Analysis of Type IV-A1 CRISPR-Cas activity
in Pseudomonas oleovorans
invivo

Dissertation

kumulativ

zur Erlangung des Doktorgrades
der Naturwissenschaften
(Dr.rer.nat.)

des Fachbereichs Biologie der Philipps-Universitdat Marburg

vorgelegt von
Selina Rust

aus Meiningen

Marburg (Lahn), Dezember 2024






Originaldokument gespeichert auf dem Publikationsserver der
Philipps-Universitit Marburg
http://archiv.ub.uni-marburg.de

This work is licensed under an
Attribution-NonCommercial-ShareAlike 4.0
International (CC BY-NC-SA 4.0) License.

00

To view a copy of this license, visit

https://creativecommons.org/licenses/by-nc-sa/4.0/legalcode
or
send aletter to Creative Commons, PO Box 1866, Mountain View, CA 94042, USA.


http://archiv.ub.uni-marburg.de/
https://creativecommons.org/licenses/by-nc-sa/4.0/legalcode




Die Untersuchungen zur vorliegenden Dissertation wurden von Oktober 2021 bis
November 2024 unter der Betreuung von Herrn Prof. Dr. Lennart Randau an der
Philipps-Universitiat Marburg in der Arbeitsgruppe ,Prokaryotic RNA Biology“
durchgefiihrt.

Vom Fachbereich Biologie der Philipps-Universitiat Marburg (Hochschulkennziffer
1180) als Dissertation angenommen am 30.01.2025

Erstgutachter: Prof.Dr.Lennart Randau
Zweitgutachter: Prof. Dr. Martin Thanbichler

Drittgutachter: Prof. Dr. Peter Graumann
Weitere Mitglieder der Priifungskommission:
Prof. Dr.Julia Weigand

Dr. Daniel Schindler

Tag der Disputation: 13.02.2025



Erklarung

Ich versichere, dass ich meine Dissertation mit dem Titel ,Analysis of Type IV-A1 CRISPR-Cas
activity in Pseudomonas oleovorans in vivo “ selbststindig und ohne unerlaubte Hilfe
angefertigt und mich dabei keiner anderen als der von mir ausdriicklich bezeichneten
Quellen und Hilfsmittel bedient habe.

Diese Dissertation wurde in der jetzigen oder einer dhnlichen Form noch bei keiner anderen

Hochschule eingereicht und hat noch keinen sonstigen Priifungszwecken gedient.

Marburg, den

Selina Rust



DNA ENCODES THE PAST

ITS UNCOVERED SECRETS
SHAPE THE FUTURE.

(REATED BY SELINA RUST, 2024



Parts of this thesis were published or are submitted:

Chapter I:
Golden Gate Cloning of synthetic CRISPR RNA spacer sequences

Rust, S., and Randau, L.
Published 2024 in Methods in molecular biology
(DOI: https://doi.org/10.1007/978-1-0716-4220-7_16)

Contribution:
S.R. established the method, designed and performed all the experiments, analyzed the
obtained data, drafted the figures and wrote the manuscript with support of L.R.

Chapter III:
Real-time imaging of bacterial colony growth dynamics for cells with Type IV-Al
CRISPR-Cas activity

Rust, S. and Randau, L.

Submitted to microlife

Contribution:
S.R. established the method, designed and performed all the experiments, analyzed the
obtained data, drafted the figures and wrote the manuscript with support of L.R.

ChapterlV:
Visualization of Type IV-Al1 CRISPR-mediated repression of gene expression and
plasmid replication

Sanchez-Londono, M.*, Rust, S*, Hernandez-Tamayo, R., Gomes-Filho, J. V., Thanbichler,
and Randau, L.

*Contributed equally to this work
Published November 2024 in Nucleic Acids Research

(DOI: https://doi.org/10.1093/nar/gkae879)

Contribution:
S.R. performed CRISPRi assays in P. oleovorans, drafted the figures, and wrote the
manuscript with M.S-L. and the support of all authors.

The above-mentioned contributions of S.R. to the publications or submitted manuscripts

that are part of this thesis are herewith endorsed by:

Prof. Dr. Lennart Randau Selina Rust


https://doi.org/10.1007/978-1-0716-4220-7_16
https://doi.org/10.1093/nar/gkae879

Further publications to which I contributed to but are not included in this thesis:

Kara, M. M., Rust, S., & Randau, L. (2024). Schritt fiir Schritt ohne Schnitt: Typ-IV-A-CRISPR-
Interferenz. Biologie in Unserer Zeit, 54(S), 95-98.

Guo, X.*, Sanchez-Londono, M.*, Gomes-Filho, J. V., Hernandez-Tamayo, R., Rust, S.,
Immelmann, L. M., Schifer, P.,, Wiegel, J., Graumann, P. L., & Randau, L. (2022).
Characterization of the self-targeting Type IV CRISPR interference system in Pseudomonas
oleovorans. Nature microbiology,7(11),1870-1878.

Klein, N.*, Rust, S.* & Randau, L. CRISPR-Cas-Systeme der Klasse 1: Genome Engineering und
Silencing. Biospektrum?28,370-373 (2022).




Table of Contents

I ADDI@VIAtIONS.....ciuiierieieieiececeeteeet ettt ettt sa e sae e se et s e st ssnessessesnesnesesns 1
II SUMIMATY ettt eecccerreeeeeeeeeesssesssseeseesesssssssssssssssssessssssssssssassssssssssssssessesssssssnnn 2
Il ZUSAMMENTASSUNG ...ccocviiereiereerieeeeieeireeseeeiteesteessesssaesssesssassssessssesssassssesssesssassssasssasssasns 3
Chapterl:
L INErOAUCTION ...ttt sttt e et et e stesaesaesses e s e s e esaesassnessesasssasseesesnnens 6
1.1. Thegrowing arsenal of intracellular defense mechanisms..........cccceeveeveeevereennnenne 6
1.2. CRISPR-Cas: Insights into an adaptive immune SySteM.........ccccceeeereeeeeeeecceeesennens 8
1.3. Classification Of CRISPR-CaS SYSTEIMS ......cccceeereeerverrrererreseeesssessseesssessssesssassssesssesns 9
1.4. Silent guardians: Non-cleaving CRISPR-Cas SYSTEMS ........ccovueereeeruerseenseenseessnenns 11
1.5. Highly diverse Type IV CRISPR-CaS SYSTEMIS .....ccceeveeereerceerseeeseeesneeseesseesseessaenns 12
1.6. TypelV-A: Aself-targeting ParadOX.......ccceeceeeeeereeerreeereeeereesseeesseessseessesseesssssssseens 14
1.7. Double-edged defense: The complexity of bacterial autoimmunity..................... 15
1.8. Hidden diversity: Heterogeneity of colony forming units .........cceeeeeeveerveeeveenenne 16
19, AIMS Of thiS STUAY .ccueiiriieeieieceercteeeecctccee ettt ssve s seessae e s aesssaessaesssnassnaens 17
L.10. REFEIENCES ....ueeueeeeeeeeeeeeieeetrteeetesteeseseeeeesestessessessessessessessesssessessensessessessesneen 18
ChapterII:
2. Golden Gate Cloning of synthetic CRISPR RNA spacer sequences..............ceceeeeueene 24
2.1 ADSTIACT.c.uceueieeeeeeeeeceeetrteteeteeneesessesneenee e stesaesessessessesstensestensensessessesnessesnseneenes 24
2.2, INTrOAUCTION ...ueeneeiciieiieeceeeteeseeesreeseeesseeseeesresssaesssessssesssessssesssassssesssesssaesssassnnans 24
2.3, MALETIALS ceeereeieeeeeeceeeteeceeerteeste e e e st e s saeesaeessae s s e essaeessaesssesssaesssassssasssesssaesssessnaans 26
2.4, MELROMAS ...ttt st st sesse s e s e st e e st st e snessessesnessasanenesnes 28
2.5, NOTES c.eeeeeerecnretreccnreeeecsneeeeeesneessesssneeessssasessssssssessssssssasssssasassssssssessssssnsasssssnasssns 32
2.6, REFEIENCES ....eeeeeeeeeeeeeeeerteeeteeteeee et st etestesse e s e s e st e e et st e ssessessesnessesaseneenes 34
ChapterlIl:
3. Real-timeimaging of bacterial colony growth dynamics for cells with Type IV-Al
CRISPR-CAS ACHIVILY .....eeeeririierieiereneereneeneneesesneeecseessssnesesssesesssesssseesssssessssasssssasssnns 38
3.1 ADSTIACT..cueieuiieeeeeeeteceesteeteeteseeeteeseessesseesseessesssessesssesseessssssessesssesssasssessesssessesssess 38
3.2, INCFOAUCTION ..ueirereieceeeieetreteteeteertesteeseeeseestesssessesssesseessesssesssessesssessssssssssasseessess 39
3.3. Materials and MethOAS.....c.cociruiiiiiiiirietrectectcceee ettt sreesee e ens 41
3.4. Results and diSCUSSION ....cc.eeeirceeereeeirrrentretesreeeeeeesseseesaeessesseessesssessesssesssessesssens 44
3.5, CONCIUSTON ..ttt ettt sttt sae et s e s sae st s sesbe st ssessnessassness 50
3.6, REFEIENCES ..ottt sttt et s st sa s ne s se e neen 51
3.7. Supplementary Material ........ccccceeeeerieeerrienieeineenieeesteessesseesssessssesssessssesssesssssssseens 53



ChapterlV:
4. Visualization of Type IV-A1 CRISPR-mediated repression of gene expression and

Plasmid repliCAtioN ........ceeeeeerrceeeeerrsrneeeeiisseniecsssseneesssssansesssssaseessssssssssesssnssssessansanes 58
A1, ADSTIACT c.uuieiiiecnireeeteetesteestee e ete st e saessee et s sessae st e ssesnesnssnesssesssassessnasssasssssanns 58
4.2, GraphiCal @DSTIACT.....uciccieeeeeeeeeceeeccteeccteecsteeee e e e erteeeeeeeessseeesssesesssessssasesssassssaennn 58
4.3, INTrOAUCTION ..uuininietrtetertecteeeeeeteeet et etessessesseeses e st et esessessessessesnessesnsenssnsens 59
4.4. Materials and MethOdS.........ocivviiiiiiriiricireeecte ettt ssne e nene 61
4.5. ResSults and diSCUSSION....c.ccueeererrirrerrtrietrteeeseeteeeesteteeetessessessesaeesesasesessnens 66
4.6. CONCIUSION...cuiiiiiiieiecieieeteetrteetect et e et s st ssae st s aesbe st ssaesnesanessssssanns 77
4.7, REFEICINICES ..ccoueieeiieieieieieeteeteteeteet ettt e st e et esatsae st s aessbe st sssessnesanesssssnanns 79
4.8. SUPPIEMENLArY DALA ....ccceeeeeeeeeeeeneeerteteeereeresseesesseeesteeeseessessessessessessesnsesessnens 82

ChapterV:

KT D) (1ol 1] o o S 92
5.1. Originand evolution of Type IV CRISPR-Cas SyStEMS........cccceeereeereerceenreersreessvennne 92
5.2. Expanding the toolbox for synthetic crRNA spacer design .........cccccceeeueeevveecnennne 94
5.3. Copynumber-dependent efficiency of Type IV-Al ......ccceeeverrerrrerneenreeenieensnennne 96
5.4. Long-range effects of Type IV-Al mediated CRISPR interference...........ccccueeuennee 98
5.5. Evading CRISPR-Cas mediated autoimmunity in bacterial hosts...........cc.......... 102
5.6. SMARTIS: Convenient analysis of colony growth dynamics.........ccccceevueeueennen. 105
5.7. Challenges of heterogeneity in bacterial COIONIES ........cceeevveeveeereeecreecrreecreenneen. 103
5.8. TypelV-Al: Shaping the future of gene regulation...........cccceeveeeveeevercreenseennneen. 106
5.9, CONCIUSTON ittt esseeteestesaeeseeses e ses e sstesessessessessessessesnsessenes 106
5.10. REFEICNCES...ccouiieuieteentrceerteetereeteetesteeteetesseeteeseesaessesessssesssessasssessesssssssassasssess 108

DANKSQAGUNG .....veeereereeeteiireeeiteecteeeaeesseeeseesseessesssessssesssassssesssassssesssassssesssassssesssassssesssassssesnes 112

CUTTICUIUM VITAC 1eteeeeeeeceeeeeeeeeeeeeeeeeeeeeesessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsnns 115






I Abbreviations

% (v/v)
% (W/V)
Abi
Acr
ADP
Amp
aTc
ATP
bp
Cam
Cas
Cascade

CFU
ColTapp

CRISPR

CRISPRi
crRNA
crRNP

DSB
dCas9
ddH:0
DNA
DTT
EDTA

EoT

GC-content
Gen
HR

percent by volume
percent by weight
abortive infection
anti-CRISPR

adenosine monophosphate
ampicillin
Anhydrotetracycline
adenosine triphosphate
base pair(s)
chloramphenicol
CRISPR-associated

CRISPR-associated
complex for antiviral
defense

colony forming unit(s)

colony time-lapse
application

clustered regularly
interspaced short
palindromic repeats

CRISPR interference
CRISPR RNA

CRISPR ribonucleoprotein
double-stranded breaks
dead Cas9

double distilled water
deoxyribonucleic acid
Dithiothreitol

ethylenediaminetetraacetic
acid

efficiency of
transformation

guanine-cytosine content
gentamicin

homologous
recombination

IPTG

Kan
LB
LED
MGE
MMEJ

MOCHA
nt

PAM
PCR

PNK
pre-crRNA
RCR

RM

RNA
RNAP
RNA-Seq
SF2
sgRNA
SID

Spec
SMARTIS

SMM

ssDNA
STS
TA
TAE

isopropyl-f3-D-
thiogalactopyranosid

kanamycin

Luria Bertani

light emitting diode
mobile genetic element

microhomology-mediated
end joining

microbial chamber
nucleotides

protospacer adjacent motif
polymerase chain reaction
polynucleotide kinase
precursor crRNA
rolling-circle replication
restriction modification
ribonucleic acid

RNA polymerase

RNA sequencing
superfamily 2

single guide RNA
smartphone-based device
spectinomycin

smartphone-mediated
automatic remote-
controlled time-lapse
imaging system

single-molecule
microscopy

single-stranded DNA
self-targeting spacer
toxin-antitoxin

Tris acetate EDTA



I Summary

Survival is a constant battle against environmental threats in the microbial world, while
bacteria as well as archaea can suffer from invaders and need adaptive strategies to evade
harmful mobile genetic elements. Here, CRISPR-Cas systems, classified into two major
classes and several functionally distinct types, serve as adaptive immune systems against
foreign DNA in prokaryotes. Type IV CRISPR-Cas systems are classified as class 1 systems,
acting through multi-subunit ribonucleoprotein complexes. Unlike many other systems,
Type IV usually lacks an adaptation module and does not rely on DNA cleavage for CRISPR

interference.

Within recent studies a Type IV-Al CRISPR-Cas system in the bacterium Pseudomonas
oleovorans was found. Type IV-Alis associated with the helicase CasDinG thatisinvolved in
unwinding the DNA during the interference process. The precise interference mechanism
of Type IV-Al has not yet been fully understood. Thus, this study addresses gaps in
knowledge to further examine the activity and mechanism of the Type IV-Al CRISPR-Cas

system found in Pseudomonas oleovoransstrain DSM 1045.

We first established a Golden Gate method for development and optimization of minimal
CRISPR arrays to facilitate convenient cloning of synthetic crRNAs and pave the way of Type
IV-Al as a biotechnological tool. Various plasmids expressing synthetic crRNAs were
generated using the Golden Gate cloning strategy to further analyze the native or a
recombinant Type IV-Al system. Furthermore, a novel time-lapse imaging system
(SMARTIS) was developed, which is specifically designed for real-time visualization of
bacterial colony growth. SMARTIS provides high-resolution images that can be further
analyzed. Thus, variations in colony sizes and colors of Escherichia colicolonies expressing
Type IV-Al crRNPs were examined and revealed that colony heterogeneity is potentially

caused by CRISPR-mediated targeting in combination with a used expression system.

We created P. oleovorans strains genomically expressing sfGFP and used various synthetic
crRNAs to target different genomic regions. The range of mediated interference on
genomic targets was determined and we demonstrated that the Type IV-Al CRISPR-Cas
system achieves long-range transcriptional repression. This extended interference effect is
facilitated by the associated helicase CasDinG, which unwinds DNA in a 5’-3” direction and

potentially interrupts activity of the RNA polymerase.

Eventually, this research advances our understanding of Type IV-Al CRISPR-Cas systems,
emphasizing their distinctive interference mechanisms and potential as native tools for

non-destructive gene regulation.



[l  Zusammenfassung

In der mikrobiellen Welt gibt es einen stindigen Kampf der Organismen gegen verschieden
Umweltbedrohungen, wobei sowohl Bakterien als auch Archaeen adaptive Strategien
bendétigen, um der Aufnahme fremder, schidlicher DNA zu entgehen. Hier bieten CRISPR-
Cas-Systeme, welche in zwei unterschiedliche Klassen mit funktional verschiedenen Typen
unterteilt werden, einen Schutzmechanismus. Typ-IV-CRISPR-Cas-Systeme gehoren zur
Klasse 1 und bestehen aus Ribonukleoprotein-Komplexen aus mehreren Proteinen. Im
Gegensatz zu vielen anderen Systemen fehlt Typ-IV-Systemen in der Regel ein
Adaptationsmodul, und sie oft nicht in der Lage die DNA-Schnitt wihrend der CRISPR-

Interferenz zu schneiden.

Ein Typ-IV-A1-CRISPR-Cas-System wurde im Bakterium Pseudomonas oleovorans
identifiziert. Dieser Typ-IV-Al ist mit der Helikase CasDinG assoziiert, welche wahrend des
Interferenzprozesses fiir das Entwinden der DNA verantwortlich ist. Der genaue
Interferenzmechanismus von Type-IV-Al ist noch nicht vollstandig geklart, weshalb diese
Studie versucht Wissensliicken zu schlief3en und den Mechanismus des Typ-IV-A1-CRISPR-

Cas-Systems aus Pseudomonas oleovorans Stamm DSM 1045 zu untersuchen.

Zunichst wurde eine Golden-Gate-Methode zur Entwicklung minimaler CRISPR-Arrays
etabliert, um eine einfache Klonierung synthetischer crRNAs zu ermoglichen. Mithilfe der
Golden-Gate-Klonierungsstrategie wurden verschiedene Plasmide, die synthetische
crRNAs exprimieren, erstellt. Mit diesen wurde das native oder ein rekombinantes Typ-IV-
Al-System analysiert. Ein neuartiges System (SMARTIS) zur Echtzeitvisualisierung von
mikrobiellen Kolonien entwickelt und verwendet, um hochaufl6sende
Zeitrafferaufnahmen zu generieren. Nach Analyse der Bilder auf Gréflen- und
Farbvariationen von Bakterienkolonien, die Typ-IV-Al-crRNPs exprimieren, konnte gezeigt
werden, dass Heterogenitit von Kolonien potenziell durch CRISPR-Interferenz in

Kombination mit dem verwendeten Expressionssystem verursacht wird.

Es wurden P. oleovorans-Stimme generiert, die sSfGFP genomisch exprimieren. Mit Hilfe
verschiedener synthetischer crRNAs wurden dann unterschiedliche genomische Regionen
angegriffen. Der Bereich der CRISPR-Interferenz wurde bestimmt, wobei das Typ-IV-Al-
CRISPR-Cas-System eine weite transkriptionelle Repression bewirkt. Diese erweiterte
Interferenz wird durch CasDinG verursacht, welches DNA in 5’-3’-Richtung entwindet und

moglicherweise die Aktivitat der RNA-Polymerase unterbricht.

Letztlich triagt diese Forschungsarbeit dazu bei, unser Verstandnis der Typ-IV-A1-CRISPR-
Cas-Systeme zu erweitern, indem der einzigartige Interferenzmechanismus beleuchtet und

das Potenzial von Type IV-Al als Werkzeug zur Genregulation hervorgehoben wird.
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Chapterl

1. Introduction

Throughout the diverse microbial world, mobile genetic elements (MGEs) act as both:
architects and disruptors of genetic diversity. While MGEs play a crucial role in evolution
and adaptation of microorganisms, they can also pose significant challenges. MGEs, such as
plasmids, transposons, and viruses, often carry harmful genes, including those for virulence
factors, which can spread rapidly through microbial populations (Frost et al., 2005;
Khedkar et al., 2022; Rodriguez-Beltran et al., 2021). Thus, unfavorable genes can be
acquired and inherited. To counteract these threats, prokaryotes developed a variety of

defense mechanisms that can be classified in different lines of defense.

The first line involves surface barriers that prevent harmful MGEs from entering the cell,
serving as a physical block or selective filter. However, if a foreign element does manage to
reach the cell, the cell wall or membrane serves as a second line of defense. The components
of the second line block initial threats by creating physical and biochemical obstacles,
making it difficult for invaders to enter the cell. If these initial defenses fail, the cell employs
alternative, often radical mechanisms to counteract threats within the third line of defense
(Zhou et al., 2015). This intracellular line of defense is particularly interesting, as it activates
sophisticated mechanisms that either identify and eliminate MGEs that have successfully
entered the cell or lead to inhibition of cell growth and eventually cell death. Recent studies
revealed numerous of these defense mechanisms, many of which are not yet fully

understood and require further investigation (Doron et al., 2018; Tesson et al., 2022).

