanism employed by the Type IV-A1 CRISPR-Cas system to interfere with plasmids
without direct degradation. Therefore, the hypothesis was that in absence of nuclease activity,
there is a most likely physical effect of the crRNPs with the replication/transcription machinery
upon target binding. In the specific case of plasmids, this effect would ultimately avoid their

propagation in the cell.

IV. V Interactions between crRNPs and replication fork
dynamics

The exclusion of crRNPs from the nucleoid in the presence of target plasmids
suggests their interaction with elements crucial for plasmid replication, as nucleoid-free
regions are likely sites for this process (Reyes-Lamothe et al., 2014; Yao et al., 2007). A

suitable candidate for studying this interaction is DnaX, a vital part of the clamp loader



complex in the DNA replisome (Onrust et al., 1995). Thus, we investigated whether the

presence of plasmid targets influences the dynamics of DnaX in the context of crRNP activity.

Our experiments revealed that the diffusion rate of DnaX-mS, represented in the MSD
model, significantly decreased when crRNPs were expressed in the cell along with a target
plasmid (Fig. Ill 4c). This finding suggests that the presence of a specific target on a plasmid
induces interactions that stall the behavior of DnaX, implying that this protein is likely engaging
more frequently or stably with DNA. The restricted mobility can be attributed to crRNP-
mediated interference with plasmid replication, thereby reducing the overall diffusivity of
DnaX-mS. Supporting this notion, research has shown that the diffusion rate of fluorescently
tagged DnaX in Bacillus subtilis decreases notably when replication forks are stalled due to
chemical DNA damage (Hernandez-Tamayo et al., 2019). Similarly, studies have
demonstrated that bound dCas9 can interfere with plasmid replication by creating a
roadblock that inhibits replication progression (Martens et al., 2019). Furthermore, Type |
Cascade complexes have been observed to induce replication fork stalling, reinforcing the
concept of protein-induced replication blockages (Killelea et al., 2019). These parallels
suggest that crBNPs might exert a similar inhibitory effect on plasmid replication, aligning

with our observation of decreased DnaX mobility.

In our attempt to investigate the interaction between crRNPs-mN and DnaX-mS based
on close proximity, we utilized a tool from SMTracker to measure the distance from crRNPs-
mN trajectories to the nearest DnaX-mS focus, which was suggested to be the point of
replication fork formation. Results showed that crRNPs localized near DnaX-mS in both the
presence and absence of a target plasmid. Notably, there was a higher probability of crRNP
trajectories accumulating closer to replication forks when a target plasmid was present (Fig.
[l 4e). Nevertheless, further experiments are needed to clarify these interactions. Specifically,
comparing the dynamics of fluorescently tagged CasDinG under the same experimental
conditions could reveal whether the physical interaction with replication fork elements is
caused by the entire crRNP complex or by the single translocation of CasDinG upon target
binding (Figure 1V.1). To further elucidate this mechanism, a similar approach using single-
molecule FRET could be employed, similar to the method proposed by Loeff and colleagues
(2018) where they investigated the mechanistic translocation of the helicase/nuclease Cas3
during the interference activity. Their study revealed that Cas3 remained attached to the

Cascade effector complex while continually reeling in the invader DNA.



Furthermore, identifying “pause site” of DNA replication products near crRNP
blockage sites would further confirm the inhibition of replication elongation. This approach
has been proposed for studies involving Cascade complexes (Killelea et al., 2019) and could
be adapted to investigate Type IV-A1 CRISPR-Cas systems. By introducing crRNPs targeting
a specific sequence in the plasmid, we hypothesize that there is a replication fork stalling at
the site of interaction of crRNPs with the replication machinery. One technique that can be
used is Bromodeoxyuridine (BrdU) labeling of newly synthesized DNA enabling identification
of actively replicating DNA via incorporation a synthetic nucleoside. BrdU labeling followed
by immunoprecipitation and plasmid sequencing (BrdU-Seq) will help identify regions where
replication forks stall. Peaks in BrdU signal at or near the crRNPs interaction site will confirm
the replication blockage caused by the roadblock. This method may provide a comprehensive
way to analyze and confirm replication fork stalling as it has been assessed for specific

genomic loci in human fibroblasts (Rojas et al., 2024).

Additional factors should be considered in future studies such as the effect of the
replication mechanism of the targeted plasmids according to the origin of replication. In the
reported study in chapter Ill, | utilized plasmids with a p15A origin of replication for the
recombinant system. The p15A origin utilizes a specific replication mechanism that involves
interaction with various replication proteins as well as RNA polymerase (RNAP) during priming
phase (Kies & Stahl, 1989), which could be impacted by crRNP activity. Different origins of
replication might result in varying degrees of interaction with crRNPs. It is worth evaluating
this effect in the future using plasmids with diverse origins of replication to determine the
extent to which Type IV-A1 CRISPR-Cas systems can interfere with their replication and or

transcription.
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Figure 1IV.1. Schematic model of proposed mechanism of plasmid interference by crRNPs. Type IV
crRNPs scan plasmids replicating outside of the bacterial nucleoid. DnaX as part of the clamp loader
complex during plasmid replication is stalled by the crRNPs/CasDinG. The occlusion of replication

machinery might be a mechanism used by crRNPs to control over replication of plasmids in the cell.

