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Summary

The research performed in this thesis focuses on the understanding on
the interactions of bacteria and phages occurring via anti-phage defense system
mechanisms. This involved a set of literature research and experimental studies
that provide an overview of the diverse defense systems described at the time of
submission.

The thesis begins with Chapter 1 (General introduction), which provides
context to understanding the content appearing on subsequent chapters. This
chapter discusses the basics of bacteriophage biology, provides an overview of
defense systems and addresses the beginnings of phage therapy.

Chapter 2 (An overview of bacterial defense mechanisms) reviews the
known anti-phage resistance mechanisms. It starts with a brief description of the
phage infection cycle, highlighting those steps important to understand the
resistance mechanisms. Subsequently, the mechanisms of phage resistance are
described, including those happening in the bacterial surface and those occurring
inside the cell once the infection has begun. The latter are divided in defense
systems evolved by the host and those derived from phages and later acquired by
the host. This chapters also describes some mechanisms that phages have
evolved to counteract the host defense systems. Finally, it explores the
importance and role of these resistance mechanisms in a clinical context, with
the perspective of the therapeutical use of phages.

The study of anti-phage defense systems starts with Chapter 3
(Characterization of Class 1 DISARM as bacterial defense system), a
characterization of the novel defense system DISARM. This study focusses on the
Class 1 DISARM system from Serratia sp. SCBI, and uses different experimental
approaches to understand the system at different levels. The defense activity of
this system is studied for a broad range of virulent phages of the Caudovirales
order as well as for the chronic-infecting phage M13. In addition, it shows the

anti-conjugation activity of the system, a feature not commonly investigated for



other defense systems. Altogether, this chapter informs about the role and
essentiality of the DISARM components.

Chapter 4 (Structural characterization of Class 1 DISARM mechanism)
can be interpreted as the follow-up study of the Class 1 DISARM system, in which
the molecular mechanism of the main essential components of DISARM (DrmA
and DrmB) is explored through structural and biochemical studies. These
proteins form a 220 kDa complex that is responsible for the DISARM defense
activity. For this, the complex is able to recognize foreign molecules by detecting
a methylation pattern in DNA molecules presenting a single-stranded 5’ end,
common in actively-replicating invading DNA.

Chapter 5 (Short prokaryotic Argonaute systems trigger cell death upon
detection of invading DNA) studies the SPARTA prokaryotic Argonaute system
using structural, biochemical and phage biology assays. This work expanded the
current understanding of the NAD(P)ase activity associated to the RNA-guided
DNA-binding of the heterodimeric complex formed by both proteins of the system.
The SPARTA system targets multi-copy DNA invaders, mainly those of plasmid
nature. The anti-phage activity was not as strong as for other pAgo systems
described previously.

The thesis finalizes with Chapter 6 (Phage Nami and Shinka: isolation,
characterization, and sequencing), a study in the field of phage biology. Two novel
Tequatroviruses were isolated against the clinical uropathogenic £. coli strain
R10256. Phages were coined as Nami and Shinka based on the features they
showed. Nami (“wave” in Japanese) showed a wavy infecting profile of bacterial
cultures. Shinka (“evolution” in Japanese) was used in evolutionary studies of
phage resistance and its overcoming. Both phages were characterized by the
study of their infection cycle and morphology, as well as by genome sequencing.
In addition, these phages were used, together with other phages, to study the
different defense systems explored in the previous chapters of this thesis. Finally,
a phage resistance study was performed with Nami and Shinka to explore their

potential in clinical use and broaden our knowledge in this field.



Samenvatting

Het onderzoek dat in dit proefschrift wordt uitgevoerd, richt zich op het
begrip van de interacties van bacterién en baceriofagen die plaatsvinden via
antifaag afweermechanismen. Dit omvat een reeks literatuuronderzoeken en
experimentele studies die een overzicht geven van de diverse
verdedigingssystemen die op het moment van inleveren beschreven zijn.

Het proefschrift begint met Hoofdstuk 1 (General introduction), dat
inhoudelijke informatie geeft voor het begrijpen van volgende hoofdstukken. Het
hoofdstuk bespreekt de basisprincipes van bacteriofaagbiologie, geeft een
overzicht van afweersystemen en behandelt het begin van faagtherapie.

Hoofdstuk 2 (An overview of bacterial defense mechanisms) bevat een
gedetailleerde beschrijving van de bekende anti-faag resistentie mechanismen.
Het begint met een korte beschrijving van de faaginfectiecyclus, waarbij de
stappen worden benadrukt die belangrijk zijn om de resistentiemechanismen te
begrijpen. Vervolgens worden de mechanismen van faagresistentie beschreven,
inclusief de mechanismen die op het bacteriéle oppervlak en binnen in de cel
optreden zodra de infectie begonnen is. Deze twee mechanismen zijn
onderverdeeld in afweersystemen die zijn ontwikkeld door de gastheer, en die
zijn afgeleid van fagen en later door de gastheer zijn verworven. Verder beschrijft
dit hoofdstuk ook mechanismen die fagen hebben ontwikkeld om afweersystemen
van de gastheer te onderdrukken. Ten slotte wordt het belang en de rol van deze
resistentiemechanismen in een klinische context onderzocht, met het perspectief
op het therapeutisch gebruik van fagen.

De studie van anti-faag afweersystemen begint met Hoofdstuk 3
(Characterization of Class 1 DISARM as bacterial defense system), waarin de
karakterisering van het nieuwe afweersysteem DISARM beschreven wordt. Deze
studie richt zich op het Class 1-DISARM systeem van Serratia sp. SCBI, waarbij
verschillende experimentele benaderingen gebruikt worden om de functie van
het system op verschillende niveaus te begrijpen. De anti-faag activiteit van dit

systeem wordt bestudeerd op een breed scala van virulente fagen behorende tot
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de Caudovirales-order, en voor de chronisch infecterende faag M13. Bovendien
toont het de anti-conjugatie-activiteit van het systeem, een functie die niet vaak
wordt onderzocht voor andere bacteriéle verdedigingssystemen. In het geheel,
geeft dit hoofdstuk informatie over de rol en essentie van de DISARM-
componenten.

Hoofdstuk 4 (Structural characterization of Class 1 DISARM mechanism)
kan worden geinterpreteerd als de vervolgstudie van het Class 1-DISARM
systeem, waarin het moleculaire mechanisme van de essentiéle componenten van
DISARM (DrmA en DrmB) wordt onderzocht door middel van structurele en
biochemische studies. Samen vormen deze eiwitten een 220 kDa-complex dat
verantwoordelijk is voor de DISARM-afweeractiviteit. Door middel van een
methylerings patroon kan het complex niet-eigen DNA moleculen herkennen met
een enkelstrengs 5-uiteinde, gebruikelijk in actief replicerend binnenvallend
DNA.

Hoofdstuk 5 (Short prokaryotic Argonaute systems trigger cell death
upon detection of invading DNA) bestudeert het SPARTA prokaryotische
argonaute-systeem met behulp van structurele, biochemische en faagbiologische
experimenten. Dit werk breidt het huidige begrip uit van de NAD(P)ase-activiteit
die geassocieerd wordt met de RNA-geleide DNA-binding van het heterodimere
complex dat gevormd wordt door beide eiwitten van het systeem. Het SPARTA-
systeem richt zich op DNA-indringers met meerdere kopieén, voornamelijk die
van plasmide-aard. De vertoonde anti-faagactiviteit was niet even sterk als
beschreven voor andere pAgo-systemen.

Het proefschrift wordt afgesloten met Hoofdstuk 6 (Phage Nami and
Shinka: isolation, characterization, and sequencing). Er werden twee nieuwe
Tequatrovirussen geisoleerd tegen de klinische uropathogene £. colrstam
R10256. Fagen werden benoemt als Nami en Shinka op basis van de kenmerken
die ze vertoonden. Nami ("golf" in het Japans) vertoonde een golvend infecterend
profiel van bacterieculturen. Shinka ("evolutie" in het Japans) werd gebruikt in
evolutionaire studies van faagresistentie en het overwinnen ervan. Beide fagen

werden gekarakteriseerd door de studie van hun infectiecyclus en morfologie,
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evenals door genoom sequencing. Verder werden deze fagen, samen met andere
fagen, gebruikt om de verschillende verdedigingssystemen te bestuderen die in
de bovengenoemde hoofdstukken van dit proefschrift zijn onderzocht. Ten slotte
werd een faagresistentiestudie uitgevoerd met Nami en Shinka om hun
potentieel in klinisch gebruik te onderzoeken en onze kennis op dit gebied te

verbreden.
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Resumen

El trabajo de investigacion de esta tesis se centra en entender las
interacciones entre bacterias y los virus que les infectan (bacteriéfagos o fagos),
principalmente aquellas interacciones a través de sistema de defensa anti-fagos.
Para ello, la tesis incluye un extensa revisién de literatura asi como estudios
experimentales, que, en conjunto, resultaron en una vision general de los sistema
de defensa descritos en el momento de terminar la tesis.

Esta tesis comienza con el Capitulo 1 (General introduction), el cudl
aporta el contexto necesario para entender los capitulos subsecuentes. Aqui se
exponen los aspectos basicos de la biologia de fagos, un resumen de los sistemas
de defensa y los inicios de la terapia de fagos como tratamiento de infecciones
bacterianas.

El Capitulo 2 (An overview of bacterial defense mechanisms) consiste en
una revisién de los sistemas resistencia en bacterias contra fagos conocidos
previamente. Comienza con una descripcién breve del ciclo de infeccién de los
fagos, destacando aquellos aspectos de mas importancia para entender los
mecanismos de resistencia. A continuacion, se describen estos mecanismos de
resistencia, incluyendo aquellos que ocurren en la superficie bacteriana y
aquellos que tienen lugar dentro de la célula una vez que la infeccion ha
comenzado. Estos ultimos se dividen en aquellos sistemas evolucionados por el
hospedador bacteriano, y aquellos derivados de bacteriéfagos que se incorporaron
con posterioridad al hospedador. En este capitulo también se describen ciertos
mecanismos que los bacteriéfagos han desarrollado para contratacar dichos
sistemas de defensa de la bacteria hospedadora. Finalmente, se explora la
importancia de estos sistemas de defensa en un contexto clinico, con la
perspectiva del uso terapéutico de los bacteriéfagos para tratar infecciones.

Especificamente, el estudio de sistemas de defensa anti-fago comienza en
el Capitulo 3 (Characterization of Class 1 DISARM as bacterial defense system),
con una caracterizacién del novedoso sistema de defensa DISARM. Este estudio

se centra en el sistema de defensa DISARM clase 1 de la bacteria Serratia sp.
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SCBI, para el que se usan diferentes técnicas experimentales . La actividad
defensiva de este sistema se estudia para un gran abanico de fagos virulentos del
orden Caudovirales, asi como para el fago M13 con un ciclo de infeccién crénico.
Asimismo, se estudia la actividad anti-conjugativa de este sistema de defensa;
una caracteristica no investigada corrientemente en otros estudios de sistemas
de defensa. Todo esto conlleva a entender los componentes esenciales de
DISARM, asi como su funcionalidad.

El Capitulo 4 (Structural characterization of Class 1 DISARM
mechanism) puede interpretarse como una continuacién en el estudio del sistema
DISARM, centrandose en entender el mecanismo molecular de los principales
componentes efectores del sistema (DrmA y DrmB) a través de estudios
bioquimicos y estructurales. Dichos componentes forman un complejo proteinico
de 220 KDa, el cual es responsable de la actividad defensiva de DISARM. Para
ello, el complejo reconoce moléculas extrafias a través de detectar el patrén de
metilacién en el ADN que estas presentan, identificando y escaneando en primer
lugar un extremo monocatenario 5’ que se encuentra comunmente en aquellos
ADN invasores que replican activamente.

En el Capitulo 5 (Short prokaryotic Argonaute systems trigger cell death
upon detection of invading DNA) se estudia el Sistema de defensa SPARTA, un
tipo de sistema Argonauta procariota. Para ello se usan andlisis estructurales,
bioquimicos y de biologia de fagos. Este estudio amplia el conocimiento actual de
la actividad NAD(P)asa asociada con la unién a ADN guiada por ARN del sistema
heterodimérico formado por ambas proteinas del sistema. El sistema SPARTA
defiende contra invasores ADN de copias multiple, principalmente aquellos de
naturaleza plasmida. La actividad anti-fago no es tan potente como en otros
sistemas Argonauta procariota descritos con anterioridad.

Esta tesis concluye con el Capitulo 6 (Phage Nami and Shinka: isolation,
characterization, and sequencing), un estudio centrado en el campo de la biologia
de fagos. Dos nuevos fagos Tequatrovirus fueron aislados para la cepa bacteriana
R10256, una FE. coli uropatégena de relevancia clinica. Los fagos fueron

nombrados por el autor como Nami y Shinka, basando en las caracteristicas
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relevantes que manifestaron. Nami (de o/a u onda, en japonés) mostré un perfil
de infeccién ondulante en cultivos bacterianos. Shinka (de evolucion, en japonés)
fue empleado en estudios evolutivos de resistencia de fagos. Ambos fagos fueron
caracterizados a través del estudio de su ciclo de infeccién, su morfologia y su
secuencia gendémica. Ademads, se emplearon, junto con otros fagos, en el estudio
de varios sistemas de defensa de los capitulos anteriores. Finalmente, se llev6 a
cabo un estudio de resistencia a fagos con Nami y Shinka para explorar su uso
potencial en el contexto clinico y asi ampliar el conocimiento en este campo.

Al final del libro, se puede encontrar un Apéndice con informacién sobre
el autor, su Curriculum Vitae, una lista de las publicaciones en la fecha de
entrega de la tesis, y los agradecimientos dedicados muchas de las personas que

contribuyeron a poder finalizar este capitulo de la vida.
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Chapter 1

Any encounter between biological entities might result in an interaction with a
positive outcome or in a competitive encounter, broadly defined as mutualism or
commensalism, respectively -3, The former might benefit both parts, making
them evolutionary advantageous compared to other organisms in that ecosystem.
However, a competitive or negative interaction might result in the extinction of
one or both parts, reinforcing the need of protection against the opponent. This
last scenario is the reason for defense mechanisms to have been developed in any
kingdom of life 4-6; such as poisons or spines by plants to chase herbivores away,
shields or camouflage by animals to hide, or an immune system to fight small,
infectious pathogens. Thus, the composition of an ecosystem is a result of all the
interactions taking place 7.

In the early 20t century, among many scientific discoveries, an unexpected one
8 would begin a learning journey about how the astonishing microbiological world
is no exception (see in Section 1.4). In these interactions, prokaryotic cells have
developed several defense mechanisms to combat their main intracellular
invaders, usually referred to as bacteriophages or phages 9. These are viral
pathogens hijack the bacterial machinery and, in last instance, lyse it to achieve
the progeny release. Probably these fierce interactions between bacteria and the
phages is one of the earliest occurring in life. This explains the great amount and

complexity of the molecular mechanisms through which they interact 10-13,
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General Introduction

1.1. Bacteriophages. The strategy of viral attackers

Although what exactly 1s a virus remains to be solved, different
approaches attempt to determine what entities should be included on this
definition. The virocell concept was proposed to distinct the infected cell from the
virion, which i1s the extracellular, potentially-infectious particle 4. In other
model, the many features defining or not a virus lead to the concept of virosphere,
proposed as a dynamic group of replicators that encode structural proteins and
transmit among hosts 2. From all the possible classification and definitions, it is
clear the great diversity which viruses might present.

Bacterial and archaeal viruses are no exception for this, favoring a huge
variety interactions between invaders and hosts which is rather expanded by the
diversity of the formers. Among all bacteriophages, there are plenty of families
and genera in which they are classified (Box 1), each with specific features that
influence and diversify the interactions with the bacterial host. They present
numerous virion morphologies that relate with the diverse ways in which they
externally interact with the potential host. But also, they contain different
genetic materials, challenging the host with different replication strategies. In
addition, the same virus can follow different replication strategies depending on
the circumstances; for example some might follow different replication strategies
depending on factors like the cell density 16 or number of infections events in the
surroundings !7. Therefore, this diversity that phages present increase even
further the possible interactions that might take place. To understand this, we
will first describe the infection process and classification of the main phages used

in this thesis.

1.1.1. Caudovirales replication cycle

Phages belonging to the Caudovirales order 18 are the most well-
understood and the most widely used in clinical applications °. Known as tailed
phages, they all contain a dsDNA genome and a head-tail structure (Fig. 1). Until
recently, 3 families (based on structural differences) were considered to comprise

this order 200 Podoviridae with a short tail; Siphoviridae with a long, flexible tail;
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Chapter 1

and Myoviridae with a long, contractile tail. This taxonomic classification was
based on phage particle morphology. But recently, a new, extended classification
based on genomic approaches was proposed (Box 1). However, even with the
differences leading to this diverse classification, the replication cycle of
Caudovirales have the main replication steps in common .

The receptor binding proteins (RBPs) are involved in first step of their
replication cycle. In Caudovirales, they are localized in the tail spikes and tail
fibers of the phage tail 2!. RBPs interact with the host, recognizing specific
receptors on the surface of bacteria, leading to a subsequent adsorption of the
phage 21. Phage receptors are present in the bacterial surface, typically found on
the cell wall, like peptides or polysaccharides, or in protruding structures, like
flagella, pili or capsules 2223, The first interaction of RBPs with receptors occurs
through a weak, reversible attachment, that might be followed by a stronger,
irreversible binding to either the same or a secondary receptor 22. In most cases,
the adsorption step by recognition of the receptors is highly specific, so this is
generally the most limiting factor for the phage host range 24.

After the phage adsorbs to its precise receptor, it triggers the genetic
material ejection into the bacterial cytoplasm. Although this ejection mechanism
is complex and not fully understood for many phage types 25, the Caudovirales
ejection mechanism is the best well-kwon. The RBP-receptor interaction triggers
conformational changes in the virion that result in the opening of a channel that
enables DNA release from the over-pressured capsid 2627, In some cases, the
channel is created by the ejection of the spike or the tape measure protein,
depending on each case, that creates a hole in membrane 28-32, In other cases, like
Podoviruses with a short tail, depolymerases (Iytic enzymes) are released first to
degrade the cell wall, as well as some proteins that form a channel for the DNA
entry into the cytoplasm 3334, There are different factors and models proposed to
be involved in the process of DNA ejection. The most accepted model is a first
release caused by thermodynamic and compressing pressures, followed by
further DNA motion due to the interaction with bacterial proteins and

hydrodynamic forces due to the capsid emptying 3539,

-18-



General Introduction

Once the DNA is inside, next steps vary depending if a lytic or a lysogenic
cycle follows. For obligately virulent phages (lytic cycle), the virus hijacks the cell
machinery, converting the bacteria into a phage factory. For this, the invader
shuts down the expression of host genes in order to replicate its own genome and
express its own proteins using bacterial resources 4. Some phages rely on the
bacterial RNA polymerase 4!, while others might co-eject with the genome or
early express their own RNA polymerase 42. Towards the end of the cycle,
structural proteins are expressed from late genes, which will form virion particles
inside the cell. To finalize the lytic cycle, phage-produced endolysins degrade the
bacterial membrane from with-in, leading to the released of viral particles to the
environment 43.

Temperate phages are capable of establishing a lysogenic cycle under
specific conditions. In this case, the genome will not replicate and produce virions,
but it will integrate its DNA into the bacterial genome, becoming a prophage 44.
The prophage is transferred vertically with bacterial replication and remains
inactive. Certain conditions, like UV light 45 or certain physico-chemical factors
46 induce the prophage. The induction leads to excision from the host genome,
initiating the phage lytic cycle 44. The cycle will finish with the viral progeny
being released. This process has a great impact in bacterial horizontal gene
transfer (HGT), as they can take some bacterial DNA during excision apart of
their own genome 4749, and transfer it to the new host. This process is known as
transduction 5051, and can be generalized, in which any genome portion will be
randomly taken 52, or specialized. In this last one, phages will take only specific
regions of the host genome, commonly those in the proximity of regions of DNA
with a phage packaging signal sequence 5354, The decision between the lytic-
lysogenic cycle was not fully understood, but recent insights into this showed that
it can be regulated by phage-triggered communication peptides between infected

cells 55 or by a quorum-sensing system based on host repressor genes 56,

-19-




Chapter 1

Box 1 — Phage structure and taxonomy

For over a century of their study, bacteriophages followed a basic
classification based on morphology and/or genomic material type. In this
classification, the most common phage morphology was that of tailed phages of the
Caudovirales order, presenting a head-tail structure, which included the families
Mpyoviridae, Siphoviridae, and Podoviridae. These families were grouped
depending on the length of the tail and its contractile capability. Interestingly,
Caudovirales’ morphogenesis modules are related to those of herpesviruses 29,
indicating an evolutionary relationship of viruses infecting very distant hosts.
Other group recently enlarged with metagenomic analysis ¢, are filamentous
phages. Their virion is formed by an elongated filament capsid comprised of
proteins that contain the genomic material. A less numerous group, are non-tailed
icosahedral phages, which have a protein capsid that contains the genome inside,
in some cases including an additional lipid membrane. Some of these viruses share
a structural features close to the eukaryotic adenoviruses '3°, remarking
evolutionary relationships of viruses from different domains of life. Fig. 1 displays
a schematic representation of the morphologies for the main phages used in this
thesis, indicating families that present that morphology.

In addition to the morphological classification, viruses can also be
classified based on their genomic material. The early Baltimore classification was
focused on the molecular composition of the genome 131132, Following this approach
for phage classification 133, the main group with dsDNA genome is mainly
comprised of Caudovirales, but also families like 7Tectiviridae and Plasmaviridae.
Recently, starting with the analysis of spounaviruses 34, the ICTV reorganized
the Caudovirales classification in 14 families; Ackermannviridae,
Autographiviridae, Chaseviridae, Demerecviridae, Drexlerviridae, Guelinviridae,
Herelleviridae, Mpyoviridae, Podoviridae, Rountreeviridae,  Salasmaviridae,
Schitoviridae, Siphoviridae, Zobellviridae. The group with ssDNA genome include
the families Microviridae or Inoviridae, while the Leviviruses have ssRNA
genomes. Some phages containing dsRNA have also been described, like in the
Cystoviridae family. However, new approaches re-classified them based on their

evolutionary relationship and the genomic sequence similarity 135,
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General Introduction

Therefore, phages, and mainly prophages, are part of the big group of
mobile genetic elements (MGE) that shape bacterial ecosystems and evolution 57.
Some MGEs, like prophages and conjugative plasmids, typically perform HGT.
Transposons and insertion sequences are DNA segments that re-locate in random
sequences of the same or different DNA molecule. On the other hand, integrons
relocated to site-specific regions. Importantly, MGEs have a great impact on
ecosystems and evolution, affecting the transfer, for example, of defense systems

and antibiotic resistance genes 58,

dsDNA

Autographiviridae

Podoviridae

LN\ Rountreeviridae

‘ Salasmaviridae
Schitoviridae

Lk 3 Zobellviridae

SSRNA Inoviridae

Myoviridae
Ackermannviridae
Chaseviridae
Herelleviridae

Siphoviridae
Demerecviridae
Drexlerviridae
Guelinviridae

Microviridae

Leviviridae

Figure 1. Schematic representation of phage morphologies. Families belonging to each
morphological classification are indicated and genetic material type that they contain. Created

with BioRender.com.
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Chapter 1

1.1.2. Inovirus replication cycle

The Inoviridae family contains a total of 21 genera 5. Usually exemplified
by phage M13, these phages are non-enveloped, protein filaments (Fig. 1) that
contain a circular, ssDNA genome varying from 5.5 to 12.4 kb 6%, They code for 7-
17 proteins, which are sufficient to hijack the host machinery and transform the
cell into a phage-releasing factory. This infectious process differs in many aspects
from the common Caudovirales described previously.

To begin the replication cycle, M13 virions bind specifically to the
bacterial pili, and eject the DNA through the membrane into the cytoplasm. Once
inside, host proteins synthesize a complementary strand of the ssDNA, creating
a circular dsDNA molecule. Next, this double-strand form replicates to create
multiple copies of the genome. Simultaneously, the genome is used to express
protein products that will form new virions. Later, ssDNA genomes are produced
from the dsDNA form via rolling-circle replication 61. This DNA will associate
with binding proteins, whose role is directing each genomic molecule to the
membrane. Once there, binding proteins is exchanged by coat proteins and then
the virions extruded out of the bacteria 6263, Unlike virulent phages, M13
infection does not lead to lysis or death of the host, but a permanent or chronic
infection is stablished. Therefore, virions are constantly released to the media
while bacteria remain intact and even replicate. In some cases, the genome can
integrate in the bacterial chromosome 64, instead of persisting episomally like in
the case of M13.