1.1. Thegrowing arsenal of intracellular defense mechanisms

The variety of mechanisms developed by bacteria and archaea to defend against MGEs and
to maintain their chromosomes are also referred to prokaryotic immune systems and are
often crucial for the survival and adaptation of a cell. Within the past years several of such
systems were found and even more systems can be assumed (Millman et al., 2022; Tesson et
al.,2022; Tesson et al., 2024).

One of the most common systems found in bacteria is the restriction-modification (RM)
system that is used in molecular biology for cloning as well as genetic manipulation. RM
systems act as molecular scissors, recognizing specific motifs and cutting foreign DNA,
thereby preventing the integration and expression of new genes. These systems are
classified into different types, each with distinct mechanisms and properties, while also
being able to distinguish self from foreign DNA due to the specific motifs or methylation
states of the DNA (Oliveiraetal.,2014; Tock & Dryden, 2005).
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Other genetic modules found predominantly in prokaryotes are toxin-antitoxin (TA)
systems that consist of a stable toxin and a corresponding unstable antitoxin. TA systems
trigger cellular suicide or dormancy to inhibit the replication of invasive elements. Under
normal conditions, both the toxin and antitoxin are produced, and the antitoxin binds to
and neutralizes the toxin, preventing it from harming the cell. The antitoxin is more
unstable than the toxin and is continuously degraded by cellular proteases. If the TA genes
are present, new antitoxins are constantly produced, keeping the toxin neutralized.
However, if the TA genes are lost, e.g., if a plasmid carrying them is not inherited during cell
division, the remaining antitoxin is quickly degraded, while the more stable toxin persists.
Thus, loss of a plasmid or different stress conditions can result in cell death due to the
unopposed action of the toxin (Gerdes et al., 2005; Hayes, 2003; Kamruzzaman et al., 2021;
Song & Wood, 2020).

In a similar way abortive infection (Abi) systems are characterized by their ability to induce
cell death if a phage infected the host cell, limiting the replication of the invader and
preventing it from spreading to neighboring cells. The exact mechanisms of Abi systems
can vary, but they generally involve the detection of phage replication or the presence of
phage-specific molecules. Upon detection, the Abi system initiates a cascade of events
leading to cell death or growthinhibition (Lopatina etal., 2020; Molineux, 1991). In contrast,
therecently discovered Wadjet system is mainly focused on defending plasmids. It consists
of a set of proteins that work together to provide immunity and operates through the
specific recognition and cleavage of invading plasmids, in a sequence-independent manner
(Deep et al., 2022; Doron et al., 2018).

Another and one of the most widespread systems among archaea and bacteria is the
CRISPR-Cas system, which can defend different MGEs. It uses sequences called clustered
regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated (Cas)
proteins. The system not only identifies, but usually also destroys invading genetic material,
while retaining a memory of past infections to enhance its ability to protect against future
attacks (Bolotin et al., 2005; Jansen et al., 2002).
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1.2. CRISPR-Cas: Insights into an adaptive immune system

The CRISPR-Cas system has garnered significant attention in the field of biotechnology,
particularly due to the widespread use of Cas9, an enzyme that facilitates precise genome
editing (Bolotin et al., 2005; Jinek et al., 2012). This system, originally discovered as an
adaptive immune mechanism in prokaryotes, allows for targeted modifications of DNA,

enabling researchers to edit genes with high accuracy and efficiency.

CRISPR-Cas systems are generally known to be capable of memorizing and targeting
invading genetic material to defend MGEs like viruses and plasmids (Barrangou et al.,2007;
Makarova et al., 2006; Mojica et al., 2005). CRISPR-Cas loci are present in approximately
80% of archaea and in about 40% of bacteria, illustrating their evolutionary importance in
microbial defense (Makarova et al., 2011; Makarova et al., 2015; Makarova et al., 2020). The
CRISPR array is a key component and consists of repetitive DNA sequences (repeats) that
are partially palindromic. Repeats are typically 20 to 50 bp long and interspaced with
unique sequences (spacer) that derived from foreign genetic elements that the prokaryotic
cell has been previously exposed to (Ishino et al., 2018). Each CRISPR-Cas system usually
operates in three main stages to defend against invading MGEs: I. Adaptation to foreign
DNA, II. Expression of crRNAs and Cas proteins, and Ill. CRISPR interference (Chapter I -
Figurel).

Short fragments of foreign DNA (protospacers) are integrated into the CRISPR array of the
prokaryotic host genome during the first stage. The incorporated protospacers are then
called spacers and can be found in between the repeats. This allows the prokaryotic cell to
acquire genetic memories of the invaders. Following adaptation, the CRISPR array is
transcribed into a long precursor crRNA (pre-crRNA) transcript, which is then processed
into short mature CRISPR-RNAs (crRNAs) containing the spacer sequences and parts of the
repeats. Subsequently, the mature crRNAs associate with Cas proteins to form CRISPR
ribonucleoprotein (crRNP) complexes in the final step of the process. These complexes can
specifically recognize and bind to complementary nucleic acids sequences found in
invading MGEs, as each mature crRNA can guide crRNP to recognize and bind to
complementary target sequences derived from the previously encountered invading DNA
or RNA. Upon successful binding, Cas or recruited proteins typically cleave and degrade the
target, thus providing effective immunity against the invader (Barrangou et al., 2007; Jiang
& Doudna, 2015). The exact mechanisms and the specific Cas proteins vary among the
different types of CRISPR-Cas systems, highlighting their diversity and adaptability across

different prokaryotic species.
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Chapter | - Figure 1. Mechanism of CRISPR-Cas systems. CRISPR-associated (cas) genes encode proteins required
for new spacer sequence acquisition. Each CRISPR locus consists of direct repeats (grey diamonds), separated by
unique spacer sequences (grey rectangles). Spacers are acquired from fragments of foreign DNA (protospacers),
that are recognized by an adaptation module during adaptation. Protospacers are flanked by a protospacer-
adjacent motif (PAM) to discriminate foreign and host DNA sequences. During the second step Cas proteins are
expressed and long precursor CRISPR transcripts (pre-crRNA) are processed at specific sites, resulting in short
crRNAs. Mature crRNAs then guide Cas proteins as CRISPR-Ribonucleoprotein (crRNP) to invading nucleic acids
through complementary base pairing and enable CRISPR Interference. Modified from Klein et al., 2022.

1.3. Classification of CRISPR-Cas systems

CRISPR-Cas systems are categorized into two classes based on the structure of their effector
complexes: Class1 CRISPR-Cas systems are characterized by an effector complex composed
of multiple Cas proteins, whereas class 2 systems comprise a single effector module
consisting of only one Cas protein. Each of these two classes is further subdivided into
different types, which are subsequently categorized into multiple subtypes based on the
composition and organization of their CRISPR loci and the presence of specific Cas proteins
(Chapter - Figure 2).

Class 1 CRISPR-Cas systems include Types |, III, 1V, and arecently discovered Type VII (Altae-
Tran et al., 2023; Makarova et al., 2020; Yang et al., 2024), all of which share the common
feature of employing a multi-subunit effector complex to target and fight against invading

genetic elements.
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Chapter | - Figure 2. Classes and types of CRISPR-Cas systems. The key features and organization of the seven
different types of CRISPR-Cas systems are depicted (excluding subtypes). SS = small subunit, LS = large subunit.
Components that are functionally dispensable are shown with dashed outlines. A putative SS potentially fused to
the LS in certain Type | subtypes is marked with an asterisk (*). The involvement of other, currently unknown, sensor,
effector, and ring nuclease protein families within the same signaling pathway is denoted by a pound symbol (#).
Distinct colors indicate different functions of the proteins during various stages of the immune response. Modified
from Makarova et al., 2020 and adapted according to Altae-Tran et al., 2023.

Type |l is distinguished by the presence of Cas3, which functions as both: a helicase and a
nuclease, unwinding and degrading target DNA upon activation by the CRISPR-associated
complex for antiviral defense (Cascade) (Brouns et al., 2008). In contrast, Type Il CRISPR-
Cas systems incorporate proteins like Csm or Cmr and target RNA. Thus, the versatility of
Type Il systems provides a robust mechanism against RNA viruses and transcribing MGEs.
Type IV systems, however, are more enigmatic, as they lack some of the core components
found in other CRISPR-Cas systems. Here, Casl and Cas2 proteins that are responsible for
acquiring new spacers and adapting to new threats are usually missing. Signature proteins
for Type IV are proposed but remain uncertain as the system still is less well-characterized
(Makarova et al., 2020; Pinilla-Redondo et al., 2020; Taylor et al., 2021). The recently
described Type VII utilizes a crRNP formed by Cas5 and Cas7 proteins to target RNA, while
cleavage is mediated by Casl4 (Altae-Tran et al., 2023; Yang et al., 2024).

In contrast, class 2 systems include Types II, V, and VI that utilize a crRNP consisting of a
single Cas protein (Koonin et al., 2017; Makarova et al., 2015; Makarova et al., 2020). Type
systems are known for Cas9, which induces site-specific double-stranded breaks (DSB) in
DNA. Its ability to accurately target almost any DNA sequence has revolutionized genome
editing (Jinek et al., 2012). Similarly, Type V CRISPR-Cas systems, exemplified by Cas12
proteins, offer distinct advantages with their ability to create staggered DNA cuts. This
unique cleavage pattern broadens the range of applications for gene editing, potentially
reducing off-target effects (Meliawati et al., 2021). Type VI systems take a different
approach by targeting and degrading RNA, utilizing Casl13 (initially C2c2) as the key protein
(Shmakov et al., 2015).
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Many organisms possess multiple subtypes of CRISPR-Cas systems, which significantly
enhance their adaptive immunity and expand their capacity to defend against MGEs
(Weissmanetal., 2018). While most of the described CRISPR-Cas systems primarily function
by cleaving foreign nucleic acids, there are known subtypes that do not involve cleavage of

foreign nucleic acids.

1.4. Silent guardians: Non-cleaving CRISPR-Cas systems

Non-cleaving CRISPR-Cas systems represent a fascinating and underexplored aspect of
prokaryotic immunity. Unlike their more famous counterparts that actively cleave and
degrade foreign nucleic acids, these systems employ alternative mechanisms to maintain
genome integrity and defend against MGEs. One example includes the engineered protein
dCas9 (dead Cas9), which derived from the well-studied Cas9. Unlike wild-type Cas9, which
introduces DSB in DNA (Chapter I - Figure 3A), dCas9 lacks nuclease activity due to
mutations in its catalytic domains (RuvC and HNH). As a result, it can still bind to specific
DNA sequences guided by a single guide RNA (sgRNA) but cannot cleave the targeted DNA
and rather inhibits the RNA polymerase (Chapter I - Figure 3B). This makes dCas9 a valuable
toolfor various applications, including gene regulation, and allowing researchers to control

gene expression without altering the genetic code itself (Qi et al., 2013).

A
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DNA I I T DNA AT

dCas9

l

Knockout blocking transcription
Chapter | - Figure 3. Schematic representation of different CRISPR-Cas mediated mechanisms. (A) Native

RNA Polymerase

mechanism mediated by Cas9 (green): A gRNA binds complementary to a matching protospacer. Double-stranded
breaks (DSB) are generated by Cas9 resulting in a knockout of DNA. (B) An engineered dead Cas9 (dCas9) protein
is not able to produce DSB, but blocks transcription by interfering with the RNA polymerase (=CRISPRi). Based on
Jinek et al,, 2012 & Qi et al., 2013.

Similarly, the natively expressed Casl2c has been shown to provide antiviral immunity by
binding to DNA targets without cleaving them, indicating that it cansilence gene expression

through targeted binding rather than destructive cleavage (Huang etal., 2022).

Type IV CRISPR-Cas systems are natively non-cleaving systems as well, while being able to
inhibit gene expression without target degradation. However, these systems express a

multi-subunit crRNP and, thus, being associated with Class 1.
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Type IV is therefore the only known class 1 system that naturally targets DNA without
cleavage, mediating a CRISPRi-like mechanism (Guo et al., 2022; Makarova et al., 2015;
Makarova et al., 2020; Ozcan et al., 2019).

1.5. Highly diverse Type IV CRISPR-Cas systems

Type IV CRISPR-Cas systems represent a unique and enigmatic branch of prokaryotic
adaptive immunity. The systems are highly diverse, with multiple subtypes showing unique
characteristics and are thought to have evolved from Type Ill systems, although the
specifics of their evolutionary pathway are still not fully understood (Moya-Beltran et al.,
2021). Type IV systems, with a few exceptions, do not possess genes encoding for an
adaptation module or nucleases commonly found in other CRISPR-Cas types. As a result,
their biological functions diverge from other systems, indicating a unique role in
prokaryotic immunity that involves mechanisms distinct from DNA target degradation
(Pinilla-Redondo et al., 2020; Taylor et al., 2021).

Type IV is predominantly associated with plasmids, suggesting that these systems are
particularlyimportant for bacteria to manage and regulate the presence of MGEs (Makarova
etal.,2020; Pinilla-Redondo et al., 2020). Since these systems typically lack genes encoding
for an adaptation module, questions arise regarding how these systems would adapt to
foreign nucleic acids. Recent findings demonstrate crosstalk between Type IV systems and
other CRISPR-Cas types, particularly Type I systems that are commonly co-expressed within
the same cell. This interaction may allow Type IV systems to indirectly acquire new spacers
or utilize adaptation mechanisms from neighboring systems, compensating for their lack of

adaptation modules (Benz et al., 2024).

Currently, five subtypes of Type IV CRISPR-Cas systems are proposed, ranging from Type
IV-A to Type IV-E (Pinilla-Redondo et al., 2020). Type IV-A is characterized by the presence
of the core genes csfl (cas&-like), csf2 (cas7like), and csf3 (cas5like), csf3 (casé-like). It is
also associated with csf4which s also known as casdinGand is a CRISPR-associated helicase
(Makarova et al., 2015). Type IV-A is the best studied among the currently known Type IV
systems and can be further classified into three different subtypes: Type IV-Al,1V-A2, and IV-
A3 (Guo et al., 2022; Ozcan et al., 2019; Pinilla-Redondo et al., 2020). However, a newly
discovered subtype is proposed that has not yet been officially named and therefore will
herein be referred to as Type IV-A4 (Altae-Tran et al., 2023).
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In contrast, Type IV-B lacks the associated helicase CasDinG but carries most of the core
genes. It lacks a CRISPR array and often includes a cysH-like gene, while expressing a Casll1-
like protein (Shmakov et al., 2018). Type IV-C contains a casi¢*like gene and sometimes is
associated with genes encoding for an adaptation module. Eventually, Type IV-D and Type
IV-E were proposed, that either include fusions of the core genes or express proteins that
usually are not associated with CRISPR-Cas systems (Pinilla-Redondo et al., 2020). The
recently identified Type IV-A4 is equipped with a CasDinG helicase that carries an HNH
domain and, thus, can mediate cleavage. This unusual configuration in Type IV suggests a
specialized adaptation for DNA targeting and emphasizes the diversity of Type IV CRISPR-
Cassystemsingeneral (Altae-Tranetal.,2023). Still, there are many inconsistencies when it

comes to a uniform classification (Chapter I - Figure 4) (Moya-Beltran et al., 2021).

casdinG csf5 csf1 csf2 csf3 CRISPR array
v-a1 <@ T T
csf2 casée/f casdinG csf3 CRISPR array
IV-A2
cas8-like casbe casdinG csf3 csf2 CRISPR array
wv-azs — > >
csf3 csf1 csf5 csfe casdinG CRISPR array
IV-A4 —| > > > FNE>—OA
cysH-like csf1 casi11 csf2 csf3 casé
v —E
casbb cas 10-like cas11 cas’/ cash cas4 . cas2
v-c —I R > > D
cas11 csf1 csf2 CRISPR array csf3 csfs recD
v-D — e
casdinG csfl + 3 csf5 csf7 CRISPR array
IV-E == —

Chapter | - Figure 4. Proposed subtypes of the Type IV CRISPR-Cas system. For each subtype, a representative
locus is displayed, with genes color-coded and labeled according to the protein families they encode. Genes or
CRISPR arrays that are not consistently present within the same subtype are indicated by dashed outlines. Based on
Pinilla-Redondo et al., 2020 & Altae-Tran et al., 2023.

Among Type IV systems, Type IV-A has gained significant research interest due to its unique
ability to facilitate plasmid clearance and regulate gene expression without degradation of
DNA. However, the system operates through mechanisms that remain poorly understood,

particularly concerning the role of CasDinG (Crowley et al., 2019; Guo et al., 2022).
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1.6. TypelV-A: Aself-targeting paradox

Although Type IV-A systems are not yet fully understood, remarkable progress has been
made in recent years: The casgenes (csfl-5) associate with a crRNA to form a crRNP, while
the CRISPR-associated DinG (CasDinG) protein is recruited after target binding. CasDinG
functions as a helicase, unwinding the targeted DNA to enable interference with invading
MGEs (Cepaité et al., 2024; Cui et al., 2023; Domgaard et al., 2023). The multi-subunit
complex plays a crucial role inidentifying and fighting invasive MGEs through a mechanism
thatinvolves RNA-guided targeting. Notably, CasDinG is essential for plasmid targeting and
gene silencing, as associated mutants abolished CRISPR-Cas activity (Benz et al., 2024; Guo
etal., 2022).

A Type IV-A cas gene module, an associated CasDinG helicase and a neighboring CRISPR
array were recently found in Pseudomonas oleovorans strain DSM 1045 (Chapter I - Figure
5A) (Guo et al.,, 2022). P. oleovorans is an aerobic, Gram-negative, rod-shaped
proteobacterium initially isolated from industrial cutting fluids (Lee & Chandler, 1941). The
genome of strain DSM 1045 consists of 4.86 Mb (Poehlein etal.,2017) and contains two other
distinct CRISPR-Cas systems: Types I-E and I-F that are integrated into the chromosomal
genome. In contrast, the Type IV-A system is located on a megaplasmid (Guo et al., 2022),
while a 5-GNAWN-3’ PAM for Type IV-A was recently found (Domgaard et al., 2023).
Together with the initially proposed PAM 5’-AAN-3’ (Guo et al., 2022), these motifs show
high similarities to the one of the Type I-E CRISPR-Cas system, reinforcing a possible
crosstalk between these systems. This potential interaction is further supported by the
presence of the co-occurring Type I-E system within P. oleovorans DSM 1045 (Benz et al.,
2024; Guo et al., 2022).

The Type IV-Al CRISPR-Cas system of P. oleovorans DSM 1045 carries 20 different spacer
sequences. The spacer at position 1 of the native CRISPR array was found to perfectly match
a sequence within the host encoded gene pi/N. Thus, the system is able to downregulate
gene expression, while there is no degradation of targeted DNA due to the missing nuclease
(Chapter I - Figure 5B) (Guo et al., 2022). Recent studies have shed light on the properties of
CasDinG and its role in Type IV-A immunity. The associated helicase has been shown to
possess ATP-dependent 5’-3’ DNA translocase activity, unwinding DNA and RNA/DNA
duplexes (Domgaard et al., 2023). CasDinG appeared to be dispensable when targeting a
promoter region of a gene, and is indispensable within transcribed regions (Benz et al.,
2024). However, the precise mechanism by which CasDinG contributes to CRISPR

interference remains unclear.
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Chapter | - Figure 5. Type IV-A1 CRISPR-Cas system of P. oleovorans. (A) Schematic of the Type IV-A1 CRISPR-
Cas locus found in P. oleovorans DSM 1045. (B) Schematic representation of native Type IV-AT self-targeting activity
in P. oleovorans. The Type IV-A1 CRISPR locus is located on a megaplasmid. The first spacer is identical to a DNA
sequence of the host gene pilN, while a functional PAM can be found. The sequence is recognized by the crRNP
(green). The specific binding of the crRNP leads to the recruitment of CasDinG (orange) and results in CRISPR
interference without degradation of the DNA. Modified from Klein et al., 2022, based on Guo et al., 2022 and Cepaité
et al., 2024.

1.7. Double-edged defense: The complexity of bacterial autoimmunity

The self-targeting activity of the Type IV-A1 CRISPR-Cas system in P. oleovoransis just one
example among many other self-targeting spacers (STS) found across various types of
CRISPR-Cas systems. STS are surprisingly common in CRISPR-Cas systems, with about 7% of
genomes harboring at least one such spacer. (Nobrega et al., 2020; Wimmer & Beisel, 2019).
Self-targeting CRISPR-Cas systems can be referred to as autoimmune systems, that occur
when the defense mechanism mistakenly attacks the host’s own cellular components,
causing self-inflicted damage or even cell death (Delves, 2004). Some systems, such as the
toxin-antitoxin systems, are designed to induce cell death to protect the bacterial
community, preventing the spread of threats like bacteriophages (Gerdes et al., 2005;
Hayes, 2003). However, self-targeting by CRISPR-Cas systems appears to be more of an

unintended side effect than a specifically programmed response.

STS can be acquired through several mechanisms, including the acquisition of new spacers
withoutinfluence of existing spacers (naive acquisition), incorporation of MGEs, or through
the recognition of existing spacers that are complementary to foreign DNA, leading to the
acquisition of additional spacers from nearby sites (primed adaptation) (Ivanci¢-Bace et al.,
2015; Nicholson et al., 2019; Wimmer et al., 2024).
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The resulting self-targeting can lead to lethal consequences for bacteria, as the CRISPR-Cas
system causes gene repression or DNA damage onits own genome. To survive self-targeting
events, bacteria and archaea have developed various strategies that protect them from
undesirable effects of a CRISPR-Cas system expressing STS. One common mechanism
involves the introduction of mutations within the cas genes or the target DNA regions,
which prevent recognition and binding by the crRNP, effectively inhibiting CRISPR
interference. Additionally, while anti-CRISPR (Acrs) proteins are typically produced by
bacteriophages to inhibit CRISPR-Cas activity, some prokaryotic host cells can express Acr
proteins themselves. This expression by the host serves as another survival strategy,
preventing potentially toxic effects from STS (Bondy-Denomy etal., 2013; Canezetal.,2019;
Wimmer et al., 2024). However, if a cell fails to evade a self-targeting event, its viability is
compromised, leading to reduced cell growth that potentially results in heterogeneous

growth patterns, depending on the activity of the system.