V. VI Comparative analysis of Type IV -Al and dCas9 CRISPRI

The absence of DNA degradation during the interference activity of the crRNPs (Fig
I1.2c) motivated the investigation of the interference effect on the genome target at transcript
level. Using lllumina RNA-seq, we compared the transcript levels of both the native and
ACRISPR array strains, previously examined in the SMM experiments. Notably, the transcripts
on the specific pilN target and neighboring genes (pili operon) showed to be significantly
repressed in the wild-type strain. In contrast, the transcripts on the pili operon were more
abundant in the strain carrying a knock-out of the full-length CRISPR array containing the

self-targeting spacer (Fig 11.3.e, f, g ).

The interference activities of Type IV-A1 crRNPs closely resembles the CRISPR
interference (CRISPRI) effect produced by nuclease-inactive CRISPR-Cas systems such as
dCas9, whose molecular mechanism have been well studied (Qi et al., 2013). Unlike traditional
CRISPR-Cas9, which cuts dsDNA, dCas9 binds to a target gene's DNA without cutting it.
This binding blocks the gene's transcription, by physically occluding the RNA polymerase



(RNAP). Hence, inhibiting transcription elongation (Qi et al., 2013). To further explore
mechanistic similarities with the crRNPs interference, | compared the transcriptional effects
of Type IV-A1 CRISPRi on chromosomal targets with those of dCas9, considering the
potential for developing Type IV-A1 CRISPR-Cas as a tool for genomic CRISPRi assays.

For the evaluation, | screened several bacterial operons, focusing on those where
interference might generate an auxotrophic phenotype. Moreover, | was particularly interested
in finding operons containing internal promoters. Therefore, the histidine operon within the E.
coli BL21-Al strain was used as an ideal candidate due to its well-characterized operon
composition and presence of internal promoters (Alifano et al., 1996). Analysis of coverage
plots revealed that CRISPRi by crRNPs had a broader impact on transcript abundance
compared to dCas9, which was limited to the specific target and downstream regions.
Targeting the operon promoter with crBRNPs displayed an interference effect on transcripts
within the promoter region, supporting the presence of an internal promoter in the 3' region of
the hisC gene (Thomason et al., 2015). This suggests that Type IV-A1 CRISPRI influences
transcription more broadly than dCas9, whose effect has been reported to be stronger when

it is close to promoter regions (Bikard et al., 2013).

CRISPRI from crBRNPs nearly eliminated transcripts at the targeted region effectively
depleting the histidine biosynthesis pathway, while preserving DNA integrity (Extended Data
lll. Fig. 2a). Therefore, histidine auxotrophic cells were generated. In contrast, dCas9
knockdown levels maintained sufficient histidine production, highlighting the efficiency of
crBNPs in gene silencing at transcript level. The upregulation of alanine metabolism-related
genes (e.g., dadX and dadA) in response to crBNP interference on the histidine operon
suggests a compensatory metabolic response in histidine-depleted cells. This redirection of
energy resources towards enhanced growth rates aligns with literature indicating alanine
accumulation in bacteria during rapid growth (Diaz-Pascual et al., 2021; Muranaka et al.,

2023).

Targeting the internal promoter in hisC and the operon promoter caused a positional
shift of the affected region, impacting genes transcribed in the opposite orientation, in the
case of the operon promoter, this effect is likely due to a bidirectional promoter near the
histidine operon promoter (Goyalet al.,, 2016; Huerta & Colladdgides, 2003; Tjadeet al., 2002)
Mechanistically, it has been proposed that upon target recognition by the crRNP effector
complex, the helicase CasDinG is recruited and binds to the non-target strand, initiating DNA

unwinding in 5-3' direction (Domgaard et al., 2023), and potentially occluding active



transcription machinery. This interaction with the transcription machinery might originate a
promoter-proximal pausing of transcription, which ultimately might induce degradation of
nascent unstable transcripts that are degraded by host nucleases (Core & Adelman, 2019;
Elrod et al., 2019). Based on the bidirectionality of the effect, it is likely that more than one

subunit of CasDinG is recruited and translocate in both directions (Figure IV.2)

Interestingly, when targeting a promoter with crRNPs lacking CasDinG, the effect of
Type IV-A1 crRNPs resembles that of dCas9 as a roadblock, corroborating the dispensability
of this helicase in promoter regions (Benz et al., 2024). Notably, within a gene, crRNPs require
CasDinG to unwind the double helix and translocate until clashing with an active RNAP. Low
stability in promoter regions may assist in the initial melting, and negatively supercoiled DNA
near promoters may facilitate helicase unbinding. CasDinG might play a role similar to that of
the helicase and nuclease Cas3 in the Type | CRISPR-Cas systems. The crRNP architecture
resembles the Cascade complex of Type | systems, composed of several subunits of Cas7 in
the backbone, one subunit of Cas6, one of Casb, and additional Cas8 and/or Cas11. Both
systems recruit the helicase-associated protein upon target recognition, Cas3 in Type | and
CasDinG in Type IV CRISPR-Cas systems, and both helicases seem to be responsible for
causing processive interference generating long-range effects. The main difference is that

Cas3 ultimately degrades the non-target DNA strand.