Inoviruses have been found to be pervasive in bacteria in many
environments ¢, even favoring the host in some conditions 6. Their spreading
mechanism differs totally from Caudovirales; instead of breaking the cell to
pursue progeny release and production, they reprogram the cell machinery to
produce them through long-time periods, becoming a constant factory of phage
particles. This has allowed developing many applications 69 such as molecular
tools, protein production by phage display, or even their use as metal-like

components in batteries.
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1.2. Defense systems. The bacterial arsenal to counter-attack

Similarly to other domains of life, the interaction between bacteria and
phages might have evolved in some cases for the benefit of both parts. This is the
case of some prophages whose presence in the genome might provide higher
fitness for survival to those cells containing it 67. For example, in some pathogenic
strains, the prophage presence increases their virulence and survival when facing
the immune system 68, In other cases, the prophage helps to avoid the infection
by other invaders, known as superinfection exclusion, such as other virulent
phages whose aim is to lyse the cell 6. However, even though these positive
interactions take place, up to date the most described and understood ones are
those of negative nature. Given the need of survival in hostile environments,
several defense systems have developed through evolution %70, as their usage

might result in survival or death.

1.2.1. Defense system classification

The vast diversity of defense systems in the microbial community and
their different features make their classification challenging. Defense systems
can be grouped based on which step of phage replication cycle is targeted. Some
of them might block early stages like adsorption 71-73 or DNA entry 74. But the
most abundant ones discovered to date act on or interfere with phage DNA
replication 9. As last resource, it is possible to speculate that some defense system
might act late on infection, when other defense systems have failed, sacrificing
the cell for the benefit of the bacterial population. All these systems differ on their
modus operandi. Some act on an indirect form, in which bacteria avoid contact
with the phage particles, therefore acting as prevention of the infection. For this,
the host bacteria will just play unrecognizable for the phage, as by hiding
themselves in extracellular polymer matrix 75, blocking or not expressing the
phage receptor, or just by spontaneous mutations in the population that will
affect the phage interaction with the surface. In other cases, the systems defend

directly blocking the viral infection once it has started, interfering with the

-23-




Chapter 1

replication process. For this case, the bacteria will use molecular mechanisms or
metabolic changes to actively interfere with the viral infection 76.

These systems can originate in the host through evolution to prevent or
suppress phage infections, or they can be acquired by MGE 7778, As described
previously, MGEs might help in exchange of defense systems between different
species or genus 7. Therefore, some systems evolved, to fight a certain invader,
might be transferred and used against other invader which has not evolved to
counter-attack it. In addition, in this category falls the interesting case of systems
originally developed temperate phages to outcompete other phages during co-
infection, but acquired by bacteria for their benefit 7.

Additionally, defense systems can act as innate or adaptive forms of
immunity 8%, In the innate immunity, systems will be based on blocking early
stages of the infection or in recognizing self vs non-self DNA 1!, The only adaptive
defense system discovered up to date targets specific sequences of phages that
bacteria have previously encountered. Then it needs a previous exposure to the

invader in order to create immune memory 2.

1.2.2. Mechanisms of action

This thesis focuses on studying the mechanism of defense systems that
act directly to clear infections once the DNA enters the cell. This group also
presents a big diversity at the molecular level.

The most widespread defense system 8! and known for longest are
Restriction-Modification (R-M) systems. There are four types of R-M systems,
classified depending on subunit composition and sequence recognition, among
others 82, The most studies ones are Type II, comprised of a methyltransferase
that modifies self-DNA, and a restriction endonuclease. The latest recognizes
specific sites and cleaves foreign DNA based on the methylation pattern 83
Analogously, Dnd and Ssp systems have similar mechanisms, they perform DNA
phosphorothioation of the backbone phosphate instead of methylation of the
nucleobase 8485, In these cases, the absence of the DNA modification enzyme

leads to toxicity due to the endonuclease.
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Another system in which methylases play a role is the bacteriophage
exclusion (BREX) system. In this case, the system will not cleave, but hamper
the replication of unmethylated DNA 8687, However, the absence of the methylase
does not present a toxic effect for the bacteria 88.

Our knowledge on R-M-related defense systems 1is continuously
expanding, and linked to them more systems are being discovered through
analysis of bacterial genomes. A recent example is DISARM (defense island
system associated with restriction—modification). These systems, although not
abundant, are widespread in bacteria and archaea. They have shown in
experimental assays a broad anti-phage activity 89 They contain a core-gene
cluster formed by the gene drmA coding for a predicted DNA helicase, the gene
drmB with a DUF1998 domain, and the gene drmC coding for a predicted
phospholipase D. In addition, these systems often include MTase-coding genes
(drmMTI or drmMII and/or other genes coding for proteins with predicted RNA-
helicase (drmD) or unknown (drm£E) functions. Although the functional domains
present in DISARM systems suggested until now a mechanism similar to RM
systems, it has shown to be mechanistically distinct from other well-known
systems 9091,

Other defense systems interfere with the infection based on recognition
of specific DNA sequences. In eukaryotes, Argonaute proteins mediate the
degradation of exogenous RNA using small interfering-RNAs (siRNA) as guides
to recognize their targets 92. In some bacteria, prokaryotic homologues of the
Argonaute (pAgo) proteins can also interfere against invader DNA using similar
mechanisms 93-95. While this process is not as well studied in prokaryotic cells as
it is in eukaryotes, the pAgo mechanism has been described in 7Thermus
thermophilus (TtAgo) and in Rhodobacter sphaeroides (RsAgo) 96.97. The TtAgo
mechanism of action is based on DNA-DNA interference rather than the RNA-
RNA interference of eukaryotic Ago 98. This protein also has an endonuclease
(slicer) domain that allows it to cleave both single-stranded DNA and negatively
supercoiled double-stranded DNA, normally of plasmid origin. Although it is
unclear how the DNA guides used by TtAgo are formed, it appears that the
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activity of the pAgo protein itself is necessary for the production of DNA guides.
RsAgo, in contrast, uses small RNA molecules as guides to target foreign DNA
molecules 9. Of note, RsAgo lacks the slicer domain, meaning that DNA
interference is caused by binding the target rather than by cleaving it. Recently,
the short pAgo system from Maribacter polysiphoniae (MapAgo) showed to
hamper phage lysis in cultures 19, Short pAgo systems encode for pAgo and a
protein containing an Analog of PAZ (APAZ) domain and a toll-interleukin
receptor (TIR) domain, also present in the defense system Thoeris 101102, The
MapAgo complex uses RNA guides to bind ssDNA targets, which triggers the
NAD(P)ase activity of the TIR domain. This leads to cell death due to NAD(P)*
depletion. However, MapAgo was still able to provide anti-phage activity
independently of the NAD(P)ase activity.

Another defense system that targets specific invader sequences are
CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeats -
CRISPR associated proteins) systems. They are present in 39% of the analyzed
bacterial genomes 8! and are the only adaptive form of immunity in prokaryotes
described up to date 103104, These systems are composed of the CRISPR array and
a set of cas genes. The former contains the memory sequences to identify invaders
(spacers), that alternate with repeats to create the array 195. The spacers will code
for a guide RNA that will bind the Cas proteins to target invader sequences and
cleave them. Other Cas proteins are specialized in the acquisition of new memory
spacers to target future infections 106107, Up to date, based on different
mechanism, CRISPR-Cas systems are classified in two classes, including six

types and 33 subtypes 108,
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1.3. Phage therapy. The human vessel as the battlefield

In 1915, Frederick Twort, a physician and microbiologist interested in the
study of the vaccinia virus, observed for the first time what we consider today as
a plaque or centre of infection. In an attempt to cultivate vaccinia, he observed
glassy and transparent areas in agar cultures containing micrococci bacteria 109,
Without having much knowledge about the “contagious agents” that he studied,
he described many features that we still use to define a bacteriophage: they pass
a porcelain filter, they multiply in presence of the host micro-organism and live
at their expense, they lyse this micro-organism impeding its growth, they lyse
better young cultures and not well-grown ones, they can be transmitted from
culture to culture, and they are host-dependent 110111 Therefore, Twort is
considered by many the father of the bacteriophage field. Two years later, the
microbiologist Felix D’Hérelle isolated and described the phenomena of bacteria
lysis by this agents 112, that he coined as bacteriophages (from the Greek
Baxtiipia-payeiv, or “bacteria eaters’). In further investigations, D’Hérelle
proceeded to test their use as therapeutic agents to treat bacterial infections, for
which he can be considered as the father of phage therapy.

Both of them discovered this phenomenon independently and described
with great detail some key features of bacteriophage infection, opening the doors
to an outstanding field that many others followed in the 1920s and 1930s.
However, the interested of using phages as anti-microbials quickly faded away,
due to the discovery of penicillin in 1929 19113, The former Soviet republics like
Georgia and Russia continued making use of phage therapy !4, which has
slightly contributed to their research and study after the abandoning of phage
therapy. In recent years, Western medicine has started to reconsider the
therapeutic use of phages due to the alarming rise in infections caused by
multidrug resistant (MDR) bacteria 115. Although still much needs to be
understood about phage-bacteria interactions, clinical trials are recently
providing insights on it 116, However, the current bottleneck for phage therapy

seem to be external factors like regulations and policy for its clinical use 117,
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In this everlasting battle, multiple mechanisms by which bacteria defend
against phages have been developed and recently uncovered 70118, But phages
have also counter-developed many mechanisms to counteract these defense
systems or the acquired resistance 19. For example, some of these strategies
include the expression of proteins that inhibit defensive host proteins 119.120 or
the acquisition of DNA mutations in the target sequence target 121, Therefore, a
constant evolutionary race takes place with new mechanisms developed. This is
a big advantage of phages versus antibiotics, as the former can adapt and/or
deploy anti-defense systems of their own to overcome the defense mechanisms of
bacteria 122-127 while antibiotics are static chemical molecules.

With all this considered, it is clear that a proper understanding of the
complex interactions between phages and bacteria 13 is required in order to
successfully implement phage therapy 128, All the different outcomes that might
result due to the presence of all defense systems and how they might impact
phage resistance still need to be fully studied in clinical settings. Therefore,
studies like those contained in this thesis are of great importance to contribute

to this knowledge and bring closer the proper use of phage therapy.
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1.4. Thesis outline

The main goal of this thesis is understanding the interactions between
phages and bacteria, specifically those in which defense systems are involved.
This goal correlates with the use of bacteriophages in phage therapy applications.
Due to the dynamic and unpredictable nature of these interactions, a deep
understanding of all the possible ways of interaction is required before the
application of phages as a treatment. Phage therapy is a promising alternative
to solve the antibiotic resistance crisis worldwide, being used independently or in
combinatory approaches to cure infections.

As an overview of this field at the moment that this thesis is published,
Chapter 2 offers an extensive review of defense systems focusing on a clinical
point of view. Here we analyze the forms by which bacteria might develop
bacteriophage resistance as well as the mechanisms of action of known defense
systems.

The next two chapters comprise the core of the PhD thesis, consisting on
a detailed characterization of a recently discovered innate defense system;
DISARM. In Chapter 3, we studied DISARM from the biological point of view.
DISARM system Class 1 from Serratia sp. SCBI as characterized in its role as a
defense system. For this, we studied the essentiality of its components to provide
anti-phage and anti-conjugative defense. We observed a broad protection anti-
phage effect, not only for diverse virulent phages, but also effective to clear
chronic infection by the inovirus M13. In addition, we proved its activity against
invasive conjugative plasmids, and describe the role of methylation patterns for
this defense.

In Chapter 4, we provided a structural characterization of the DISARM
effector complex formed by the proteins DrmA and DrmB. We reconstructed a
3D-model of this protein complex using Cryo-EM, obtaining a resolution of 2.8 A
Using this model, together with biochemical assays, we described the molecular
mechanism of action of the DISARM core complex, which includes the DUF1998
domain. This domain is found in many defense systems of bacteria but its role in

defense was unknown. We show that the DrmAB complex binds to 5’ ssDNA ends
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in order to scan the methylation pattern of DNA molecules and distinguish self-
vs non-self DNA. It is regulated by a trigger loop that occludes the DNA entry
site until a 5" end is found, avoiding autoimmunity due to action of the complex
when not required. In this protein complex, DUF1998 coordinates big
conformational changes occurring for the recognition of the methylation pattern.
In Chapter 5, we studied a pAgo system; an innate defense system which
uses sequence recognition to target the invader. Specifically we studied the short
prokaryotic Argonaute TIR-APAZ (SPARTA) systems from Crenotalea
thermophila 70 (CrtAgo) and Maribacter polysiphoniae MapAgo). We observed
that none of them provided a strong anti-phage protection in the first encounter
with the phages. However, the replication efficiency overtime of both virulent
phages and chronic-infecting M13 were reduce in presence of the system.
Finally, the thesis concludes with Chapter 6, an isolation, sequencing and
characterization of two coliphages that, in addition to other model phages, were
used to characterize the defense systems in previous chapters. Bacteriophages
Nami and Shinka are Tequatroviruses isolated for the antibiotic-resistant,
uropathogenic Z. coliisolate R10256. We provide a description of both phages at

the genomic, morphological and infective levels.
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Abstract

We are in the midst of a golden age of uncovering defense systems against bacteriophages.
Apart from the fundamental interest in these defense systems, and revolutionary applications
that have been derived from them (e.g. CRISPR-Cas9 and restriction endonucleases), it is
unknown how defense systems contribute to resistance formation against bacteriophages in
clinical settings. Bacteriophages are now being reconsidered as therapeutic agents against
bacterial infections due the emergence of multidrug resistance. However, bacteriophage
resistance through defense systems and other means could hinder the development of
successful phage-based therapies. Here we review the current state of the field of
bacteriophage defense, highlight the relevance of bacteriophage defense for potential clinical

use of bacteriophages as therapeutic agents, and suggest new directions of research.

-40 -



An overview of bacterial defense mechanisms

2.1. Introduction

The use of bacteriophages, or phages, as therapeutic agents to treat
bacterial infections began immediately after phage discovery in 1917 1.2, The
initial interest in phages as anti-bacterial agents faded quickly following the
discovery of penicillin two decades later 3, although phage therapy remained in
use in former Soviet republics like Georgia and Russia 4. In recent years, Western
medicine has started to reconsider the therapeutic use of phages due to the
alarming rise in infections caused by multidrug resistant (MDR) bacteria 5.
However, the success of phage therapy might be limited by the development of
phage resistance by bacteria, much akin to the resistance developed towards
antibiotics. Recently, multiple mechanisms by which bacteria defend against
phages have been uncovered 6.7, some specific for certain species or strains, others
more widespread. Unlike antibiotics, phages can adapt and/or deploy anti-
defense systems of their own to overcome the defense mechanisms of bacteria 8-
14‘

The evident complexity of phage-bacteria interactions needs to be
considered for phage therapy to be implemented successfully 15. It is unknown
how defense systems contribute to and impact resistance formation against
phages in clinical settings, and this could be a bottleneck in the development of
successful phage-based therapies when left without consideration.

Here, we provide an overview of the current state of the field of natural
and acquired phage resistance, highlight the relevance of phage defense for
potential clinical use of phages as therapeutic agents, and suggest new directions

of research.

2.1.1. The multistep process of bacteriophage infection

There are multiple families of bacteriophages, each with specific features
that influence their process of infection of a bacterial host. For the purposes of
this review, we will focus on phages belonging to the order Caudovirales ¢, which
are known as tailed phages and are the most widely used in clinical applications

3. Tailed phages have double-stranded DNA genomes and a structure made up of

-41 -




Chapter 2

an icosahedral head and a tail, which usually incorporates receptor binding
proteins (RBPs) such as tail spikes and tail fibers at the distal end !7. These
elements are responsible for the first step of infection, i.e. recognition of specific
receptors on the surface of bacteria, and subsequent adsorption of the phage 17.
Phage receptors on the bacterial surface are typically peptide sequences or
polysaccharides present on the bacterial cell wall, as well as protruding
structures such as capsules, pili or flagella 1819, Phage attachment to the host
surface often occurs first through a reversible interaction with a receptor, which
is then followed by an irreversible binding event to the same or a second receptor
18, Generally, phages recognize receptors with a great degree of specificity,
meaning that the host range of a certain phage is often limited at the adsorption
stage by the receptors available on the cell surface 20,

Adsorption of the phage to its native receptor on the cell triggers ejection
of the genetic material of the phage into the host cytoplasm. The mechanism of
this complex phenomenon is not yet completely understood for many phage types,
but in Caudovirales it commonly involves conformational changes of the phage
triggered by binding of the phage receptor binding proteins (RBPs) to the receptor
that result in the opening of the channel required for DNA release from the capsid
2122 Tn some phages, these conformational changes lead also to the ejection of the
tape measure protein that reconfigures into a channel through which the genome
translocates into the cell cytoplasm 23-25. In phages with short tails (e.g.
Podoviridae) proteins ejected together with the genome can work to form a
similar channel for genome passage 26. The forces behind phage genome ejection
into the cell cytoplasm are still unclear, with different models proposed 27. It
seems that thermodynamic and compressing pressures cause the initial release
of DNA 28, with complete ejection being achieved by further hydrodynamic forces
and/or bacterial proteins involved in transcription of the initial segment of the
phage genome 29-31,

If the infecting phage is obligately virulent, which is preferred for phage
therapy applications 3233, the infection follows a lytic cycle once the phage genome

is inside the cell. In this case, the phage hijacks the cellular machinery of the
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bacteria, shutting off the expression of host genes and achieving the replication
of its genome and the expression of its own genes 3% For this purpose, some
phages rely on the bacterial RNA polymerase 35, while others encode and/or co-
inject their own 36, The lytic cycle culminates with the expression of late genes,
which encode structural proteins and proteins necessary for bacterial host lysis.
This ultimately leads to the production of more viral particles that will in the end
burst out of the host cell 37. However, if the infecting phage is temperate, it may
also follow a lysogenic cycle. In this case, the viral genome persists within the
host cell, either introduced in the bacterial chromosome as a prophage or in the
bacterial cytoplasm as a plasmid. The lysis-lysogeny decision may depend on
peptide-based communication between the viruses 38 or on host repressor genes

that form part of a quorum-sensing system 39,

2.2. Mechanisms of phage resistance

Bacteria evade phage infections in different ways. Here, we classify
different resistance mechanisms in three main categories:
- Receptor adaptations: random mutations or phenotypical variations in
bacteria which result in decreased phage adsorption (Fig. 1).
- Host defense systems: molecular pathways that have specifically evolved
in bacteria to prevent or suppress phage infections (Fig. 2).
- Phage-derived phage defense systems: molecular pathways encoded by

phages to compete with other phages to the benefit of the host (Fig. 3).

2.2.1. Receptor adaptations leading to phage resistance

In their natural environments, bacteria are subjected to constant
selective pressure, which has driven bacteria and phages into an arms race to
evolve defense systems and to counter them. The arms race is characterized by
high mutation rates and horizontal gene transfer, and leads to rapid evolution of
genetic traits and genetic diversity 4042, Mutations that cause cell surface
alterations can result in blockage of phage adsorption, and are therefore directly

beneficial to the host.
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Bacteria can pose a barrier to phage adsorption by decreasing the
availability of the receptors to which phages bind. The acquisition of point
mutations in their genome (Fig. 1a) is probably the simplest way by which
bacteria can become fully resistant to phages. In fact, mutations in the receptor
genes or their regulation have been a common way to identify the receptor of a
phage 1943, These mutations occur often upon phage challenges, and can lead to
a loss or decrease in the gene expression of certain receptors, or to modifications
of their structure 4445, For example, Escherichia coli mutates to/Cand LLPS genes
to resist infection by phage U136B 46. Similarly, Acinetobacter baumannii
mutates genes involved in the biosynthesis of capsular polysaccharides to avoid
infection by phages sFG02 and eCOO01 47,

In Listeria monocytogenes, loss or deficiency of wall teichoic acid
rhamnosylation leads to resistance to a wide range of phages 48, and results also
in serovar diversification 4°Other proteins involved in phage adsorption and DNA
injection, like the phage infection protein from Enterococcus faecalis (PIPgr), can
also mutate as a response to phage challenges 0.

Bacteria may also block phage adhesion by producing proteins that mask
or block the phage receptors on the cell surface (Fig. 1b). An example of this is F
plasmid-encoded protein TraT, which localizes at the cell outer membrane and
binds surface-exposed regions of the outer membrane protein OmpA in £. coli 1.
This makes this common phage receptor inaccessible for phage binding. Masking
molecules, such as lipoproteins, that bind phage receptors can also be produced
by bacteria under stress conditions and are released during bacterial lysis 52,
Some bacteria also produce and release outer membrane vesicles (Fig. 1c) that
act as cell decoys that capture and inactivate phages ?3. Another mechanism that
can prevent phages from reaching their receptors is up-regulating the production
of extra-cellular matrix typically consisting of polysaccharides, proteins, lipids,
and extracellular DNA (Fig. 1d), in a way that protects the embedded bacteria or
subsequent biofilm against phage adsorption 5455, In Lactococcus lactis, plasmids
encoding exopolysaccharide biosynthesis genes can also confer protection against

phages 56,
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Figure 1. Host adaptations leading to phage resistance. a) Point mutations can lead to a loss or

modification of the phage receptors (green rectangles), or to down-regulation of their expression.
b) Receptor masking proteins like TraT of Z. coli (pink) can bind to the surface-exposed regions
of phage receptors, making them unavailable for the phages. ¢) Outer-membrane vesicles (OMV)
presenting phage receptors act as decoys to prevent the phages from encountering the bacteria.
d) An increase in the production of extra-cellular matrix (light green) leads to phage receptors
being physically hidden. e€) Phase variation occurs through three mechanisms: site-specific
recombination, slipped-strand mispairing and epigenetic modifications. It can regulate the

bacterial phenotype, including the expression of surface proteins like phage receptors.

In addition to this, reversible changes in the regulation of gene
expression, a phenomenon known as phase variation (Fig. 1le), can lead to a
decrease in receptor availability 7. These changes can be mediated by site-
specific recombination 58, in which inversion of a DNA segment in the promoter
or regulatory region of a gene causes its expression to be turned on or off. This is

exemplified by the development of flagella in Sa/monella spp. and fimbriae in £.
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coli 59-61_ Other receptors, such as the outer membrane protein Opc of Neisseria
meningitidis and the subunits of Bordetella pertussisfimbriae 6264, are regulated
by slipped strand mispairing, i.e. programmed mutations that occur in defined
regions during DNA recombination. Epigenetic modifications, such as altered
methylation patterns on DNA sequences ¢, also regulate expression of phage
receptors, such as the O-antigen chains of lipopolysaccharides (LPS) in
Salmonella enterica 6.

All of these alterations act directly on phage receptors and decrease the
chances of phage adsorption. However, modifications of surface elements can
come with a fitness trade-off for the host bacteria, in terms of reduced virulence
or survival ability of the host 67:68 limiting the possibility to alter the receptor
itself. Due to this, more specific defense systems that target phages within the
host cell are also necessary, especially in the context of a complex microbial

community 6869,

2.2.2. Host phage defense systems

Bacteria have evolved defense systems dedicated to defense against
mobile genetic elements such as phages. Many of them are clustered in regions
of the genome known as defense islands 79, offering an opportunity for discovering
new defense systems by analyzing the genetic regions in the proximity of other
known defense systems. Such strategy has resulted in a significant and fast
expansion of the known arsenal bacteria use to defend against phage infection.
We will cover a number of different phage defense systems that have been
identified, including those acting on viral nucleic acids and those causing abortive
infection of the host.

e Nucleic acid interference

The ability to interfere with viral nucleic acids (Fig. 2a) is a common
strategy that hosts employ to limit phage invasion and propagation. One of the
most widespread and longest known examples of phage defense systems are those
called Restriction-Modification (R-M) systems which act on phages with DNA

genomes 7172, In R-M systems, a methyltransferase (MTase) methylates
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endogenous DNA at specific sites, protecting it from cleavage by the restriction
endonuclease (REase) that recognizes the foreign, unmodified DNA and cleaves
it within, close to, or at a distance from the recognition site 73.