1.8. Hidden diversity: Heterogeneity of colony forming units

The observation of heterogeneous colonies is a well-documented phenomenon, often
linked to variations in gene expression or environmental influences. Thus, heterogeneity of
colony forming units (CFU) is a critical aspect of microbiology as it contributes to
understanding elemental colony growth dynamics but many questions remain about the

specific causes behind heterogenous colonies.

Heterogeneity refers to differences observed between individual colonies in size, shape,
color, or growth patterns. The variability of colonies can occur even when the colonies
originate from genetically identical bacteria, indicating that external factors or molecular
processes within the cells can influence their phenotype. Heterogeneity reflects the
underlying diversity in cellular behavior and responses to environmental or internal factors
that significantly affect colony survival and adaptability and can arise due to multiple
factors (Avery, 2006; van Gestel & Nowak, 2016). Differences in the cell cycles or the age of
individual cells can affect growth rates and metabolic activity. For example, older cells
might result in a decreased growth rate or metabolism compared to younger ones,
contributing to phenotypic diversity within the population. These variations in cellular
states introduce functional diversity that can affect how individual cells respond to
environmental conditions, leading to observable differences in colony morphology and
behavior (Gonzalez-Cabaleiro et al., 2017). In structured environments like biofilms, cells
experience varying local conditions based on their position within the colony. Surface cells
typically have better access to nutrients and oxygen compared to those located deeper

within the biofilm, resulting in distinct growth patterns (Choo-Smith et al., 2001).
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1.9. Aims of this study
The primary aim of this study is to explore the activity and mechanism of the Type IV-Al
CRISPR-Cas system of P. oleovorans in vivo, investigating how the native system functions

and how it can be applied in both: Its natural host and a recombinant £. colisystem.

Within Chapter Il we aimed to provide a Golden Gate approach for efficient manipulation of
CRISPR spacer sequences in synthetic plasmids, while showing detailed steps on how to
design and generate editable spacer sequences. We created a minimal CRISPR array for the
expression of synthetic crRNAs compatible with Type IV-Al Cas proteins. Although the
study focused on engineering the Type IV-Al1 CRISPR-Cas system, it is envisioned to be
adapted for various CRISPR-based applications. Thus, this Golden Gate cloning method will
provide a framework for creating editable CRISPR arrays. Constructed plasmids were
further used to generate synthetic crRNAs for the investigation of the interference
mechanism of the Type IV-A1 CRISPR-Cas system.

Thus, we investigated the effects of the Type IV-A1 CRISPR-Cas system in £. coli, particularly
focusing on the colony heterogeneity caused by the CRISPRi-like mechanism of Type IV-Al
within Chapter Ill. The study focused on visualizing and understanding the growth
dynamics and variations in colony sizes and colors when recombinant Type IV-Al crRNPs
target a plasmid or the gene /acZ, respectively. We intended to develop a novel time-lapse
imaging system (SMARTIS), which would allow us to continuously monitor bacterial growth
in real-time. Using the SMARTIS the influence of Type IV-Al crRNPs on colony growth
dynamics was investigated, especially in terms of plasmid targeting and the repression of

gene expression.

Within Chapter IV we specifically aimed to visualize the interference mechanism of the Type
IV-A1 CRISPR-Cas system, focusing on genome and plasmid targets. We generated different
P. oleovorans strains expressing sfGFP and used various synthetic crRNAs in combination
with the native Type IV-Al CRISPR-Cas system to target different genomic regions. We
assessed the range of mediated interference on genomic targets and provided insights into
how the Type IV-Al CRISPR-Cas system mediates repression of genes in comparison to
dCas9’s CRISPRi effects. Through single-molecule microscopy, we also aimed to highlight

the spatial and temporal dynamics of CRISPR-Cas-mediated interference.

Lastly, the aim of Chapter V was to discuss the pivotal role of the Type IV-Al CRISPR-Cas
system in regulating bacterial growth and gene expression. Key findings were critically
analyzed, providing a better understanding of the system's mechanisms and its broader

impact on microbiology.
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Chapterll

2. Golden Gate Cloning of synthetic CRISPR RNA spacer sequences
2.1. Abstract

Prokaryotes use CRISPR-Cas systems to interfere with viruses and other mobile genetic
elements. CRISPR arrays comprise repeated DNA elements and spacer sequences that can
be engineered for custom target sites. These arrays are transcribed into precursor CRISPR
RNAs (pre-crRNAs) that undergo maturation steps to form individual CRISPR RNAs
(crRNAs). Each crRNA contains a single spacer that identifies the target cleavage site for a
large variety of Cas protein effectors. Precise manipulation of spacer sequences within
CRISPR arrays is crucial for advancing the functionality of CRISPR-based technologies.
Here, we describe a protocol for the design and creation of a minimal, plasmid-based
CRISPR array to enable the expression of specific, synthetic crRNAs. Plasmids contain entry
spacer sequences with two type IIS restriction sites and Golden Gate cloning enables the
efficient exchange of these spacer sequences. Factors that influence the compatibility of

the CRISPR arrays with native or recombinant Cas proteins are discussed.

Keywords

CRISPR, Spacer, crRNA, restriction enzymes, genome editing, Golden Gate cloning

2.2. Introduction

The discovery of Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and
CRISPR-associated (Cas) proteins (Barrangou et al.,2007; Garneau et al.,2010; Jansen et al.,
2002) has expanded the application range of genome manipulation tools, enabling
programmable gene editing in many organisms (Barrangou & Doudna, 2016; Hidalgo-
Cantabrana & Barrangou, 2020). CRISPR-Cas systems provide adaptive immunity in many
prokaryotes, as short DNA fragments of previously encountered foreign genomes can be
incorporated as new spacer sequences in an extending CRISPR array (Makarova et al.,2006;
F. ). Mojica et al., 2005). Transcription of the CRISPR array generates precursor CRISPR
RNAs (pre-crRNAs) that are processed into noncoding, mature CRISPR RNAs (crRNAs). A
single crRNA is bound by one or several Cas proteins to form a CRISPR ribonucleoprotein
(crRNP) complex. Here, the target sequence (i.e., the protospacer) is complementary to the
spacer sequence of the crRNA, that guides the crRNP and hybridizes to the target, mediating
CRISPR interference. Recognition of the target sequence relies not only on
complementarity between the crRNA and protospacer, but also on the presence of a short
sequence motif next to the protospacer. This protospacer adjacent motif (PAM) is specific
for each CRISPR-Cas subtype and usually does not occur next to a spacer sequence found in
the genomic CRISPR arrays of the host (Bhaya et al., 2011; F. J. M. Mojica et al., 2009).
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To date, different CRISPR-Cas systems are used experimentally to efficiently edit genomes
of many organisms (Jinek et al., 2012) and they can be engineered to target specific
sequences by using synthetic crRNAs. The expression of crRNAs depends on the presence
of a CRISPR array characterized by a specific repeat-spacer-repeat motif. The length and
sequence composition of these repeats and spacers are determined by the type of CRISPR-
Cas system. Some repeat sequences show clear hairpin structure elements, while other
repeats remain unstructured. For a single CRISPR array, targeting specific genetic elements
is achieved by highly variable spacer sequences, while its repeat sequences remain largely
constant (Makarova et al., 2020). Only few CRISPR arrays contain degenerated repeats with
mutations that often accumulate in promoter-distal regions. A minimal CRISPR array
consists of asingle repeat-spacer-repeat motif, whichis rarely found in nature but allows for
precise manipulation in genome engineering applications as the possibility of

recombination of repeats is minimized.

To generate plasmid-based minimal CRISPR arrays, standard cloning procedures include
restriction digests, annealing of oligonucleotides, and subsequent ligation (Pausch et al.,
2017). Inthis protocol, we describe a Golden Gate assembly-based approach for precise and
convenient sequence manipulation within CRISPR arrays using two typelIS restriction sites.
A similar strategy was previously used to clone minimal CRISPR arrays of type I-C CRISPR-
Cas systems (Csorgo et al., 2020; Eveline-Marie Lammens et al., 2023). The restriction sites
are strategically positioned at two repeat sequences of a specific CRISPR array and are part
of an entry spacer sequence with no specific target. Transformed constructs are analyzed
via polymerase chain reaction (PCR) and sequencing to verify efficient replacement of the
entry spacer with the desired synthetic spacer. This protocol explains steps for efficient
Golden Gate cloning of synthetic crRNA spacer sequences using the example of a Type IV-Al
CRISPR-Cas system (Guo et al., 2022), while the method can be easily modified to be applied
for any other CRISPR-Cas system.
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2.3. Materials

E. colistrains
For all cloning steps, standard Escherichia colicloning strains (e.g., DH5a and TOP10) were

used and E£. coliBL21-Al was used for gene expression.

Cloning

1. DNA construct design tool (e.g., Benchling, https://www.benchling.com, free for
academic use).

2. Oligonucleotide synthesis service (e.g., Eurofins; Microsynth).

3. 5U/ pl BseRlI.

4. 10 U/ pl T4 Polynucleotide Kinase (PNK), supplied with 10X T4 PNK reaction buffer: 700
mM Tris-HCI, 100 mM MgCl,, 50 mM DTT, pH 7.6 at 25 °C.

5. 400 U/ pl T4 DNA Ligase, supplied with 10X T4 DNA ligation buffer: 500 mM Tris-HCI,

100 mM MgCl,, 10 mM ATP,100 mM DTT, pH 7.5 at 25 °C.
. Spectrophotometer for measuring DNA concentration.
Thermocycler for PCR and further incubation steps.

. Plasmid of interest for insertion of minimal CRISPR array (see Note 1).

O 0 N O

. Oligonucleotides carrying the appropriate spacer sequence with overhangs required

for the assembly (see Chapter Il - Table1).

10. Luria-Bertani (LB) medium: 1% (w/v) Bacto tryptone, 0.5% (w/v) yeast extract, 1% (w/v)
NaCl in deionized water, adjusted to pH 7.0 with 5N NaOH. For plates, 1.5% (w/v) agar is
added (see Note 2).

11. Antibiotic suitable for the plasmid of choice (see Note 3). For preparation of plates an

appropriate amount of an antibiotic stock solution is added to autoclaved LB agar

cooled down to ~-55°C (e.g., a final concentration of 50 ug/mL kanamycin was used in
this study).

26


mailto:7.5@25°C

Screening of colonies
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1. 2x DreamTaq PCR Master Mix (e.g., Thermo Fisher Scientific).

. Primers appropriate for insert verification and sequencing (see Table 1).

2
3. DNAladder (e.g.,1kb Plus DNA Ladder) is used as the marker for gel electrophoresis.
4. 50X TAE buffer: 242.0 g Tris base, 57.1 ml of acetic acid, and 100 mL of 0.5 M EDTA, pH

8.0,in 1l of deionized water. Running buffer for agarose gels is IX TAE.

5. 1-3 % Agarose gels are prepared by melting the agarose in 1X TAE in a microwave. DNA

dye is added according to manufacturer’s instructions (e.g., 4 pl of MidoriGreen are

added to 100 ml of melted agarose (cooled down to ~55 °C)).

6. Plasmid extraction kit (e.g., NucleoSpin® Plasmid) for preparation of plasmid DNA.

7. Gelsare checked visually using an appropriate gel imaging system (e.g., Bio-Rad GelDoc

EZ Gel Imaging System), while pictures are taken using the software included.

Chapter Il - Table 1. Oligonucleotides used in this work.

tgcgatCC

ID Sequence 5'-3' Comment
Primer] GTGACTCTCCTCCGAAGAGG Primer for Cglony PCR, binding in the entry spacer, see
Chapter Il - Figure 2A
Primer2 CCCCAAGGGGTTATGCTAG Primer for Colony PCR and sequencing, .binding in the
backbone of pRSFDuet-1, see Chapter Il - Figure 2A
Oligo é‘?gigggéiigggggggiggggGGGG OIiggnAucleotide for hybric!ization with Oligo2; Generation
of minimal CRISPR array with entry spacer
Oligo2 gggggéggigégggéﬁﬁggggTCAc OIigo.n.ucIeotide for hybric?ization with Oligo1; Generation
of minimal CRISPR array with entry spacer
Oligo3 CGAAGAGGAGGTAAGTACGTATTTCC OIiggn.ucIeotide for hybric!ization with Oligo4; Generation
CGCGTGCGCEEEEETGAGCGEEEE of minimal CRISPR array with entry spacer
Oligo4 gggggggggggégggggigggé\CGC OIigoAnAucIeotide for hybri(:!ization with Oligo3; Generation
of minimal CRISPR array with entry spacer
Oligos atcgcactccagccagctttceggea Oligonucleotide for hybridization with Oligo6; Generation
CCgcttGT of spacer fragment with GT overhang of Type IV-A1 repeat
Oligo6 aagcggtgccggaaagctggctggag Oligonucleotide for hybridization with Oligo5; Generation

of spacer fragment with CC overhang of Type IV-A1 repeat

27




Chapterll
2.4. Methods

Enzymes and DNA samples should be stored at -20 °C and kept on ice during use. Reactions

for PCR, digestion or assembly should be prepared on ice and then incubated as specified.

Compatibility of the CRISPR-Cas system

The crRNA originates from a repeat-spacer-repeat element, which is found in the CRISPR
array in close proximity to the casgenes of a given CRISPR-Cas system. Repeat sequences
vary insequence, structure, and length for the different systems. Maturation of most crRNA
relies on the specific recognition and cleavage activity of the associated Cas6 endonuclease.
Repeat sequences and associated cas genes can be identified in host organisms using
bioinformatic tools (e.g., CRISPRCasFinder (Couvin et al., 2018)).

These tools are capable of identifying CRISPR loci based on their distinctive repeat-spacer-
repeat structure. It is often not trivial to determine the orientation of the CRISPR which

defines the correct repeats sequence of pre-crRNA (see Note 4).

The correct orientation of repeat and spacer sequences is important for the maturation of
the crRNA and target interference. The orientation of a repeat is also important for finding
leader regions, identifying target sites on foreign genetic elements, and characterizing
PAM.

If in vivo experiments depend on the expression of mature crRNAs, correct repeat
orientation ensures compatibility with the associated Cas6é endoribonuclease.
Computational analyses of the repeat sequences can include screening of conservation of
repeat orientation and PAM sequences in related organisms with published literature on
crRNA maturation. In addition, Northern blots or nuclease activity assays with repeat-
spacer-repeat transcripts and recombinant Cas6 can be used to verify crRNA maturation for

previously uncharacterized systems.

Construction of an editable CRISPR plasmid with an entry spacer

An expression vector with a minimal CRISPR array needs to be designed and prepared to
enable crRNA production and maturation. The vector should contain a minimal CRISPR
array that carries an entry spacer sequence with two recognition sites for a type IIS

restriction enzyme.

1. The vector is selected depending on the final expression host and desired mode of

induction.
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Choose two distinct restriction sites (see Note 5) and ensure transcription via an
(inducible) promoter. A ribosome binding site is not necessary for expression of a non-
coding crRNA. Digest the plasmid, heat-inactivate the restriction enzyme, and gel-purify
the digested plasmid.

Design a repeat-spacer-repeat motif with recognition sites for BseRI in the spacer
sequence (see Note 6), while cleavage sites of the enzyme occur in the repeat sequences
at both ends of the spacer (Chapter II - Figure 1). Plan the final structure of the vector
accordingly using the preferred DNA analysis and editing software (e.g., Benchling;

SnapGene).

. Design and acquire complementary oligonucleotides that carry suitable overhangs of

thelinearized plasmid and the CRISPR motif (see Note 7).
Phosphorylate the oligos if necessary, while mixing 10 pl of the oligonucleotide (100
pmol/ul) with 1 pl T4 PNK, 2 pl 10X PNK reaction buffer, 2 pl 10 mM ATP and 5 pl sterile

water. Incubate the samples for 1 hour at 37 °C.

. Anneal two complementary oligonucleotides mixing 1 pl of each phosphorylated oligo

(50 pmol/pul) with 1 pl of 10X T4 DNA ligation buffer and 7 pl sterile water. Incubate the
samples for 5 minutes at 95 °C and cool down the samples stepwise to 25 °C (see Note 8).
The created fragment(s) and the linearized vector are ligated using 1 pl of each fragment
(10 pmol/pl), 25 ng of the linearized vector, 10 pl 10 mM ATP, 2 pl 10X T4 DNA ligation
buffer, 1 ul T4 DNA ligase and filled up with sterile water to a total volume of 20 pl. The
sample is incubated 15 min at room temperature or at 16 °C overnight.

Transform 5 pl of the ligation reaction into chemically competent £. colicells.

Perform a colony PCR with appropriate primers (see Note 9, Chapter Il - Figure 2A).

10. Screen colonies by performing an agarose gel electrophoresis and verify the insertion

via sequencing. Here, preferred bioinformatics software can be used for in silico

construction of assemblies, confirming that inserts match.
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11. Use a plasmid mini preparation kit for DNA isolation, while growing the required E£. coli
strain overnight in LB medium supplied with the respective antibiotic. The spacer
sequence of the editable CRISPR plasmid can now be exchanged using a Golden Gate

reaction.

MCS1 MCS2
| I ]

. O1 [ 03
Duet expression vector _— linearized vector + 02 [ 04
restriction digest

annealed oligonucleotides

lacl ORI antibiotic®

.. ligation reaction
N NN
T7  lacO i ) B s — —
promoter BseRlI recognition and o] ]
cleavagesites | _L.----f 777 editable CRISPR
plasmid

+

edited CRISPR — e ol o
lasmid . annealed oligonuclectides
[ P ) Golden Gate reaction (spacer fragment)

Chapter Il - Figure 1. Workflow for the generation of a plasmid carrying an editable minimal CRISPR array

and the exchange of the spacer sequence. A spacer sequence with recognition sites for the Type IIS restriction
enzyme BseRl is created (Oligonucleotides O1-0O4, see Chapter Il - Table 1 for example sequences) and ligated
with a digested plasmid. Golden Gate reaction with the new plasmid results in cleavage of the repeats, generating
specific overhangs. New spacer sequences (Oligonucleotides O5 and O6, see Tab. 1 for example sequences) can be
used as inserts in the same reaction to create a new minimal CRISPR array, expressing a different synthetic crRNA.

Generation of synthetic spacer sequences

Appropriate spacer sequences need to be designed to exchange the random spacer
sequence of the plasmid with the entry spacer. The added spacer sequences will be defined
by the desired target, while repeat sequences ensure compatibility with the investigated
CRISPR-Cas system. The length of the spacer sequence is fixed for most single-subunit
effector complexes, while multi-subunit effectors often display a higher degree of
flexibility. It would be advisable to use synthetic spacers that mimic the length of natural
spacers of the investigated CRISPR-Cas system. With respect to the Type IV-Al1 CRISPR-Cas
system, a target sequence is sufficient if the protospacer is 32 bp in length and carries a 5’-
AAN-3’ PAM.

1. Search for a distinct protospacer sequence (see Note 10) with an appropriate PAM and
design the spacer motif accordingly. Pay attention to use the correct orientation of the
spacer sequence and plan the final vector.

2. Design and acquire appropriate oligonucleotides that contain overhangs, matching the
overhangs generated by the type IS restriction enzyme (Chapter II - Figure 2A, see Note
11).
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Phosphorylate the oligonucleotides if necessary and anneal them (see Construction of an
editable CRISPR plasmid with an entry spacer, step 5 and 6). Annealed oligonucleotides
now serve as (spacer) fragment for Golden Gate reaction and are stable for up to one year
if stored at-20 °C.

Exchanging spacer sequences via Golden Gate reaction

1.

Set up a one-pot restriction-ligation reaction by mixing 40 fmol of the plasmid carrying
the editable minimal CRIRSPR array, with 40 fmol of the spacer fragment, 2 pl 10X
ligation buffer, 1 pl of BseRI (or enzyme of choice), and 1 pl of ligase. Fill the reaction up
to 20 pL with sterile water.

Incubate the restriction-ligation mix in a thermal cycler using the following program for
cycling: 1 min at 37 °C followed by 1 min at 16 °C, both repeated 60 times.

Restriction-ligation is followed by heat inactivation for 10 min at 60-80 °C.

. Transform 5 pL of the reaction into chemically competent cells.

Identify positive clones by colony PCR (see Note 12), purify the plasmid and verify the

exchange via sequencing.

. The created plasmid with the exchanged spacer sequence can now be used for further

assays, however, it cannot undergo another Golden Gate reaction, as recognition sites of

the type IS restriction enzyme are lost when the entry spacer sequence is exchanged.

A
L 12 1314 15 16 C+ C-
kb
Primer1 Primer2
— — 30—
( E ) 10—
editable CRISPR PCR 05—
plasmid product :
= -
colony
Primer2 PCR
—
edited
CRISPR plasmid no PCR
product

Chapter Il - Figure 2. Primer design and colony PCR after Golden Gate reaction. (A) Primers are designed to

bind in the editable spacer sequence of the CRISPR plasmid (Primer 1) and the backbone of the plasmid (Primer 2).