Figure IV.2. Schematic model of proposed mechanism for CRISPRi on genome target. Type IV crBNPs
binds the target and recruits the helicase CasDinG. CasDinG binds the non-target strand and

translocate 5°-3’ until clashing with RNA polymerase (RNAP) inhibiting transcription initiation. It is
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proposed that more than one subunit of CasDinG might be recruited to the target strand and

translocate in the opposite direction.

CRISPRi experiments independently targeting the two promoters with crRNPs
ACasDinG, resulted in cells able to grow in minimal media without histidine complementation,
suggesting compensation by the internal promoter. In this context, future studies should
involve multiplex CRISPRI using multiple promoter targets without CasDinG to compare the

results with complete crRNPs.

IVV. VII Future directions and tool application

The findings from this study have several implications for understanding the
mechanisms of Type IV-A1 CRISPR-Cas systems and their potential applications. The ability
of crBRNPs to interfere with replication and transcription without DNA degradation suggests
an interesting mechanism that could be harnessed for biotechnological applications.
Moreover, future studies should include examination of the interactions between crRNPs and
other cellular components during the interference process to shed light on cellular agents
associated with the system. For instance, when CasDinG unwinds dsDNA, exposing ssDNA,
single-strand binding proteins (SSB) could bind and prevent transcription. Potential
participation of SSB proteins during the interference process could shed light on
consequences of helicase activity along the affected region. Cross-linking experiments
protein interactions with CasDinG in vivo would also be informative. Additional interactions

worth exploring are the ones with proteins involved in RNA decay, such as RNAse Il and



degradosome components, which could reveal potential dsRNA or antisense RNA effects
when targeting the coding strand. Likewise, measuring the half-life of mMRNAs could further
offer valuable information on the regulation of gene expression by CRISPR interference.
Additionally, in vitro experiments to test RNA polymerase occlusion with Type IV-A1 CRISPR-
Cas, alongside fluorescent targeting of RNAs to observe interactions in vivo, could further

elucidate the mechanisms of action.

Despite its efficiency, strategies must be developed to limit the effects of Type IV-A1
crBNPs to specific regions of interest. Similarly, questions remain about what signals might
stop the extended effect of the interference with genome targets. Features such as DNA
curvature, ATP availability and/or other factors may play a role in the delimitation of
interference, specifically during CasDinG processivity. For instance, DNA curvature produced
by non-transcribed regions might induce a physical barrier along the machinery translocation,
leading to CasDinG disassembling. Likewise, ATP availability may be a crucial limiting factor
for the helicase activity. Determining delimitation of CRISPRi would ensure efficient tool

development.

IVV. VIII Concluding remarks

In conclusion, our investigation into the Type IV-A1 CRISPR-Cas system in P.
oleovorans reveals a multifaceted role for CRISPR-Cas systems for gene regulation and
plasmid replication regulation. The presence of an STS and the systems’ active interference

capabilities highlight the evolutionary and functional diversity of this system.

The advantage of carrying a Type IV CRISPR-Cas system among various plasmid
curing methods, such as restriction enzymes and toxin-antitoxin systems, the Type IV-A1
CRISPR-Cas system could play a significant role in regulating the over replication of large-
size plasmids. Targeting plasmids and understanding their interaction with the replication fork
is another area requiring further exploration. These studies will not only enhance our

knowledge of CRISPR-Cas system dynamics but also reveal their broader applications.

Even though the CRISPRI activities of crRNPs resemble the mechanism employed by
the well-studied dCas9, the broad-range effect of the interference is similar to the extensive
effect of Cas3 from Type | CRISPR-Cas systems. Unlike Cas3, CasDinG in crRNPs performs
5’-3’ helicase activity without nuclease activity. This suggests an analogous mechanism of

DNA processivity in both systems, but with opposite polarity. An open question remains



regarding whether DinG is reeling in or moving away from the complex, and whether there is

any exchange of CasDinG or involvement of multiple subunits.

The Type IV-A1 CRISPR-Cas system showcases remarkable potential as a CRISPRi
tool, with capabilities comparable to, and in some cases surpassing, those of synthetic
dCas9. Its broader impact on transcription and ability to function without DNA degradation
presents new opportunities in biotechnology and microbial gene regulation. For example,
leveraging the Type IV-A1 system as a natural CRISPRI tool could involve engineering
synthetic crBRNAs to target host genes, particularly in clinically relevant organisms such as
Pseudomonas aeruginosa and Klebsiella pneumoniae, which naturally carry a Type IV
CRISPR-Cas system. Future studies should aim to further elucidate the mechanisms behind
these observations and explore their implications for both natural bacterial populations and

tool development.
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