There are four classical types of R-M systems (I-IV), classified according
to the characteristics of their specific components 73. The type I R-M system
consists of a protein complex of three subunits with distinct activities, the M
(MTase), R (REase), and S (specificity) subunits. The S subunit dictates the target
sequence specificity of both methylation and restriction by the protein complex.
The abundant type II R-M system features a MTase and REase that work
independently as separate proteins. These have been the major source for
hundreds of commercially available restriction endonucleases used for molecular
cloning. The type III R-M system also expresses the two independent MTase and
REase proteins, but these exert their function as a complex. The type IV R-M
system does not contain an MTase, and is thought to have evolved in response to
some phages evading type I-III R-M systems by modifying their genome to evade
restriction. Type IV systems overcome this counter-attack by restricting the
phage’s modified DNA, while the bacterial DNA remains unmethylated 7475. It is
interesting to note that MTases tend to be more conserved than REases, since
the latter undergo rapid evolution to keep up with mutations in phage genomes
76,

R-M systems typically put epigenetic marks on the nucleobases.
However, similar systems have been described that modify the sugar-phosphate
backbone by introducing a phosphorothioate (substitution of a non-bridging
oxygen with a sulfur) 7. The Dnd system works through the double-stranded
phosphorothioation of endogenous DNA by proteins DndABCDE and restriction
of foreign, unmodified DNA by DndFGH 77. Ssp proteins SspABCD also modify
the host genome through phosphorothioation, but of only one of the two DNA
strands 78, This activity couples with that of SspE, which requires sensing of
SspABCD to introduce nicks into foreign DNA, or with that of SspFGH, which

indiscriminately damages non-phosphorothioated DNA, inhibiting its replication

78,79,
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Figure 2. Host phage defense systems. a) Multiple defense systems act via nucleic-acid
interference. R-M systems are generally composed of an MTase that methylates endogenous DNA
to distinguish it from exogenous DNA, and of an REase that cleaves the exogenous, non-
methylated DNA. DISARM interacts with phage DNA to prevent its circularization, thereby
blocking its replication or lysogeny. BREX or Ago systems interact with phage DNA and prevent
it from replicating without necessarily cleaving it. CRISPR-Cas systems are known as the
adaptive immune system of bacteria. The CRISPR array contains sequences of foreign origin, that
can be transcribed and processed to act as a guide for the Cas endonuclease, which recognizes and
cleaves said sequences upon re-entry into the bacteria. b) Abortive infection comprises a series of
mechanisms that lead to bacterial cell suicide. An example in which this can happen is through
an imbalance in the concentration of toxins and antitoxins in a cell. Another example is through
the action of effector proteins that might get activated directly, like in the case of retrons, or via
second messengers, like in the case of CBASS or Thoeris. These effector proteins can lead to cell
death in several ways, for instance through inner membrane degradation (CBASS) or through
NAD depletion (Thoeris). ¢) Bacteria can produce secondary metabolites such as daunorubicin
(depicted) that intercalate phage DNA and prevent it from circularizing and replicating. d)
Analysis of genetic defense islands has recently led to the discovery of a series of defense systems
that are yet to be fully characterized. These include: Hachiman, Shedu, Gabija, Septu, Lamassu,
Zorya, Kiwa, Druantia, Wadjet, RADAR, DRTs, AVAST, and pVips, among others.

-48 -



An overview of bacterial defense mechanisms

Our knowledge on R-M-related defense systems 1is continuously
expanding as more systems are being discovered through analysis of bacterial
genomes. An example are the DISARM (defense island system associated with
restriction—modification) systems 8, which include MTases (adenine MTase
DrmMI and/or cytosine MTase DrmMII) and proteins with domains of predicted
helicase (DrmA, DrmD) and phospholipase D/muclease (DrmC) activities or of
unknown function (DrmB, DrmE). Although the exact mechanism of action of
DISARM is not yet understood, it is clear that it involves methylation of the host
DNA to distinguish self from non-self, and that it prevents phage DNA
circularization, thereby blocking DNA replication and lysogeny at an early stage
of the infection. It is also postulated that DISARM might collaborate with
different R-M elements, achieving a synergistic effect against phage infection 8°.
The bacteriophage exclusion (BREX) defense system also targets phage DNA
upon entrance in the host cell 81. Similar to R-M systems, BREX methylates host
DNA to differentiate it from exogenous DNA. But BREX does not appear to
degrade non-methylated phage DNA, and instead seems to hamper replication of
the phage DNA without cleavage 8. Methylated or glycosylated phage DNA 1is
not sensitive to BREX, but deletion of the methylase gene of this system does not
have deleterious effects on the bacteria 2.

In some bacteria, foreign DNA can also be intercepted by proteins of the
Argonaute (Ago) family. These proteins are also present in eukaryotic cells,
where they mediate the degradation of exogenous RNA using small interfering-
or micro RNAs (siRNA, miRNA) as guides to recognize their targets. While this
process 1s not as well studied in prokaryotic cells as it is in eukaryotes,
prokaryotic Ago proteins (pAgo) have been found in 7Thermus thermophilus
(TtAgo) and in Rhodobacter sphaeroides RsAgo) 8384, TtAgo bases its mechanism
on DNA-DNA interference rather than the RNA-RNA interference of eukaryotic
Ago %, This protein also has an endonuclease (slicer) domain that allows it to
cleave both single-stranded DNA and negatively supercoiled double-stranded
DNA, normally of plasmid origin. Although it is unclear how the DNA guides
used by TtAgo are formed, it appears that the activity of the protein itself is
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necessary for their production. RsAgo, in contrast, uses small RNA molecules as
guides to target foreign DNA molecules #6. Of note, RsAgo lacks the slicer domain,
meaning that DNA interference is caused simply by binding the target rather
than by cleaving it.

A particular form of nucleic acid interference, CRISPR-Cas (clustered
regularly interspaced short palindromic repeats and associated proteins) systems
constitute the only form of adaptive immunity described in prokaryotes so far
87,88, They are present in many bacterial genomes, and occasionally in plasmids
89, A CRISPR locus in a bacterial genome is composed of a CRISPR array and a
cas gene operon. The CRISPR array contains repeats and sequences of foreign
origin called spacers, which form the immunological memory of the defense
system. The cas operon contains all genes coding for Cas proteins that form the
machinery required for immunity. Immunity is achieved via a three-stage process
that involves adaptation, expression and interference 992, During the
adaptation stage, parts of the foreign genetic material are captured and
integrated into the CRISPR array as a new 9394, In DNA targeting CRISPR
systems, functional spacers are derived from invader sequences that are flanked
by a protospacer adjacent motif (PAM), a short nucleotide sequence that ensures
the targeting of foreign invaders rather than the genomic CRISPR locus 9. At the
expression stage, the CRISPR array serves as a template to transcribe a long
precursor CRISPR RNA (crRNA) that is further processed into smaller mature
crRNAs. Each crRNA is then loaded into Cas proteins to form an effector complex.
At the stage of interference, this effector complex patrols the cell, screening for
complementary sequences that are flanked by a PAM. Upon PAM recognition,
the foreign genetic material is cleaved by the Cas proteins, and the infection is
contained.

While sharing the general stages described above, CRISPR-Cas systems
are characterized by mechanistic variability and are currently classified in two
classes, six types and 33 subtypes %. Class 1 systems, which include types I, I1I
and IV, are characterized by the presence of a multi-subunit Cas complex that is

involved in the recognition of invader DNA (type I, IV) or RNA (type III) during
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the interference stage. Class 2 systems, which include types II, V and VI, employ
a single-subunit effector protein for recognition and cleavage of the foreign DNA
(type II, V) or RNA (type VI) sequence. Of the six types described so far, type II
is the best-known due to its applications for genome editing technology 97.

In summary, bacteria explore a diverse set of strategies that directly
block or cleave phage nucleic acids to survive phage predation.

e Abortive infection

Abortive infection (Abi) is a commonly used phage defense strategy (Fig.
2b) in which the cells sacrifice themselves before the phage completes its
replication cycle to protect the rest of the population 98, Many of the Abi systems
rely on a toxin-antitoxin (T-AT) mechanism, in which the balance between a
stable toxin and an unstable antitoxin determines the fate of the cell 99.100,
Infection by a phage triggers repression of the antitoxin promoter or termination
of its transcription 101, The result is that the toxin prevails, causing death of the
bacterium. Some of these systems, like ToxIN of Pectobacterium atrosepticum,
are encoded by plasmids 100,

Other common strategies that lead to abortive infection are characterized
by the specific depletion of critical cellular resources upon viral infection,
including enzymatic co-factors and nucleotides 192, Examples in £. coli include
protease Lit, which is activated by the Gol peptide of the T4 major capsid protein
and cleaves translation elongation factor Tu to arrest translation 103, Other Abi
systems trigger not an individual response but a set of events. For example,
exclusion of T7 by the F plasmid-encoded PifA system occurs via reduced
synthesis of macromolecules, partially impaired DNA ejection and alteration of
membrane permeability 194, In Lactococcus spp., Abi systems that can target
phage gene replication and expression are constitutively expressed but are toxic
to the cell when overexpressed 195, Notably, most of these lactococcal defense
systems are encoded by plasmids 106,

Cell suicide upon detection of invading, cytosolic DNA occurs in
eukaryotic cells as well. It 1s mediated by the production of cyclic GMP-AMP,
which activates the ¢cGAS-STING pathway 107, and causes an upregulation of
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transcription of inflammatory genes. A similar pathway was found in Vibrio
choleraebiotype El Tor, where production of cyclic GMP-AMP (cGAMP) activates
a phospholipase that degrades the inner membrane leading to cell death 108,
Introduction of the operon encoding this pathway into defective V. cholerae and
E. coli strains conferred resistance to a variety of phages, suggesting an
important role of this system in anti-phage defense. The system, called cyclic-
oligonucleotide-based anti-phage signaling system (CBASS), has since been
found in a broad range of organisms belonging to all major bacterial phyla and at
least one archaeal phylum 199, It is thought to be an ancestor of the eukaryotic
cGAS-STING pathway.

Mutations in enzymes involved in protein maturation can also be used to
prevent the spread of phage infection. In Streptococcus thermophilus, a mutation
in the methionine aminopeptidase that impairs its catalytic activity was seen to
confer resistance to a broad range of phages, seemingly by hampering virion
assembly 110, While not exactly considered an Abi mechanism, this process comes
at the cost of impairing bacterial growth for at least several of the strains studied.

In Vibrio cholerae, a parasitic phage satellite known as phage-inducible
chromosomal island-like element (PLE) defends the bacterial population from
phage attack by functioning akin to an Abi system. PLE are found integrated in
the V. cholerae chromosomes and are excised upon infection by ICP1 phages 111~
113 Using both PLE- and phage-encoded products 11114 PLE replicates and
hijacks the structural components of the phage to encapsidate its own genome
113 and uses protein LidI to disrupt the mechanism of lysis inhibition that would
normally give ICP1 phages more time to produce new virions !15. Via a
combination of structural hijacking and accelerated cell bursting, PLE prevent
phage spreading and efficiently protect the bacterial population while
transducing their own genome to other cells.

Recently described Thoeris seems to operate via an Abi mechanism as
well 116, Tt presents a protein with a toll-interleukin receptor (TIR) domain which,
upon phage infection, produces an isomer of cyclic ADP-ribose !17. This molecule

acts as a second messenger and activates a protein with catalytic NADase

-52-



An overview of bacterial defense mechanisms

activity, leading to NAD depletion in the infected host. As a result of this, the
bacterium presumably dies before phage progeny can mature. TIR domains
appear to be specific towards certain phages, and multiple TIR proteins can be
present within the same host.

Retrons, bacterial genetic elements composed of a reverse transcriptase
(RT) and a non-coding RNA (ncRNA), have also been shown to protect against
phage infection via abortive infection 7118, Effector proteins of multiple functions
were found associated with the retrons, such as ribosyltransferases, two-
transmembrane domain (2TM) genes, and genes with ATPase or HNH
endonuclease domains, suggesting a diversity of mechanisms by which abortive
infection may be achieved. Characterization of retron Ec48 associated with a 2TM
domain gene demonstrates that it acts by sensing inhibition of DNA-repair
enzyme RecBCD by proteins of the infecting phage, leading to abortive infection
and cell death 118.

More recently, dCTP deaminase and dGTPase proteins have been found
to protect bacterial cells from phage infection by degrading deoxynucleotides
dCTP and dGTP, efficiently eliminating these from the nucleotide pool 119.120,
Depletion of these deoxynucleotides during phage infection halts phage
replication and likely leads to cell death 120, While abortive infection responses
can be encoded by some of the defense systems listed above, some CRISPR-Cas
systems have been found to use this strategy as well. Most well-known are the
type IIT CRISPR-Cas systems which produce small signal molecules upon target
RNA detection 21, This molecule then activates unspecific nucleases and other
potentially damaging activities in the cell, aborting an infection 122, Likewise,
some type I CRISPR-Cas systems can function with an Abi mechanism. In 7.
atrosepticum, expression of a type I'F CRISPR-Cas system reduces phage
progeny while hampering the survival of infected cells 123,

In summary, many abortive infection-like strategies have been identified
in which cells typically detect infection and initiate a self-damaging response that
hampers the virus in its infection process, saving the remaining population of

cells.
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e Chemical defense

It is well documented that bacteria produce secondary metabolites
amongst which compounds with antimicrobial activity (Fig. 2¢) 124. Recently, a
panel of bioactive compounds was tested to assess whether they could confer
protection to &. coli against lysis by phage Lambda 125. Several compounds were
identified that allow bacteria to proliferate in spite of the phage challenge. Most
are DNA-intercalating agents, four of which produced by Streptomyces spp.:
daunorubicin, doxorubicin, epirubicin and idarubicin. These compounds inhibit
double-stranded DNA phages targeting Streptomyces coelicolor, E. coli and
Pseudomonas aeruginosa. DNA intercalation 1s thought to prevent the
circularization of the phage linear DNA inside the bacterial cytoplasm, or its

interaction with proteins involved in replication and transcription.

¢ Uncharacterized defense systems

Bioinformatic analysis of genes in defense system clusters has led to the
identification of multiple new defense systems in recent years (Fig. 2d). One such
approach identified several putative defense systems based on the requirement
that each putative system must contain at least one annotated protein domain
enriched in defense islands. Some of these were experimentally confirmed to
grant protection against at least one phage: Thoeris (now classified as an Abi
system), Hachiman, Shedu, Gabija, Septu, Lamassu, Zorya, Kiwa, and Druantia
6, Zorya contains components that resemble parts of the flagellar motor, and is
more abundant in Gram negative species, especially Proteobacteria. Its proposed
mechanism of action leads to cell death through membrane depolarization.
Another defense system, Wadjet, does not seem to confer phage resistance but
seems to target foreign plasmids by a still unknown mechanism 6.

Additional defense system candidates were identified using an approach
independent of domain annotations 7. These candidates incorporate enzymatic
activities not previously thought to be implicated in antiviral defense. Amongst
them is the phage restriction by an adenosine deaminase acting on RNA
(RADAR) system. RADAR edits RNA transcripts by catalyzing the deamination

of adenosine into inosine, seemingly blocking the early stages of the phage
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infection cycle. Another candidate system identified in this study is the RT family
defense associated reverse transcriptases (DRT). DRTs are not linked to mobile
elements, unlike most RTs found in prokaryotes, and they seem to alter phage
gene expression in various ways. Anti-phage activity was likewise detected in a
group of nucleoside triphosphatases (NTPases) of the STAND (signal
transduction ATPases with numerous associated domains) superfamily, which
were given the name antiviral ATPases/NTPases of the STAND superfamily
(AVAST). Members of this superfamily found in eukaryotes are often involved in
programmed cell death, so it was postulated that the AVAST system may
constitute an Abi mechanism. Additionally, the study found some other proteins
and systems that provided protection against T7-like phages, of which the
mechanisms of action need to be further investigated.

Another example of an anti-phage defense mechanism that has recently
started to be characterized is prokaryotic viperins (pVips) 126, In animals,
viperins are interferon-induced proteins that block the replication of several
viruses 127, In a similar way, pVips produce modified ribonucleotides that inhibit
viral polymerase-dependent transcription, thereby protecting against infection
by phage T7 126, pVips with anti-phage activity were identified by analyzing
prokaryotic homologues of human viperin that are encoded in defense islands.

Finally, some novel defense systems that are still uncharacterized have
been identified in T4- and T2-like prophages. These are briefly discussed in the

following section.

2.2.3. Phage-derived phage defense systems

Interestingly, phages provide bacteria with defense systems against
infection by the same or closely related phage, in a phenomenon known as
superinfection exclusion (Sie) (Fig. 3a). Some phages produce proteins to mask
the cell surface receptors, blocking new infections. This strategy also protects the
newly formed phages from being inactivated as a consequence of binding to
receptors coming from remains of lysed bacteria. This behavior is observed for

example in phage T5, which produces lipoprotein Llp that conceals its own
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receptor, outer membrane protein FhuA 128, Other phages, mostly prophages 129,
use membrane-anchored or membrane-associated proteins to target and block
the entry of phage DNA into the bacterial cytoplasm 130, Such proteins act by
inhibiting the formation of the channel through which DNA travels across the
cell membrane, by inhibiting the phage lysozyme that degrades the peptidoglycan
of the bacterial cell wall, or by changing the conformation of the proteins
surrounding the ejection site to prevent translocation 131,

Furthermore, prophages can mediate resistance through non-Sie-like
mechanisms as well (Fig. 3b). The RexA-RexB system, an Abi system expressed
by A-lysogenic E. coli, works by reducing the membrane potential of the cell,
leading to a decrease in ATP production that ultimately results in cell death 132,
Another example is the phage Panchino of Mycobacterium smegmatis, which
provides lysogens with a single subunit R-M system able to recognize a broad
range of phages 133, Genes encoding repressor proteins that bind phage DNA may
also be found in prophages 134, They are thought to have a role in protecting the
viability of the lysogenized bacteria, counteracting accidental prophage
transcription events. Prophage-mediated phenotypic changes in bacteria are
sometimes encoded in genetic elements called morons, which are flanked by a
promoter and a transcriptional terminator and can be transcribed autonomously,
independent of prophage activation 135,

As with host defense systems, the discovery of phage-derived defense
systems is ongoing. Analysis of Enterobacteria P4- and P2-like prophages
recently led to the discovery of genetic hotspots that encode a variety of bacterial
immune mechanisms 136, Amongst these is the phage anti-restriction-induced
system (PARIS). This system triggers an Abi response upon sensing a phage-
encoded anti-restriction protein, Ocr, which inhibits R-M systems and BREX 136,
The mechanisms of action of PARIS and the other systems identified in this study
remain to be further uncovered.

In summary, once inside the host, phages themselves can provide the
bacteria with mechanisms of protection against further phage infection that favor

both bacteria and phage.
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Figure 3. Phage-derived defense systems. a) Superinfection exclusion systems (Sie) are encoded
by phages to prevent other phages from infecting their host. Some phages like T'5 produce proteins
that mask their receptor and make it inaccessible. Other phages, especially prophages, encode
membrane-associated proteins that interact with the phage receptor, blocking the DNA entry
channel, triggering a conformational change, or inhibiting the invading phage’s enzymes. b)
Prophages like Panchino of M. smegmatis can confer resistance to their hosts through the
expression of R-M systems or DNA-binding repressor proteins that target the DNA of newly
infecting phages. Other prophage-encoded systems, like RexA-RexB or the newly characterized

PARIS, can trigger an Abi response upon sensing an invasion by a new phage.
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2.3. Phage counter-attack strategies

While the mechanisms of phage resistance exhibited by bacteria seem
overwhelmingly varied, phages have also developed a broad array of opposing
strategies. Just as bacterial defenses target every step in the process of phage
infection, every barrier imposed by bacteria has to withstand a phage
counterattack 137,

In response to variations in the bacterial cell surface receptors, phages
are able to change their tropism through mutations in their RBPs. In fact, genes
encoding RBPs and other proteins related to host recognition are reported to
incorporate mutations at a very high frequency. This is often mediated by the
activity of diversity-generating retroelements (DGRs) 138. These are regions
which are subjected to targeted mutation by means of the exchange of two
variable repeats by an error-prone reverse transcriptase 39, This type of directed
mutagenesis is template dependent and affects determined adenine-specific sites,
while a conserved scaffold sequence is retained to ensure stability. This process
was first described for the specificity switch of the major tropism determinant
protein in Bordetella spp. phages. Since then, more phages have been identified
which benefit from these systems 140,

To overcome the barrier imposed by capsules and extracellular layers,
some phages became able to bind to these structures !8, and to degrade them
using depolymerases. These enzymes may be either expressed as part of tail spike
or tail fiber proteins or released in a soluble form following lysis of infected
bacteria 41, A recent review offers an overview of the diversity of phage
depolymerases 142,

Phages have also developed forms of escaping targeting by R-M systems.
They can (i) mutate to remove restriction sites from their genome (palindrome
avoidance) and therefore avoid recognition by REases 143144 (ii) modify the
sequences recognized by REases (e.g. the glucosyl-hydroxymethylcytosine of T4
that is used instead of the regular cytosine 130); (iii) change the distance and
orientation of restriction sites to avoid restriction by REases that need to

recognize two sequences at a determined distance from each other and in a
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specific orientation 145; (iv) occlude the restriction sites with proteins (e.g. DarA
and DarB of P1 phages) that are ejected together with the phage genome 8; (v)
sequester REases with proteins that mimic the structure of a DNA double helix
(e.g. Ocr from T7) 146; and (vi) acquire genes encoding an MTase that modifies
the phage genome 47, or stimulate the activity of the host MTase for the same
purpose 148,

CRISPR-Cas systems can also be evaded by phages in multiple ways!49.
Phages can acquire point mutations or deletions in the PAM sequences or in
positions of the protospacer region close to the PAM sequences (i.e. the seed
region of the protospacer) 150, Alternatively, some phages use anti-CRISPR (Acr)
proteins, first described in phages of P. aeruginosa '*!. In general, Acrs work by
either preventing recruitment of the crRNA-Cas complex to the target DNA by
binding the complex or occluding the PAM sequence, or by inhibiting the
endonuclease domain so that cleavage cannot take place 152, Glucosylation of
phage genetic material has also been shown to protect phages against some
CRISPR-Cas systems 153, A different strategy is employed by the jumbo Serratia
phage PCH45 and Pseudomonas phage ¢KZ, which form a protein shell that
encloses phage DNA in a nucleus-like compartment, physically shielding it from
the CRISPR-Cas complexes 1213, Of note, this mechanism does not protect the
phage from RNA-targeting CRISPR-Cas systems, as the transcribed mRNA is
not contained within the nucleus-like compartment during translation.

Abi mechanisms can also be outsmarted by phages. Phages can avoid
toxin-antitoxin mechanisms by inhibiting the protease that degrades the
antitoxin, or by expressing their own antitoxin analogue 10.154155 Furthermore,
mutations in genes involved in the metabolism of nucleic acids also prove to be
effective in avoiding toxin-antitoxin systems of some bacteria like Lactococcus
spp %6, Mutations in phage genes encoding peptides that activate Abi-associated
enzymes, such as the Lit activator Gol peptide in the major head protein of T4,
can also result in hindering of the Abi mechanism !57. Phages ICP1 that infect V.
cholerae overcome PLE-mediated Abi by using either a phage-encoded CRISPR-

Cas system that targets the PLE genome during infection 112, or an endonuclease
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that binds and cleaves the PLE origins of replication %8, It is expected that
phages possess counter-measures against the more newly described defense
systems as well. The Ocr protein of phage T7, known to inhibit R-M systems, was
recently found to also inactivate the BREX system by binding the
methyltransferase BrxX 11, The discovery of other new phage counter-attack
strategies is likely just a matter of time, as interest in bacterial defense

mechanisms and phage anti-defenses continues to grow.

2.4. Phage resistance mechanisms in a clinical context

The number of phage therapy case studies and clinical trials performed
in humans has significantly increased in these past years, as the problem of
antibiotic resistance aggravates. The efficacy of phage therapy in these studies is
quite variable, ranging from negative outcomes to the resolution of severe
infections in human patients (Table 1, Sup. Table S1). Interestingly, while phage
resistance has been shown to develop quickly in vitro, studies in humans have
described both the presence %and the absence 160 of phage resistance in vivo. As
a result of such variable results, there is a lack of consensus in the scientific and
medical community about the potential of phages as therapeutic agents.

The human immune response to bacterial infection and the specific
phage-resistance mechanisms developed by the bacteria are likely behind the
distinct outcomes. The development of an immune response, particularly
involving neutrophils, has been shown essential for the success of phage therapy
by preventing the outgrowth of phage-resistant mutants 61, Multiple studies
have demonstrated that phage-resistant phenotypes often associate with
decreased pathogenicity, with the strain becoming more susceptible to the human
immune defenses 162, Receptor adaptations such as mutations in bacterial
capsule, LPS, and other surface components are examples of phage-resistance
mechanisms that result in increased immune susceptibility 163, Importantly,
these surface modifications also often associate with increased antibiotic
susceptibility. This effect occurs, for example, in cases where the phage interacts

with bacterial structures that function as drug efflux pumps 164, By mutating the
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efflux pump to achieve phage resistance, bacteria lose the ability to pump out the
antibiotics, thus gaining antibiotic susceptibility as a trade-off (for a review of
mechanisms of phage-antibiotic synergism see, for example, 165). Such
interactions have been exploited in therapeutic contexts 164.166-168 However,
phage-resistance mutations have also been shown to pleiotropically confer
increased antibiotic resistance 46, and other mechanisms of phage resistance (e.g.
CRISPR-Cas, R-M systems) may lead to a phage-resistance phenotype that does
not render the bacteria more susceptible to the immune system or to antibiotics.
In such cases, resistance to phages may develop in vivo even in the presence of a
strong immune response.