If the spacer sequence was successfully edited, no PCR product is expected, while the presence of a PCR product

indicates an unsuccessful reaction. (B) Example gel image after colony PCR of different colonies (12-16). 4 ul of 1 kb
Plus DNA Ladder (NEB) was used (L). The positive control (C+) represents the editable CRISPR plasmid, while no
DNA was used with regard to the negative control (C-). In total, 14 colonies showed no band, referring to an 87.5%

efficiency regarding the exchange of the spacer sequence.
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2.5. Notes

1.

32

The plasmid needs to be analyzed regarding further cleavage sites of the type IIS
restriction enzyme. If type IIS restriction sites are present in the selected plasmid they
canbe eliminated by using a mutagenesis strategy of choice. Duet expression vectors are
carrying two distinct multiple cloning sites, while missing recognition sites of the type IIS
restriction enzyme BseRI. Expressionis based onthe presence ofaT7 polymerase and the
addition of arabinose. An expression strain must be selected accordingly. Based on our

experience, the use of £. coli BI21-Alis recommended.

. LBmedium canbe prepared using commercially available mixes. Here, we prepare liquid

LB using 25 g of LB medium mix (e.g., Carl Roth, Karlsruhe, Germany) in 1L of water. For
LB solid medium, we add 15 g of LB Agar High salt (e.g., Carl Roth) to 1L of water. Media is

then autoclaved.

. This study focused on the use of a derivative of the pRSFDuet-1 vector (Novagen),

carrying Type IV-Al casgenes.

. Studies show that repeats often start with the motif 5’-GT-3’ (Santiago-Frangos et al.,

2023). However, further computational or experimental analyses are necessary if the
direction of a repeat is uncertain.

If the final expression vector is needed to express crRNA only, we recommend using
restriction sites in both multiple cloning sites. Thus, the presence of an unnecessary
promoter is prevented. However, Duet vectors can be used to express Cas proteins as
well as the crRNA using only one vector. Here, casgenes need to be checked with respect
to the compatibility with the type IIS restriction enzyme, while eventually only one MCS

is used for the minimal CRISPR array.

. The minimum length of the spacer sequence using BseRl is 28 bp due to the recognition

and cleavage sites of the restriction enzyme. However, using a total length that
corresponds to the native spacer length of the specific CRISPR-Cas system is
recommended as the plasmid eventually serves as a non-targeting control. In this study
the minimal CRISPR array has a total length of 90 bp, with repeats of 29 bp and a spacer
length of 32 bp.

Due to the presence of two (usually) identical repeats, we recommend designing two (or
more) fragments of the CRISPR array to avoid problems during annealing of the
oligonucleotides. Oligo 1-4 (see Chapter Il - Table 1) were used to create 2 inserts
carrying a Type IV-Al minimal CRISPR array with overhangs to EcoRI and Notl of the first
MCS of the pRSFDuet-1 vector.

. Using a PCR cycler for a controlled cool down is recommended. However, samples can

also be placed in a heater, that is turned off after 5 min, while samples cool down -2 h to

room temperature.
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9. We recommend using a primer that specifically binds in the editable, inserted spacer
sequence in combination with a primer binding in the plasmid backbone (e.g., Primerl &
2, see Chapter Il - Table 1, Chapter Il - Figure 1). Thus, primer can be used for further
analyses once the spacer was exchanged.

10. The protospacer should not exceed a GC content of 65% and occur with a single copy,
while not having similarities to an undesirable target.

11. It is critical to pay attention on the overhangs generated by distinct restriction enzymes.
For BseRI, both oligonucleotides require a 2 bp overhang at the 3’-end (e.g., Oligo 5 & 6,
see ChapterIl-Tablel).

12.The same primers as in Note 9 (No. 5-6, see Chapter Il - Table 1) can be used, while a
positive clone results in the absence of a PCR product (Chapter II - Figure 2B). However,
it is recommended to also amplify the entire region to avoid false-positive clones, as
homologous recombination can result in losing one repeat and the spacer motif. If
primers resultin very short PCR products, agarose gels with high percentages (2-3%) are

recommended.
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3. Real-time imaging of bacterial colony growth dynamics for cells
with Type IV-A1 CRISPR-Cas activity

3.1. Abstract

The Type IV-Al CRISPR-Cas system of Pseudomonas oleovorans provides defense against
mobile genetic elements in the absence of target DNA degradation. In recent studies,
Escherichia coli BL21-Al cells with Type IV-Al1 CRISPR-Cas activity displayed a
heterogeneous colony growth phenotype. Here, we developed a convenient smartphone-
mediated automatic remote-controlled time-lapse imaging system (SMARTIS), that enables
monitoring of growing bacteria over time. The system’s design includes a custom-built
imaging box equipped with LED lights, an adjustable heating system and a smartphone that
can be remotely controlled using freely available, user-friendly applications. SMARTIS
allowed long-term observation of growing colonies and was utilized to analyze different
growth behaviors of £. coli cells expressing Type IV-Al CRISPR ribonucleoproteins. Our
findings reveal that heterogeneity in colonies can emerge within hours of initial growth. We
further examined the influence of different expression systems on bacterial growth and
CRISPR interference activity and demonstrated that the observed heterogeneity of colony
forming units is strongly influenced by plasmid design and backbone identity. This study
highlights the importance of careful assessment of heterogenous colony growth dynamics
and describes a real-time imaging system with wide applications beyond the study of
CRISPR-Cas activity in bacterial hosts.

Keywords:
microbial colonies, real-time imaging, colony heterogeneity, £. coli, CRISPR-Cas systems,
CRISPRi
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One sentence summary:
This study establishes a smartphone-mediated time-lapse imaging system (SMARTIS) to
examine bacterial colony growth dynamics and utilizes this approach to analyze

heterogenous growth of E£scherichia colicells expressing a Type IV-A1 CRISPR-Cas system.

3.2. Introduction

The discovery of CRISPR-Cas systems highly impacted the field of genetic engineering,
offering robust tools for precise genome editing. CRISPR (clustered regularly interspaced
short palindromic repeats) systems consist of non-repetitive spacer sequences, derived
from invading DNA (protospacers), that are flanked by short palindromic repeats.
Additionally, cas (CRISPR-associated) genes can be usually found in close vicinity to a
CRISPR array (Barrangou et al., 2007; Horvath & Barrangou, 2010; Makarova et al., 2011).
CRISPR-Cas systems adapt to and fight against mobile genetic elements (MGEs), and are
presentinawiderange of bacteriaand mostarchaea (Brounsetal.,2008;Sorek et al.,2008).
Among the diverse CRISPR-Cas systems, the Type IV-A systems are characterized by a core
set of Cas proteins that mediate plasmid clearance and gene regulation via a CRISPRi-like
mechanism (Benz et al., 2024; Crowley et al., 2019; Guo et al., 2022; Ozcan et al., 2019;
Sanchez-Londono et al., 2024). Thus, unlike other CRISPR-Cas systems, Type IV-A does not
cleave its target DNA, but is proposed to block transcription or transcription initiation. The
presence of a protospacer adjacent motif (PAM) allows the host to identify foreign target
DNA and enables defense against a wide variety of MGEs (Guo et al., 2022; Sanchez-Londono
etal.,2024).

Our recent studies focused on the analysis of the Type IV-Al CRISPR-Cas system found in
Pseudomonas oleovorans strain DSM1045 (Guo et al., 2022; Sanchez-Londono et al., 2024).
The system was shown to mediate interference against genomic, plasmid and phage DNA.
Here, endpoint images of LB agar plates were examined, in which colonies were evaluated
for their number and color. Heterogeneity of colonies after /acZtargeting assays was
observed, but not further investigated (Guo et al., 2022). However, examination of the
growth of macroscopically visible colonies is important to draw significant conclusions,
providing a broader perspective on microbial population dynamics, community
interactions, and the impact of environmental factors on bacterial growth (Warren et al.,
2019).

Colony morphology, size, and distribution can indicate differences in metabolic activity,
virulence, or resistance mechanisms across the population. Moreover, analyzing whole
colonies can reveal patterns of competition among bacteria and allows to follow the

influence of spatial organization on growth and survival.
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While there are several systems able to visualize colonies at single time-points or over time
(Brugger et al., 2012; Clarke et al., 2010; Penil Cobo et al., 2018), the analysis of colony
growth dynamics usually is characterized by high cost and technical complexity. The
systems often require sophisticated equipment, such as high-resolution cameras,
environmental control chambers for colony growth, and software interfaces that are often
complex. Thus, affordable and user-friendly solutions for time-lapse imaging of bacterial
colonies are needed. In recent years, efforts have been made to develop cost-effective
systems for studying bacterial colonies. A microbial chamber (MOCHA) and various
fluorescence microscopy methods were developed to allow imaging of bacterial colony
growth, while preventing dehydration and condensation during long-term imaging
(Molina-Santiago et al., 2022; Peiiil Cobo et al., 2018). Additionally, an inexpensive imaging
box was designed to document colonies at specific time-points (Smith & Schuster, 2021).
Further methods focused on the use of off-the-shelf components, such as smartphones, 3D-
printed parts, and simple mechanical setups to achieve affordable high-quality imaging
(Hernandez Vera et al., 2016; Schaefer et al., 2023). By combining affordability with ease of
use, these platforms have the potential to access advanced imaging technologies. However,
these methods are often limited in their ability to grow bacteria at optimal temperatures.
Thus, we created the smartphone-mediated automatic remote-controlled time-lapse
imaging system (SMARTIS), a convenient approach designed to maintain optimal growth

temperatures while being cost-effective and user friendly.

We used SMARTIS to capture the growth of Escherichia colicolonies after different CRISPR
activity assays with the Type IV-A1 CRISPR-Cas system of P. oleovorans and were able to

uncover potential causes for heterogenous growth of colony forming units (CFU).
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3.3. Materials and methods

Culture conditions and strains
E. coli DH5a and E. coli BL21-Al were cultivated in LB media at 37 °C, optionally

supplemented with appropriate antibiotics.

Design and generation of CRISPR-Cas plasmids

A derivative of a pETDuet™-1 plasmid (pSR13) was created to encode for the Type IV-Al
CRISPR-Cas associated genes from P. oleovorans DSM 1045 (GenBank: NIUBOO0O00000.1).
Another plasmid (pSR24) expresses the appropriate crRNA-precursor. Here, the CRISPR
array carries a synthetic spacer sequence (32 bp) comprising recognition sites of the type
lIS restriction endonuclease BseRlI, flanked by repeat sequences from the native Type IV-Al
CRISPR array. The CRISPR array and associated spacer sequences (targeting either pSR14 or
the /acZgene) were cloned according to (Rust & Randau, 2024). Generated plasmids were
transformed into chemically competent £. co/iDH5a cells and subsequently plated on LB
agar plates supplemented with 100 pug/ml ampicillin and 100 pg/ml spectinomycin.
Successful cloning was confirmed by PCR using primers flanking the insertion site. The
integration was further verified through Sanger sequencing. A detailed overview of

plasmids used in this study can be found in Chapter Il - Sup. Table S1.

SMARTIS

Our Smartphone-mediated automatic remote-controlled time-lapse imaging system is
based on the use of a smartphone with suitable applications. The smartphone used in this
study (Samsung Galaxy S7 mini) contains a camera with 12 megapixels, providing detailed
and clear images of colonies. For image capture the standard camera app was used in
combination with an auto clicker application (e.g., Autoclicker by Simple Design Ltd.). The
camera application controls exposure, color and focus of the camera of the smartphone.
Eventually, the auto clicker can be configured to trigger the camera after a specified time to
capture an image, while we captured an image every 10 minutes. For remote access and
control of the smartphone further applications (e.g., TeamViewer Host in combination with
TemaViewer full client) can be used. Thus, the smartphone can be remotely controlled at
any time and from any location, allowing for continuous tracking of images. The images can

be stored on the smartphone and eventually transferred to a computer for further analysis.

Design of SMARTIS

SMARTIS is a custom-built imaging chamber designed to facilitate the consistent and
reliable capturing of colony growth using a smartphone. The device combines controlled
lighting, temperature regulation, and an adjustable platform to optimize the imaging

conditions (Chapter III - Figure 1).
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The box is a cubic chamber with dimensions of 40 cm x 40 cm x 40 cm, providing enough
space to incubate up to four petri dishes at the same time. The interior walls of the box are
lined with milky white acrylic glasses. A continuous light-emitting diodes (LED) strip is
installed within the inner wall of the chamber. The lighting is activated via an external
switch, whileintensity can be adjusted using a tuning control. A heating element, controlled
by a digital thermostat, is integrated into the box to maintain a constant internal
temperature of up to 42 °C. A smartphone can be fixed by a flexible holder, which is
designed to be suitable for various smartphone models. An adjustable table is supported by
a scissor lift and serves as the platform where petri dishes are placed for imaging. A small
holein the ceiling of the chamber enables guidance of cables of the temperature sensor and
power supplies. The key components required to assemble a SMARTIS, along with their
associated costs, are listed in Chapter IIl - Table 1 and Chapter Ill - Sup. Table S2.

Chapter Il - Table 1. Components used for SMARTIS with examples and approximate costs.

Component Example Approximate Cost
Smartphone Samsung Galaxy S7 mini 170 €
Heating Mat Seedling heat mat (Riogoo) 18 €

Digital wireless temperature

Temperature regulator 18 €
P 9 controller socket (Ruizhi)
Handy Cooling FunCooler 3 Pro 40 €
Chamber (this study) Custom-built (see methods) 317 €
Total: 563 €
Thermostat - <
L L]
] AdJ'USSr;aalece Egrlldeer Chapter Il - Figure 1. Schematic representation of
|— Cooling device SMARTIS. A smartphone is placed in a holder, while its
) Light control camera is facing down. Agar plates can be placed on a heat
mat that is manually regulated with a thermostat. The
L LED light height of a table that holds the heat mat and the agar

plates can be adjusted. The walls of SMARTIS consist of
plexiglass in which LED lights are installed. The lights are

40 cm

Temperature sensor

—1 A lat i i i i i
gér Rlates at turned on using a switch on the outside, while light
———Adjustable table intensity is regulated via a tuning control.
PVC chamber

Height control

r-—ON/OFF Switch

40 cmr

42



Chapter Il

Efficiency of transformation (EoT) assays

E. coli BL21-Al cells were transformed with plasmids enabling the production of
recombinant Type IV-Al crRNPs targeting the plasmid pSR14 (see Supplementary Table S1).
Production of crRNPs was induced by the addition of 0.1 mM isopropyl-B-d-
thiogalactopyranoside (IPTG) and 0.2% arabinose to the E. coli cells, which were then
transformed with pSR14, a target vector carrying a matching protospacer and a 5'-AAG-3’
PAM sequence. The pSR15 vector with a non-matching protospacer served as a negative
control. Cells were plated on LB agar plates supplemented with appropriate antibiotics (100
ug/ml ampicillin;, 100 pg/ml spectinomycin; 50 pg/ml kanamycin or 34 pg/ml
chloramphenicol) and incubated at 37 °C. Growth was optionally observed using SMARTIS
and transformation efficiency was calculated while normalizing to the negative control.

Images of representative LB agar plates were taken using the Gel Stick "Touch" or SMARTIS.

CRISPR interference assays

E. coli BL21-Al cells able to produce recombinant Type IV-Al crRNPs using one or two
plasmids and targeting the /acZ gene (see Supplementary Table S1) were cultured for 5
hours at 37 °C in 3 ml of LB supplemented with respective antibiotics (100 pg/ml ampicillin;
100 pg/ml spectinomycin or 50 ug/ml kanamycin). Cultures were diluted to an OD600nm of
2 and a dilution series up to 10-5 was prepared. Cells were transferred onto LB agar plates
supplemented with appropriate antibiotics, 40 pg/ml X-gal, 0.2% arabinose and 1 mM IPTG.
Plates were incubated at 37 °C. Images were analyzed using OpenCFU 3.8-BETA (Geissmann,
2013), while the color filter was set to a hue angle of 0-80 to distinguish white and blue
colonies. Images of representative LB agar plates were taken using a smartphone (Samsung

Galaxy S7 mini), while a microscope for smartphone was used to enhance single colonies.

Analysis of time-lapse images
The automated image analysis tool ColTapp was used to analyze time-lapse images of agar
plates (Bér et al., 2020). For further analysis R Studio (https://posit.co/, Posit team, 2024)

was used, while graphs were generated using GraphPad Prism (v8.0.2).
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3.4. Results and discussion

Observation of heterogenous colonies with Type IV-Al1 crRNP production

Previous studies indicated efficient plasmid interference and self-targeting activity when
using a recombinant Type IV-A1 CRISPR-Cas system in £. coli, while crRNPs were expressed
using a two-plasmid approach. Here, essential cas genes and a minimal CRISPR array are
located on two different plasmids (Crowley et al., 2019; Guo et al., 2022). In this study, we
examined plasmid- and genome-targeting activity in more detail to analyze colony
heterogeneity during Type IV-Al interference. We first reproduced the two-plasmid
approach for the expression of recombinant Type IV-A1 crRNPs in £. co/iBL21-Al. Thus, we
used a pETDuet-1™ derivative encoding for all Type IV-Al cas genes from P. o/leovorans DSM
1045 and a pCDFDuet-1™ derivative encoding for a synthetic crRNA (see Supplementary
Table S1). After introduction of the plasmids in £. colicells, Type IV-Al crRNP formation was
induced with arabinose and IPTG (Chapter Il - Figure 2A).

We first performed /acZtargeting assays, while a synthetic crRNA is targeting the genomic
gene /acZ in E. coli BL21-Al as previously described (Guo et al., 2022). Successful
downregulation of /acZexpression by Type IV-A1 CRISPR-Cas activity eventually leads to the
appearance of white colonies on LB plates supplemented with X-Gal (Chapter Il - Figure 2B),
while a non-targeting or dysfunctional system results in only blue colonies. Using the
described expression system, we obtained blue colonies when using a non-targeting
system, and blue and white colonies after targeting the /acZgene (Chapter IlI - Figure 2C).
We were also able to produce individual colonies showing a mixture of blue and white
colored sections. Thus, we further examined the heterogeneous colonies and observed a
cloud-like, irregular pattern with varying shades of blue (Chapter Il - Figure 2C). While
white colonies typically indicate effective targeting and repression of /acZ, the occurrence
of mixed blue-white colonies suggests incomplete or uneven targeting efficiency across the
bacterial population or unequal inheritance of the expression plasmids. This variability
could arise from differences in crRNP assembly, plasmid replication, or segregation during
cell division, leading to subpopulations within individual colonies with varying plasmid
numbers or targeting activity. However, heterogeneity of colonies was primarily associated
with /acZ genome targeting in the previous study. Therefore, we further analyzed the
activity of crRNPs targeting a plasmid, aiming to uncover whether plasmid targeting results

in similar variability of colony growth.

We performed EoT assays using either a target or a non-target plasmid, that carry a
matching protospacer with a PAM (5’-AAG-3’) or a random spacer sequence, respectively
(Chapter Il - Figure 2D).
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The introduction of a target plasmid led to a significant decreased efficiency of
transformation in comparison to the use of a non-target plasmid (Chapter III - Sup. Figure
S1), comparable to previous studies (Crowley et al., 2019; Guo et al., 2022). Notably, we
observed heterogeneity of colony sizes when crRNPs effectively targeted the plasmid (C+),
while colony sizes appeared homogenous when a non-target plasmid (C-) was introduced
(Chapter III - Figure 2E). However, we were not able to determine at what stage
heterogeneous colonies emerged using only end-point images. Thus, we monitored the
bacterial growth over time using SMARTIS, which allows for a more detailed analysis of

colony growth dynamics.
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Chapter Il - Figure 2. Type IV-A1 CRISPRI assays result in heterogenous colonies. (A) Plasmids contain genes
encoding the Type IV-A1 crRNP proteins (Cas5, Cas6, Cas8, Cas7, and CasDinG) and a minimal CRISPR array (repeat-
spacer-repeat). After induction with arabinose and IPTG proteins associate to Type IV-A1 crRNPs with synthetic
crRNAs, while recruitment of CasDinG occurs after DNA binding. (B) Schematic of a lacZ-targeting assay. E. coli cells
express Type IV-AT crRNPs targeting the genomic gene lacZ. Colonies can be visually differentiated by color (blue
or white). Blue color indicates intact lacZ and refers to ineffective CRISPR-Cas activity (No interference), while white
colonies indicate inhibition of lacZ and, thus, effective targeting (Interference). (C) Representative images of LB agar
plates and a single colony after lacZ targeting assay. The enhanced image of an individual colony shows uneven
distribution of blue and white color within a single colony. (D) Schematic of an efficiency of transformation (EoT)
assay, while E. coli cells expressing Type IV-A1 crRNPs are transformed with either a target (C+) or non-target
plasmid (C-). Number and appearance of colony-forming units (CFU) on LB agar plates indicate efficiency of Type
IV-A1 crRNPs. Efficient targeting results in a reduced amount of CFUs (Interference), while inefficient targeting, or
C-, results in a high number of CFUs (No interference). (E) Representative LB agar plates with CFUs after an EoT
assay.
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Heterogeneity of colonies occurs early in growth

To ensure stable colony growth at a specific temperature, we first examined the
temperature within the custom-built box over time. SMARTIS was set to 37 °C, and
temperature measurements were recorded over a 24-hour period. No significant
temperature fluctuations were detected during our observation, with an average
temperature of 36.96 °C and a pre-heating time of ~ 20 minutes (Supplementary Figure S2).
Thus, the system would enable bacterial growth within a closed environment at a constant
temperature. We therefore tracked colony growth after performing an EoT assay with the
two-plasmid approach in £. co/iBL21-Al cells. Up to four plates of different dilutions were
simultaneously incubated at 37 °C and observed using SMARTIS, while the smartphone was
set to capture an image every 10 minutes within 46 hours. SMARTIS allowed for high-
resolution images of the plates, ensuring clear visualization of colony growth and
morphology. We did not encounter any technical issues throughout the time-lapse imaging
process, allowing for consistent data collection. Over the 46-hour period, we successfully
captured 277 images, providing a time-lapse sequence of colony development (Chapter III -
Figure 3A, Video 1). The images already revealed that colonies in the positive control (C+)
and the negative control (C-) appeared at similar time points, indicating that the initiation
of colony formation was not significantly influenced by experimental conditions. However,
colonies in C+resulted in heterogeneity of colony sizes, suggesting that individual colonies
grew with varying growth rates, likely because of the expressed crRNPs targeting the
plasmid. To quantify colony sizes and growth dynamics, we used the recently developed
software ColTapp (Bér et al., 2020) for time-lapse image analysis, ensuring accurate data
processing and facilitating the identification of growth patterns that are not immediately
apparent through visual inspections of the images. We first determined the size of
individual colonies using the end-point images after 46 hours of growth. Here, we observed
a clear distribution of colony sizes among the different controls, while colonies of the non-
targeting control generally appeared larger compared to the targeting control (Chapter IlI
- Figure 3B). Notably, the maximum colony size observed in C+ was very similar to the
average colony size in C-, indicating generally better growth for C-. This finding already
suggests significant differences in growth dynamics between the two conditions,
underscoring the influence of targeting activity or plasmid properties on bacterial colony
development (Chapter Il - Sup. Table S3). We analyzed the image sequences to examine the
appearance times of individual colonies and to evaluate the growth across the different

controls.