Unfortunately, the mechanisms underlying phage resistance are seldom,
if ever, investigated in human clinical studies and trials, and represent a clear
knowledge gap. Most studies look at the safety and/or clinical outcome of phage
therapy, and very few have documented the development of phage resistance
(Table 1), let alone the mechanisms behind it. There are studies, however, that
indicate that addressing and tackling phage resistance can lead to improved
treatment outcomes. One such study found phage-resistant clones in a patient
suffering from a multidrug resistant A. baumannii infection after eight days of
treatment with intravenous phage therapy 169. Phage-resistance was associated
with loss of bacterial capsule and increased extracellular polysaccharide
production, and was overcome via an iterative process of phage cocktail
formulation that resulted in the resolution of the infection. Of relevance, the
phage-resistant phenotype was associated with increased antibiotic sensitivity,
suggesting a fitness cost of phage-resistant mutations in vivo. In another study,
the association between phage-resistance and increased antibiotic susceptibility
was exploited to treat a patient with a chronic multidrug resistant P. aeruginosa
infection of an aortic graft 164, The treatment consisted of a combination of the
antibiotic ceftazidime and phage OMKO1, which binds to an outer membrane
protein that is part of multidrug efflux systems of P. aeruginosa. This

combination explored the capacity of the phage to kill the original strain and the
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ability of ceftazidime to kill any emerging phage-resistant variants with
mutations in the multidrug efflux system, to achieve resolution of the infection.
Characterizing the mechanisms of resistance to phages that target
pathogens of interest will inform about the relevance that each phage defense
system has in a clinical context, in terms of frequency with which they occur in
pathogens and their association with virulence and antibiotic susceptibility of the
pathogen. Furthermore, certain natively present defense systems like R-M may
affect and reduce the choice of phages available to use in a therapeutic setting.
Another issue to consider is that the development of resistance (as well as
treatment efficacy) may significantly differ when using single- or multi-phage
treatment approaches, and may also vary with the timing and order of phage
administration 179, The more widespread use of bacteriophages for therapeutic
purposes could lead to selection for phage resistant phenotypes that arise
through horizontal gene transfer of phage defense systems. Understanding the
complexity of interactions and mechanisms leading to phage resistance will aid
the development of phage-based treatments with better clinical outcomes and to

engineered phages that may overcome host defense systems.
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Table 1. Case studies and clinical trials of phage therapy in humans, with associated safety,
clinical, and phage-resistance outcomes.
Clinical study/case Safety Clinical Phage resistance® Mechanism of Ref.
report® outcome® resistance
Tibia bone infection Well Successful Not found in the patient; Mutations in m
with MDR 4. tolerated found in in vitro surface adhesin
baumannii and experiments with isolates | and glycosyl-
Klebsiella pneumoniae transferase of the
treated with phages and EpsG family
antibiotics (speculated)
Necrotizing Well Successful A resistant bacterial Loss of bacterial 169
pancreatitis patient tolerated isolate was found and capsule and
with an MDR 4. used to select a new increased
baumannii infection phage extracellular
treated with phages and polysaccharide
antibiotics production
Cystic fibrosis patient Well Successful One resistant isolate was Not described 172
with MDR P. tolerated identified
aeruginosa infection
treated with phages and
antibiotics
Patient with K. Well Successful Bacteria became resistant | Not yet elucidated | '7
pneumoniae urinary tolerated to two rounds of phage
tract infection treated cocktails but were
with non-active ultimately sensitive to the
antibiotics and phages combination of a third
cocktail and previously
inactive antibiotics
Patient with Well Successful Not identified Not applicable 174
periprosthetic joint tolerated
infection and MDR P.
aeruginosa chronic
osteomyelitis treated
with phages and
antibiotics
Patient with MDR P. Well Successful Not identified Not applicable 160
aeruginosa urinary tolerated
tract infection treated
with phages and
antibiotics
Aortic graft infection Well Clinical Yes, as expected. Mutations in 164
with P. aeruginosa tolerated improvement Explored to cause receptor protein
treated with a phage sensitization of bacteria to | (M of mexAB-
targeting an efflux antibiotic. and mexXY-
pump protein and efflux system)
antibiotics
Cystic fibrosis patient | Well Clinical Resistance detected in Not described 175
with Mycobacterium tolerated improvement vitro for two of the three

abscessus and P.
aeruginosa infection
treated with engineered
phages

phages administered

-63-




Chapter 2

intravenous phage
cocktails and
antibiotics

one patient,
who
developed
fever,
wheezing
and
shortness of
breath after
first dose of
the cocktail
(subsequent
doses were
well
tolerated)

administration of phages
specific for the resistant
isolates (two of these

cases still had a successful

outcome)

Netherton syndrome Well Clinical Resistance to a phage Not described 159
patient with MDR tolerated improvement cocktail was identified
Staphylococcus aureus after 3 months of
infection and allergy to treatment
multiple antibiotics
treated with phage
cocktails topically and
orally
Thirteen patients with | Well Clinical Changes in phage Single nucleotide | '7°
S. aureus bacteremia tolerated improvement in | susceptibility were polymorphisms
treated with phages and eight of the detected in vivo in three were detected in
antibiotics patients patients isolates recovered
from one of the
patients
Three lung transplant Well Clinical Resistant isolates were Not described 177
patients with MDR P. tolerated improvement in | identified post-therapy in
aeruginosa and two of three one of the patients who
Burkholderia dolosa patients had a successful outcome
infections treated with
phages and antibiotics
Patient with Well Failure due to Resistant isolates Not described 178
bronchiectasis and M. tolerated anti-phage appeared to one out of
abscessus infection immune three phages in the
treated with a phage response cocktail
cocktail and antibiotics
Eight cardiothoracic Well Successful in Bacterial isolates Not described 179
surgery patients treated | tolerated five of the appeared to have mutated
with antibiotics, phages | except for an | patients; two in one of the patients
and fibrin glue increase in patients showed
inflammatio | improvement
n but died of

unrelated

complications;

one patient did

not experience

sufficient

bacterial

clearance and

died of sepsis
Ten patients with Well Successful for Resistance developed in Not described 180
diverse MDR bacterial | tolerated seven out of ten | three of the patients, but
infections treated with | except by patients was overcome through
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therapy performed on
153 patients with
different infections

the phage typing profile
were detected in multiple
cases

Phase I-1I clinical trial | Fewer Trial was Intermediately Not described 181
to assess the safety and | adverse stopped because | susceptible and resistant
efficacy of a phage events were | of insufficient isolates were found
cocktail to treat burn observed in efficacy
wounds infected with the phage- (patients were
P. aeruginosa in 26 treated group | being exposed
patients (13 treated, 13 | than in the to 10,000-fold
control) group treated | lower doses of
with the phages than
standard of originally
care intended)
Report of phage Diverse Diverse Resistance and changes in | Not described 182

a Only clinical studies/case reports for which phage resistance was investigated are shown. For a

full list of clinical studies and case reports with phages, see Sup. Table S1.

b Successful: patient was healed. Clinical improvement: infection and/or associated complications

were reduced but not completely resolved.

¢ Not described: resistance was not addressed. Not identified: resistance was investigated but not

found.
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2.5. Concluding remarks

In this review, we have provided an overview of the current knowledge of
mechanisms behind existing and developing phage resistance, and highlighted
the potential knowledge gaps and clinical importance of phage resistance for
phage therapeutic strategies. While our understanding of the mechanisms
behind phage resistance has expanded in recent years, many defense systems
remain uncharacterized or yet undiscovered. As such, the complete picture of
phage resistance development remains elusive, especially in the context of the
human body.

For phage therapy to move forward, it is imperative that clinical studies
and trials also assess the development of resistance in a systematic manner, in
which both the emergence of phage resistance and the mechanisms behind it are
included in the investigation. Sequencing technologies and genome analysis of
both bacterial strains and phages may allow for the identification of defense and
anti-defense systems in clinical isolates. Such data will prove invaluable for
isolating and selecting candidate phages, as well as for predicting the outcome of
the therapeutic intervention.

Improved understanding of how defense systems affect phage therapy,
combined with an increased knowledge of the anti-defense strategies employed
by phages to counteract bacterial defenses, will greatly contribute to the

development of more effective phage-based therapeutic approaches.
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Supplementary material

Supplementary Table S1. Complete list of case studies and clinical trials of phage therapy in

humans, with associated safety, clinical, and phage-resistance outcomes.

Clinical study/case Safety Clinical Phage resistance” Mechanism of Ref.
report outcome?® resistance
Tibia bone infection Well tolerated | Successful Not found in the Mutations in surface 1
with MDR 4. patient; found in in adhesin and glycosyl-
baumannii and K. vitro experiments transferase of the
pneumoniae treated with isolates EpsG family
with phages and (speculated)
antibiotics
Necrotizing pancreatitis | Well tolerated | Successful A resistant bacterial Loss of bacterial 169
patient with an MDR A. isolate was found and | capsule and increased
baumannii infection used to select a new extracellular
treated with phages and phage polysaccharide
antibiotics production
Cystic fibrosis patient Well tolerated | Successful One resistant isolate Not described 172
with MDR P. was identified
aeruginosa infection
treated with phages and
antibiotics
Patient with K. Well tolerated | Successful Bacteria became Not yet elucidated 173
pneumoniae urinary resistant to two
tract infection treated rounds of phage
with non-active cocktails but were
antibiotics and phages ultimately sensitive to

the combination of a

third cocktail and

previously inactive

antibiotics
Patient with Well tolerated | Successful Not identified Not applicable 174
periprosthetic joint
infection and MDR P.
aeruginosa chronic
osteomyelitis treated
with phages and
antibiotics
Patient with MDR P. Well tolerated | Successful Not identified Not applicable 160
aeruginosa urinary tract
infection treated with
phages and antibiotics
Chronic prosthetic joint | Well tolerated | Successful Not described Not described 183
infection with S. aureus
treated with phages
Diabetic foot ulcer Well tolerated | Successful Not described Not described 184
infected with S. aureus
treated with a phage
Patient with S. aureus Well tolerated | Successful Not described Not described 185
corneal abscess and
interstitial keratitis

-81-




Chapter 2

treated with a phage
following antibiotic
treatment

Patient with MRSA
urinary tract infection
and gastrointestinal
tract colonization
treated with phages

Well tolerated

Successful

Not described

Not described

186

A man with burn
wounds and a dog with
otitis, both infected with
P. aeruginosa and
treated with phages

Well tolerated

Successful

Not described

Not described

Three patients with
chronic bacterial
prostatitis treated with
phages

Well tolerated

Successful

Not described

Not described

188

Two patients with S.
aureus infected
radiation burns treated
with phages and
ciprofloxacin infused in
a sustained release
preparation

Well tolerated

Successful

Not described

Not described

189

Prosthetic joint infected
with K. pneumoniae
treated with a phage and
minocycline

Well tolerated

Successful

Not described

Not described

190

Pediatric cystic fibrosis
patient with an
Achromobacter
infection treated with
phages and antibiotics

Well tolerated

Successful

Not described

Not described

191

Aortic graft infection
with P. aeruginosa
treated with a phage
targeting an efflux
pump protein and
antibiotics

Well tolerated

Clinical
improvement

Yes, as expected.
Explored to cause
sensitization of
bacteria to antibiotic.

Mutations in receptor
protein (M of
mexAB- and mexXY-
efflux system)

Cystic fibrosis patient
with M. abscessus and
P. aeruginosa infection
treated with engineered
phages

Well tolerated

Clinical
improvement

Resistance detected in
vitro for two of the
three phages
administered

Not described

Netherton syndrome
patient with MDR S.
aureus infection and
allergy to multiple
antibiotics treated with
phage cocktails
topically and orally

Well tolerated

Clinical
improvement

Resistance to a phage
cocktail was
identified after 3
months of treatment

Not described
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Cystic fibrosis patient Well tolerated | Clinical Not described Not described 192
with an 4. xylosoxidans improvement
infection treated with
phages
Patient with colistin- Well tolerated | Clinical Not described Not described 193
only-sensitive P. improvement
aeruginosa septicemia
Three patients with S. Well tolerated | Clinical Not described Not described 194
aureus prosthetic knee improvement,
infection treated with infection
debridement, a phage disappeared
cocktail and antibiotics completely in

two of the

patients
Kidney transplant Well tolerated | Clinical Not described Not described 195
recipient with MDR K. improvement
pneumoniae (not clear if due

to phage

therapy)
Thirteen patients with Well tolerated | Clinical Changes in phage Single nucleotide 176
S. aureus bacteremia improvement in | susceptibility were polymorphisms were
treated with phages and eight of the detected in vivo in detected in isolates
antibiotics patients three patients recovered from one of

the patients

Three lung transplant Well tolerated | Clinical Resistant isolates Not described 17
patients with MDR P. improvement in | were identified post-
aeruginosa and B. two of three therapy in one of the
dolosa infections patients patients who had a
treated with phages and successful outcome
antibiotics
Complex bone and joint | Well tolerated | Clinical Not described Not described 196
infection with P. improvement;
aeruginosa treated with patient died
phages and antibiotics because of

unrelated

complications
Phase I clinical trial to | Well tolerated | No significant Not described Not described 197
assess the safety of a differences
phage preparation in 39 found between
patients (18 treated, 21 treated and
control) with chronic control groups;
venous leg ulcers trial was not

designed to

assess efficacy
Patient with Well tolerated | Failure due to Resistant isolates Not described 178
bronchiectasis and M. anti-phage appeared to one out of
abscessus infection immune three phages in the
treated with a phage response cocktail
cocktail and antibiotics
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to assess the safety and
efficacy of a phage
cocktail to treat burn
wounds infected with P.
aeruginosa in 26

adverse events
were observed
in the phage-
treated group
than in the
group treated

because of
insufficient
efficacy (patients
were being
exposed to
10,000-fold lower

susceptible and
resistant isolates were
found

Patient with S. aureus Well tolerated | Site of surgery | Not described Not described 198
infection of a knee (adverse did not heal
megaprosthesis treated | events completely and
with debridement, a described are | got re-infected
phage cocktail prepared | not considered | (not with the
in a hydrogel and to be related strain targeted
antibiotics to phage by phage
therapy) therapy)
Eight cardiothoracic Well tolerated | Successful in Bacterial isolates Not described 179
surgery patients treated | except for an five of the appeared to have
with antibiotics, phages | increase in patients; two mutated in one of the
and fibrin glue inflammation | patients showed | patients
improvement
but died of
unrelated
complications;
one patient did
not experience
sufficient
bacterial
clearance and
died of sepsis
Phase I clinical trial to | Well Preliminary Not described Not described 199
assess safety and tolerated, six efficacy results
preliminary efficacy of | patients suggested
a phage cocktail in 9 reported mild | clinical
patients with S. aureus adverse events | improvement
chronic rhinosinusitis
Ten patients with Well tolerated | Successful for Resistance developed | Not described 180
diverse MDR bacterial except by one | seven out of ten | in three of the
infections treated with patient, who patients patients, but was
intravenous phage developed overcome through
cocktails and antibiotics | fever, administration of
wheezing and phages specific for the
shortness of resistant isolates (two
breath after of these cases still had
first dose of a successful outcome)
the cocktail
(subsequent
doses were
well tolerated)
Clinical trial to assess No adverse No significant Not described Not described 200
the safety and efficacy | events were differences in
of a T4-like phage reported in the | freatment outcome
cocktail in pediatric treated group ;V:tl; ef:;'?}?e
patients with diarrhea compared to treated and the
the control control groups
group (phage cocktail
had not been
tailored to
patients’
infections)
Phase I-1I clinical trial Fewer Trial was stopped | Intermediately Not described 181
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patients (13 treated, 13 with the doses of phages
control) standard of than originally
care intended)
Pediatric patient with P. | Fever and Clinical Not described Not described 201
aeruginosa increase in C- | improvement
osteoarticular infection | reactive
treated with phages and | protein
antibiotics associated
with release of
bacterial
remains into
the
bloodstream
Clinical trial evaluating | Mild to Clinical Not described Not described 202
the safety and efficacy moderate improvement
of a phage preparation adverse events | compared to the
in 24 patients (12 were reported, | control group in
treated, 12 control) with | including all but one
chronic otitis caused by | discomfort, patient
P. aeruginosa itchiness and
wetness
Patient with chronic Transaminitis | Clinical Not described Not described 203
MRSA prosthetic joint was reported improvement
infection treated with following the
phages and antibiotics third
intravenous
dose of
phages
Pediatric patient with Treatment was | Blood Not described Not described 204
congenital heart disease | discontinued sterilization
and P. aeruginosa due to cardiac could be
bacteremia treated with de.compensatm" achieved; sepsis
phages and antibiotics with concerns was developed
for anaphylaxis it
(although again after the
subsequently treatment was
attributed to the | interrupted
pre-existing
disease)
Cerebritis patient with Brief Unsuccessful; Not described Not described 205
A. baumannii infection | hypotension therapy was
treated with phages and | episode discontinued
colistin
Report of phage Diverse Diverse Resistance and Not described 182

therapy performed on
153 patients with
different infections

changes in the phage
typing profile were
detected in multiple
cases
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Abstract

Bacteriophages impose a strong evolutionary pressure on microbes for the development of
mechanisms of survival. Multiple new mechanisms of innate defense have been described
recently, with the molecular mechanism of most of them remaining uncharacterized. Here,
we show that a Class 1 DISARM (defense island system associated with restriction-
modification) system from Serratia sp. provides broad protection from double-stranded DNA
phages, and drives a population of single-stranded phages to extinction. We identify that
protection is not abolished by deletion of individual DISARM genes and that the absence of
methylase genes drmMI and drmMII does not result in autoimmunity. In addition to antiphage
activity we also observe that DISARM limits conjugation, and this activity is linked to the
number of methylase cognate sites in the plasmid. Overall, we show that Class 1 DISARM
provides robust anti-phage and anti-plasmid protection mediated primarily by drmA and
drmB, which provide resistance to invading nucleic acids using a mechanism enhanced by the

recognition of unmethylated cognate sites of the two methylases drmMI and drmMII.
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3.1. Introduction

The constant bacteriophage predation of bacteria drives co-evolutionary
dynamics and has led to the evolution of multiple antiviral defense mechanisms
in prokaryotes that are collectively known as the prokaryotic immune system 1.2,
Most prokaryotic defenses are innate, acting via recognition of general signals
that are not shared by the microbial cell. A well-known example of innate defense
are the highly abundant restriction-modification (R-M) systems 3 that cleave
phage nucleic acids at sequence motifs protected in the host chromosome by
epigenetic modifications 4. In these systems a methyltransferase marks self-DNA
at specific sites, which protects it from the cleave by a restriction endonuclease;
in opposition to foreign unmodified DNA that will be cleaved. They can be
classified in 4 different types (I-V), depending on their components 4. Type II
systems are the most abundant, and are formed by a methyltransferase and a
nuclease which will perform their action independently as separate proteins.
However, in types I and III, both proteins will form a complex and perform their
action when bound together. Interestingly, type IV systems don’t contain a
methyltransferase, and will only cleave modified DNA 56, Recently, the analysis
of genomic neighborhoods of known defense systems revealed multiple new anti-
phage systems 715, among which is the defense island system associated with
restriction-modification (DISARM) 16,

The DISARM system is composed of three-core genes: gene drmA with a
helicase domain (pfam00271); gene drmB with a DUF1998 domain (pfam09369,
helicase-associated); and gene drmC with a phospholipase D (PLD) domain
(pfam13091). In the uncharacterized Class 1 DISARM systems, this core triplet
is preceded by the SNF2-like helicase drmD (pfam00176), and the DNA adenine
N6 methylase drmMI (pfam13659) 16, Class 2 DISARM systems contain, in
addition to the core gene triplet, the DNA 5-cytosine methylase drmMIT
(pfam00145) and, on occasion, the gene of unknown function drmF. The Class 2
DISARM system was shown to use methylation of specific host motifs to mark
self-DNA, akin to R-M systems, but its molecular mechanism remains largely

unknown 16, Unlike R-M systems, DISARM seems to not fully depend on the
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sequence motif identified by the methylase to interfere with the incoming DNA;
importantly, the candidate nuclease of the system (drmC) was found dispensable
for resistance and its activity is yet unknown.

In some cases, Class 1 DISARM systems are accompanied by an
additional cytosine methylase drmMII gene 6. Here we characterized such a
Class 1 DISARM system present in Serratia sp. SCBI (Fig. 1A). We found that
Class 1 DISARM provides broad anti-phage and anti-conjugation activity
independent of methylation status of the incoming DNA, and drives a population
of chronic infecting phages to extinction. Unlike Class 2 DISARM and R-M
systems, the methylases of Class 1 DISARM only partially methylate adenine
and cytosine bases of the host DNA at motifs ACACAG and MTCGAK, and the
absence of the methylases does not result in autoimmunity. Overall, our results
show that DISARM combines methylation and non-methylation signals to
provide protection against invader DNA, establishing a clear distinction from R-

M systems.
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3.2. Results

3.2.1. Class 1 DISARM protects against widely diverse DNA

phages

To determine whether the predicted Class 1 DISARM system from
Serratia sp. SCBI provides protection from phage infection, we transplanted the
six genes of the system into £. coli BL21-Al (Fig. 1A). We then challenged the
DISARM-containing strain (DISARM (+)) with Caudovirales of three
morphologies (sipho-, myo-, and podophages) 17 at different multiplicity of
infection (MOI). Class 1 DISARM shows clear anti-phage protection against all
phages tested, by preventing or delaying the collapse of the bacterial population
upon phage infection even at high MOI (Fig. 1B, Sup. Fig. S1). To quantify the
level of protection, we measured the efficiency of plating (EOP) of the same set of
phages on the DISARM (+) strain in comparison to control (DISARM (-)) cells.
Class 1 DISARM provided significant protection against phages T1, T4, T'7, Nami
and phiX174 (Fig. 1C).

Overall, both liquid and solid media assays demonstrate the broad anti-

phage activity provided by Class 1 DISARM.

3.2.2. Class 1 DISARM can drive a phage population with chronic
lifestyle to extinction

We next investigated the effects of the Class 1 DISARM on the
propagation of a phage and accumulation of active phage in the cell culture. For
this, we measured the phage titers periodically upon infection of DISARM (+) or
DISARM (-) strains with T1 or Nami phages. The number of infectious T1 phages
in the population is reduced by approximately 3 orders of magnitude in DISARM
containing strains from 30 min on, reaching a maximum reduction of 5.6x104 fold
at 180 minutes post-infection (Fig. 1D). DISARM also inhibits the propagation of
phage Nami, with a maximum reduction of approximately 50-fold at 180 minutes

post-infection (Fig. 1D).
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Figure 1. Protection provided by Class 1 DISARM against phage infection. A) Gene cluster of
Class 1 DISARM from Serratia sp. SCBI. B) Effect of siphophage T1, podophage T7, and
myophage Nami on the growth curve of DISARM (+) or DISARM (-) strains. Uninfected DISARM
(-) and DISARM (+) strains have similar growth curves and only uninfected DISARM () is
displayed. Full results can be seen in Sup. Fig. S2. Initial multiplicity of infection (MOI): 5x104.

Filled areas inside dotted lines indicate standard deviation of three independent replicates.
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Virulent Caudovirales follow a lytic life cycle where the production of
phages occurs typically within 10-30 minutes after the ejection of the phage
genome, ultimately resulting in cell death for the release of the newly formed
phage particles. Phages that follow a chronic life cycle are able to produce new
phages continuously without causing cell death, with the new virions extruding
out of the cell 18, To investigate the effect of Class 1 DISARM on the propagation
of a phage population with chronic lifestyle, we monitored the phage titers of a
culture infected with the single-stranded DNA (ssDNA) inovirus M13. We
observed a rapid decrease of the number of phages, with DISARM containing
strains producing no more phage after 24h (Fig. 1D), which was not observed for
any of the Caudovirales tested. To understand if the strong activity of Class 1
DISARM against phage M13 is a consequence of its chronic lifestyle or the type
of genetic material (ssDNA versus the double-stranded DNA of Caudovirales), we
additionally tested DISARM against ssDNA phage phiX174. PhiX174 uses a
mechanism of phage DNA replication similar to that of phage M13 1920  but
follows a lytic life cycle. The protective effect of DISARM against infection by
phiX174 was similar to that obtained for the dsDNA phages (Sup. Fig. S3A),
suggesting that the strong effect of DISARM against phage M13 is not related to
the single stranded nature of the phage genome in the phage particle. We further
tested the protective effect of Class 1 DISARM against single-stranded RNA
(ssRNA) phage MS2 but observed no protection (Sup. Fig. S3B), suggesting that
Class 1 DISARM is a DNA-directed defense system. In summary, Class 1
DISARM reduces the number of infectious phages produced over time in a
bacterial culture, and is able to completely abolish the propagation of chronic

phage M13.

[Fig.1]...C) Efficiency of plating (EOP) of a set of DNA phages in a DISARM (+) strain normalized
to the DISARM (-) strain. D) Effect of DISARM on the population of siphophage T1, myophage
Nami, and inovirus M13 over time. Bacterial cultures of DISARM (-) or DISARM (+) strains were
infected with phage at MOI of 2x10-6, 1x10-5 and 2x10-6 for phages T'1, Nami and M13 respectively,
and the titer was determined at selected time points. Curves depict the average and standard
deviation of three independent experiments. Statistical significance was determined by two-tailed,

unpaired t-test and is represented as ¥, ** or *** for p < 0.05, 0.01 or 0.001, respectively.
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3.2.3. Class 1 DISARM provides protection independent of
methylation status

We next studied the essentiality of the individual genes of the Class 1
DISARM system in anti-phage protection. First, we used EOP assays to challenge
cells harboring the complete or partial DISARM system. We observed that
DISARM provides protection against infection by dsDNA phages T1 and Nami,
and that some of the DISARM genes can be deleted while retaining either full or
partial protection (Fig. 2A, Sup. Fig. S4A). To better evaluate gene essentiality
in Class 1 DISARM, we followed phage propagation over time in liquid culture of
cells harboring the complete or partial DISARM system. Results are shown in
Fig. 2B,C and Sup. Fig. S4B as the increase of phage titer over time at the time
point where DISARM achieved the strongest effect compared to the titer at the
start of infection. In contrast to what was previously observed for Class 2
DISARM systems 16, deletion of core genes drmABC did not abolish the full
protective effect for both phages T1 and M13, and only the additional deletion of
drmMII resulted in complete loss of protection with full restoration of the phage
replication capacity. For phage Nami, deletion of core drmABC or deletion of
drmD and drmMT resulted in almost complete loss of protection (Fig. 2B), with
full restoration of phage replication being achieved with their combined deletion.
Importantly, we observed that drmC is not required for the anti-phage activity
(Sup. Fig. S5) of Class 1 DISARM, as previously observed for Class 2 DISARM 16,

Overall, we observed that Class 1 DISARM phage protection is relatively

robust to deletion of individual genes of the operon.
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Figure 2. Effect of Class 1 DISARM components on protection against phage infection. A)
Efficiency of plating (EOP) of myophage Nami on strains containing the modified DISARM
system (DISARM () strain), normalized to the DISARM strain. B-C) Titer-fold increase of
myophage Nami (B) , and inovirus M13 (C) upon propagation in cultures of strains containing
the complete or modified DISARM system. Graphics represent the time point at which maximum
effect on phage replication was achieved. For (C), negative values indicate phage titers below the
initial phage titer. Bars depict the average and standard deviation of three independent
replicates. Statistical significance was determined by one-way ANOVA+ with Tukey post-hoc test

and is represented as *, ** or *** for p < 0.05, 0.01 or 0.001, respectively.
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3.2.4. Class 1 DISARM of Serratia sp. SCBI modifies host DNA
with two methylation patterns

To understand if the methylase genes drmMI and drmMII methylate the
host DNA, we sequenced the genomes of the wild type strain, the DISARM (+)
strain, and the strain containing one or both methylases using sequencing
methods sensitive to epigenetic marks. The adenine methylation by drmMI was
characterized by PacBio sequencing and revealed an N6-methyladenosine (m6A)
modification of the ACACAG motif (methylated base underlined, Fig. 3A, Sup.
Table S5). The cytosine methylation by drmMII was characterized by bisulfite
sequencing and revealed a 5-methylcytosine (5mC) modification of MTCGAK
motifs (methylated cytosine underlined, Fig. 3B, Sup. Table S5), which is a
distinct motif from the 5mC modification in CCWGG motifs reported for the Class
2 DISARM system of Bacillus subtilis 6. The completeness of modification by the
methylases was higher in the presence of the full DISARM system (84.3% m6A,
and 67.0% 5mC) than in the presence of the two methylases alone (56.5% m6A,
and 34.0% 5mC), suggesting some form of synergetic effect by the methylase pair
(Fig. 8D). Curiously, the presence of both drmMIand drmMIIincreased the m6A
methylation ratio of drmMT to 73.9%, but had no effect on 5mC methylation by
drmMII. No relation was observed between the distance of methylated or
unmethylated ACACAG and MTCGAK motifs, suggesting that their methylation
status was independent of their relative location in the genome. In summary, the
Class 1 DISARM system of Serratia sp. SCBI uses both adenine and cytosine

methylation to modify specific motifs in the bacterial chromosome.

[Fig. 3]...pCONJ with variable numbers of unmethylated motifs ACACAG and/or MTCGAK into
the recipient DISARM (+) strain (see Sup. Fig. S5B for results in recipient control strain). Control
is pCONJ with no motifs in its sequence. F) Conjugation efficiency of plasmid pCONJ with 10
methylated motifs ACACAG or MTCGAK into the recipient DISARM (+) strain, normalized by
conjugation efficiency of pCONJ with unmethylated motifs.
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Figure 3. Effect of DNA methylation in Class 1 DISARM. Weblogos of methylation motifs of
DISARM methylases (A) DrmMII and (B) DrmMII. C) Schematic representation of pCONJ
plasmid with motifs as defined in (A) and (B). D) Relative number of modified sites detected in
the genome of £, coli expressing the Class 1 DISARM system of Serratia sp. SCBI. Three distinct
DNA modifications were detected: GATC sites modified by dam from E. colii ACACAG sites
modified by drmMI; and MTCGAK sites modified by drmMII E) Conjugation efficiency of plasmid
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3.2.5. Class 1 DISARM displays anti-conjugation activity
dependent on number of cognate sites

To determine the influence of the methylation pattern of the invading
DNA on the level of protection by Class 1 DISARM, we performed conjugation
assays with plasmid pCONdJ which does not contain ACACAG or MTCGAK motifs
(Sup. Table S2). We first assessed the protection provided by DISARM towards
conjugation of the unmethylated pCONdJ, and observed an approximately 47-fold
reduction in conjugation efficiency in the presence of DISARM (Sup. Fig. S6A).
Next, we engineered different versions of pCONJ with variable numbers of
DISARM methylation motifs and performed conjugation assays in the DISARM
(+) and DISARM (-) strains as recipients. The conjugation efficiency of non-
methylated pCONJ in the DISARM (+) strain decreased moderately with
increasing numbers of ACACAG and TCGA motifs present in the plasmid, up to
12-fold (Fig. S8E, Sup. Fig. S6B). The protective effect against plasmid conjugation
is only slightly stronger when both types of motifs are present.

Next, we compared the conjugation efficiency of pCONJ originated from
cells expressing DISARM methylases DrmMI and DrmMII to that of pCONdJ
containing non-methylated motifs (Fig. 3F). The conjugation efficiency of pCONJ
was drastically elevated by 134- and 82-fold when the donor strain contained both
DrmMI and DrmMII, supporting the role of methylation as an off switch for
DISARM activity. The control plasmid, in which no ACACAG and MTCGAK
motifs were added, displayed a 21-fold increase in conjugation efficiency with
both methylases present in donor strain possibly due to effects of induction of
gene expression of both methylases in the donor. Overall, the conjugation assays
demonstrate that Class 1 DISARM displays anti-conjugation activity that is

enhanced by the presence of unmethylated forms of both motifs in the plasmid.
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3.3. Discussion

Here, we show that Class 1 DISARM of Serratia sp. SCBI provides broad
protection against phages and plasmid conjugation using a mechanism of
incoming nucleic acid detection which is enhanced by the recognition of
unmethylated cognate sites of the two methylases drmMT and drmMII. In Class
2 DISARM systems, the deletion of genes drmA, drmB, or drmFE resulted in
complete loss of protection 16, The Class 1 DISARM system of Serratia sp.
provides a more robust protection, in which the deletion of individual genes is not
sufficient to abolish the protective effect of the system against some phages (e.g.
T1 and M13). We observed that the number of unmethylated motifs present in
the incoming foreign DNA increased the protective effect of DISARM against
incoming invaders.

We found that the protection against phages was not scaled to the
number of drmMI and drmMII sites in their genomes (Sup. Table S6), suggesting
also other factors at play. Similarly, the number of methylation sites on phage
genomes did not affect the protection for the BREX 2! system, and the same was
suggested for Class 2 DISARM 16, This is markedly distinct from tested R-M
systems in which restriction (and therefore protection) is dependent on the
number of methylation sites in the invader’s DNA 22, This suggests that DISARM
and BREX use mechanisms to identify invader DNA distinct from those of R-M
systems, and which may prevent strong negative selection for specific
methylation motifs. It is also possible that the intrinsic methylation patterns of
phage DNA affect defense by DISARM, as observed previously for R-M and BREX
systems 23,24,

The use of a molecular mechanism distinct from classical R-M systems is
further supported by the lack of autoimmunity in cells in the absence of drmMT
and drmMII (Sup. Fig. S7), contrary to R-M systems where this results in
cleavage of the bacterial DNA 25, This is also consistent with the fact that not all
motifs in the bacterial genome of the transplanted host are methylated by the
DISARM methylases, unlike the almost complete motif methylation observed in
R-M. This suggests a tight regulation of the defense activity of Class 1 DISARM
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that seems to result from the physical occlusion of the DNA entry site of the
DrmAB complex by the trigger loop, which is removed upon presence of 5 ssDNA
end 26, Interestingly, the methylase drmMII of Class 2 DISARM provides almost
complete methylation of motifs in the bacterial chromosome and its absence was
found to be deleterious to the cells 6. Differences in the molecular mechanisms
of Class 1 and Class 2 DISARM likely result from the use of distinct methylases.
We found that Serratia’s Class 1 DISARM system has the unique feature of
combining methylation of both palindromic and non-palindromic motifs in the
bacterial chromosome. Akin to BREX and R-M type I and III systems, DrmMI of
Class 1 DISARM methylates a non-palindromic site (ACACAG). The modification
occurs at the adenine in the fifth position of the recognition site, as previously
reported for the BREX site TAGGAG !1. Because the recognition motif of DrmMI
is non-palindromic, only one DNA strand will be methylated. Some R-M systems
(e.g. type III and type ISP) maintain the epigenetic marks by requiring
interactions between different sites (29), but it is unclear if DISARM and BREX
use similar mechanisms.

Contrary to DrmMI, the DrmMII methylase of Class 1 DISARM modifies
a degenerate palindromic site (MTCGAK) in the bacterial chromosome. The
methylation site of DrmMII of the Bacillus paralicheniformis Class 2 DISARM
system was also shown to be palindromic, although of an unrelated sequence
(CCNGG) 16, much like the methylases of R-M type II systems. Interestingly,
DrmMII (palindromic motif) alone was shown to provide anti-phage activity
against the chronic infecting phage M13 and phage T1, possibly by interfering
with the phage replication cycle as observed previously 28. DrmMI (non-
palindromic motif) had no observable impact on anti-M13 activity, as previously
observed also for the BREX system (non-palindromic motif). DrmABC without
any of the methylases also provides protection against M13. It is possible that
the strong activity of DISARM against phage M13 results from the added effect
of DrmABC and a possible direct effect of DrmMII methylation of palindromic
sites on DNA replication of M13. In conclusion, we show that Class 1 DISARM

systems are effective on viral and plasmid DNA, and show enhanced protection
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against invader DNA when unmethylated cognate DNA motifs are present (Fig.
4). The mechanism of DISARM is remarkably robust with many of its components

playing an enhancing but non-essential role.

No motifs Motif-containing Methylated motifs
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4 \
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Figure 4. Mechanism of action of Class 1 DISARM of Serratia sp. SCBIL. The methylases drmMI
and drmMII methylate the host DNA at motifs ACACAG and MTCGAK, respectively. The
DISARM system provides protection from incoming unmethylated plasmid DNA and is less active
on incoming DNA with methylated DISARM motifs. The efficiency of the protection increases

with the number of unmethylated motifs present in the conjugated plasmid DNA.
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3.4. Material and methods

3.4.1. Bacterial strains and growth conditions

FEscherichia coli strains DH5a, BL21-Al, JM109, ER2738, WG5, C3000,
and S17-1 were cultured in Lysogeny Broth (LB) media at 37°C. For solid media
experiments, LB was supplemented with 1.5% (w/v) agar (LBA) and the cultures
incubated overnight at 37°C. When required, media was supplemented with
antibiotics at the following final concentrations: 100 ug/mL ampicillin, 50 pg/mL
kanamycin, 50 ug/mL streptomycin, 50 pg/mL gentamicin, and 25 pg/mL
chloramphenicol. Gene expression was induced with 1 mM Isopropyl B-d-1-
thiogalactopyranoside (IPTG) and 0.2% (w/v) L-arabinose. The Serratia sp. SCBI
strain (South African Caenorhabditis briggsae Isolate) was grown aerobically in

LB media at 30°C with shaking at 180 rpm.

3.4.2. Phage cultivation

E. coli phages were propagated using their host strain (Sup. Table S1) as
described previously 29. Briefly, bacterial cultures at early exponential growth
phase (0.3-0.4 ODgoo) were infected with a phage lysate and incubated overnight
at 37°C with shaking. Cultures were spun down and the supernatant filtered (0.2
um PES) and stored at 4°C until use. When required, phages were concentrated
by adding PEG-8000 and NaCl at final concentrations of 100 mg/mL and 1 M,
respectively. The suspension was incubated overnight at 4°C, centrifuged at
11,000 X g'at 4°C for 1h, and the phage-containing pellet was re-suspended in SM
buffer (100 mM NaCl, 8 mM MgS0,.7H:20, and 50 mM Tris-HCl pH 7.5). The
phage titer was determined using the small drop plaque assay method as
described by Mazzocco et al. 30, E. coli strain BL21-Al was used for titering and
performing assays of phages T1, T3, T4, T7, Lambda-vir, Myo21S, and Myo22L,
strain WG5 was used for MS2, and strain C3000 was used for PhiX174. Phage
M13 was titered using . coli strain ER2738 and 0.6% LBA supplemented with 1
mM IPTG and 200 pg/mL X-gal. Assays of M13 phage were performed in strain
JM109 (DE3).
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3.4.3. Cloning of Class 1 DISARM and mutants

Plasmids and primers used in this study are listed in Sup. Table S2 and
Sup. Table S3, respectively. The complete Class 1 DISARM system and different
combinations of its genes were amplified by PCR from Serratia sp. SCBI genomic
DNA with primers indicated in Sup. Table S3 and using Q5 DNA Polymerase
(New England Biolabs) according to the manufacturer’s instructions. The PCR
products were cloned into the plasmid backbones using the NEBuilder HiFi DNA
Assembly Cloning Kit (New England Biolabs) following manufacturer’s
instructions. Plasmid pDIS_3 was used as a template for PCR with primers listed
in Sup. Table S3 to construct pDIS_5, pDIS_6 and pDIS_7 by restriction cloning.
All plasmids were confirmed by Sanger sequencing (Macrogen) and transformed
into strains £ coli BL21-Al and E. coli JM109(DE3) for the assays described

below.

3.4.4. Phage infection growth curves

Bacterial cultures with the DISARM system or empty vector were grown
to early exponential phase (ODesoo nm of 0.2-0.3), induced with IPTG and L-
arabinose, and grown for 90 min at 37 °C and 180 rpm. The cultures were
normalized to an ODgoo um of 0.5 (approximately 1x108 CFU/ml) and 190 ul were
dispensed into wells of 96-well microtiter plates. Then, 10 ul of phage suspension
were added to the wells at different MOIs, and bacterial growth was followed in
an EPOCH2 microplate reader with ODgoo nm measurements every 10 min at

37°C with constant shaking.

3.4.5. Phage replication over time

Bacterial cultures were prepared as above and infected with phages at
different MOIs. Cultures were incubated at 37°C with shaking at 180 rpm, and
phage titers were measured over time using the small drop plaque assay method

using the wild type strain as the host.
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3.4.6. Methylation-sensitive DNA sequencing

Genomic DNA was extracted from the wild-type strain and strains
containing the complete DISARM system or its methylases, using the phenol
chloroform method as described before 31 with some modifications 32. Briefly,
cultures at exponential phase were induced and incubated overnight. Bacterial
cells were pelleted, re-suspended in TE buffer, and treated with RNase I and
lysozyme at 1 pg/ml for 1h, followed by proteinase K at 50 pg/ml for 1h. DNA was
extracted twice with phenol:chloroform (1:1) and precipitated by adding 300 mM
sodium acetate pH 5.2 and two volumes of absolute ethanol. After incubation at
-20°C for 1h or overnight, the DNA was pelleted by centrifugation at 21,000 x g,
and the pellet re-suspended in nuclease-free water. The DNA was quantified
using Qubit dsDNA HS Assay kit (Invitrogen) and the quality assessed using
Nanodrop (Thermo Scientific).

The genomic DNA was sequenced by Pacific Biosciences using Single
Molecule Real Time (SMRT) sequencing technology to detect DNA methylation
sites 33, DNA libraries were prepared using the SMRTbell® Express Template
Prep Kit 2.0 and the Barcoded Overhang Adapter kit according to the
manufacturer instructions. Sequencing was performed on a PacBio Sequel
platform using Sequel sequencing kit 3.0. The data were analyzed using the Base
Modification and Motif Analysis module of the SMRT-Link v7.0.1 software to
detect methylation motifs.

Bisulfite library preparation and sequencing was done as previously
described 16. Sequencing results were analyzed using Bismark v0.20.1 3¢ to
identify methylated cytosines. The sequence neighborhood of methylated
cytosines was analyzed using Weblogo 35 to determine the methylation motif.

Raw sequencing data were deposited in Figshare for PacBio
(doi.org/10.6084/m9.figshare.17295215) and for Bisulfite (doi.org/10.6084/
m9.figshare.17295212) sequencing.
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3.4.7. Construction of motif-containing conjugative plasmids

Synthetic constructs (Integrated DNA Technologies) of tetracycline-
regulated YFP and a motif-adaptable module (MAM) (Sup. Table S4) were
introduced into pSEVA_331 by restriction cloning. Putative DISARM motifs were
removed from the backbone sequence of pSEVA_331 by replacing these regions
with synthetic constructs (Sup. Table S4). For this, pPSEVA_331 and the synthetic
constructs were amplified using primers in Sup. Table S3 and Q5 DNA
Polymerase (New England Biolabs), and cloned by restriction digest using the
enzymes indicated in Sup. Tables S3 and S4, giving rise to plasmid pCONJ.
Plasmids pCONJ_1 to pCONJ_8 (Sup. Table S2) were created by cloning
synthetic constructs (Sup. Table S4) containing different motif combinations into
the MAM regions of pCONJ using restriction digest as above. All plasmid
constructs were confirmed by sequencing (Macrogen) and transformed into Z. coli

BL21-AlL

3.4.8. Conjugation efficiency

The Z. coli strain S17-1 containing variants of the plasmid pCONJ (Sup.
Table S2) was used as the donor strain. Cells were grown to early exponential
phase (ODgoo nm of 0.2-0.3) and, if necessary, induced with IPTG and L-arabinose,
and grown for 90 min at 37 °C and 180 rpm. Approximately 5x108 cells of both
donor strain and the DISARM or wild-type strain (recipient) were spun down and
re-suspended in 5 ml of fresh LB media. The strains were combined in equal
counts in a final concentration of 1x108 CFU/mL. After gently mixing, cells were
pelleted at 2,000 X g for 10 min at room temperature, and incubated at 37°C for
4 h without shaking. The cell mixture was plated onto LBA plates containing
different antibiotics to determine the proportion of recipient cells that acquired
the plasmid from the donor strain. Conjugation efficiency was estimated as the
ratio of plasmid-acquisition events versus the total number of recipient strain

cells.
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3.4.9. Statistical analysis

The average values of three biological replicates were reported in the
result and supplementary sections. Unpaired two-tailed t Test and one-way
analysis of variance (ANOVA) with Dunnett’s post-hoc multiple comparison test
were used to compare the means between groups. Confidence intervals were set
at 95% (* = p < 0.05; ** = p < 0.001; *** = p < 0.0001). Statistical analysis was

performed using GraphPad Prism version 5.0 for Windows.

3.4.10. Data availability

Raw sequencing data were deposited in Figshare and can be accessed at
doi.org/10.6084/ m9.figshare.17295215 for PacBio data and doi.org/10.6084/
m9.figshare.17295212 for Bisulfite data.
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3.6. Supplementary material

3.6.1. Supplementary figures
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Supplementary Figure S1. Effect of phages on the growth curve of DISARM (+) or DISARM (-)
strains. (A) Siphophage Lambda, (B) Myophage Shinka, (C) Podophage T3, and (D) Myophage T4.
Lines and filled areas indicate average and standard deviation of three independent replicates,

respectively.
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Supplementary Figure S2. Growth of DISARM induced (DISARM +) and non-induced (DISARM
-) strains compared to the wild-type strains. Line and filled areas within dotted lines indicate

average and standard deviations of three independent replicates, respectively.
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Supplementary Figure S3. Effect of Class 1 DISARM on phage replication over time. (A) Phage
phiX174. (B) Phage MS2. Bacterial cultures of DISARM (+) or DISARM (-) strains were infected
with phage at an MOI of 106 and the titer determined at selected time points.
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Supplementary Figure S4. Effect of Class 1 DISARM components on protection against T1 phage
infection. (A) Efficiency of plating (EOP) of siphophage T1 on strains containing the modified
DISARM system (DISARM (-) strain), normalized to the DISARM strain. (B) Titer-fold increase
of siphophage T1 upon propagation in cultures of strains containing the complete or modified
DISARM system. Graphic represents the time point at which maximum effect on phage
replication was achieved. Bars depict the average and standard deviation of three independent
replicates. Statistical significance was determined by one-way ANOVA+ with Tukey post-hoc test

and is represented as *, ** or *** for p < 0.05, 0.01 or 0.001, respectively.
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Supplementary Figure S5. Effect of Class 1 DISARM components on protection against phage
infection. Efficiency of plating (EOP) of myophage Nami (top), podophage T7 (mid), and

siphophage T1 (bottom) on strains containing the DISARM system with deletions of genes drmA,
drmB, drmC, normalized to the DISARM (+) strain.
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Supplementary Figure S6. Conjugation efficiency of plasmid pCONJ with variable amount of
DISARM motifs. (A) Conjugation efficiency of plasmid pCONJ without motifs in DISARM induced
(DISARM+), non-induced (DISARM -) and control strains. (B) Conjugation efficiency of plasmid
pCONJ with variable amounts of unmethylated motifs ACACAG (dark green) and/or MTCGAK

(light green) into the recipient control strain.
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Supplementary Figure S7. Effect of DISARM on bacterial growth. Lines and filled areas within
dotted lines indicate average and standard deviations of three independent replicates,

respectively.
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3.6.2. Supplementary tables

Supplementary Table S1. Bacteriophage features and host strains.

Phage Replication Infection Genetic Relevant genotype | Source
strain type material

T1 BL21 Lytic cycle dsDNA dam+, dem- DSMZ

T3 BL21 Lytic cycle dsDNA dam-, dem-, DSMZ

ocr+ (demethylase)

T4 BL21 Lytic cycle dsDNA dam+, dem-, Elizabeth Kutter’s Lab

hmce+, gle-hme+

T7 BL21 Lytic cycle dsDNA ocr+ (demethylase) | Ian Molineux’s Lab
Lambda-vir BL21 Lytic cycle dsDNA dam-, dem- Elizabeth Kutter’s Lab
Nami Ci2 Lytic cycle dsDNA dam-, dem-, hmc+, Brouns Lab collection
Shinka Ci2 Lytic cycle dsDNA dam+, decm-, hme+, | Brouns Lab collection
PhiX174 C3000 Lytic cycle ssDNA dam-, dem- DSMZ

M13 IM109 Chronic ssDNA dam-, dem- New England Biolabs
MS2 WG5 Lytic cycle ssSRNA dam-, dem- DSMZ
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Supplementary Table S2. List of plasmids used in this work.

Name in this Plasmid Insert Backbone Marker Size (bp)
study name
pDIS 1 pTU497 drmMII pET52_duet Ampicillin 6,165
pDIS 2 pTU496 drmD, drmMI pCOLA_duet | Kanamycin 10,818
pDIS 3 pTU495 drmA, drmB, drmC pCDF_duet Streptomycin 10,276
pDIS 4 pTUS01 drmMII, drmMI pCOLA_duet | Kanamycin 8,777
pDIS 5 pTU498 drmA, drmB, drmC* pCDF_duet Streptomycin 10,285
pDIS 6 pTU499 drmA, drmB*, drmC pCDF_duet Streptomycin 10,285
pDIS 7 pTUS00 drmA¥*, drmB, drmC pCDF_duet Streptomycin 10,285
pCONJ_0 pTUS03 None PSEVA331 Chloramphenicol | 4,522
pCONIJ_1 pTU504 2x ACACAG pSEVA331 Chloramphenicol | 4,517
pCONJ_2 pTUS05 2x MTCGAK pSEVA331 Chloramphenicol | 4,522
pCONIJ_3 pTU506 10x ACACAG pSEVA331 Chloramphenicol | 4,524
pCONIJ 4 pTUS507 10x MTCGAK pSEVA331 Chloramphenicol | 4,519
pCONIJ_5 2x ACACAG +2x pSEVA331 Chloramphenicol | 4,519
PTUS08 MTCGAK
pCONIJ_6 10x ACACAG +10x PSEVA331 Chloramphenicol | 4,519
pTUSII MTCGAK
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Supplementary Table S3. List of primers used in this work. Underlined the restriction site used

for each primer. fw, forward primer; rv, reverse primer.