Mean appearance times of colonies only showed minor differences among the controls,
while the first colonies appeared after approximately 15 hours (Chapter Il - Figure 3C, D,
Chapter III - Sup. Table S3). Here, we did not observe significant variations between the
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different controls. However, the last occurring colonies emerged at slightly different times:
For C-, the final colony appeared after 34 hours, whereas the last colony of C+ started
showing after 39 hours of growth. Colonies in C+ exhibited an average colony extension of
approximately 35 um/hour, while colonies in C- grew at a rate of about 68 um/hour, which is
nearly double the colony extension of C+ (Chapter Il - Sup. Table S3). We assumed that the
differing colony extensions are influenced by crRNP activity or varying numbers of target or
non-target plasmids. However, to exclude a correlation of the observed heterogeneity with
the used expression system, we designed and examined different plasmids expressing Type
IV-A1 crRNPs.
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Chapter Il - Figure 3. SMARTIS reveals growth dynamics of cells after an EoT assay. (A) Colony growth on
respective plates of different controls after an EoT assay that was performed according to Figure 1D. Plates of a 10-
3 dilution of C- and a 10-1 dilution of C+ grew at 37° C and were observed for 46 hours using SMARTIS. Images
were captured every 10 minutes. (B-D) Analyses of end-point and time-lapse images using ColTapp (Bar et al., 2020).
(B) Distribution of colony sizes (radius) after 46 hours of growth. Mean radius of controls are indicated as dashed
lines. (C) Box plot of appearance times of colonies of the different controls (C+, C-). The center line of the box plot
represents the mean appearance time, with the left and right borders of the box marking the minimum and
maximum, respectively. The number of colonies used for calculations differs among the different controls with n =
76 for C- and n = 222 for C+. (D) Mean colony growth over time of the different controls. Dashed lines indicate
mean appearance times.

Chapter Il - Video 1. Growth of different controls after
an EoT assay. Time-lapse video of colony growth on
respective plates of different controls after an EoT assay,
performed according to Figure 1D. Plates of a 10-3 dilution
of the negative control (C-) and a 10-1 dilution of the positive
control (C+) were incubated at 37 °C and monitored for 46
hours using SMARTIS. The camera of the smartphone was set
to capture an image every 10 minutes, resulting in a total of
277 images. Images were used to generate a video sequence,

while each image is shown for 0.05 s.
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Impact of different crRNP expression plasmids on colony heterogeneity

The cas genes were cloned with a CRISPR array containing a synthetic spacer designed with
target sites for the type IIS restriction enzyme BseRI, following a recent protocol (Rust &
Randau, 2024). The approach enhances the adaptability of spacer sequences, allowing for
the flexible design of synthetic spacers. Thus, plasmid derivates of different plasmids were
constructed to carry spacer sequences for either EoT or /acZtargeting assays. The used
plasmids differ in copy numbers and resistance markers, while we used plasmids of the
Duet™ expression system (Novagen), suitable for expression of potentially toxic protein
complexes (see Chapter III - Sup. Table S1). Notably, transformation of empty plasmid
backbones did not generate heterogeneity of colonies, suggesting that plasmid features
alone do not induce variability in colony growth and are not the cause for heterogenous
colony sizes or colors. Following the transformation of £. co/iBL21-Al cells with the adapted
plasmids and performing EoT and /acZtargeting assays, end-point images of the resulting
plates were analyzed. All plasmid derivatives resulted in efficient plasmid targeting as
shown by a reduced EoT (Chapter IlI - Figure 4A). However, we observed differences in
colony sizes between the plasmid variants, which we also noticed in the negative controls of
pCDF or pRSF (Chapter IlI - Figure 4B). This observation contradicts our initial hypothesis
that heterogeneity in colony sizes is primarily driven by the activity of targeting crRNPs,
which we assumed would cause variability in colony extensions due to plasmid loss and,
thus, uneven inheritance of plasmids. We further examined the different plasmids in
genome targeting assays. Targeting of /acZyielded different numbers of white and blue
colonies depending on the plasmid used. While pRSF led to the highest efficiency with
almost 100% white colonies among the assays, pET resulted in a significant decreased
efficiency (Chapter Ill - Figure 4C). The use of pCDF resulted, besides blue and white
colonies, in highly heterogenous colony sizes, which were also visible in the non-targeting
control. The heterogeneous growth of colonies expressing Type IV-Al crRNPs with pCDF
may lead to misinterpretation of results. While we used OpenCFU (Geissmann, 2013) for
colony counting and analysis following /acZ targeting assays the software was unable to
accurately countvery small colonies. Therefore, the results of this specific construct should
be treated with caution. However, strong variations in colony sizes were not observed when
using pET or pRSF, while targeting using the pET plasmid again resulted in mixed blue-white
colonies (Chapter Il - Figure4D). The intermediate copy number plasmid pET and high copy
number plasmid pRSF appear to be more suitable for expressing crRNPs in the context of
genome targeting, with the copy number of the respective plasmid likely being a key factor
influencing their efficiencies. Here, pET may provide moderate levels of crRNP expression
while minimizing metabolic burden and, thus, causing an increasing number of colonies

able to evade CRISPR-Cas activity. In contrast, pRSF typically exceeds 100 copies per cell,
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which can drive higher crRNP expression but may impose greater metabolic stress on the
host cells. We also observed a potential impact on cell viability when examining the total
number of CFU for the different constructs. Specifically, numbers of CFUs of cells using the
pPRSF expression plasmid were slightly lower compared to those expressing crRNPs on the
pET plasmid. Thisreduction may reflect the increased metabolic burden associated with the
higher copy number of pRSF, which could affect overall cell growth and viability. The
differences suggest a potential correlation between the copy number of an expression
plasmid and genome targeting efficiency, where higher plasmid copy numbers may

enhance targeting efficiency but also increase cellular resource demands.

Eventually, our findings underscore the importance of careful consideration when selecting
expression systems for CRISPRi-based applications, as differences in growth dynamics may

influence the interpretation of results.
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Chapter lll - Figure 4. Influence of different expression systems on colony heterogeneity. (A) Results of EoT

assays using different expression plasmids (pCDF, pET or pRSF). All plasmids used were able to express Type IV-A1
crRNPs, effectively inhibiting the target plasmid. (B) Representative colonies after EoT assays with pET, pCDF or
pRSF. A target plasmid with a matching protospacer was used as a positive control (C+). A non-target plasmid,
carrying a random protospacers, refers to the negative control (C-). Plates of different dilutions ranging from 100 to
10-3 are shown. (C) Results of lacZ-targeting assays using pCDF, pET or pRSF. Blue-white screening of the cells
resulted in different percentages of blue colonies depending on the used expression plasmid. (D) Representative
colonies of blue-white screening after lacZ-targeting assays with pET, pCDF or pRSF. Heterogeneity of colony sizes
is visible for pCDF, while homogenous colony sizes appeared in case of pET or pRSF. Plates of different dilutions
ranging from 10-2 to 10-5 are shown. EoT and lacZ-targeting assays were performed as described in Chapter Il -
Figure 1. Data are presented as mean values +SD. P-values were calculated using an unpaired t-test. (A & C: **** P
< 0.0001; C: * P = 0,0246).
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3.5. Conclusion

Our results revealed that the variability in colony sizes and colors is strongly influenced by
properties of a plasmid expression system, rather than the activity of the Type IV-A1 CRISPR-
Cas system alone. The formation of crRNPs and their subsequent scanning activity may
impose a significant metabolic burden on bacterial cells, influencing their viability. The
continuous engagement with DNA during scanning activity, even in the absence of a target,
could interfere with essential cellular processes, such as replication or transcription,
thereby reducing cell fitness or viability. In the context of plasmid targeting, this activity can
lead to undesirable inhibition of plasmid replication, resulting in the uneven distribution of
plasmids among daughter cells. Consequently, subpopulations within a colony may carry
varying numbers of plasmids, leading to differences in cellular fitness and contributing to
heterogeneity (Hilter et al., 2020). Additionally, the selective pressure of different
antibiotics can significantly affect bacterial growth. Even in strains that are resistant, the
metabolic burden associated with maintaining resistance mechanisms can inhibit growth
(Chowdhury & Findlay, 2023). This effect can be intensified when multiple antibiotics are
used simultaneously, as seen in experiments involving EoT assays where cells are exposed
to two or three antibiotics for selection. The cumulative stress from maintaining resistance
to different drugs can lead to uneven resource allocation within the bacterial population,

creating variations in colony extensions and fitness among individual cells.

In conclusion, our study emphasizes the importance of understanding how plasmid
properties and antibiotic selection pressures contribute to heterogeneity in bacterial
colonies, revealing that these factors can significantly impact colony growth dynamics in
combination with the expression of crRNPs. To further analyze growing colonies, the
establishment of SMARTIS provides a user-friendly, cost-effective method for high-
resolution, time-lapse imaging of bacterial colonies, enabling the detailed analysis of

colony growth patterns and heterogeneity.
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Chapter Il - Sup. Table S1. Plasmids used in this study.

Plasmid Derivative of Insertion Reference

pSR13 pETDuet-1™ csf5, csfl, csf2, csf3 and csf4 of the Type IV-A1 CRISPR-Cas system  (Guo et al,, 2022)
of P. oleovorans DSM1045

pSR14 pACYCDuet-1™ target plasmid; protospacer sequence matching with pSR24 (Guo et al., 2022)

pSR15 pACYCDuet-1™ non-target plasmid; random protospacer sequence (Guo et al., 2022)

pSR24 pCDFDuet-1™ minimal CRISPR array; repeats of Type IV-A1 CRISPR-Cas system (Guo et al., 2022)

of P. oleovorans DSM1045; synthetic spacer sequence
(5'-CATCCAAGTTACGCATCAGATTCGAGACGCGA-3") targeting
pSR14

pSR54 pCDFDuet-1™ minimal CRISPR array; repeats of Type IV-A1 CRISPR-Cas system (Guo et al., 2022)
of P. oleovorans DSM1045; synthetic spacer sequence targeting
lacZ (5' -ATCGCACTCCAGCCAGCTTTCCGGCACCGCTT-3")

pSR56 pCDFDuet-1™ minimal CRISPR array; repeats of Type IV-A1 CRISPR-Cas system (Guo et al., 2022)
of P. oleovorans DSM1045; synthetic non-targeting spacer
sequence; BseRI recognition sites
(5"-ATGTGACTCTCCTCCGAAGAGGAGGTAAGTAC-3")

pSR64 pCDFDuet-1™ csf5, ¢sfl, csf2, csf3 and csf4 of the Type IV-A1 CRISPR-Cas system  This study
of P. oleovorans DSM1045 and minimal CRISPR array with
synthetic non-targeting spacer sequence; BseRI recognition sites
(5" -ATGTGACTCTCCTCCGAAGAGGAGGTAAGTAC-3")

pSR65 pSR64 refers to pCDF; synthetic spacer sequence targeting lacZ; This study
(5"-ATCGCACTCCAGCCAGCTTTCCGGCACCGCTT-3")
pSR76 pETDuet-1™ csf5, ¢sf1, csf2, csf3 and csf4 of the Type IV-A1 CRISPR-Cas system  This study

of P. oleovorans DSM1045 and minimal CRISPR array with
synthetic non-targeting spacer sequence; BseRI recognition sites
(5"- ATGTGACTCTCCTCCGAAGAGGAGGTAAGTAC-3")

pSR77 pRSFDuet-1™ csf5, ¢sf1, csf2, csf3 and csf4 of the Type IV-A1 CRISPR-Cas system  This study
of P. oleovorans DSM1045 and minimal CRISPR array with
synthetic non-targeting spacer sequence; BseRI recognition sites
(5'-ATGTGACTCTCCTCCGAAGAGGAGGTAAGTAC-3")

pSR79 pSR76 refers to pET; synthetic spacer sequence targeting pSR14; This study
(5'- CATCCAAGTTACGCATCAGATTCGAGACGCGA-3")

pSR80 pSR77 refers to pRSF; synthetic spacer sequence targeting pSR14; This study
(5'"- CATCCAAGTTACGCATCAGATTCGAGACGCGA-3")

pSR81 pSR64 refers to pCDF; synthetic spacer sequence targeting pSR14; This study
(5'- CATCCAAGTTACGCATCAGATTCGAGACGCGA-3")

pSR101 pSR76 refers to pET; synthetic spacer sequence targeting lacZ; This study

(5"-ATCGCACTCCAGCCAGCTTTCCGGCACCGCTT-3")

pSR102 pSR77 refers to pRSF; synthetic spacer sequence targeting lacZ; This study
(5"-ATCGCACTCCAGCCAGCTTTCCGGCACCGCTT-3")

Chapter Il - Sup. Table S2. Specific materials used for the construction of the chamber of the SMARTIS.

Materials Amount used Example cost
Polyvinyl chloride (PVC) black (30 mm) 1 piece 8.00 € / piece
Aluminum tube (20 x 20 x 2 mm) 6m 5.50 € / meter
PVC white (4 mm) 5kg 20.00 € / kilogram
Acrylic glass white milky (500 x 500 mm) 5 pieces 23.00 € / piece
Silicone white 1 piece 570 € / piece
Hinges (40 x 60 mm) 2 pieces 2.50 € / piece
Scissor lift 1 piece 38.00 € / piece
Different screws 38 pieces 0.31€ / piece
Total 316.50 €
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Chapter Il - Sup. Table S3. Results of image sequence analysis. ColTapp (Bar et al., 2020) and RStudio (posit
team) were used to determine colony sizes (radius) at the end, appearance times and colony extensions of different

controls.
Average Minimum  Maximum Average Minimum Maximum A
X . . verage
endpoint  endpoint endpoint  appearance appearance appearance
Control p. p. p. PP . PP . PP . extension
radius radius radius time time time
[um/hour]
[mm] [mm] [mm] [hours] [hours] [hours]
C- 3.15 1.64 493 21.74 15.30 39.17 68.45
C+ 1.61 0.59 340 22.40 15.00 34.00 35.02
1.0 =
Chapter lll - Sup. Figure S1. Results of EoT assays using a two-plasmid Type
IV crRNP expression system. The expression plasmids contain genes encoding
c
-.g the Type IV-A1 crRNP proteins (pETDuet-1™ derivative) and a minimal CRISPR
% 0.5 == array (pCDFDuet-1™ derivative). After induction with arabinose and IPTG, a target
g 0010 =+ plasmid (C+) with a matching protospacer and adjacent motif (5'-AAG-3') or a
.:_: %0 non-target plasmid (C-) with a random protospacer is introduced. Efficient
g T targeting refers to a downregulation of efficiency of transformation. Data are
g 0005 presented as mean values +SD. P-values were calculated using an unpaired t-test.
£ o
w (**** P < 0.0001).
o ©
0.000 T
C- C+
42—_
_ 374
¥ ]
N ] Chapter Il - Sup. Figure S2. Temperature measurement
'E 32 over time using SMARTIS. Temperature was measured every
é— E 10 minutes within a period of 24 hours. Average temperature
# 27— of 36.96 °C was calculated with all data points after 0.33 hours.
22 T T I T T I T I 1 T I
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Chapter IV

4. Visualization of Type IV-A1 CRISPR-mediated repression of gene
expression and plasmid replication

4.1. Abstract

Type IV CRISPR-Cas (clustered regularly interspaced short palindromic repeats and
CRISPR-associated proteins) effector complexes are often encoded on plasmids and are
proposed to prevent the replication of competing plasmids. The Type IV-Al CRISPR-Cas
system of Pseudomonas oleovoransadditionally 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 sequencing (RNA-seq)
analyses of Type IV-Al CRISPRi-induced transcriptome alterations demonstrated highly
effective long-range downregulation 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-Al CRISPRi for the regulation of gene expression and

plasmid replication.

4.2. Graphical abstract
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4.3. Introduction

Microorganisms exhibit high levels of adaptability through gene transfer mechanisms
that include transformation, trans- duction and conjugation (Burrus & Waldor, 2004).
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
(Barrangou et al.,2007; Frost et al.,2005). They are present in approximately half of all
bacteria and most archaea (Brouns etal., 2008; Sorek et al.,2008) 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 (Horvath & Barrangou, 2010; Sorek et al.,
2008). CRISPR-Cas systems contain diverse Cas protein components that were used to
establish a classification of seven types and additional subtypes (Makarova et al., 2011;
Makarova et al., 2015). 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
regulationin the absence ofanuclease domaininits Cas proteins (Crowley etal.,2019; Guo
et al., 2022; Pinilla-Redondo et al., 2020). 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/Casé6, as well as a CRISPR-associated DinG (CasDinG)
protein (ChapterIV-Figure1A). 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 (Benz et al., 2024; Cui et al., 2023; Guo et al., 2022; Koonin &
Makarova, 2017; Pinilla-Redondo et al., 2020) . The protein’s helicase domain exhibits ATP-
dependent 5-3 DNA translocase activity, enabling the unwinding of DNA and RNA/DNA
duplexes (Domgaard etal.,2023). However, CasDinG wasfound tobe dispensable for gene
repression when the effector complex was targeting the promoter region of agene (Benz et
al.,2024).

The Type IV-A1 CRISPR-Cas system of P. o/eovorans(Lee & Chandler,1941) contains acrRNA
with a bona fidetarget in the host chromosome and its depletion was shown to increase the
transcript levels of the targeted pi/N gene (Guo et al., 2022). 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.
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Instead, a mechanism was proposed that resembles the popular dead Cas9 (dCas9) tool,
which was engineered to lack DNase activity, and is similar to the naturally occurring
Casl2c, which binds DNA complementary to its crRNA without cleaving it (Huang et al.,
2022). 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 (Qi et al., 2013). This method for crRNA-guided

control of gene expression was termed CRISPR interference (CRISPRi).

The range of Type IV-Al 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-Al1 CRISPR-Cas system of P. oleovoransin the native host and in
the heterologous Escherichia colisystem. Synthetic crRNAs and RNA sequencing (RNA-
seq) analyses were utilized to compare regional gene repression effects of the Type IV-Al
CRISPR ribonucleoprotein (crRNP) complex with those of dCas9-induced CRISPRi. In
addition, single-molecule microscopy (SMM) was employed to elucidate the
spatiotemporal dynamics of Type IV-Al crRNP-mediated DNA scanning in the presence
of genomic and plasmid targets, which suggested interactions with plasmid replication

forks.
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4.4, Materials and methods

Strains and growth conditions

Escherichia coliBL21-Al and P. oleovorans DSM 1045 cells were cultivated in Luria-Bertani
(LB) media at 37 °C, optionally supplemented with antibiotic(s). Escherichia coli WM3064
cultures were grown at 37 °C in LB media supplemented with diaminopimelic acid (Chapter
IV - Sup. Table S6).

Generation of P. oleovoransgene knockin and knockout strains

Theinsertion of the sfgfpreporter construct and the deletion of the CRISPR array or dinGin
the chromosome of P. oleovorans were carried out following the adapted protocols for
endonucleases-mediated recombination (Hmelo et al., 2015; Wirth et al., 2020). 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 upstream and downstream of the
insertion (or deletion) site were used. The region chosen for the insertion of sfgfpinsertion
is located in between the tadA and m/tF genes, as the integration of a gene in this specific
region had no effect on growth in Pseudomonas putida (Chaves et al., 2020). 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-Al CRISPR-Cas
system of P. oleovorans, 500 bp of homologous regions upstream 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 upstream and
downstream of the CRISPR array were cloned into the pEMG vector between the BamHI and
EcoRlIrestrictionsites. Alist of the plasmids used in this work is provided in Chapter IV - Sup.
Table S5.