Name Sequence (5°-3%) Description fw/rv
BN861 | TARGGAGATATACCATGACTGATAACAACAAATCTAG fw
CI drmA,B,C in pCDF-Duet
BN1585 | CTGCGCTAGTAGACGAGCTTAGCCAAGAATCAAAACGAT one drm mp e
CGC v
BN860 | GGTAAGGAGATATACCATGGAAATTTCTAATACACCTGA .
TATCC w
Clone drmD,MI in pCOLA-Duet
BN2313 | GCCTAGGTTAATTAAGCTGGCAGCAGCCTAGGTTAATTA
AGCTGCGCTAG v
BNI219 | ACTTTAAGAAGGAGATATACCATGAAGAAAGTATCTTGT .
GTCG W
Clone drmMII in pET-Duet
BN2082 | GCAGCAGCCTAGGTTAATTAGTCATTCCACAGTGACCAT
ATTCAC v
BN1052 | ATTTTGTTTAACTTTAAGAAGGAGATATACCATGAAGAA .
AGTATCTTGTGTCG W
Clone drmMII in pCOLA-Duet
BN1053 | TAGTTATTGCTCAGCGGTGGCAGCAGCCTAGGTTAATTA
GTCATTCCACAGTGACCATATTC v
BN1056 | TATATATACATATGATGAGTATGGCCAGCATACACG fw
Clone drmMI in pCOLA-Duet
BN1057 | ATATATATCTCGAGTTAGTTCGCACCATCAGACAAATC v
BN1539 | ACTTACATTCGCGAACTGCTG , fw
Insert early stop codon in drmA of
BN1540 | TTATCATTATTGATCCTCGATCTTTGGTATGTCTG pTUA495 to create pTU498 v
BN1542 | GCTGCTGTGCGAAAGGTATTAG ' fw
Insert early stop codon in drmB of
BN1543 | TTATCATTAAAGAAGCCGGGCCTCTTGA pTU495 to create pTU499 v
BN1545 | GAAAAGATACAAGCGATCGCTGGC , v
Insert early stop codon in drmC of
BN1546 | TTATCATTAAGGAGAAACCAGACAAACTAGCTC pTU495 to create pTUS00 v
BN2208 | ATATATATGGATCCGTCTATCGGCATATGGTCAA ] . fiw
- Amplify No-site module to clone
BN2209 | ATATATATGGATCCATATATCCTTTCGCCCGTCC with BamHI v
BN2218 | ATATATATGGTACCGTCTATCGGCATATGGTCAA ‘ . v
Amplify No-site module to clone
ith Kpn and Not
BN2393 | ATATATATGCGGCCGCATATATCCTTTCGCCCGTCC with Kpnl and Not v
BN2228 | ATATATATACTAGTCCGCATGGGCAATACGAGGT ) ‘ fw
I Amplify 2 A-site module to clone
ith Spel and BamHI
BN2248 | ATATATATGGATCCAGCGGCATGGGTGACGGTTT with Spel and Bam v
BN2230 | ATATATATACTAGTTAACCTAACGGTAAGAGGCT fw
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BN2250 | ATATATATGGATCCTAAAGATTCATGTTAGTCCA Amplify 10 A-site module to clone |
with Spel and BamHI
BN2228 | ATATATATACTAGTCCGCATGGGCAATACGAGGT fw
I Amplify 2 A-site module to clone
with Spel and Sphl
BN2396 | ATATATATGCATGCAGCGGCATGGGTGACGGTTT v
BN2230 | ATATATATACTAGTTAACCTAACGGTAAGAGGCT fv
- Amplify 10 A-site module to clone
with Spel and Sphl
BN2397 | ATATATATGCATGCTAAAGATTCATGTTAGTCCA v
BN2220 | ATATATATGGTACCTTTGAATACCTTATATTATT fw
- Amplify 2 C-site module to clone
BN2394 | ATATATATGCGGCCGCCTGGTGACCGGTAGGTGTAC with Kpnl'and Notl v
BN2222 | ATATATATGGTACCGCGGATGGCGTTACAACTTT ) ) fiv
- Amplify 10 C-site module to clone
BN2395 | ATATATATGCGGCCGCACGGTCAGATTAGGCCCATG with Kpnl and Notl v
BN2214 | ATATATATGGATCCTAACCGGCAATAATGCGC } i
- Amplify pCONJ to insert modules v
BN2215 | ATATATATGGATCCTACCAAATGCGGGACAAC using BamHI fw
BN2226 | ATATATATGGTACCGAACATTGCGTTGCCTTG } i
I Amplify pCONJ to insert modules v
BN2390 | ATATATATGCGGCCGCAATGATGTCGTGGAACGTC using Kpnl and Notl fw
BN2234 | ATATATATACTAGTGAACATTGCGTTGCCTTG ) )
I Amplify pCONJ to insert modules v
BN2391 | ATATATATGCATGCAATGATGTCGTGGAACGTC using Spel and Sphi fw
BN2232 | ATATATATACTAGTTAACCGGCAATAATGCGC } )
- Amplify pCONJ to insert modules v
BN2215 | ATATATATGGATCCTACCAAATGCGGGACAAC using Spel and BamHI fw
BN224]1 | TATATATATAAGGCGCGCCGAAGGCGTG v
Amplify pSEVA331 backbone to
BN2242 | TATATATATAACCGGTTATACCACCGTTGATATATCCCA | clone Gblocks using Agel and Ascl fw
ATGGC
BN2243 | ATAATATCGGCGCGCCTC . . fw
- Amplify Gblock 1 to clone using
BN2244 | GACAGTCTGACAAGCTTCG Asel and HindIII v
BN2245 | TATATATAGCGAAGCTTGGATAATTCC ) |
- Amplify Gblock 2 to clone using v
BN2246 | TGAAAATAACCGGTGATTTTTTTCTC HindIIT and Agel v
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Supplementary Table S4. List of synthetic constructs used in this work, with cloning sites
underlined and DISARM motifs in bold. Motifs in italic represent complementary sites for the
non-palindromic site ACACAG.

Name

Description

Sequence

Gblock 1

Sequence modification
to replace putative
DISARM motifs in
backbone sequence.
Cloned using Ascl and
HindIII

ATAATATCGGCGCGCCTCCCCCTCCGGCAAAAAGTGGCCCCTCCGGGGCTTG
TTGATGGACTGCGCGGCCTTCGGCCTTGCCCAAGGTGGCGCTGCCCCCTTGGA
ACCCCCGCACTCGCCGCCGTGAGGCTCGGGGGGCAGGCGGGCGGGCTTCGCCC
TTGGACTGCCCCCACTCGCATAGGCTTGGGTCGTTCCAGGCGCGTCAAGGCCA
AGCCGCTGCGCGGTCGCTGCGCGAGCCTTGACCCGCCTTCCACTTGGTGTCCA
ACCGGCAAGCGAAGCGCGCAGGCCGCAGGCCGGAGGCTTTTCCCCAGAGAAAA
TTAAAAAAATTGATGGGGCAAGGCCGCAGGCCGCGCAGTTGGAGCCGGTGGGT
ATGTGGTAGAAGGCAGGGTAGCCGGTGGGCAATCCCAGTGGTCAAGCTCGTGG
GCAGGCGCAGCCTGTCCATCAGCTTGTCCAGCAGGGTTGTCCACGGGCCGAGC
GAAGCGAGCCAGCCGGTGGCCGCTCGCGGCCATCGTCCACATATCCACGGGCT
GGCAAGGGAGCGCCGCGACCGCGCCGGGCGAAGCTTGTCAGACTGTC

Gblock_2

Sequence to insert the
YFP and MAM into the
backbone sequence.
Cloned using HindIIT
and Agel

TATATATAGCGAAGCTTGGATAATTCCTAATTTTTGTTGACACTCTATCGTT
GATAGAGTTATTTTACCACTCCCTATCAGTGATAGAGAAAAGAATTCAAAAGA
TCTAGGAGGAAAAAAATGGTGAGCAAGGGCGAGGAGTTGTTCACCGGGGTGGT
GCCCATCCTGGTTGAGCTGGACGGCGACGTAAACGGCCACAAATTTTCCGTGT
CCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGCTGATC
TGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTGGG
CTACGGCCTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAACACGACT
TCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTC
AAGGACGACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTTGAGGGCGACAC
CCTGGTGAACCGCATTGAACTGAAGGGCATTGACTTCAAGGAGGACGGCAACA
TCTTGGGGGCCCAAGCTGGAAGTACAACTACAACCGCCACCACGTCCATATCA
CCGCCGACAAGCCGAAGAACGGCATCAAGGCCAACTTCAAGATCCGCCACCAC
CTCAAGGACGGCGGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCCAT
CGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTAAGTAAGGATCTCC
AGGCATCAAATAAAACGAAAGGCTCAGTTGAAAGACTGGGCCTTTCGTTTTAT
GAGCAAGCCCGTAGGGGCCAGTCTAGCTTCAAGTATGACGGGCTGATACTGGG
CCGGCAGGCGCTCCATTGCCCAGTCGGCAGCGACATCCTTCGGGCGCATTATT
GCCGGTTACTGCGCTGTACCAAATGCGGGACAACGTAAGCACTACATTTCGCT
CATCGCCAGCCCAGTATCTGATGCACGGGCGGCGAGTTCCATAGCGTTAAGGT
TTCATTTAGCGCCTCAAATAGATCCTGTTCAGGAACCGGATCAAAGAGTTCCT
CCGCCGCTGGACCTACCAAGGCAACGCAATGTTCTCACGGAATGATGTCGTGG
AACGTCAACAATGGTGACTTCTACAGCGCGGAGAATCTCGCTCTCTCCAGGGG
TTGCTTTTGTCAGCAAGAGCCCAGCAGTTTAATTAAAGCGGATAACAATTTCT
CTCGGGAGGCCGCCTAGGCCCGTCGTGACTGGGAAAACCCTGGCGACGTGGGT
CCCCAATAATTACGATTTAAATTGGCGAAARATGAGACGTTGATCGGCACGTAA
GAGGTTCCAACTTTCACCATAATGAAATAAGATCACTACCGGGCGTATTTTTT
GAGTTATGGAGATTTTCAGGAGCTAAGGAAGCTAAAATGGAGAAAAAAATCAC
CGGTTATTTTCA

Gblock_3

Module containing No
motifs (for control)

GTCTATCGGCATATGGTCAATTTGAGTGTCCGGAGGCGGAAATCCGCCACGA
ATGAGAATGTATTTCCCCGACAATCATAATGGGGCGCTCCTAAGCTTTTCCAT
TGGTTGGGCCGGCTAGGCCATCATCTGCCCGGAGTTTCGGCGCACTGCTGCCG
ACATGCCGGGCATTGTTTTAGGGGCGTTATTCTTGAGGGCACTCGGAGCTAAT
TTGTCGCGACCAGCCGGGGTAGTCATCGGGCTTATACACGAAAAGCCCATGTA
TCCGTTTCCACGTATGGAACGTCTTTAGCTCCGGCAAGCAATTAAGAACAACG
CAAGCGGGACGGGCGAAAGGATATAT

Gblock 4

Module containing 2 C
motifs

TTTGAATACCTTATATTATTCATCGCGGATATAAACATGAGAAACGGCCGAA
TACACCATGTTCGTATCGTATCGGTAAATACCTCGCGTAGCCATGTGCCATAT
GGTTGCGATCGATTGGTTATGCATATGGTCCACATGGACACTCTTCGCTTCCG
GGTATGCGCTATATGTGACGGTCTTTAGGCGCACTGATGCTCATGCTCGAGTT
AAACCAACCGACACCAGATCATGTAAGGTCCGCCACGCATGACGACATGCCCA
CGGAGATCACCGACCGATCTATCTGATCGGCGACCATTTGTGTGTTACTGGGG
CGGAGGCTGGTGACCGGTAGGTGTAC
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Gblock 5

C motifs

Module containing 10

GCGGATGGCGTTACAACTTTCCTTAATGGCTCTTGGGCCGCGGTGCGTGACC
TTGCAGGAATTGACTCGAGCCGTTAATTTCCCTTGCATACAATCGATGTTTTT
TTGTCTTTTTATCCGCTTCTCGAGATAAGAGTGACATACTTCTTAATCGATCG
CCTCCGTACACATGTACGATCGCTCGAGCCATGAGAATAGGTATACCATGTAT
CGATGTGAGCAACGAAAGCCTAAACGGGACTCGAGCGGCCAAAAGTCGGTGCG
AATTCGAGTCATCGATATGTTGGTCTGGCTATGATCTACCTCGAGCAGGCGTT
ACGACGGTCAGATTAGGCCCATG

Gblock_6

motifs

Module containing 2 A

CCGCATGGGCAATACGAGGTCGTCTGCTCTGGTCAGCCTCTAATGGCTCGTT
AGATAGTCTAGCCGCTGGTAATCACATGACCTCGTCTCCCCATTGGTGCTACG
GCGATTCTTGGAGACACAGGCTGCGATCGCTAATGTGAGGACATGTGTAATAT
TAGCCTGTGTTAAGTCCCCAATGGTTGTGGCCTTTTGAAAAGTGAACTTCATA
ACATATGCATGTCTCACGCACATGGATGGTTTGGACAAATTTGATTCAAGTCT
GATCAACCTTCACACATGATCTAGAATCAAAAGCATGATCTCCCGGGTGCGAA
ATAAGCGGCATGGGTGACGGTTT

Gblock 7

A motifs

Module containing 10

TAACCTAACGGTAAGAGGCTCAAAATACTACGTAACACACAGGACTGCGACG
TTCTAAACTGTGTTCCGTCTGAACCGCCATCCATGGATCACACACAGCCGAAA
AAAAGATATCAGGAACTCTGTGTCTCACATCGGTCATATGGAAACTACATGGA
CACAGCTTCCTGGCAACCGGGGGGTGGTAATCCGCTGTGTATGAGAAGGTATT
TGCTCAATAATCAACACAGCAGGCATCTAACTTTTCCCATGCCCTGTGTCGGC
TTGCCCATTTTGCCATGTAACACAGTTAGGACTCGCGCCAACGCGCACTGTGT
ATTCGGTAAAGATTCATGTTAGTCCA

Supplementary Table S5. Methylated sites of the strains, determined by methylation-sensitive
sequencing. m6A refers to ACACAG sites and 5mC to MTCGAK sites.

Strain DISARM | Number of Ratio of Number of | Ratio of Number of Ratio of
genes moOA sites moOA sites SmC sites SmC sites | GmATC sites | GmATC sites
detected (%) detected (%) detected (%)
37377

WT - 0 0 0 0 99.9
drmMII,
drmD,

DISAR | drmMI,

M i ) 929 84.3 1201 67 37359 99.9
drmB,
drmC

DrmMII- | drmMII,

DrmMI drmMI 815 73.9 794 36 37374 99.9

DrmMII | drmMIL 0 0 234 34 37375 99.9

DrmMI drmMI 619 56.1 0 0 37375 99.9
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Supplementary Table S6. Methylation motifs found in phages and bacterial strains.

%

0,

Number ACAC Expect Number % Expect Numbe % Expect
Phage/ ed ed TCGA
bacterial Genome of AG |\ cac of MTCGAK |\ ye | rof sites ed

. size (bp) | ACACA sites MTCG | sites per 100 = TCGA TCGA

strain . AG " AK < per <

G sites per 100 - AK sites kb . sites sites

kb sites sites 100 kb

Tl 48,836 12 147 12 10 164 12 202 1,655 191
T3 38,209 12 188 9 8 167 9 134 1,403 149
T4 168,903 36 128 41 24 114 41 312 739 660
T7 39,937 18 270 10 8 160 10 111 1,112 156
Lambda-vir 48,502 19 214 12 10 165 12 121 998 189
Nami 165,679 33 120 40 26 126 40 311 751 647
Shinka 162,160 37 137 40 21 104 40 281 693 633
M13 7,222 1 83 2 2 222 2 11 1,218 28
PhiX174 5,386 1 (rev®) 111 1 1 149 1 10 743 21
Ssgg‘ll’ia P | 5,034,688 717 85 1,229 1,399 222 1229 | 24114 | 1916 | 19,667
Serratia 67,208 19 170 16 37 440 16 263 1,565 263
plasmid
Serratia
ATCC 39006 4,971,757 1783 221 1,214 946 152 1,214 13,376 1,076 19,421
E. coli Dh5a 4,583,637 1,132 148 1,119 1,001 175 1,119 15,292 1,334 17,905
Ifl coli BL21- 4,530,564 1,106 146 1,106 993 176 1,106 14,937 1,319 17,698
E. coliK12 4,641,652 1,150 149 1,133 1,013 175 1,133 15,462 1,332 18,131
IM109
E. coli 4,661,885 1,159 149 1,138 108 19 1,138 15,409 1,322 18,210
JM109(DE3) HOh ’ ’ ; ; ; >
E. coli C3000 4,617,024 1,134 147 1,127 1,010 175 1,127 15,575 1,345 18,035
E. coli WG5 4,592,887 1,127 147 1,121 1,002 175 1,121 15,449 1,345 17,941

arev: site present in complementary strand of the ssDNA phage genome
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Abstract

In the evolutionary arms race against phage, bacteria have assembled a diverse arsenal of
antiviral immune strategies. While the recently discovered DISARM (Defense Island System
Associated with Restriction-Modification) systems can provide protection against a wide
range of phage, the molecular mechanisms that underpin broad antiviral targeting but
avoiding autoimmunity remain enigmatic. Here, we report cryo-EM structures of the core
DISARM complex, DrmAB, both alone and in complex with an unmethylated phage DNA
mimetic. These structures reveal that DrmAB core complex is autoinhibited by a trigger loop
(TL) within DrmA and binding to DNA substrates containing a 5° overhang dislodges the TL,
initiating a long-range structural rearrangement for DrmAB activation. Together with
structure-guided in vivo studies, our work provides insights into the mechanism of phage

DNA recognition and specific activation of this widespread antiviral defense system.
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4.1. Introduction

The threat of bacteriophage has driven bacteria to evolve a myriad of
antiviral defense systems, capable of targeting phage at various stages of
infection and replication -2, The first lines of antiviral defense are typically rapid,
broad, innate immune responses that include preventing phage adsorption 3,
degrading foreign DNA using restriction-modification (RM) systems 4, or
ultimately host cell destruction through abortive infection (Abi) systems 1.
Adaptive immune responses (including CRISPR-Cas systems) provide a highly-
specific and long-term antiviral protection ¢, A number of recently discovered
anti-phage systems have expanded the arsenal of defense tools used by microbes
in the arms race against phage 9.

RM systems are the most highly abundant bacterial defense system,
found in ~75% of all bacterial genomes 1°. They often consist of DNA
methyltransferase, restriction endonuclease, and target recognition modules.
The vast majority rely on sequence-specific DNA methylation, which is
recognized by and rapidly degraded by specific nucleases, allowing for self-
versus-non-self discrimination to avoid autoimmunity. However, phage have
adapted to evade such systems by either evolving to lack the restriction site
sequences required for DNA cleavage, or carrying their own epigenetic
modification to prevent being targeted 411

The largely uncharacterized DISARM (Defense Island System Associated
with Restriction-Modification) systems are widespread in bacteria 7. The
DISARM operon typically contains a DNA methyltransferase (DrmMI and/or
DrmMII that methylate adenine and cytosine, respectively) along with a helicase
(DrmA), a DUF(domain of unknow function)1998-containing protein (DrmB), a
phospholipase D (PLD) domain nuclease (DrmC), amongst additional auxiliary
genes 7 (Fig. 1a). DUF1998 domains are common in various defense systems
including Druantia 8 and Dpd 12, suggesting a common role in antiphage activity.
While the presence of methyltransferase and nuclease genes within the DISARM
operon hints that this system behaves akin to other RM systems, DrmC appears
to be non-essential for DISARM activity, and DISARM can still restrict phage
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that lack methylation target sequences !3. Thus, the molecular mechanisms
underlying phage targeting remain unclear.

Here, we report cryo-EM structures of DrmA:DrmB (DrmAB) in the
presence or absence of target DNA, revealing the arrangement of conserved RecA
helicase domains relative to the DUF1998 domain. /n vivo studies of structure-
guided DrmAB mutants demonstrate that ATP hydrolysis, DNA binding, and
DrmAB heterodimer formation are essential for phage targeting by DISARM. We
observe that DrmA contains an unstructured trigger loop that partially occludes
the DNA-binding surface on the complex. This loop limits DNA binding for
dsDNA and allows DrmAB to discriminate between targets based on DNA
structure rather than DNA sequence as a mechanism of self-versus-non-self-
discrimination. DNA loading induces long-range conformational changes likely
associated with DISARM activation. Our results elucidate how DISARM systems
can provide broad antiphage activity, while avoiding autoimmune activation and
reveal key molecular mechanisms that underpin rapid DISARM activation upon

phage infection.
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4.2. Results

4.2.1. Cryo-EM of DrmAB complex

We purified the Serratia sp. SCBI (Serratia) DrmAB complex after co-
expression of DrmA and DrmB in Z. co/i. SDS-PAGE analysis of the peak fraction
from size-exclusion chromatography confirmed the presence of both DrmA and
DrmB, in a ~1:1 stoichiometry (Sup. Fig. 1). Candidate nuclease DrmC did not
co-purify with DrmAB when co-expressed, supporting the notion that it does not
constitute part of the core DISARM complex 7. To capture the DrmAB complex
bound to a phage single-stranded DNA mimic, we incubated DrmAB with an
unmethylated forked DNA substrate in the presence of ADP. DrmAB:ADP:DNA
complex formation was confirmed by native electrophoretic mobility shift assays
(Sup. Fig. 1).

We used cryo-EM to investigate the architecture of the DrmAB:ADP:DNA
complex. During data collection we observed that the complex adopts a preferred
orientation in vitreous ice, which was ameliorated through collecting additional
data at a -30° tilt. Multiple rounds of classification resulted in a 3D reconstruction
of the complex at a nominal resolution of 2.8 A and focused 3D classification
improved densities corresponding to DNA and the N-terminus of DrmB. Notably,
we were able to separate DNA-bound from DNA-free particles through focused
3D classification, ultimately yielding 3D reconstructions of DrmAB:ADP:DNA
and DrmAB:ADP at nominal resolutions of 3.3 and 3.4 A, respectively (Sup. Fig.
2). Between these two structures, we determined atomic models that account for
>98% of the total residues of the ~220 kDa protein components, with an additional
seven nucleotides of DNA in the DrmAB:ADP:DNA complex (Sup. Fig. 3).

4.2.2. Architecture of DrmAB nucleoprotein complex

The DrmAB complex exhibits a bi-lobed architecture, resembling a
partially open clam shell (Fig. 1b-¢). The top lobe contains the RecAl domain of
DrmA, while the bottom lobe contains the DrmA RecA2 domain and the entirety
of DrmB.
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As expected for a superfamily 2 (SF2) helicase, DrmA contains tandem
RecA modules (residues 600-1150) that form an active site for ATP-binding and
hydrolysis and DNA loading. The N-terminal half of DrmA acts as a structural
chassis, holding these two helicase motor domains in place, and forming an
interface with DrmB. While RecA1l and RecA2 have high structural similarity to
many other SF2 helicase domains (Z-score >14 for more than 10 other helicase
structures 14), no other regions of DrmA were found to have significant structural
homology to known protein domains. The solvent-exposed interface between the
tandem RecA domains forms the nucleotide-binding site, while the bound DNA
straddles these domains within the heart of the complex (Fig. 1b-c). Only four of
the seven deoxynucleotides observed within our structure are solvent-exposed,
with  the remaining three bases deeply buried within the
DrmA(RecA1,RecA2):DrmB interface.

DrmB contains a C-terminal DUF1998 module, a domain often enriched
within bacterial genomic defense islands 7-15. DUF1998 domain sits towards the
back of the complex, predominantly buried within DrmB, positioned towards the
interface between the two RecA domains of DrmA. Like other proteins containing
DUF1998 domains, DrmB contains the predicted zinc-coordinating four cysteine
motif (C559,565,581,584, Sup. Fig. 4). 1617, Surprisingly, we also observed an
additional four putative coordinated metal ions at highly conserved sites within
DrmB (Sup. Fig. 4). While it is not possible to unambiguously determine the
identity of these ions, based on the coordinating residues Zn2?* is a strong
candidate 8.

This raises the possibility that DrmAB may utilize these three highly
conserved metal ion coordination sites to sense changes to cellular redox
potential, triggered by environmental stresses such as phage infection, as has
recently been demonstrated for the type III-A CRISPR system within Serratia 19-
22, Alternatively, these clusters may play a structural role, enabling proper

folding of DrmB, as is the case for the DUF1998-containing StfH protein 17,
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a DISARM core complex
L 1
DrmMIl DrmD DrmMI DrmA R DrmB  DimC
5 0 S
Trigger loop RecA1 RecA2 DUF1998
b 5 (HARD)
TSRy

TCATCGATGAGCACTGCTATT
AGTAGCTACTCGTGACGAT o

8 TTTTGGCGAGTAGCTACTTTT

Figure 1. Architecture of the DrmAB:ADP:DNA complex. a) Serratia sp. DISARM operon.

Conserved DISARM core components DrmA and DrmB are colored by structural domains.

Presence of DrmA trigger loop (residues 176-232) is mutually exclusive with DNA-binding and is
denoted by a dashed box. b) DNA substrate used for structure determination. Seven 5’ bases that
are present in our structure are highlighted blue. ¢) Cryo-EM reconstruction of DrmAB:ADP:DNA
complex colored as in (a). ssDNA is shown in blue and ADP in green. d) Atomic models built into

the cryo-EM map (b).
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Multiple interaction surfaces contribute to the stabilization of the DrmAB
complex, with a total buried surface area of ~4,000 Az, Most notably, the C-
terminus of DrmA (residues 1296-1319) wraps around the entirety of the N-
terminus of DrmB (Fig. 1b-c), with a total buried surface area of ~1,850 A2,
Additionally, the DrmB DUF1998 domain mediates ~1,230 A2 of surface contacts
with DrmA (Fig. 1d). DUF1998 is positioned towards the interface between the
two RecA domains of DrmA but makes limited contacts with both (~130 and ~110
A2 buried surface area with RecAl and RecA2, respectively). RecA2 makes
additional surface contacts with the N-terminus of DrmB (482 A2). Based on this
network of inter-subunit interactions, we hypothesize that DUF1998-containing
DrmB may act as a modulator of DrmA helicase activity. This is supported by the
observation that DUF1998 domains are frequently associated with helicase

domain-containing proteins, either as adjacent genes or as C-terminal fusions 15.

4.2.3. DNA binding by DrmAB

The DNA-bound DrmAB complex includes a 7-mer ssDNA segment (Fig.
2a). While this is only a fragment of the DNA used for complex assembly,
comprising a 19-bp duplex with a 5-nucleotide hairpin on one end and a 7-
nucleotide 5 tail and a 21-nucleotide 3’ tail on the other end, we attributed this
to the flexibility of DNA that does not make direct contact with the complex. We
tested [the possibility of DrmAB requiring a 7-nt overhang to bind DNA] this by
measuring the binding of DrmAB to DNA substrates with various 5 overhang
lengths. We observed binding of DrmAB to a 7-nt 5 ssDNA overhang, and
minimal binding to substrates with fewer than 7-nt overhangs (Sup. Fig. 1e).

DrmA has multiple interactions with the backbone of the DNA, mostly
electrostatic contacts between positively charged side chains and DNA phosphate
groups (Fig. 2b-¢). Such non-specific electrostatic DrmAB:DNA contacts provide
the molecular basis for the previously observed broad anti-phage targeting by
DISARM 7. Since conventional RM systems require recognition of specific DNA
sequence motifs for nuclease activity, they can be easily evaded through phage

evolving escape mutations 1123, However, by lacking sequence preferences for
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DNA binding, DISARM can provide effective anti-phage defense in the absence
of a particular restriction site.

To address the functional relevance of these interactions, we mutated
various DNA-interacting residues within DrmA (K803, R1294, R659, R810) to
alanine. All four mutants showed reduced anti-phage protection in vivo (Fig. 2d).
Together, these data underscore the functional role of DrmA as the DNA-
targeting arm of the complex and provide the mechanism of targeting a wide
range of phage by DISARM. Overall, the non-specific interactions between DrmA
and DNA provide a structural basis for broad phage targeting by DISARM.

4.2.4. ATPase activity is critical for DISARM function

We observed strong density corresponding to ADP within our DNA-bound
(Fig. 2e) and DNA-free maps, both of which were at the interface between the
RecAl and RecA2 domains, the canonical ATP-binding site of SF2 helicase
domains. While the RecA domains of DrmA suggest that it is a helicase, the
impact of its helicase activity on anti-phage targeting is poorly understood. We
mutated four ADP-interacting residues to test their impact on DISARM activity.
All four mutants showed reduced DISARM activity against a broad range of
phage in vivo. This confirmed that in addition to DNA binding, ATP hydrolysis
by DrmaA is essential for DISARM activity. This is similar to type I RM systems,
which encode a DEAD-box helicase domain protein that drives DNA
translocation upon recognition of an unmethylated restriction site 1024, Akin to
DrmAB, ATP-dependent DNA translocation is essential for type I RM system
activity 25, However, it is unlikely that these two antiphage systems share a
common DNA degradation mechanism, since type I RM systems translocate and

cleave dsDNA, while DISARM appears to bind exclusively ssDNA (Fig. 3).
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Figure 2. Both ssDNA and nucleotide cofactor binding are essential for DISARM function.
a) Overall structure of DrmAB:DNA:ADP. Boxes indicate regions featured in panels (b) and (e).
b) Close-up view of DrmA:DNA interactions. No interactions DrmB-DNA are observed.
¢) Schematic of DNA-protein contacts colored by protein domain. d) Effect of mutagenesis of DrmA
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4.2.5. DrmA contains an unstructured trigger loop that partially
occludes the DNA-binding site

Two dominant, distinct populations (~120,000 particles each) emerged
during focused 3D classification; one of which had strong DNA density
(DrmAB:ADP:DNA) and one lacking observable DNA density (DrmAB:ADP).
Comparison of our two maps revealed the presence of a 55-residue loop in DrmA
that is otherwise absent in the DNA-bound structure (Fig. 3a-b). Due to the
flexibility of this loop, we were unable to confidently assign sequence position.
We modeled this region as poly-alanine. To further validate this model, we
determined a structure of DrmAB in the absence of DNA and ADP at a resolution
of 3.8 A (Sup. Fig. 5). Rigid-body docking of our higher-resolution DrmAB:ADP
model revealed density consistent with the presence of this loop (Sup. Fig .5).
Thus, the presence of this loop is mutually exclusive with DNA binding.

After superposition of our two models, we were surprised to observe a
severe steric clash between DNA and this unstructured loop (Fig. 8c) that occurs
at the interface between the 5 DNA end and RecA2. We hypothesized that this
region of DrmA acts as a trigger loop (TL) (residues 176-232) that activates
DrmAB after being dislodged by target DNA. Given that the presence of TL and
DNA are mutually exclusive, we hypothesized that in the absence of single-
stranded DNA, this loop may partially occlude the DNA binding site, preventing
DrmAB from loading onto non-phage (i.e. host) DNA. To study its relevance in
the DISARM mechanism, we created a mutant lacking this loop (DrmA(Aloop)),
removing residues 181-233. Since DrmA(Aloop) maintained its ability to co-purify
with DrmB, and the DrmA(Aloop)B complex eluted at the expected volume
according to size-exclusion chromatography (Sup. Fig. 1a), heterodimer assembly
does not depend on this region of DrmA. We performed native electrophoretic

mobility shift assays to compare binding of DrmAB and DrmA(Aloop)B to fluores-

[Fig. 2]... DNA-. interacting residues on DISARM anti-phage activity. e) Close-up view of
DrmA:ADP interactions f) Effect of mutagenesis of DrmA ADP-interacting residues on DISARM
anti-phage activity. Points correspond to three biological replicates, with mean and standard

deviation shown.
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cently-labelled 75-nt single-stranded DNA (Fig. 3d-e). While DrmAB bound DNA
at concentrations of 1uM or higher, the presence of smeared bands likely
indicated dissociation of DNA from the complex. In contrast, DNA dissociation
from DrmA(Aloop)B bound DNA was not observed. Furthermore, a second super-
shift occurred at protein concentrations of 1uM or higher, likely corresponding to
multiple copies of the complex binding to the DNA concurrently, as observed for
other nucleoprotein complexes 26,

Since TL limits DNA binding, we performed additional binding assays to
determine how this loop affects DNA substrate preferences of DrmAB (Fig. 3f-g).
DrmAB bound to ssDNA and DNA with a 5-overhang (ovh) but did not bind to
dsDNA or DNA with a 3ovh. DrmA(Aloop)B displayed no DNA substrate
preference, binding to ssDNA, dsDNA, and DNA with both a 5ovh and 3’ovh.
Thus, the TL limits structure-specific DNA binding by partially occluding the
DNA-binding surface of DrmAB.

While the methylation modules of the DISARM operon recognize specific
sequences, DISARM targets a diverse range of phage DNA sequences 7. We thus
propose that TL functions as a specificity filter, preventing interactions with
dsDNA and DNA containing 3’ovh. Since DNA would occupy a larger surface on
DrmAB than TL, DNA with a 5ovh would be an ideal substrate for efficiently
competing with TL for loading onto the complex. This may function as a
mechanism for conferring substrate specificity to DISARM and prevent
interactions with bacterial chromosome and other self-DNA, which would likely
result in deleterious autoimmune effects. By relying on DNA structural context
rather than simply DNA sequence, DISARM appears to utilize an alternative
mechanism for avoiding self-targeting to many other nucleic acid-based

antiphage systems 524,
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Figure 3. DrmA trigger loop (TL) partially occludes DNA-binding site. a) & b) Cryo-EM
reconstruction of apo DrmAB (a) and DNA-bound DrmAB (b). Density corresponding to DrmA
trigger loop is shown in pink. DrmAB are colored by structural domains as shown in Fig. 1A. c,
Overlay of DrmAB-bound DNA (blue) and TL (pink) showing the steric clash (dashed black &
white outline). TL partially occludes DNA-binding site. DrmB and parts of DrmA have been
omitted for clarity. Graphic at the top right shows how the view in c is related to the structures
in panels (a &b). d) & e) EMSA analysis of DrmAB and DrmA(Aloop)B binding DNA. The smeared
bands that occur at high concentrations of DrmAB correspond to bound DNA dissociating from
the complex. This did not occur for DrmA(Aloop)B, and an additional super-shift was present,
corresponding to multiple copies of DrmA(Aloop)B binding to the same 75-nt DNA concurrently.
f) & g) DNA substrate preferences of DrmAB and DrmA(Aloop)B. The 75-nt Cy5-labelled DNA
(ssDNA) was annealed to complementary oligos corresponding to the full sequence (dsDNA), or
20 bases at the 5’ or 3’ ends (3’ovh and 5’ovh, respectively). DrmAB showed a preference for ssDNA
and 5ovh DNA, whereas DrmA(Aloop)B bound to all DNA substrates tested. h) Effect of
truncation of TL on DISARM anti-phage activity. Points correspond to three biological replicates,

with mean and standard deviation shown.
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4.2.6. Methylation sensing and DNA-mediated DrmAB activation

We sought to visualize additional conformational changes within DrmAB
associated with DNA loading and complex activation. Within the core DNA-
binding site of DrmAB, continuous cryo-EM density is observed between the DNA
nucleobase at position 3 (T(3), Fig. 2¢) and the side-chain of DrmA(V1296), likely
corresponding to a van der Waals interaction (Fig. 4a). Since this residue is highly
conserved (found in >98% of top 250 DrmA homologs) and is the sole interaction
between DrmAB and a DNA base, we hypothesized that DrmA(V1296) may act
as a sensor for DNA methylation status. Serratia DISARM operon contains both
a 5-cytosine DNA methyltransferase and an N6-adenine DNA methyltransferase
gene which target ACAC(mA)G and YMT(mC)GAKR motifs, respectively (Fig.
la), which may constitutively methylate the host genome to allow distinguishing
self (i.e. methylated) from non-self (i.e. unmethylated) phage DNA, akin to RM
systems 711,

Further analysis of our structure revealed that DrmA(V1296) is in close
contact with the faces of the DNA nucleobases, tightly wedged between DNA
positions 3 and 4. Modeling this position as a bulky tryptophan (Y) side-chain
showed severe steric clashes, and this mutant rendered DISARM unable to
protect against phage in our in vivo assay (Fig. 4b). We then tested the in vivo
antiphage activity of DISARM with a glycine at this position (DrmA(V1296G)),
which would no longer contact DNA nucleobases. This also resulted in severely
reduced DISARM activity, supporting the notion that V1296 plays a critical role
in DNA recognition (Fig. 4b). We propose that since this interaction is critical to
DISARM function, differences in DNA methylation status may perturb this
interaction, providing a structural mechanism for enabling DISARM to
differentiate between self- and non-self DNA and preventing autoimmune
targeting.

To further test this hypothesis, we performed ATPase assay of DrmAB in
the presence and absence of methylated and unmethylated DNAs. In the absence
of DNA, DrmAB did not exhibit ATPase activity (Fig. 4b). This is expected for a
SF2 helicase, where DNA translocation is typically coupled to ATP hydrolysis 27.
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Robust ATPase activity is strongly stimulated by unmethylated DNA, but the
ATPase rate is reduced in the presence of a methylated DNA substrate
(containing three separate 5-methyl-cytosine bases, i.e. the modification provided
by DrmMII 7). This supports the model that this multi-protein complex detects
phage DNA as it is injected into bacteria or is being replicated. Additionally,
recent studies demonstrate that DISARM can protect against plasmid
conjugation, and that DISARM targeting is enhanced by an order of magnitude
in the absence of cognate methylation target sequences 28. This data indicates
that DISARM 1is repressed by methylation rather than being activated by the
presence of a specific signal sequence.

We then compared our DNA-bound and DNA-free DrmAB complexes by
superposing our models and generating motion vectors (Fig. 1a). Upon loading of
unmethylated DNA, we observed minor (mostly <5A) conformational changes of
the RecAl and RecA2 domains (Fig. 4a). Surprisingly, we observed large
conformational rearrangements in the N-terminal half (NTH) of DrmB, despite
a lack of any contacts with DNA. DrmB NTH shifts ~10 A towards the RecA2
domain of DrmA, tightly clamping the complex around DNA (Sup. Fig. 5).

This long-range allosteric communication appears to be mediated by the
C-terminal region (CTR) of DrmA, which tightly wraps around the N-terminus of
DrmB acting as a pivot arm (PA). While DrmA(V1296) undergoes a minor shift
upon recognition of unmethylated DNA, this is propagated into a much larger
conformation change in the end of the PA and DrmB NTH. Thus, conformational
change upon loading unmethylated DNA activates DrmAB. Since the DUF1998
domain of DrmB acts a hinge for the conformational changes induced by the PA,
we propose that DUF1998 should be renamed as a Helicase Allosteric Relay
(HAR) domain.

DrmA PA is tightly interwoven with DrmB NTH, forming a myriad of
contacts. These include a network of electrostatic interactions, hydrophobic
contacts and -1t stacking (Fig. 4d). We also observed that a five-residue segment
of DrmA PA contributes to a 5-stranded B-sheet in trans with DrmB, forming

an oligonucleotide/oligosaccharide-binding (OB) fold (Fig. 4e). The B-strand from
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DrmA is sandwiched between strands from DrmB, further locking the PA of
DrmA in place. These intimate contacts allow DrmA to allosterically
communicate with DrmB, setting in motion major conformational changes upon
loading of unmethylated DNA.

To test the importance of this conformational change for DISARM
activity, we truncated DrmA so that it lacked the PA and tested the ability of
DISARM to prevent phage replication in vivo. We found that DrmA-APA had
severely reduced DISARM activity against a broad range of phage, supporting
the notion that the CTR-driven conformational changes of DrmAB result in
DISARM activation (Fig. 4f). Based on our structural and functional data, we
propose that upon displacement of the TL by ssDNA, DrmA(V1296) senses the
DNA methylation status, allosterically activating DrmAB and triggering the
DISARM antiphage response.

In summary, through coupling ATPase activity to DNA nucleobase
methylation status, DrmAB may be able to achieve specific targeting of

unmodified non-self (i.e. phage) DNA without relying on a given DNA sequence.

[Fig. 4]...Right: Motion vectors showing conformational changes of DrmAB upon DNA binding.
DrmB N-terminal half (DrmB NTH, cyan) does not make direct contacts with DNA but undergoes
a large conformational change upon DNA binding, mediated by the PA of DrmA (magenta).
Distances of conformational changes are shown parenthetically. Motion vectors for shifts smaller
than 3A are omitted. b) EOP assay to determine the effects of V1296G or V1296W mutations to
DISARM activity. Points correspond to three biological replicates, with mean and standard
deviation shown. ¢) ATPase assay measuring the rate of ATP hydrolysis by DrmAB, as monitored
by increase in absorbance at 360 nm. In the absence of DNA, no ATPase activity is monitored. In
the presence of DNA stem loop lacking modification (blue), ATPase activity is observed. This is
severely reduced for DNA containing three separate 5-methyl cytosine bases (orange). DNA
sequences are listed in Sup. Table 2. Experiments were performed in triplicate, and the mean
and standard deviation of the mean are depicted. d) Close-up views of DrmA(CTR):DrmB
interactions. €) DrmA C-terminus forms a p-sheet in trans with DrmB. f) Effect of truncation of
DrmA PA on DISARM anti-phage activity. Points correspond to three biological replicates, with

mean and standard deviation shown.
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Figure 4. Binding of unmethylated ssDNA activates DrmAB through large conformational

rearrangements. a) DrmA C-terminal pivot arm (PA) interface with substrate DNA. Left: close-
up views of DrmAB map and model lacking DNA (top) and DrmAB:DNA map and model (bottom).
In the DNA-bound map, a direct interaction between a DNA base and Val1296 is present (black

arrow). In the DrmAB map lacking DNA, the DrmA autoinhibition loop is present (pink arrow).

-139 -



Chapter 4

4.3. Discussion

We propose a model whereby DrmA and DrmB are expressed by the host
cell in an autoinhibited form in the absence of phage infection. Through the
constitutive expression of the core DrmAB complex, a DISARM response can be
rapidly activated upon recognition of phage stimulus without necessitating
transcription of either component, in accordance with previous observations 7. In
the absence of DNA, the DNA-binding channel of DrmAB is occluded by an
unstructured ~50 residue loop within TL. While truncation of this loop does not
affect heterodimer formation, we observed that DrmA(Aloop)B no longer
exhibited discrimination for 5’ovh-containg DNA substrates and could bind both
3’ovh and dsDNA. We conclude that this loop may act as a selectivity filter or TL,
ensuring the loading of specific substrates onto DrmAB. Since TL only partially
occludes the DNA binding site, loading of 5’ovh DNA can effectively compete
against and evict TL, which is likely intrinsically disordered. A similar
mechanism of autoinhibition was recently reported for human Separase 29, and
examples of substrate-alleviated autoinhibition are numerous amongst other SF2
helicase complexes 39-33, Interestingly, a recent study of the human DEAD-box
helicase DHX37 revealed a highly similar autoinhibition mechanism, whereby an
unstructured protein loop occupied the substrate-binding channel 34, It may
emerge that similar mechanisms of autoinhibition are widespread amongst a
diverse group of SF2 helicase proteins from all domains of life.

Based on our data, we propose that the activating substrate for DISARM
is unmodified 5ovh DNA. Unlike many RM systems, DISARM does appear to not
rely on specific sequences, enabling broad anti-phage targeting that cannot be
circumvented escape mutants. This is further supported by in vivo functional
data that show that DISARM activity is enhanced by a lack of cognate
methylation target sequences 28. Future studies are required to investigate the
interplay between DrmAB and other less-conserved DISARM components (e.g.
DrmD and DrmE) within DISARM, and how these subunits affect the specificity
of DISARM activation.
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The preference for 5’ovh ssDNA is particularly important since many
dsDNA phage inject their genome in a linearized form with two sticky end 5’ovh,
which subsequently become ligated during DNA circularization 3536 thus
providing a stimulus for DISARM activation. This is supported by the previous
observation that DISARM has no effect on phage adsorption but blocks phage
DNA circularization 7. If a dsDNA phage does not have such 5’ ovh, then it would
still likely be targeted by DISARM since it would still replicate via rolling circle
DNA replication, where the leading strand is replicated in a 5’ to 3’ direction and
the lagging strand is synthesized as Okazaki fragments 37. This model explains
the previous observation that DISARM is activated by the onset of phage
replication, likely resulting probably in the degradation of viral DNA 7. This data
also explains how DrmAB target specificity is conferred by DNA structure rather
than a specific sequence, providing an elegant mechanism for balancing broad
DNA targeting with minimal autoimmune consequences. DISARM therefore
represents a novel paradigm in bacterial antiviral defense mechanisms that
target nucleic acids. Rather than achieving specific and efficient degradation of
phage DNA through recognition of specific sequences, DISARM recognizes the
structural context of DNA. The core DISARM complex DrmAB is able to confer
specificity of DNA loading by targeting substrates with a 5’ ovh, thereby avoiding
degradation of the host chromosomal DNA. This specificity is further conveyed
by a sensitivity to DNA methylation status, whereby methylated DNA limits the
ATPase activity of DrmAB which is essential for antiphage defense. This
amounts to a two-pronged mechanism of selectivity that does not rely on a given
DNA sequence, and thereby circumvents evasion via mutational escape.

While this model is consistent with our data, the class 2 DISARM system
has been demonstrated to confer protection against modified phage 7. While
DISARM preferentially targets unmodified DNA, methylated DNA can still
support ATP hydrolysis and thus defense activation. It may be the case that
DISARM activation is significantly reduced by phage DNA methylation, but the

abundance of phage 5’ovh during successive cycles of replication may provide
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sufficient stimulus to activate DISARM. Additionally, other DISARM subunits
may confer additional mechanisms to detect invading phage.

We hypothesize that once activated, DrmAB binds to, translocates, and
unwinds phage DNA, blocking replication and transcription and disrupting the
phage infection cycle. Additionally, DrmAB may recruit a nuclease to trigger
DNA degradation. Since the PLD-containing candidate nuclease DrmC is
dispensable for DISARM activity and is often missing from annotated DISARM
operons, it has remained a mystery how this is achieved 7. However, since PLD-
containing nucleases are highly abundant in bacterial genomes, we propose that
DrmAB may recruit an alternative PLD-nuclease protein. While previous in vivo
assays were performed in Bacillus subtilis (which encodes a 42.2% identity
DrmC-like homolog), our in vivo assays were performed in Escherichia coli (which
encodes a 93.4% identity DrmC-like homolog). The ubiquity and versatility of
such DrmC-like non-specific PLD nucleases 384! may make DrmC redundant,
allowing DISARM to ‘mix-and-match’ components from other innate immune
systems encoded by the host bacteria in order to achieve rapid and broad anti-
phage protection. While CRISPR-Cas systems rely on RecBCD and other host
DNA double-strand break repair complexes for adaptation (i.e. acquiring spacers)
42-44 it 1s unlikely that DISARM utilizes this mechanism, since it does not require
spacer acquisition of phage target sequences.

Phage therapy represents a promising avenue to treat bacterial infection
in an age where antibiotic resistance is widespread 45. Since DISARM is an
incredibly widespread mechanism of antiviral defense in bacteria, once we
understand the fundamental mechanisms underlying DISARM activation it may
be possible to develop small molecule treatments to inhibit DISARM, which could
be delivered in conjunction with phage therapy to increase the effectiveness of

such antibacterial treatment.
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4.4. Material and methods

4.4.1. Cloning and protein expression

Genes drmA and drmB were amplified from genomic DNA of Serratia sp.
SCBI using primers indicated in Sup. Table 3, with Q5 DNA Polymerase (NEB:
MO04918) as indicated by the manufacturer. Amplified gene drmB was cloned in
plasmid 13S-S (Addgene: 48329), resulting in a N-terminal 6X His tagged to the
protein product. His-tag was separated from the gene with a tobacco etch virus
(TEV) protease recognition sequence. Amplified gene drmA was cloned in plasmid
pACYCDuet-1 (Sigma-Aldrich: 71147), resulting in a non-tagged protein product.
Cloning products were transformed in Dh5a using the heat-shock protocol 46 and
confirmed by sanger sequencing (Macrogen).