CRISPRi assays in P. oleovorans

Derivatives of the pSEVA424 vector (Chapter IV - Sup. Table S5) were transferred by
conjugation into different sfgfp- expressing P. oleovorans (wild type, ACRISPR and AdinG)
strains. The plasmids carry an araCgene and different crRNAs, inducible with Isopropyl 3-
d-1-thiogalactopyranoside (IPTG), that target different chromosomal regions in the sfgfp-
expressing P. oleovoransstrains (Chapter IV - Sup. Table S6). For crRNA induction, IPTG was
added to the cells to a final concentration of 1 mM. For the induction of sfgfp, arabinose was
added toafinal concentration of 0.5% (w/v). Cells were grown ina 96-well plate shaking (180
rpm) at 37 °C. Growth and fluorescence were monitored for 48 h using aMagellan™ Infinite®
200 Pro plate reader, measuring the optical density at 600 nm (ODso0) and the fluorescence
of sfGFP, with excitation at 485 nm and detection of the emission at 510 nm. Data were

further processed using RStudio (https://posit.co/products/open-source/rstudio).
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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., 2007. 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 (Chapter IV - Sup. Table S6).
Successful insertion of the mScarlet sequence was confirmed by polymerase chain reaction
(PCR) using primers flanking the insertion site, and the integration was further verified

through Sanger sequencing.

CRISPRi assaysin E. coli

Genomic auxotroph targets:Genes in the histidine operonin £. colistrain BL21-Al were used
as targets for the CRISPRi experiment comparing the recombinant Type IV-Al CRISPR-Cas
of P. oleovorans with the dCas9 system. An all-in-one plasmid system was used to express
either the Type IV-Al crRNP complex (pSR77) or dCas9 (pMSL26) (Chapter IV - Sup. Table
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'-AAG-3’ PAM and 5-NGG-3’ PAM for Type IV-Al and dCas9
treatments, respectively (Sup. Table 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 h in LB medium supplemented with 1 mM IPTG and 0.2% (w/v) arabinose.
Then, 2 ml of the culture was pelleted at 9000 rpm for 3 min, and cells were washed twice
with completed M9 minimal medium (commercially available) supplemented with 2 mM
MgS0,, 0.1 mM 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]. ODsoo 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-Al CRISPR-Cas system targeting genomic /acZ and
used for the 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-Al Cas proteins and
DinG were cloned into a pETDuet-1 vector. Then, an allele encoding a Csfl-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 /acZor afiller spacer as anegative control into BL21-Al:dnaXmS cells
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(Chapter IV -Sup. Table S5). Single colonies obtained right after transformation were grown
overnight in LB media with the respective antibiotics. After 16 h of growth, fresh cultures
with a starting ODsoo of 0.1 were regrown to an ODego 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 blue-white 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, 2013. To this end, 20 ml of fresh culture was
grown to an ODeoo 0f 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,0, a last centrifugation was carried out at 13 000 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 pF
and 200 Q in a MicroPulser electroporator (Bio-Rad). Cells were immediately resuspended
in 550 pl of LB and recovered at 37 °C for 30 min at 450 rpm. Cells were pelleted and
resuspended in 1 ml of ddH,0, and 2 pl was used as sample for SMM.

SMM in the recombinant and native system

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 CFI Apo TIRF 100x 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, preamp 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 (Plank et al., 2009). 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 pm 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 mNeon-Green molecules in the cell for 100-500 frames,

followed by tracking of the remaining molecules.
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To performthe 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. o/leovoranssystemin the presence

of a high-copy plasmid was carried out as described previously (Guo et al., 2022).

SMM data processing and diffusion analysis of single-molecule tracks

To analyze the SMM data, the cell meshes were determined with Oufti 1.2 (Paintdakhi et al.,
2016). Bleaching curves were analyzed in ImageJ 2.0 (Rueden et al., 2017) to verify single-
molecule observations. An estimate of the diffusion coefficient and insight into the kind of
diffusive motion exhibited were obtained frommean-squared- displacement (MSD)-versus-
time-lag curves. In addition, the frame-to-frame displacements of all molecules in x- and the
y-directions 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 (Jaqaman et al., 2008) in the
Matlab environment (MathWorks, Natick, MA, USA) using a minimum length of five steps.
Finally, the diffusion rates were calculated according to D_i=0"2/2At, (i=1,2,3), where At is
the time interval between subsequent imaging frames. The generation of trajectory maps
and the visualization of static and the mobile tracks in a standardized cell are based on the
Matlab script SMTracker 2.0 (Oviedo-Bocanegra et al., 2021).

Distance probability measurement 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-Al-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 crRNPs 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 asingle pointin the center of the focus as afixed reference position and calculated

the distance from this point for each of the five points in the track, using the distance
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formula D=,/ (xfocus — xi)2 + (yfocus — yi)?, are the coordinates of the focus point and (xi,
yi) are the coordinates of the point at position /7 in the track. 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% sodium dodecyl sulfate and 4 mM ethylenediaminetetraacetic acid) 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 ug of RNA, using SuperScript I

Reverse Transcriptase (Invitrogen) according to the manufacturer’s instructions.

RT-qPCR

Quantitative reverse transcription PCR (RT-qPCR) was performed following a
previously described protocol (Guo et al., 2022) with primers against /acZ, hisA, hisH,
hisFand recAas the housekeeping gene control in £. coli BI21-Al. Primers are listed in
Supplementary Table S8.

Illumina RNA sequencing and data analysis

RNA quality and integrity was inspected in 1% agarose gels and a 2100 Bioanalyzer (Agilent).
Ribosomal RNA depletion, library preparation and sequencing (Illumina Nova Seq X - Paired
End Mode -150 nt reads) were performed by Novogene, Inc. Data quality was assessed using
FastQC (v0.11.9, http://www.bioinformatics.babraham. ac.uk/projects/fastqc); reads were
trimmed with Cutadapt (v3.5) (Martin, 2011) and aligned to the £. co/iBL21-Al (CP047231.1)
genome using Hisat2 (v2.2.1) (Kimetal.,2019). Output fileswere converted and sorted using
samtools suite (v1.13) (Danecek et al., 2021) and mapped reads were inspected using IGV
(v2.16.2) (Robinson et al., 2011). Differential expression analysis was performed with the R
package DESeq2 (v1.42.1) (Love et al., 2014) and coverage plots were generated using
ggplot2 (v3.5.0) (Wickham, 2016).

Statistics and reproducibility

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

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

65


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae879#supplementary-data
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Chapter IV

4.5. Resultsand discussion

Influence of synthetic crRNAs on s/gfpgene expression in P. oleovorans

We previously showed that recombinant Type IV crRNP complexes (indicated as ‘crRNPs’
throughout the text) can be used to target the reporter gene /acZ, revealing CRISPRi-like
activity without DNA degradation (Guo et al., 2022). To investigate this gene repression
phenotypein the native host, we integrated a super-folder green fluorescent protein (s/g/p)
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 crRNA that represses expression of the pi/NV
gene (Guo et al., 2022). As CasDinG was observed to be essential for Type IV-A CRISPR-Cas
activity (Benz et al., 2024; Domgaard et al., 2023) 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 (Chapter
IV - Figure 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-Al 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 upstream and 1 kb downstream of sfg/p
(Chapter IV - Figure 1C). A target almost 4 kb upstream of s/gfp showed no significant
reduction of the sfGFP signal and exemplifies 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 crRNAs and only expresses
synthetic crRNAs with a single perfect protospacer match, also showed gene repression for
an extended region with reduced CRISPRi efficiency at the promoter region (Chapter IV -
Figure 1C). Surprisingly, the deletion of the CRISPR array reduced gene repression levels
specifically for crRNAs that targeted the g/p promoter. This effect might correlate with
altered crRNP levels with competing crRNAs or increased growth rate in the absence of the
natural self-targeting crRNA. 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 (Chapter IV -
Figure 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.
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Our observations support previous findings showing that (i) the Type IV-Al system of P.
oleovorans reduces transcript levels in an extended area surrounding its native
chromosomal target site (Guo et al., 2022) and (ii) CasDinG is dispensable for targeting
promoter regions (Benz et al., 2024). The extended CasDinG-mediated regional effects of
Type IV-Al CRISPRi has implications for applications in CRISPR-Cas-mediated gene
regulation that complement dCas9-mediated CRISPRi methodology (Gilbert et al., 2013; Qi
etal., 2013).
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Chapter IV - Figure 1. Regional effects of Type IV-A1 CRISPR-Cas activity in Pseudomonas 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
(black) strand. (C) Different sfGFP expressing P. oleovorans strains were transformed with plasmids encoding
synthetic crRNAs that target protospacers in different regions [see panel (B)]. A non-targeting crRNA served as a
negative control (C-). Data represent the mean (+ standard deviation) of three independent experiments. The
statistical significance (P-value) of differences to the results obtained for target 1 was 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 CRISPRi

Toanalyze the CRISPRi effects observed in P. o/eovoransat single-nucleotide resolution, we
heterologously produced crRNP complexes in £. coli and analyzed their effects on target
gene expression by Illumina RNA-seq. This experimental setup 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 (Alifano et al., 1996).
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Three key target regions were studied: the promoter of the histidine operon, an internal
promoter located within the AisC gene (M. K. Thomason et al., 2015) and the /AisA gene
(Chapter IV - Figure 2A and Chapter IV - Figure 3A).

An analysis of the coverage plots of the different CRISPRi strains revealed striking
differences in the range over which the abundance of transcripts was reduced. The dCas9-
mediated targeting of the coding strand of AisAresulted inreduced transcriptlevels for hisA

and the two downstream genes AisFand his/E(Chapter IV - Figure 2B).

Similarly, targeting the non-coding strand of /isA led to comparable downregulation
(Chapter IV - Figure 3B). Notably, transcripts of the five upstream genes (//sG to hisH)
remained abundant regardless of the targeted strand (Chapter IV - Figure 2B and Chapter IV
- Figure 3B). In contrast, the targeting of AisA by the crRNP resulted in the absence of
transcripts for the entire operon, effectively depleting the whole histidine biosynthesis
pathway. Type IV-A1CRISPRiworked successfully for crRNAs that targeted either the coding
or non-coding strand of hisA (Chapter IV - Figure 2C and Chapter IV - Figure 3C). 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 AisB-his/E only

detectable for the construct that was guided to the main promoter of the operon.

Ourresults support the presence of anindependent internal promoterinthe 3’ region of the
hisC gene (M. K. Thomason et al., 2015) as the clear in- crease of forward read coverage is
indicative of transcription initiation. Targeting this internal promoter in AisCresulted 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-Al CRISPRi
targeting the main histidine operon promoter (Chapter IV - Figure 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” direction (Domgaard et al., 2023).

Consequently, we propose that this activity results in clashes with actively transcribing RNA
polymerase while crRNPs without CasDinG still prevent proper promoter recognition by the

transcription machinery.

The downregulation of AisAand further genes was verified by RT-qPCR analysis (Chapter IV
- Figure 2D, E and Chapter IV - Figure 3D, 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 (Chapter IV - Figure 2F and Chapter IV - Figure 3F and Chapter IV - Sup. Figure S1).
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This suggests that the observed knockdown levels of hisB-hisE expression in the dCas9
strain maintained sufficient histidine production. While gene expression was effectively
downregulated in both dCas9 and Type IV-Al CRISPRi strains, DNA integrity was always
preserved (Chapter IV - Sup. Figure 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 (Chapter IV - Sup. Figure S2B, C) and might exemplify compensatory effects of the
downregulation of the histidine metabolism for Type IV CRISPRi.

Figure see on the next page:

Chapter IV - Figure 2. Interference of the recombinant Type IV-A1 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; gene B: yoel; gene C: GSU80_09680; gene D: GSU80_09685; gene F: wzzB; gene G: GSU80_09740; gene H: gndA;
and gene I: opsG. Vertical arrows (1-3) indicate three target sites, targeting the coding or non-coding strand,
respectively. 1: target in the histidine operon promoter; 2: target in the 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-). (€) 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-qPCR
of hisA with different Type IV-A1 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 biological replicates, with ***P < 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].

69



Chapter 1V

A

dCas9
Target 3
Normalized reads

dCas9
c-

0

IV-A1

Target 1
Normalized reads
o

IV-A1
Target 2
Normalized reads

IV-A1
Target 3
Normalized reads

C-

IV-A1
Normalized reads

70

3
A B C D hisG hisD hisC hisB histhisA hisF  hislE F G H |

A A
1 2

100

100
200+
300+

100

100
200+
300+

Normalized reads

1955000 1960000 1965000 1970000
Genome position (CP047231.1)

500+

500+

1000+

e

wv
S
i

i

500

1000+

wv
o
<

o

500+

1000+

T

500

o

500

ff""w ——itd -

1000+

0.5 =

Relative transcript level hisA

1955000 1960000 1965000 1970000
Genome position (CP047231.1)

E F
15 Induced Induced + 0.6 mM histidine

10° 10" 10? 103 10* 10° 10" 10? 10° 10*

P

1
&4
dCas9

0.5 =

Relative transcript level hisA

Type IV-A1

0.0

by
i*”*i m

T 0.0 T
c- 3 C-
9

T oy i °
1 2 3 C-
Type IV-A1




Chapter IV

A 3
- A B C D E.hesG hisD__hisC . _hisB @thisA hisF hislE F G H |
—_ i— = Aﬁ){:;l—_ e I T e S B S S — - -
1
B
£ 100
i
© '- 04
23 %
39 & 1004
T 5 -1
& E 2004
[~}
Z 3004
£ 100+
b
s
(-}
o & 100
- []
E 2004
[}
Z 3004
1955000 1960000 1965000 1970000
Genome position (CP047231.1)
C
&£ 500
L]
- g
3303 O
3P =
Q.
27 E 5004
<]
Z
1000
£ 500
L]
- 2
<
>, §
Sv £
g
> E 5004
= [}
2
1000+ . . : .
1955000 1960000 1965000 1970000
Genome position (CP047231.1)
D dCas9 E Type IV-A1 F
1.5 1.5
Induced Induced + 0.6 mM histidine
3 10° 10" 10% 100 10* 10° 10" 102 10% 10
£ £ o[ .|+ @ O= ® ©
B B . 3
g g © e J ° iy
: : ‘@@ %
E £ Py
£ 05— £ o054
E . %3 3|4
& El 3
aane a
[=%
= C-{
0.0==1TT 0.0 == opo0poop
¢ 2H BN CAYB R AL N
hisH  hisF hisH hisF

Chapter IV - Figure 3. RNA-seq analyses of additional CRISPRi targets. (A) Please consult the legend of Chapter
IV - Figure 2 for additional details. Vertical arrows (1-4) indicate four target sites either above or below the genes,
targeting the coding or non-coding strand, respectively. 1: target in the histidine operon promoter; 2: target in the
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) and 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 and the
negative control (IV-A1 C-). (D) RT-qPCR of hisH and hisF under dCas9 treatment targeting both the coding (3) and
the non-coding strand (4) of hisA. (E) RT-qPCR 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-qPCR
experiments were performed with n = 3 independent colonies. Statistical analysis was performed using an unpaired
two-tailed t-test. Data represent the mean (+ SD) with ***P < 0.0004 and ****P < 0.0001. (F) Spotting assay after
CRISPRi with different sites targeted by dCas9 or Type IV-AT.

71



Chapter IV

SMM analysis of Type IV-Al plasmid targeting

Next, we aimed to visualize Type IV-Al interference /n vivo. To this end, we performed 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 (Guo et al.,
2022). 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 (Pinilla-
Redondo et al., 2020). 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 setup 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 (Oviedo-Bocanegra et al., 2021).
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 (Chapter IV - Figure 4A). Approximately one-third of
all crRNPs in the wild-type strain were found to exhibit alow mobility with a diffusion rate of
0.023 + 0.001 pm2 s-1, which is proposed to include crRNPs associated with the native
chromosomal target site. In contrast, the presence of a non-targeted high-copy plasmid led
toaconsiderable decrease in this low-mobility population,accompanied by asteep increase
in the size of a crRNP population with an intermediate diffusion rate of 0.128 + 0.002 pm2
s—1 (Chapter IV - Figure 4B and Chapter IV - Sup. Table 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 £. co/iBL21-Al
cells that produced Type IV-Al crRNPs, whose large subunit (cfsl) was tagged with
mNeonGreen, using the basal activity of the T7 promoter in the absence of inducer.
Genomic /acZtargeting 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 (Chapter
IV - Sup. Figure S3A). We then used the E. coli BL21-Al transformants to analyze the
diffusional behavior of the fluorescent crRNPs when targeting a plasmid or /acZ(Chapter IV
- Figure 4C). 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.
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This time frame was estimated to be appropriate for the synthesis and maturation of
fluorescent proteins (Khmelinskii et al., 2012). The results supported our observations in
the native host and revealed that in the presence of a plasmid containing the target
sequence, crRNPs were redistributed to cellular regions located outside of the nucleoid,

especially toward polar regions (Chapter IV - Figure 4D and Chapter IV - Sup. Figure S3B, C).

Quantification of fluorescent particles revealed 58-83 recombinant crRNPs in cells with
different targets (Chapter IV - Sup. Figure S3D and Chapter IV - Sup. Table S2), exceeding the
previously reported average of 26 crRNPs per cell in the native system (Guo et al., 2022). We
calculated the MSD as the average squared distance that crRNPs travel over time to analyze
their diffusion behavior. This analysis revealed alower mobility of Type IV-Al complexes, as
indicated by a decrease in the MSD and diffusion rates, when a genome target was present
(ChapterlV - Figure 4E, Chapter IV - Sup. Figure S3E and Chapter IV - Sup. Table S3). The low-
mobility crRNP populationincreased even further in the presence of a target on the plasmid
(Chapter IV - Figure 4E), and the distribution of the tracks suggests a greater likelihood of

encountering replicating high-copy plasmids in the polar regions of the bacterial cell.
Figure see on the next page:

Chapter IV - Figure 4. Spatiotemporal dynamics of Type IV-A1 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 gray 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, 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 crRNP 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 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 crRNP 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 crRNP complexes in the three indicated recombinant
strains.
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Type IV-A1 CRISPR-Cas complexes interfere with plasmid replication
The relocation of crRNPs in response to the presence of plasmids suggests that they

possibly interact withcomponentsinvolved in plasmid replication. One potential interactor

is DnaX, an essential component of the clamp loader complex in the DNA replisome (Onrust

et al., 1995). Earlier studies demonstrated that a decrease in the diffusion rate of

fluorescently labeled DnaX indicates stalled replication forks (Hernandez-Tamayo &

Graumann, 2019). We therefore analyzed whether the dynamics of DnaX were affected by

crRNPs in the presence of plasmid targets. To this end, we generated an £. co/i BL21-Al

derivative whose endogenous dnaXgene was fused to the gene for the fluorescent protein

mScarlet (mS). The resulting strain BL21-Al:dnaX-mS was then used to track DnaX-mSin the

presence of the mNeonGreen-tagged crRNPs after the introduction of a non-target or target
plasmid (Chapter IV - Figure 5A).
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In cells with non-target plasmids, DnaX-mS tracks were located near chromosome regions
(Chapter IV - Figure 5B). The fusion protein showed considerable mobility, as reflected by a
high MSD (Chapter IV - Figure 5C) and a large fraction of molecules in the mobile population
(Chapter IV - Figure 5D). Cells harboring a plasmid targeted by the crRNPs, by contrast,
showed a distinct change in the localization pattern of DnaX-mS (Chapter IV - Figure 5B and
Chapter IV - Sup. Figure S4A, B), accompanied by a substantial decrease in the MSD
(Chapter IV - Figure 5C) 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 (Chapter IV - Figure 5D and Chapter IV - Sup. Table 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 crRNP roadblock (Whinn et
al., 2023). Similar effects have been observed for Type I interference complexes that can
block DNA replication (Killelea et al., 2019). To further investigate the interaction between
DnaXand 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 (Reyes-Lamothe et al., 2014).
This analysis revealed that crRNPs are 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 (Chapter IV - Figure
SE).
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Chapter IV - Figure 5. Spatiotemporal dynamics of DnaX-mS with and without Type IV-A1 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
scanning time. (C) 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. (D)
Jump-distance distribution histograms of the DnaX-mS molecules in the two indicated conditions were calculated
as described in Chapter IV - Figure 1E. (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-AT-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.
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4.6. Conclusion

In conclusion, Type IV-Al1 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. We hypothesize that 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 TypeIV-Alactivity if its targetis apromoter sequence. Consistent with recently
reported similar observations (Benz et al., 2024), this observation indicates that the crRNP

can inhibit transcription initiation.

The ability of Type IV-A1 CRISPR-Cas system to achieve gene silencing without DNA cleavage
aligns with other non-cleaving natural CRISPRi systems, such as Casl2c, which similarly
suppresses gene expression without DNA degradation. However, a key distinction is the
recruitment of the CasDinG helicase upon target recognition of the Type IV-Al crRNP. We
suggest that its DNA unwinding activity interferes with processes that require double-

stranded DNA elements, like promoter recognition or the binding of regulatory elements.

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 crRNPs 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 crRNPs 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 (Qi et al.,, 2013), it appears to be less efficient than Type IV-Al in the
downregulation of gene clusters or operonregions. 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-Al activity still achieves an efficient downregulation of extended gene clusters with
multiple promoters. This highlights the potential of Type IV-Al CRISPRi for operon

regulation.
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Data availability

All data are available in the manuscript or the Supplementary data file. Raw data from RNA-
seq are available at the European Nucleotide Archive (ENA) under the accession code
PRJEB74190. Raw data from single-molecule microscopy analyses are provided at
https://doi.org/10.6084/m9.figshare. 25913251. Source data are provided with this paper.
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Chapter IV - Sup. Table S1. Diffusion constants of slow, intermediate, and mobile molecule populations of
the native Type IV-A1-mNeonGreen crRNP complex in P. oleovorans.

Strain cells* tracks D? Db D,°¢ D;d
wild 98 3614 0.07 + 0023 + 0128 + 0487 + 33 £ 3612 311
type 0.011 0.001 0.002 0.002
wild 2+1 63+1 35%2
0.05 + 0.023 + 0128 + 0487 t
type + 107 2350
. 0.018 0.002 0.002 0.001
plasmid

*Cells analyzed here were obtained from a total of two independent biological replicates (colonies).

Da, MSD, average diffusion constant of all molecules (um?s").
D1b, diffusion constant of slow population (um?s7).

D2c, diffusion constant of intermediate population (um?s™).
D3d, diffusion constant of mobile population (um?2-s").

F1a, percentage of slow population (%)

F2b, percentage of intermediate population (%)

F3c, percentage of mobile population (%)

Chapter IV - Sup. Table S2. Mean number of molecules of the recombinant Type IV-A1 crRNP complex
present in the different conditions in E. coli BL21-Al:dnaXmS.

Strain Mean molecules

Genome target 58
Non-target plasmid 75
Target plasmid 83
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Chapter IV - Sup. Table 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 Db D¢ D34 F,2 F,b F3¢
Genome 0.11% 0.005+ 0.06+ 042+ 23+2 6612 11#1
130 5723
target 0.018 0.002 0.001 0.002
Non- 19+1  68+2  13%2
0.14+ 0.005+ 0.06+ 042+
target 89 2809
] 0.015 0.001 0.002 0.001
plasmid
Target 0.13% 0.005+ 0.06 042+ 312 58+2  11+2
. 97 3039
plasmid 0.017 0.001 0.001 0.002

*Cells analyzed here were obtained from a total of three independent biological replicates (colonies).

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

D1b, diffusion constant of slow population (um?s).

D2c, diffusion constant of intermediate population (um?s™).

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

Fia, percentage of slow population (%)

F2b, percentage of intermediate population (%)

Fsc, percentage of mobile population (%)

Chapter IV - Sup. Table 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 D2 D" D;¢ D;d Fq? F,b F3¢
Non-target 89 1030 0.02+ 0024 + 0.11% 0.88+ 4+1 50+1 4612
plasmid 0.01 0.001 0.01 0.01

Target 97 1100 0.01+ 0024 + 0.11% 0.88+ 10+£1 81+2 91
plasmid 0.01 0.001 0.01 0.02

*Cells analyzed here were obtained from a total of three independent biological replicates (colonies).

Da, MSD, average diffusion constant of all molecules (um?2-s™).

D1b, diffusion constant of slow population (um?s7).

D2, diffusion constant of intermediate population (um?s).

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

Fia, percentage of slow population (%)

F.b, percentage of intermediate population (%)

Fsc, percentage of mobile population (%)
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Chapter IV - Sup. Table S5. 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. oleovoransACRISPRarray:sfgfp | ATypelV-A1-CRISPRarray expressing sfGFP This study
P. oleovoransAcasDinG:sfgfp AcasDinG expressing sfGFP This study

P. oleovorans :csfsmNeongreen

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, KmR

This study

Chapter IV - Sup. Table S6. Primers used for RT-qPCR.

Oligo name | Sequence (5'-3’) Primer Efficiency Test
gPCR hisA fw | CGTGGTACGTCTCCATCAGG | Efficiency: 93%
qPCR hisA rv | GCGGGATTTGACGTTTAGCC | RZ 0.99
gPCR hisH fw | CTGTTTTTACCCGGCGTTGG | Efficiency: 98%
gPCR hisH rv | CCCAGCAGTTGCATCCCTAA | R2 0.99
gPCR hisF fw | AGRAGGTGCAGACGAACTGG | Efficiency: 91.6%
gPCR hisF ry | GAGACTTAATCCCACCCGCC | R2 0.95
qPCR recA fw | GTTCCATGGATGTGGARACC | Efficiency: 92%
qPCR recA rv | ATATCGACGCCCAGTTTACG | RZ 0.99
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=
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Chapter IV - Sup. Figure S1. RT-qPCR of different spacers tested for dCas9-mediated CRISPRi on hisA gene.
Different spacers for the dCas9-mediated CRISPRi on target (3) were tested. RT-qPCR experiments were performed

with n=3 independent colonies. A non-targeting crRNA was used as a negative control (C-). Statistical analysis was
performed in comparison to C- using an unpaired two-tailed t-test. Data represent the mean (+ SD) with * p =
0.0114, ** p = 0.0094 and *** p = 0.0003.
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Chapter IV - Sup. Figure 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).
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Chapter IV - Sup. Figure S3. Spatiotemporal dynamics of the mNeonGreen-tagged crRNPs with different
targets. (A) Blue-white screening after CRISPRi with mNeonGreen-tagged Type [V-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 um2; non-target
plasmid: 0.14 £ 0.015 pm2; target plasmid: 0.13 = 0.017 ym?2).
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Chapter IV - Sup. Figure 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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ChapterV

5. Discussion

The evolution of bacterial defense systems reflects a remarkable adaptation to threats
posed by MGEs. Here, CRISPR-Cas systems offer a spectrum of different approaches for
neutralizing or silencing these invaders. While DNA cleavage mediated by Cas9 effectively
combats MGEs, non-cleaving CRISPR-Cas systems offer additional potential for gene
regulation, evading MGEs without damaging genetic material. This study provided valuable
insights into the functions and potential applications of the Type IV-Al system found in

P. oleovorans.

5.1. Originand evolution of Type IV CRISPR-Cas systems

Type IV CRISPR-Cas systems share similar characteristics with Type Ill systems, such as
crRNA-guided target recognition and multi-subunit effector complexes, and are believed to
have evolved from these systems (Moya-Beltran et al., 2021). Unlike the chromosomally-
encoded Type Ill systems, Type IV is predominantly found on plasmids and MGEs,
suggesting a specialized role in mediating plasmid-plasmid interactions (Kamruzzaman &
Iredell,2019; Newire etal.,2020; Pinilla-Redondo et al., 2020). Additionally, Type IV systems
usually lack proteins important for the adaptation process, while some subtypes, such as
subtype IV-B, also lost their CRISPR arrays (Makarova et al., 2020). The effector complexes
of the different systems show unique characteristics: Type lll systems possess nucleases for
target cleavage, however, Type IV systems often lack the ability to cleave their target.
Instead, they frequently incorporate other enzymes, such as the CasDinG helicase in
subtype IV-A, which plays a crucial role in CRISPR interference (Benz et al., 2024; Cepaité et
al.,2024; Cui et al., 2023; Domgaard et al., 2023; Guo et al., 2022).

The evolutionary path of Type IV CRISPR-Cas systems is very complex and challenging to
reconstruct. It is assumed that the system evolved from a Type Ill system lacking a CRISPR
array. A mutation in the HD domain and inactivation of the PALM domain of the Cas10-like
protein eventually led to Type IV-C. This subtype resulted in Type IV-B by losing the HD
domain of the Cas10-like protein, the reduction of the large subunit and the association with
a CysH-like protein. Further reduction of casgenes, a re-occurrence of a CRISPR array and
the association with the CasDinG helicase eventually led to Type IV-A (Chapter V - Figure 1)
(Moya-Beltran et al., 2021). A recently found Type IV-A system expresses a CasDinG protein
with a fusion of an HNH nuclease domain. The fusion combines helicase and nuclease
activities into a single protein, potentially mimicking the processive cleavage mechanisms
observed in Type I systems. This adaptation suggests that the Type IV systems eventually
evolved new mechanisms for target interference, possibly representing a trajectory back
towards more traditional CRISPR-Cas functionalities (Altae-Tran et al., 2023).
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However, it remains unclear whether CasDinG originally evolved with an HNH domain and
subsequently lost it (Chapter V - Figure 1). The loss of the HNH domain might have been
driven by selective pressures, such as mitigating self-targeting activity. The adaptation may
indicate a shift in functionality, favoring repression of gene expression over destructive
cleavage whichwould reduce therisk of excessive DNA damage and optimize the system for

regulatory roles.

Furthermore, associations and parallels with other CRISPR-Cas systems suggest that the
evolutionary origins of Type IV systems are more complex than previously believed: A
recent study demonstrated that a Type IV-A3 system can adapt to foreign DNA through
cross-talk with a Type I-E system. Since both systems recognize the same PAM (Benz et al.,
2024), itis plausible that their evolutionary pathways are linked, suggesting a shared origin
or mutual influence. Similarly, the Type I-Fv CRISPR locus of Shewanella putrefaciens CN-32
expresses a DinG helicase encoded adjacent to the CRISPR array (Dwarakanath et al., 2015).
This suggests a functional or evolutionary interplay between Type I-Fv and Type IV-A
systems. Eventually, these findings hint at a possible ancestral role for Type I systems in the
evolution of Type IV-A, while further research may provide insights into evolutionary

dynamics of these CRISPR-Cas systems.

caséb cas 10-like cas/ cass cas11 __CRISPR array
Type Il > ST FpA—
cas6b cas10-like casll cas7 cass i CRIS PR array
Typeiv-c {IN{IRO[— > > > S RO T R ———
cysH-like csfi cas11 csf2 csf3 cas6
Type V-8 -~ > > >
csfs csf1 csf2 csf3 casdinG CRISPR array
> > e
Type IV-A
csf3 csf1 csf5 csf2 casdinG CRISPR array
il 1 > > > [ENEOA

Chapter V - Figure 1. Proposed evolution of Type IV CRISPR-Cas systems. Evolution potentially started with a
Type lli-like ancestor lacking a CRISPR array. Mutations in the HD and PALM domains of a Cas10-like protein led to
the formation of subtype IV-C. HD domain loss and large subunit reduction, alongside with the association of a
CysH-like protein resulted in subtype IV-B. Loss of the CysH-like protein, further mutations in cas genes, re-
acquisition of a CRISPR array, and the addition of a CasDinG helicase eventually resulted in subtype IV-A. A CasDinG-
HNH fusion potentially reintroduces processive cleavage functionality. However, it remains uncertain whether
CasDinG initially evolved with an HNH domain and later lost it, or if the HNH domain was acquired as a subsequent
adaptation. Based on Moya-Beltran et al,, 2021 and Altae-Tran et al., 2023.
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5.2. Expandingthe toolbox for synthetic crRNA spacer design

In Chapter Il we present an efficient methodology for the customized design of crRNA
spacer sequences, utilizing the Golden Gate cloning technique on the example of the Type
IV-A1 CRISPR-Cas system of P. oleovorans. The approach addresses gaps in current crRNA
design methodologies by streamlining the workflow and enhancing precision, and
flexibility.

Golden Gate cloning, driven by the unique properties of type lIS restriction enzymes, stands
out as akey technique in synthetic biology and gene engineering (Bird et al., 2022; Engler et
al., 2008). Unlike traditional restriction enzymes that cleave within their recognition
sequences, type IIS enzymes cut at defined distances away from their recognition sites,
creating overhangs that can be customized for precise ligation in a single, seamless
reaction. This allows for efficient multi-fragment assembly, supporting complex DNA
construct designs in one streamlined step, without the need for additional reactions or
sequence-based overlaps (Bird et al., 2022; Engler et al., 2008; Pingoud & Jeltsch, 2001).
Enzymes commonly used in Golden Gate cloning, like Bsal or Bbsl, facilitate high-fidelity
assembly, making the technique valuable for applications requiring precision and
modularity, such as editing of CRISPR spacer sequences. While traditional spacer
integrationstrategies, such as thoseinvolving PCR-based cloning, are well-established, they

generally lack the efficiency and adaptability in comparison to Golden Gate cloning.

The challenge of Golden Gate cloning is to ensure that the recognition sites do not occur
within the DNA fragments or the vector backbone being assembled, which may require
additional steps to remove or re-design problematic sequences. Additionally, the efficiency
of cloning can vary depending on the sequence characteristics of the DNA, such as high
guanine-cytosine (GC-) content or secondary structures in the overlap regions, which can
influence the activity of the restriction enzyme (Bird et al., 2022; Griitzner & Marillonnet,
2020). With respect to the repetitive nature of CRISPR arrays it was observed that plasmids
expressing minimal CRISPR arrays (repeat-spacer-repeat) often lose the spacer along with
one repeat (Csorgd et al., 2020). During plasmid replication, especially in rolling-circle
replication (RCR), single-stranded regions or replication forks canlead to spontaneous DNA
breaks or nicks. This process is primarily due to the formation of single-stranded DNA
(ssDNA) intermediates that arise during the replication process (Cannan & Pederson, 2016).
The breaks may expose the CRISPR repeats, making them prone to repair processes like
microhomology-mediated end joining (MME]) or homologous recombination (HR). MMEJ
and HR are two distinct pathways for repairing double-stranded breaks (DSBs) in DNA.
MMEJ is an error-prone repair mechanism that utilizes short homologous sequences

(microhomologies) to align DNA ends during repair (McVey & Lee, 2008; Seol et al., 2018).
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Thus, the identical CRISPR repeats flanking the spacer within a minimal CRISPR array
provide ideal substrates for MME]J, but the process often causes deletions at the repair
junctions (Sinha et al., 2016) and eventually explains the excision of the spacer and one

repeat.

HR is a more precise repair pathway that uses longer homologous sequences to enable the
repair process (X. Li & Heyer, 2008), while recombination between the two identical repeats
also would result in the loss of the spacer and one repeat. Unlike MMEJ, HR produces
seamless repair junctions without additional sequence alterations (X. Li & Heyer, 2008;
McVey & Lee, 2008). Although the exact mechanism behind the disruption of the minimal
CRISPR array remains unclear (Chapter V - Figure 2), the design of CRISPR repeats must be
carefully considered and it was shown that modifications to the repeat sequences can help

to prevent unintended excision events (Csorgé et al., 2020).

1
o X X

Chapter V - Figure 2. Spacer excision event can occur when two identical repeats are expressed. Expression
of a minimal CRISPR array (repeat-spacer-repeat) on a plasmid leads to a functional crRNA. Microhomology-
mediated end joining (MMEJ) or homologous recombination (HR) between the two repeats (green) can result in the
loss of the targeting spacer (brown). Thus, a new plasmid is generated, unable to express an appropriate crRNA.

While the Golden Gate method developed in Chapter Il is easily adaptable, it specifically
focuses on the use of the Type IV-A1 CRISPR-Cas system and requires redesign to apply it to
other systems. This is due to the unique components and mechanisms associated with each
of the different types of CRISPR-Cas systems (Makarova et al., 2020), which can lead to
differences in efficiency and specificity when applying similar techniques across various
systems. For instance, Type I and Il CRISPR-Cas systems employ distinctly different repeat
sequences, and the length of the spacers also vary between these types. Thus, the variations
may result in different cloning efficiencies. However, once a suitable editable plasmid is
created, synthetic crRNA spacer sequences can be exchanged conveniently. The approach
can be applied for systems like Cas9, where testing of multiple spacers is very common to
identify the most effective candidate for gene editing (Malik et al., 2021). Therefore, the
customization process significantly enhances the efficiency of creating several specific

Spacer sequences.
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5.3. Copynumber-dependent efficiency of Type IV-Al

Asshownin ChapterIlland IV and further publications (Crowleyetal.,2019; Guoetal.,2022;
Pinilla-Redondo et al.,2020) Type IV-A CRISPR-Cas systems are particularly interesting with
respect to targeting and regulatory functions on plasmids due to their ability to prevent

replication of plasmids through repression rather than cleavage.

In Chapter IlI, we demonstrated that the efficiency of the Type IV-A1 CRISPR-Cas system is
influenced by its expression system, potentially due to the copy number or mediated
antibiotic resistance. We did not conduct further analyses of target plasmids, which could
also affect the efficiency of the system. We first assumed that higher-copy plasmids would
be less effectively targeted by Type IV-Al crRNPs due to less available complexes across
multiple plasmid copies. In contrast, lower-copy plasmids could present fewer targets,
enabling a more concentrated and possibly more efficient targeting by the crRNP

complexes and resulting in stronger repression effects.

To provide supplementary insights for further interpretation of the findings in Chapter IlI
andlV, lincluded additional results in this chapter that were not part of the original articles.
Thus, I examined recombinant Type IV-Al crRNPs against further target plasmids using the
PRSF expression plasmid developed in Chapter Ill. This high-copy plasmid was used to
target either a pETDuet-1 (pET), a pCDFDuet-1™ (pCDF) or a pHERD30T (pHERD)
derivative. The Duet plasmids (Novagen) were already described in Chapter IlI, and
pHERD30T mediates a gentamycin resistance and corresponds to a very high copy plasmid
in £. coli(Qiu et al.,2008). l integrated the protospacer of the target plasmid pSR14 used in
Chapter III into the different vectors, while cloning was conducted similarly as in our
previous study (Guo et al., 2022). Efficiency of transformation (EoT) assays were performed
according to Chapter Il and revealed low transformation rates across all plasmids used
(Chapter V - Figure 3). A reduction in efficiency usually occurs only when the CRISPR-Cas
system is highly active, indicating successful interference against all different target
plasmids regardless of their copy number or mediated antibiotic resistances. This finding
suggests that the system efficiently targets and eliminates plasmids even at high-copy

numbers, which contradicts our first assumption.
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Chapter V - Figure 3. Efficiency of transformation using target plasmids of different
copy numbers. Plasmid derivatives of pETDuet-1™ (pET), pCDFDuet-1™ (pCDF) or
0.02 5 pHERD30T (pHERD) carrying a protospacer were used as target plasmids in an efficiency
of transformation (EoT) assay. E. coli BL21-Al cells express Type IV-A1 crRNPs of P.
oleovorans strain DSM 1045 targeting the matching protospacer. Plasmid derivatives
missing a matching protospacer served as negative controls (C-) and were used to

calculate the EoT. Varying copy numbers of the different target plasmids did not

0.01—

Efficiency of transformation

significantly impact the efficiency of the system. EoT assays were performed in triplicate
(n=3 biologically independent samples) and performed according to Chapter Ill. Data are
presented as mean +SD. P-values were calculated using unpaired t-test (**** P < 0.0001).

plasmid
copy number

However, a recent publication suggests that targeting high-copy plasmids can result in an

increased efficiency of the Type IV-A CRISPR-Cas system. A higher-copy number offers a
higher number of target sites that eventually increase the chance of binding events and
would enhance the repression through CRISPR interference (Kippnich et al., 2024). While
the proposed model provides an explanation for Type IV-Al crRNPs still being efficient
against the high-copy plasmid pHERD, further analyses are required to understand the
interactions between crRNPs and plasmids with varying copy numbers. As a high-copy
plasmid (pRSF) was used to express the crRNPs, a lower-copy plasmid for expression could
yield different efficiencies and provide further insights into the role of plasmid replication

in correlation with CRISPR-Cas-mediated targeting.

Furthermore, Type IV CRISPR-Cas systems are predominantly found on megaplasmids,
rather than chromosomal DNA (Koonin & Makarova, 2017; Pinilla-Redondo et al., 2020).
Megaplasmids play a critical role in bacterial adaptation and survival by mediating
horizontal gene transfer and carrying genes for antibiotic resistance, virulence, and
metabolic pathways (Rodriguez-Beltran et al., 2021). The Type IV-Al CRISPR-Cas system of
P. oleovoransstrain DSM 1045 was discovered on a IncP-9 family plasmid (Guo et al., 2022).
Precise copy numbers of these plasmids are not reported, but their large size and role in
encoding catabolic and resistance genes suggest that they sustain arelatively low but stable
copy number. This low-copy nature minimizes metabolic stress on the host cell while
ensuring efficient inheritance, aligning with their functional importance in adapting to
environmental pressures and maintaining cellular fitness (Sevastsyanovich et al., 2008).
Thus, analyzing megaplasmids as expression and target plasmids for Type IV-Al crRNPs is
crucial to understand the natural regulatory role and evolutionary trajectory of Type IV-A
CRISPR-Cas systems. To reproduce a low-copy number plasmid, a recently developed
method that established tunable copy numbers of plasmids could be used. The tunable
system allows precise control of plasmid abundance in £. coli through induction with
anhydrotetracycline (aTc) or IPTG (Rouches et al., 2022).
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Insights from tunable plasmid systems could enhance the development of CRISPR-Cas-
based strategies for controlling plasmid-borne resistance genes. These advances may
provide powerful tools for combating multidrug-resistant pathogens like K/ebsiella, laying
the groundwork to mitigate the spread of antibiotic resistances (Benz et al.,2024; Y. Lietal.,
2023).

5.4. Long-range effects of Type IV-Al mediated CRISPR interference

We further explored the Type IV-A1 CRISPR-Cas system of P. o/leovorans within Chapter IV,
focusing on its ability of gene repression over extended genomic regions. Unlike other
CRISPR-Cas systems that often cleave targeted DNA, Type IV-Al potentially interferes with
transcription. We showed that the associated helicase CasDinG is crucial for long-range

activity and may facilitate a CRISPRi-like mechanism comparable to dCas9.

To study the system, we first introduced the sfgfp reporter gene into the genome of
P. oleovoransstrain DSM 1045, while using recombination-based protocols (Silva-Rocha et
al., 2013; Wirth et al., 2020). The gene was inserted in between the radA and m/tFgenes - a
locus chosen for its minimal impact on bacterial growth based on prior studies with
Pseudomonas putida (Chaves et al., 2020). Thus, we assumed the insertion site allows for
direct observation of gene repression across various regions surrounding sfgfp without
affecting the growth of P. oleovorans. Besides the generation of a wild-type strain
expressing sfGFP, we created two additional strains: One lacking the native CRISPR array
(ACRISPR) and another lacking the CasDinG helicase protein (A dinG). These strains allowed
usto further examine the effects of the synthetic crRNAs and investigate the role of CasDinG

in mediating transcriptional interference.

Although the engineered strains offer a convenient way to assess sfGFP expression, there
may be some limitations. The ACRISPR strain enabled clear analysis of synthetic crRNAs,
which might be otherwise impacted by naturally expressed crRNAs. The deletion of the
CRISPR array also affects different cellular processes, such as the regulation of the gene
pilN. Thelack of gene repressionleads toincreased pi/Nexpression as showninour previous
study (Guo et al., 2022). Thus, cellular functions related to pili formation and motility are
potentially altered and might introduce unintended phenotypic variations in the ACRISPR
and potentially the AdinG strain as well. The AdinG strain demonstrated limited
interference, while only targeting promoter-proximal regions resulted in effective
downregulation of sfgfp. Distant targets or targets within sfgfp abolished effects of the
Type IV-Alsystem. The differential dependency on CasDinG highlightsits role in facilitating

long-range transcriptional repression and efficient downregulation of genes.
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When targeting distal sites or transcribed regions, the helicase activity mediated by
CasDinG is likely essential for unwinding the DNA. This activity eventually results in the
creation of a “roadblock” effect that inhibits the RNA polymerase (RNAP) and, thus,
suppresses transcription. Without CasDinG the helicase activity is missing, and extended
interference is lost. However, as interference still occurs in AdinG strains targeting near a
promoter, binding of the crRNP itselfis enough to potentially inhibit transcriptioninitiation
by blocking the binding of an RNAP. This results in alocalized repression effect comparable
to dCas9, which also operates as a roadblock (Qi et al., 2013). Nevertheless, the Type IV-Al
crRNP alone is likely not sufficient to block an RNAP that already bound to the DNA and

process along it, making CasDinG essential to downregulate transcribed regions.

Although CasDinG is a 5’ to 3’ translocase, it potentially mediates bidirectional activity, as
repression of gene expression was observed in both directions to a target site (Benz et al.,
2024; Domgaard et al., 2023). Our observations in Chapter IV further support these
findings, while the usage of crRNAs binding the template or the non-template strand
resulted in effective downregulation of sfgfp. We further compared the Type IV-A1 CRISPR-
Cas system with dCas9 in £. coliand observed notable differences when targeting different
sites of the Aisoperonin £ coliBL21-Al. Both systems were effective in downregulating gene
expression, but they differently influenced regions surrounding the target. Targeting with
dCas9 resulted in a highly localized repression effect, while an obstruction of the RNAP is
generally proposed (Qi et al., 2013). In our study, a long-range effect mediated by Type IV-
Al was visible, similar to results of RNA-Seq data of our previous study (Guo et al., 2022).
Again, a bidirectional downregulation of the surrounding regions of the different target
sites using Type IV-Al crRNPs was visible. These differences highlight the versatility of the
Type IV-Al CRISPR system for broader, multi-gene regulatory control, whereas dCas9
remains ideal for highly specific, localized gene interference. However, the proposed

bidirectional activity of CasDinG remains ambiguous.

The mode of action of CasDinG may share similarities with Cas3, the key protein found in
Type I CRISPR-Cas systems. Cas3 plays a pivotal role in the degradation of invading nucleic
acids throughits functions as a nuclease and helicase (He et al., 2020). Like CasDinG, Cas3 is
a Superfamily 2 (SF2) helicase consisting of two RecA-like domains (Domgaard et al., 2023;
Jackson et al., 2014). Although SF2 helicases are known to translocate along duplex DNA
substrates, a recent study suggests that Cas3 is also able to reel in the DNA while remaining
bound to the Cascade (Loeff et al., 2018). Furthermore, for some subtypes a bidirectional

activity of Cas3 was observed, with 3’ to 5" activity of the protein.
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It is proposed that after recruitment of Cas3 to the Cascade, the nuclease activity of Cas3
initiates cleavage on a single DNA strand at multiple sites, generating a single-stranded
break within the protospacer region. Following this initial cut, Cas3 displaces the complex
by unwinding the DNA. This remodeling action allows the HD domain of Cas3 to cleave the
second DNA strand, resulting in a DSB (Sinkunas et al., 2011). With respect to Type IV-Al, it
was shown that CasDinG is recruited to the non-target strand, while it exhibits 5’-3” activity
(Cepaité et al., 2024; Cui et al., 2023; Domgaard et al., 2023). The helicase can unwind the
DNA duplex and potentially extends the interference region beyond the initial R-loop.
CasDinG may exhibit a reeling activity like Cas3, in which it pulls the non-target DNA strand
away from the crRNP complex. This mechanism can only be proposed, and it remains
unclear whether additional proteins are involved in the extended interference effect. A
recentstudy indicates that CasDinG is able to non-specifically bind DNA, facilitating binding
to the non-target or the target DNA strand (Cui et al., 2023). This observation suggests that
displacement of the non-target strand could facilitate access to the target strand, enabling
another CasDinG protein to bind and reel in the DNA. Thus, the action of several CasDinG
proteins would lead to displacement of both DNA strands in opposite directions, and
reeling of the target strand would disrupt the crRNA-DNA hybrid that leads to the
dissociation of the crRNP complex (Chapter V - Figure 4). However, further studies are

needed to fully elucidate the activity and specific details of how CasDinG would mediate this

process.
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Chapter V - Figure 4. Potential mechanism of bidirectional activity mediated by CasDinG. The crRNP binds to
a complementary sequence on DNA, forming an R-loop structure, which can block binding of the RNA Polymerase
and results in a localized interference effect. The CasDinG helicase is recruited to the non-target strand, while it
exhibits 5'-3' translocation activity, unwinding the DNA duplex and extending the interference region beyond the
initial R-loop (extended interference effect). CasDinG may perform a "reeling” activity, where it pulls the non-target
DNA strand away from the complex. DNA displacement facilitates access to the target strand, enabling a second
CasDinG protein to bind. Thus, multiple proteins of CasDinG act on both strands of the DNA in opposite directions,
conferring a bidirectional interference effect. The displacement of the target DNA strand disrupts the crRNA-DNA
hybrid, leading to dissociation of the crRNP.
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Compared to the wild-type strain, targeting in the ACRISPR strain resulted in varying

repression levels near the promoter region. While the exact reason for this localized
difference remains unclear, a possible explanation is that native crRNAs in the wild-type
strain may influence the activity of Type IV-Al crRNPs. Native crRNAs may help to establish
a more stable CRISPR interference complex due to unknown mechanisms to improve
overall targeting efficiency. Without native crRNAs, a synthetic crRNA alone may be less
efficientinbinding to the promoter region, leading to the observed reductioninrepression.
Furthermore, differences of the strains became obvious when looking at the expression
levels of sfGFP in the wild type that were already diminished when targeting -88 kb
upstream of the reporter gene. We did not notice a reduced sfGFP expression when using
the same target ~88 kb upstream of sfgfpin the ACRISPR strain. This finding indicates that
the pre-existing self-targeting of pi/N may influence efficiency against sfgfp. However,
further targets did not show significant differences between the wild-type and ACRISPR
strain. Thus, I conducted further experiments with different targets to provide additional
understanding of the findings in Chapter IV, while protospacers were designed and

analyzed according to our study in Chapter IV (Sanchez-Londono et al., 2024).

I analyzed three additional protospacers located upstream of the sfg/p gene (Chapter V -
Figure 5A) and observed significant differences between the wild-type and ACRISPR strains.
Inthe wild type, CRISPRi activity appeared to be abolished, whereas using a synthetic crRNA
in the ACRISPR strain retained CRISPRi functionality (Chapter V - Figure 5B). The presence
of native crRNAs (wild type) may lead to competition among crRNAs, potentially affecting
crRNP formation and crRNA efficiency. Examination of the composition of the synthetic
crRNAs revealed notably high GC- and low purine-contents compared to the effective
synthetic sfgfpor native pi/N-targeting crRNA (Chapter V-Figure 5C). These resultsindicate
that designed crRNAs need to be carefully considered regarding their ratio of GC- to purine-
content when attempting to perform natural CRISPRi-like experiments in organisms
comprising a native Type IV-A CRISPR array. The importance of crRNA composition already
was studied in various CRISPR-Cas systems, including Cas9, where a GC-content of 40-60%
for sgRNAs is recommended. An ideal GC-content stabilizes RNA-DNA duplexes that are
crucial for effective target recognition (Konstantakos et al., 2022). The importance of
examining several spacers for the (d)Cas9 system was also observable within our study in
Chapter IV, while some of the initially analyzed spacers showed reduced efficiencies.
However, further studies are needed to confirm whether the GC-content or the ratio of GC-
to purines within a crRNA affects the activity of the Type IV-Al CRISPR-Cas system.
Nevertheless, we demonstrated that all synthetic Type IV-Al crRNAs we tested were
functional in the recombinant system, indicating an enhanced suitability of Type IV-Al for

biotechnological applications in comparison to dCas9.
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Chapter V - Figure 5. High GC-content crRNAs result in varying CRISPRi efficiencies. (A) Schematic
representation of further target sites. Triangles represent locations of protospacers on template (white) and non-
template (black) strand. (B)Three additional target sites (target 2-4) were analyzed in the wild-type and ACRISPR
strains. A non-targeting crRNA served as a negative control (C-). CRISPRi assays in P. oleovorans were performed in
triplicate (n=3 biologically independent samples) according to Sanchez-Londono et al., 2024. Data are presented as
mean +SD. The statistical significance (P-value) of differences among the different strains was calculated using an
unpaired, two-tailed t-test (* P = 0.0155, ** P < 0.01). (C) Summary of the nucleotide composition of different
synthetic crRNAs (target 1-4, C- and sfgfp target) and the native crRNA (pilN target) of P. oleovorans. GC- and
purine-content were used to calculate the ratio of GC to purines (GC ratio). Targets 2-4 were showed reduced
efficiencies in the wild-type strain, potentially correlating with an increased GC ratio.

5.5. Evading CRISPR-Cas mediated autoimmunity in bacterial hosts
Self-targeting CRISPR-Cas systems present unique systems where the targeting activity is
directed against elements within the host cell itself. If essential genes are mistakenly
targeted or overly suppressed, the survival and fitness of the bacterial cell may be
compromised. As described in Chapter I STS can be acquired through different processes,
while capturing sequences from foreign DNA, or through the exposure of the genetic
material of the host (Ivancic¢-Bace et al., 2015; Nicholson et al., 2019; Wimmer et al., 2024).

To avoid damage to the cell, microorganisms mitigate several strategies: One mechanism
is the expression of anti-CRISPR (Acrs) proteins, which inhibit CRISPR-Cas activity, allowing
to evade toxic self-targeting events. Acrs initially evolved in a variety of bacteriophages as a
mechanism to evade CRISPR-Cas activity (Bondy-Denomy et al., 2013). However, bacteria
can protect themselves from self-targeting activity of a host-encoded CRISPR-Cas system
by encoding their own Acrs (Wimmer et al., 2024). These proteins can directly interact with
the Cas proteins to inhibit their nuclease activity, prevent crRNP assembly, or target activity
to avoid genome degradation and cell death (Jia & Patel, 2021). As not all CRISPR-Cas
systems are known to be associated with specific Acrs, further strategies to avoid self-
targeting are used: Cells can mutate the DNA within (proto-) spacer sequences or casgenes
to abolish correct target recognition, transcription or formations of a functional crRNP
(Sternetal., 2010; Wimmer & Beisel, 2019).
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Cells can also avoid lethal outcomes when a self-targeting CRISPR-Cas system is unable to
degrade the targeted DNA but rather blocks gene expression, like the Type IV-A1 CRISPR-
Cas system (Guo et al., 2022). Since Type IV-Al provides a CRISPRi-like mechanism that
inhibits gene expression without target cleavage, self-targeting is not immediately lethal
but can provide advantages under certain conditions. Although the evolutionary
development of Type IV-A remains unclear, it is plausible that the CRISPRi-like mechanism
emerged as a consequence of the system targeting its own genome. The Type IV-A1 CRISPR-
Cas system of P. oleovorans targets the host encoded gene pi/N (Guo et al., 2022) that
encodes a protein involved in Type IV pilus assembly. Type IV pili are involved in different
cellular processes like surface adherence, biofilm formation or motility (Jacobsen et al.,
2020). Since Type IV pili are also crucial for horizontal gene transfer, targeting pi/N could
reduce the efficiency of DNA uptake from the environment. Limiting DNA uptake can serve
asaline of defense by reducing the entry of foreign DNA, such as bacteriophages. Thus, self-
targeting of pil/N by the Type IV-Al system may protect the bacterium from acquiring
potentially harmful genetic material, thereby enhancing genomic stability and reducing
environmental threats. However, we showed in Chapter Il that crRNPs, although in
combination with an expression system, can affect cell viability leading to heterogenous
growth of bacterial colonies. Therefore, it cannot be excluded that self-targeting activity

might lead to a negative growth effect rather than providing an advantage.

5.6. Challenges of heterogeneity in bacterial colonies

To elucidate effects of Type IV-Al crRNPs on the growth of bacterial colonies analyzed
colony growth dynamics in Chapter Ill. Here, we developed SMARTIS to allow capturing of
colony growth over time and further examined the growth and morphology of the different
colonies using the colony time-lapse application (ColTapp), a tool specifically designed for
the automated analysis of CFUs (Bar et al., 2020).

ColTapp provides a powerful method for quantifying colony growth dynamics, particularly
useful in the automated analysis of CFUs on solid media. One of its key advantages is the
analysis of time-lapse images, which enables tracking of colony extension rates and
morphological changes (Bér et al., 2020). This functionality is essential for examination of
colony heterogeneity, as it allows observation of variations in growth patterns among
colonies under identical conditions. ColTapp can efficiently capture colony growth metrics
and effectively quantifies uniform colonies but may struggle with non-standard colony
morphologies or highly heterogeneous populations. Thus, it is possible that the software

inaccurately quantifies differences in colony density or structure.
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While ColTapp enhances the efficiency of growth analysis, its results are best interpreted
with supplementary methods when studying complex microbial behaviors and integrating
otherimage analysis tools or molecular assays could provide amore comprehensive picture

of heterogeneity.

Although heterogeneity can be linked to several natural occurring factors like genetic
diversity or environmental conditions described in Chapter I, we showed that Type IV-Al
CRISPR-Cas mediated plasmid targeting in combination with the used expression system
causes variability in colony sizes and colors (Chapter IlI). Plasmids enhance the adaptability,
survival, and evolution of bacterial cells (Lederberg, 1952, 1998) and different numbers of
plasmids within a cell can resultin different growth rates of the overall bacterial community
(Nicoloff et al., 2024; Wegrzyn & Wegrzyn, 2002). Thus, efficient targeting by Type 1V-Al
crRNPs and subsequent clearance of plasmids can significantly impact the resistance of
cells against different antibiotics. We also showed that the use of different plasmid

expression systems impacts the viability of cells and needs to be carefully considered.

However, we were not able to exclude that Type IV-Al crRNPs strongly influence growth of
the cells. As Type IV-Al lacks the ability to cleave DNA but can block gene expression due to
a CRISPRi-like mechanism (Crowley et al., 2019; Guo et al., 2022) it allows for incomplete
clearance of plasmids. The inheritance of plasmids during bacterial division is a complex
process influenced by factors such as plasmid size, replication dynamics, and competition
between co-transformed plasmids. It was shown that £ coli can readily accept multiple
plasmids, often resulting in mosaic colonies where individual cells carry different plasmid
combinations expressing different fluorescent proteins. This non-clonality can
significantly impact colony development, as smaller plasmids with lower metabolic
demands often outcompete larger ones, leading to uneven distribution among daughter
cells during division (Tomoiaga et al., 2022). Thus, insufficient repression by Type IV-Al
crRNPs can create a spectrum of different plasmid copy numbers within a subpopulation

that may lead to the observed heterogeneity.

Overall, bacterial colony heterogeneity presents significant challenges in interpreting
experimental results, as differences in plasmid replication rates, antibiotic selection
pressures, or metabolic burdens among subpopulations can result in mixed phenotypes,
leading to misinterpretation of targeting efficiency or gene expression outcomes. For
example, colonies with uneven plasmid inheritance may exhibit diverse growth patterns
unrelated to the analyzed system of interest. Additionally, standard colony-counting tools
may fail to detect smaller colonies or differentiate between overlapping phenotypes, such
as the observed heterogenous colored colonies in Chapter III. This can introduce bias,

particularly in high-throughput studies.
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Eventually, understanding the factors driving heterogeneity is critical for experimental
design and analysis. Addressing these challenges requires integrating further tools and
advanced analysis software to provide sufficient analysis of colony dynamics and reduce the

potential for misinterpretation.

5.7. SMARTIS: Convenient analysis of colony growth dynamics

SMARTIS established within Chapter Ill was initially used to analyze the latter discussed
heterogeneity, but also has a wide range of potential applications across microbiology and
biotechnology. An increasing number of applications incorporate smartphone-based
imaging devices (SIDs) due to their portability and versatility, while the systems provide
cost-effective, accessible solutions for real-time analysis in e.g., clinical settings (Banik et
al., 2021).

SMARTIS is an alternative to other imaging and monitoring systems for observation of
microbial growth. The system may offer advantages in terms of accessibility and flexibility
and could be applied in e.g., biofilm research, capturing biofilm formation or interactions
between different colonies. While SMARTIS is based on the use of asmartphone to generate
high-resolution images, there are several other methods to observe colony growth, which
we mentioned in Chapter Ill. A recently designed microbial chamber (MOCHA) is based on
the use of a camera in a chamber that maintains agar hydration and allows for observation
of colony growth over time. On the other hand, MOCHA does not allow for setting the
temperature to enable optimal growth for e.g., £. coli cells and image capture relies on a
camera connected to a computer (Pefil Cobo et al., 2018). These settings limit the
capabilities of remote access and might interfere with growth of colonies. Thus, SMARTIS is
more efficient with regards to remote control and optimal growth of cells in a closed
environment. Nevertheless, image acquisition and analysis protocols are needed using

SMARTIS to ensure reproducibility and comparability of results.

The use of a smartphone may limit the resolution and quality of images compared to
specialized imaging equipment, potentially affecting the accuracy of data obtained.
Storage capacity of the smartphone is potentially constrained, making careful planning of
experiments necessary. Furthermore, SMARTIS is unable to control environmental
parameters like humidity, which can significantlyimpact microbial growth (Qiu et al., 2022).
Thus, acombination of agar hydration maintenance of MOCHA and temperature regulation
by SMARTIS might result in a more advanced method for observing colony growth

dynamics.
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However, SMARTIS is very cost-effective and user-friendly, and opens new avenues for
research into bacterial adaptability and the mechanisms underlying colony formation.
Future applications of SMARTIS may include exploring its utility in other microbial systems,
such as P. oleovorans. Observations of cell motility could address remaining questions
regarding the impact of downregulated pi/Nexpression that naturally occurs due to Type
IV-A1 CRISPR-Cas activity (Guo et al., 2022).

5.8. TypelV-Al: Shaping the future of gene regulation

Our study of the self-targeting Type IV-Al CRISPR-Cas systems expands potential
applications in CRISPR-Cas technology. Type IV-A1 provides challenges as well as
advantages in fields like therapeutic medicine or synthetic biology. While therapeutic
applications grow, Type IV-Al systems offer new functions by mediating interference
mechanisms without nucleolytic activity. Thus, Type IV-Al can be used for regulation of
genes involved in pathogen virulence or potentially block plasmid-borne antibiotic
resistance genes in bacterial pathogens as shown for a Type IV-A3 CRISPR-Cas system (Benz
et al., 2024). However, if the systems are self-targeting and are not carefully controlled,
CRISPRinterference may resultinunintended autoimmunity. This may produce deleterious
responses, particularly in complex microbial communities or synthetic therapeutic strains,
raising safety concerns. Beyond therapeutic purposes, there are many applications in
synthetic biology and evolutionary studies using Type IV-Al systems. Further examinations
of self-targeting spacers influencing gene regulation and plasmid replication may provide
crucial insights into evolutionary dynamics of bacterial communities. Bacteria could be
engineered with increased resilience or adaptability without editing the DNA. While precise
DNA editing is crucial for creating specific genetic circuits or engineering metabolic
pathways, off-targeting can lead to inefficient integration of edited genes into the host
genome and cause genomic instability. These challenges highlight the need for non-
cleaving systems, like Type IV-Al, which would minimize risks associated with permanent
changes in DNA. Furthermore, the long-range effects and the ability to interfere with
complete operons could be particularly valuable for controlling complex genetic circuits or

metabolic pathways in microorganismes.

By modulating multiple genes across large genomic regions simultaneously, a
sophisticated control over cellular processes can be achieved but further analyses are
needed to optimize the system for usage in biotechnological or therapeutic applications. It
cannot be excluded whether the system is off-targeting, and it remains uncertain how to
precisely limit the long-range effect. However, the multi-subunit nature of Type IV-A crRNPs
offers distinct advantages over single-protein systems like dCas9, including enhanced

specificity and modularity.
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5.9. Conclusion

Findings of this study provide a comprehensive knowledge of the Type IV-Al CRISPR-Cas
system found in P. o/leovoransand highlights its potential role in synthetic gene regulation.
Unlike traditional CRISPR-Cas systems, Type IV-Al CRISPR-Cas employs a CRISPRi-like
mechanism that inhibits gene expression without cleaving DNA, making it a promising
CRISPRi-like tool. We provided strategies to successfully design and consider compositions
of synthetic crRNAs to target host encoded genes, that are important for future usage in
clinically relevant bacteria natively expressing Type IV CIRPSR-Cas system, like P.
aeruginosa or K. pneumoniae (Newire et al., 2020). We further examined the long-range
repression effect in the native and a recombinant system, showing that CasDinG plays a
crucial role in downregulating extended genomic regions, while a potential bidirectional
mechanism was proposed. The Type IV-A1 CRISPR-Cas system seems to be more effective
than the well-studied dCas9 system with regards of targeting complete gene operons. Thus,

Type IV-Alis a promising tool in regulating genetic circuits without altering the DNA.
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