Both plasmids were transformed into E. coli BL21-AI™ (Thermo Fisher)
to express the DrmAB complex. Briefly, cultures were grown in LB medium at
37°C with shaking until exponential growth phase (ODgoo nm of 0.5). After cooling
down in ice for 20 min, they were induced by addition of 0.2 % (w/v) L-arabinose
and 1 mM IPTG. After overnight incubation at 20°C with shaking, cells were
pelleted by centrifugation, resuspended in Buffer A (25 mM HEPES, pH 8, 600
mM NaCl, 5% glycerol, 256 mM imidazole, cOmplete™ EDTA-free Protease
Inhibitor), and sonicated (10 cycles of 30 sec separated by 30 sec breaks, 40%
amplitude). Cell lysate was pelleted down (20,000 xg, 60 min, 4°C) to remove cell
debris, and supernatant was filtered with a 0.45 pm PES filter and placed on ice
until proceeding with the purification.

All the mutants used here were generated by round-the-horn side-

directed mutagenesis and purified as the wild-type (WT) proteins.

4.4.2. Protein purification

Purification was performed at 4°C using an AKTA™ pure (GE
Healthcare) to control flow and column pressure. Lysates were loaded onto a 5
mL Ni-NTA Superflow Cartridges (Qiagen) equilibrated with Buffer B (25 mM
HEPES, pH 8, 600 mM NaCl, 5% glycerol, 25 mM imidazole, 1 mM DTT).
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Unbound lysate components were washed with 10 column volumes (CV) of Buffer
B. Bound proteins were eluted with 5 CV of Buffer C (25 mM HEPES, pH 8, 600
mM NaCl, 5% glycerol, 150 mM imidazole, 1 mM DTT) and collected in fractions.
After checking by SDS-PAGE electrophoresis using a 4-20% Mini-PROTEAN ®
TGX precast gel (Bio-Rad), fractions containing DrmAB were pooled together and
buffer exchanged to Buffer D (25 mM HEPES, pH 8, 150 mM NaCl, 5% glycerol,
1 mM DTT). To separate the DrmAB complex from proteins that also bound the
Ni-NTA column, sample was loaded onto a HiLoad 16/600 Superdex 200 (GE
Healthcare). Column was washed with 2 CV of Buffer D and fractions collected.
After SDS-PAGE electrophoresis check, fractions containing the complex DrmAB
were pooled together and concentrated using 30 KDa NMWL Ultra-15 Amicon®
(Merck). Protein concentration was estimated by the Bradford Assay (Thermo

Scientific: 23246) as indicated by the manufacturer.

4.4.3. Bacterial strains used in phage assays

DISARM system genes from Serratia sp. SCBI were cloned in plasmids
(Sup. Table 4), for both WT and mutant. Plasmids were transformed in E. coli
BL21-Al. For assays, strains were cultured in LB media at 37°C, and induced
with 0.1 % (w/v) L-arabinose and 0.5 mM IPTG at early exponential growth phase
(OD60o nm of 0.2-0.3). Cultures were incubated at 37°C for 90 min and then used
for phage assays. In parallel, a control strain (BL21-AI WT) was grown for all
assays. When required, LB media was supplemented with antibiotics at the
following final concentrations: 100 pg/mL ampicillin, 50 pg/mL kanamycin, 50

pg/mL streptomycin, 50 pg/mL spectinomycin, 10 pg/mL chloramphenicol.

4.4.4. Phage strains

E. coli phage T1, T7, and Nami were used in this study. For their
production, phage T1 and T7 were propagated in Z. coli BL21-Al, as described
previously 47, and bacteriophage Nami in its host £. coli isolate R10256 following
same procedure. Briefly, bacterial cultures at exponential growth phase (aprox.

0.4 ODgoo nm in a 10 mm cuvette readers) were infected with a phage lysate and
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incubated overnight. Then, cultures were spun down and the supernatant filtered
through 0.2 pym PES membranes. When required, phage were concentrated by
addition of PEG-8000 and NaCl at final concentrations of 100 mg/mL and 1 M,
respectively. Following, it was incubated overnight at 4°C, centrifuged at 11,000
xg at 4°C for 60 min, and the phage-containing pellet resuspended in the desired
final volume of Saline Magnesium (SM) buffer. Phage stocks were stored at 4°C

before their use and titer determined as indicated below.

4.4.5. Phage titering

Bacteria cultures in exponential growth phase were used to titer phage
stocks. For this, 100 puL of culture were mixed with 5 mL of 0.6 % LBA at 45 °C
and poured to a LBA plate to form a bacterial layer. Ten-fold dilution of phage in
SM buffer or LB media were plated on the top of the bacteria in 10 pL drops and
let dry for 20 min. Plates were incubated overnight up-side down at 37 °C. To
determine the phage titer, the number of center of infections (plaques) were

counted. £. coli BL21-Al was used for titering phage T1, T7, and Nami.

4.4.6. Efficiency of plating determination

To determine the efficiency of plating (EOP), phage were plated on the
induced containing the DISARM system and compared to the plating on control
strain BL21AI. For this, 200 pL of the bacterial cultures were mixed a specific,
countable number of infectious particles (50-150 PFU/plate) and 4.5 mL of 6 %
LBA at 45 °C. The mixture was then poured on top of a LLBA plate to form a
bacterial layer containing the infectious particles. After overnight incubation at
37°C, the EOP was calculated by dividing the number of plaques counted on each

plate by the number of plaques formed in the control strain.

4.4.7. CryoEM sample preparation, data collection and processing

To capture DrmAB in the act of unwinding a DNA substrate, a forked
DNA construct consisting of a 19-bp stem-loop structure with a 6 base 5’ overhang

and a 20 base 3’ overhang was designed. This substrate was chosen because
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similar substrates have been used to capture unwinding intermediates of
bacterial SF2 helicase complexes 4849, DrmAB was buffer exchanged into cryoEM
sample buffer (150 mM NaCl, 25 mM HEPES pH 7.4) through repeated
application of buffer to sample within a 0.5 ml spin concentrator, with a 30 kDa
size cutoff. 10 uM DrmAB was incubated with 10-fold excess DNA stem loop (100
uM) and 100-fold excess ADP (1 mM). Complex formation was monitored using
electrophoretic mobility shift assay (EMSA), confirming DNA binding by DrmAB
(Sup. Fig. 1). After incubation at room temperature (~25°C) for 30 minutes,
DrmAB:ADP:DNA was applied to glow discharged holey carbon grids (C-flat 2/2,
Protochips Inc.), blotted for 2 s with a blot force of 4 and rapidly plunged into
liquid ethane using an FEI Vitrobot MarkIV.

Data was collected on an FEI Titan Krios cryo-electron microscope
equipped with a K3 Summit direct electron detector (Gatan, Pleasanton, CA)
operating in super-resolution counting mode. Images were recorded with
SerialEM %0 with a pixel size of 1.1A over a defocus range of -1.5 to -2.5 um.
During early stages of data collection, a preferred orientation was observed. To
ameliorate this, a dataset of 6828 micrographs was collected at 30° tilt, in
addition to the original 2548 micrographs collected without tilt. Movies were
recorded at 13.3 electrons/pixel/second for 6 seconds (80 frames) to give a total
dose of 80 electrons/pixel. CTF correction, motion correction and particle picking
were performed in real-time using WARP 51, resulting in 4,669,932 particles,
which were uploaded to cryoSPARC v2 52 (Sup. Fig. 2).

Multiple rounds of 3D classification within cryoSPARC yielded a final set
of 144,989 particles that gave a 3D reconstruction at a global resolution of 2.84 A
using non-uniform refinement 53. However, since bound DNA had weak density,
an alternative data processing strategy was implemented. Two rounds of ab initio
reconstruction followed by heterogeneous refinement were performed on the 0°
and 30° tilt datasets separately within cryoSPARC. The resulting subset of
undamaged particles was combined and yielded a 3.1 A reconstruction. These
particles were then imported into Relion 3.1 54, where masks covering the core of

the complex (to improve DNA density) and the bottom of the complex (to improve
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the quality of DrmB density) were generated within ChimeraX 3 and Relion.
These masks were then used for focused 3D classification within Relion (N = 6,
T=25). Particles within classes corresponding to DrmAB:ADP:DNA and
DrmAB:ADP were then selected for Relion 3D auto-refinement and post-
processing, resulting in structures with global resolutions of 3.4 A and 3.3 A,
respectively (Sup. Fig. 2).

To assist model building, the structures of multiple overlapping regions
of DrmA and DrmB were predicted using trRosetta 56. These models were initially
fitted into the map as rigid bodies using ChimeraX. Once suitable fits were found,
bulk flexible fitting was performed using Isolde and Namdinator 57. Regions of
the model that trRosetta failed to predict were either built de novo (in well-
resolved regions of the map with local resolutions of up to 3.1A), or omitted (in
flexible, poorly-resolved regions). Between the two structures, 98% of the total
DrmAB sequence was modelled.

Real-space model improvement was performed using Isolde %8, and final
models were subjected to real-space refinement in Phenix 59, Structural figures
were prepared using ChimeraX. Structural analysis of sequence conservation
was performed using ConSurf 60, and visualized in ChimeraX. Motion vectors to
visualize the conformational change from DrmAB:ADP to DrmAB:ADP:DNA

were generated and visualized using PyMol.

4.4.8. Native electrophoretic mobility shift assays (EMSASs)

To determine the DNA substrate preferences of DrmAB, 5'Cy5-labelled
75-nt DNA was incubated with 1.5-fold excess complement, 5’block or 3’block
oligos (Sup. Table 2) and heat annealed at 85°C for 10 minutes prior to cooling to
4°C. 5 nM DNA was incubated with 1 pM DrmAB or DrmA(Aloop)B in cryoEM
sample buffer for 30 minutes at room temperature in a total volume of 20 pl. A
total of 10 pl of each sample was mixed with 2 uL 6x loading buffer (30% v/v
glycerol, 5% Ficoll 400, 50 mM NaCl, 10 mM HEPES pH 8, 5 mM EDTA, 0.002%

w/v bromophenol blue). Electrophoresis was carried out on a non-denaturing
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1.5% agarose gel for 90 min at 100 V in 1 X Tris-borate-EDTA buffer. Gels were
imaged using a fluorescence scanner (Fujifilm FLA-5100) with 532 nm excitation.

For comparison of DNA binding between DrmAB and DrmA(Aloop)B,
serial 2-fold dilutions from of either protein complex were incubated with 5 nM
Cy5-labelled DNA. Samples were incubated and EMSAs were performed as
described above.

For the overhang binding assay, a 3-Cy5-labelled DNA substrate was
hybridized to unlabeled DNAs of various lengths and binding was tested as

described above.
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Supplementary Figure 1. DNA binding by DrmAB. a) Size-exclusion chromatogram of DrmAB

complex. DrmB was tagged and used to pull down co-expressed DrmAB complex. Fractions 1 — 4
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[Sup. Fig. 1]...are analyzed in panel B b) SDS PAGE analysis of DrmAB complex purified by size-
exclusion chromatography. DrmAB assembles with a 1:1 DrmA:DrmB stoichiometry (fraction 2).
Fraction 2 was used for subsequent structural and biochemical analysis. ¢) Top: Secondary
structure diagram of DNA stem-loop used for structural analyses (Sup. Table 2). 5’ region visible
in cryo-EM reconstruction is denoted by orange box. Bottom: methylated DNA substrate used in
ATPase assay. d) Native gel shift assay used to determine sample preparation conditions for cryo-
EM. 4 uM DNA hairpin (Sup. Table 2) was heat annealed and incubated with 10 uM DrmAB in
the absence or presence of 1 mM ADP or ADP:AlFs. Bound and free DNA were separated using
EMSA. E: EMSA of binding Cy5-labelled DNA with increasing overhang length by annealing
complementary DNA of decreasing lengths. Binding is first observed when a length of 7-nt is

present. Substrates used in successive overhang binding assay are shown below.
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Supplementary Figure 2. Cryo-EM data processing of DrmAB-ADP-DNA dataset. a)
Representative cryo-electron micrographs of DrmAB:ADP:DNA. Scale bar — 100 nm. b) Data proc-
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[Sup. Fig. 2]...essing workflow detailing how tilted and untilted particle stacks were combined to
a consensus reconstruction. While further classification of said reconstruction yielded a 2.8A-
resolution map, the quality of density corresponding to both ssDNA and DrmB N-terminal half
were poor. To ameliorate this, focused 3D classification using either a DrmB mask or a DNA mask
was used. ¢) Gold-standard Fourier shell correlation (FSC) curve for DrmAB:ADP. d) EM density
map of DrmAB:ADP color-coded according to local resolution. e€) Angular distribution plot
calculated in Relion of DrmAB:ADP. f) Directional 3D FSC for DrmAB:ADP calculated by 3DFSC
61, g) Map-to-model FSC for DrmAB:ADP. h) Gold-standard Fourier shell correlation (FSC) curve
for DrmAB:ADP:DNA. i) EM density map of DrmAB:ADP:DNA color-coded according to local
resolution. j) Angular distribution plot calculated in Relion of DrmAB:ADP:DNA. k) Directional
3D FSC for DrmAB:ADP:DNA calculated by 3DFSC 61 1) Map-to-model FSC for
DrmAB:ADP:DNA.
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Low threshold

Supplementary Figure 3. Representative regions of DrmAB:ADP:DNA map with corresponding
models. Blue: a-helices, pink: B-sheet, green: ADP, orange: DNA. DNA is shown at two different
thresholds to illustrate that bases within the center of the molecule are well-resolved, but

peripheral bases are less well-resolved, but can still be modelled with confidence.
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Supplementary Figure 4. Structural analysis of DrmB and DrmC. a) Multiple putative metal
coordination sites within DrmB, with representative cryo-EM densities. b) Structural models of
DrmC from Serratia (yellow), a B. subtilis PLD-nuclease protein homologue of DrmC (green) and
an Z. coli PLDnuclease protein homologue of DrmC (blue). The DISARM operon in this study
originated in Serratia, and in vivo assays were performed in £. coli. B. subtilis was the model
organism used for 7n vivoassays in a previous DISARM study 7. Structural models were generated

using AlphaFold2 62,
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DrmAB-ADP DrmAB apo DrmAB-ADP-DNA

Supplementary Figure 5. Structural features of DrmAB complex and TL. a) Representative cryo-
electron micrograph of DrmAB. Scale bar — 100 nm. b) Gold-standard FSC curves for DrmAB. c)
Angular distribution plot for DrmAB calculated in cryoSPARC. d) EM density map of DrmAB
color-coded according to local resolution. e) Presence of TL EM density features within

DrmAB:ADP, DrmAB, and DrmAB:ADP:DNA maps. TL is pink, and DNA is blue. Green box
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DrmA N DrmB
S [ B — ¢
Trigger loop RecA1 RecA2 DUF1998

(HARD)

DrmAB:ADP vs Drm/AB:ADP:DNA

Supplementary Figure 6. Conformational changes upon DNA binding. Top: Domain architecture
schematic of DrmA and DrmB. Bottom: DrmAB:ADP:DNA colored as in the above schematic, and

the DrmAB:ADP complex colored in grey, showing conformational changes. DrmA trigger loop is
absent in colored DrmAB:ADP:DNA model since it likely becomes disordered or flexible upon
DNA binding.

[Sup. Fig. 5l... corresponds to ATP binding site. f) ATP-binding site within DrmA RecA domains.

DrmAB apo complex contains no nucleotide density, but still contains TL density.
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Supplementary Table 1. Cryo-EM data collection, refinement and validation statistics.

DrmAB-ADP DrmAB-ADP-DNA
DrmAB
(PDB 789V, EMD-24938) (PDB 7S9W, EMD-24939)
Data collection and processing
Magnification 22,500
Voltage (kV) 300 kV
Electron exposure (e—/A?) 80
Defocus range (um) -1.5t0-2.5
Pixel size (A) 1.1
Symmetry imposed Cl
Initial particle images (no.) 4,669,932 1,540,419
Final particle images (no.) 120,119 121,764 148,062
Map resolution (A) at 0.143 FSC threshold 3.31 341 3.84
Map resolution range (A) 3.1t04.3 33t04.5 3.6-6.8
Refinement
Initial model used (PDB code) De novo
Model resolution (A) 3.6 3.8
FSC threshold 0.5
Map sharpening B factor (A%) -136.8 -151.1
Model composition
Non-hydrogen atoms 27680 28125
Protein residues 1808 1751
Nucleotides 0 7
Ligands 1 1
Mean B factors (A?)
Protein 62.08 106.66
Nucleotides N/A 116.37
R.m.s. deviations
Bond lengths (A) 0.002 0.002
Bond angles (°) 0.617 0.631
Validation
MolProbity score 1.52 1.53
Clashscore 3.27 3.34
Poor rotamers (%) 0 0
Ramachandran plot
Favored (%) 93.93 93.90
Allowed (%) 6.01 6.1
Disallowed (%) 0.6 0
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Supplementary Table 2. DNA oligos used in study for in vitro assays.

Oligo name

Sequence (5°-3°)

DNA stem loop

TTTTTTTCATCGATGAGCACTGCTATTCCCTAGCAGTGCTCATCGATGATTTTCATCGATGAGCGGTTTT

Methylated
stem loop*

DNA

TTTTTTTCATMCGATGAGCACTGCTATTCCCTAGCAGTGCTCATMCGATGATTTTCATMCGATGAGCGGTTTT

Fluorescent DNA

CTGCT

Cy5ATTTTGACAGCCCACATGGCTTGATGAGTGGCGCACTCGCCAGCCTGAGCATGGCGAAAACTCCTCCAGT

Unlabeled

complement DNA

AT

AGCAGACTGGAGGAGTTTTCGCCATGCTCAGGCTGGCGAGTGCGCCACTCATCAAGCCATGTGGGCTGTCAAA

5’ block

GCCATGTGGGCTGTCAAAAT

3’ block

AGCAGACTGGAGGAGTTTTC

* mC corresponds to 5-methyl-Cytosine.

Supplementary Table 3. DNA oligos used for cloning.

Oligo name Sequence (5’ - 3°) Used for: (in fw/rv couples) fw/rv

BN1750 TACTTCCAATCCAATGCAATGATCATC | Clone drmB into plasmid 13SS using LIC cloning fw
AATAACAAAACTCCAG

BN1751 TTATCCACTTCCAATGTTATTATTAAA | Clone drmB into plasmid 13SS using LIC cloning v
AACCCTTAAAAAATGCAGC

BN1060 TATATATACATATGACTGATAACAACA | Clone drmA into plasmid pACY C-Duet using RE cloning-Ndel | fw
AATCTAG

BN1061 ATATATATCTCGAGTCAATCCTCGTICT | Clone drmA into plasmid pACY C-Duet using RE cloning-Xhol | rv
TTCGTTG

BN172 AGATCTGCCATATGTATATCTCCTTC Amplify pACYC-Duet backbone for cloning of drm4 insert v

BN2290 GATCGCTGACGTCGGTACCCTCGAGTC | Amplify pACYC-Duet backbone for cloning of drmA insert fw

BN1064 TATATATACATATGATGGATGAACTCT | Clone drmC into plasmid pET-Duet using RE cloning-Ndel fw
TAGATGC

BN1065 ATATATATCTCGAGTTAAATCAGACTA | Clone drmC into plasmid pET-Duet using RE cloning-Xhol v
ATGATATTTGTG

BN172 AGATCTGCCATATGTATATCTCCTTC Amplify pET-Duet backbone for cloning of drmC insert rv

BN2290 GATCGCTGACGTCGGTACCCTCGAGTC | Amplify pET-Duet backbone for cloning of drmC insert fw

BN3096 CATACCCTATCTCATTTGTTGAT Create mutant DrmB-ADUF 1998 in 13ss and in pCDF fw

BN3095 TTATCATTACAGCATGGCATATCGGAT | Create mutant DrmB-ADUF1998 in 13ss and in pCDF v
AC
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BN3104 TTATCATTATCGCATTGACATAGGTAC | Create mutant drmA-APA in pCDF v
AG
BN3105 GAAGTTGAGTCTGGTGTAC Create mutant drmA-APA in pCDF fw
BN3436 TTGGTGCCCAGTAGCCTC Create mutant drmA-Aloop in pACYC and pCDF v
BN3437 TTCGGCTGCTTCACGTGG Create mutant drmA-Aloop in pACYC and pCDF fw
BN3377 CAACACGACTGGTAGCCTGAATATAC Amplify DNA from pCDF-Duet with drmA-APA and clone | rv
into pACYC-Duet
BN3378 GGACACCAAATTTATCAAGGACGATC Amplify DNA from pCDF-Duet with drmA-APA and clone | fw
into pACYC-Duet
BN3375 Amplify DNA from synthetic block to clone in 13SS and | fw
TATATTCA TACCAGTCGTGTT!
¢ CACGCTACCAGTCGTGTTC pCDF-Duet for drmA mutants R1294A, V1296G, V1296W
BN3376 Amplify DNA from synthetic block to clone in 13SS and | rv
GATCGTCCTTGATAAATTTGGTGTCC
pCDEF-Duet for drmA mutants R1294A, V1296G, V1296W
BN3377 Amplify vectors 13SS and pCDF-Duet DNA to insert amplified | rv
CARCACGACTGCTAGCCICARTATAC DNA of drmA mutants R1294A, V1296G, V1296W
BN3378 Amplify vectors 13SS and pCDF-Duet DNA to insert amplified | fw
CCACACCARATTTATCAAGCACCAIC DNA drmA mutants R1294A, V1296G, V1296W
Amplify DNA from synthetic block to clone in 13SS and | rv
BN3379 GATGAACAGAACTTGAATGTGAGC pCDF-Duet for drmA mutants R569D, Q572D, K610D,
R658D, R649A, K803A, R810A
Amplify DNA from synthetic block to clone in 13SS and | fw
BN3380 GATAATTAAATCAGGCGGTCGGATAG pCDF-Duet for drmA mutants R569D, Q572D, K610D,
R658D, R649A, K803A, R§10A
Amplify vectors 13SS and pCDF-Duet DNA to insert amplified | rv
BN3381 GCTCACATTCAAGTTCTGTTCATC DNA drmA mutants R569D, Q572D, K610D, R658D, R649A,
K803A, R810A
Amplify vectors 13SS and pCDF-Duet DNA to insert amplified | fw
BN3382 CTATCCGACCGCCTGATTTAATTATC DNA drmA mutants R569D, Q572D, K610D, R658D, R649A,
K803A, R810A
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Supplementary Table 4. Plasmids used in this study.

Plasmid Description Antibiotic resistance marker Source
pTUS515 13SS-drmB fused to His-tag Spectinomycin This paper
pTUS18 13SS-drmB-ADUF1998 fused to His-tag Spectinomycin This paper
pTU516 pACYC-Duet-drmA Chloramphenicol This paper
pTU520 pACYC-Duet-drmA(APA) Chloramphenicol This paper
pTU542 PACYC-Duet-drmA(Aloop) Chloramphenicol This paper
pTUS522 pACYC-Duet-drmA(V1296G) Chloramphenicol This paper
pTU523 pACYC-Duet-drmA(V1296W) Chloramphenicol This paper
pTUS524 PACYC-Duet-drmA(R569D) Chloramphenicol This paper
pTUS525 pACYC-Duet-drmA(Q572D) Chloramphenicol This paper
pTUS526 pACYC-Duet-drmA(K610D) Chloramphenicol This paper
pTU527 pACYC-Duet-drmA(R658D) Chloramphenicol This paper
pTUS528 PACYC-Duet-drmA(R649A) Chloramphenicol This paper
pTUS529 PACYC-Duet-drmA(K803A) Chloramphenicol This paper
pTU530 pACYC-Duet-drmA(R810A) Chloramphenicol This paper
pTU531 pACYC-Duet-drmA(R1294A) Chloramphenicol This paper
pTUS517 pET-Duet-drmC Ampicillin Aparicio-Maldonado et al.
pTU495 pCDF-Duet-drmABC Streptomycin Aparicio-Maldonado et al.
pTU519 pCDF-Duet-drmABC with drmB-ADUF1998 Streptomycin This paper
pTUS21 pCDF-Duet-drmABC with drmA(APA) Streptomycin This paper
pTUS543 pCDF-Duet-drmABC with drmA(Aloop) Streptomycin This paper
pTU532 pCDF-Duet-drmABC with drmA(V1296G) Streptomycin This paper
pTU533 pCDF-Duet-drmABC with drmA(V1296W) Streptomycin This paper
pTUS534 pCDF-Duet-drmABC with drmA(R569D) Streptomycin This paper
pTUS535 pCDF-Duet-drmABC with drmA(Q572D) Streptomycin This paper
pTU536 pCDF-Duet-drmABC with drmA(K610D) Streptomycin This paper
pTUS537 pCDF-Duet-drmABC with drmA(R658D) Streptomycin This paper
pTUS38 pCDF-Duet-drmABC with drmA(R649A) Streptomycin This paper
pTU539 pCDF-Duet-drmABC with drmA(K803A) Streptomycin This paper
pTU540 pCDF-Duet-drmABC with drmA(R810A) Streptomycin This paper
pTU541 pCDF-Duet-drmABC with drmA(R1294A) Streptomycin This paper
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Abstract

Argonaute proteins use single stranded RNA or DNA guides to target complementary nucleic
acids. This allows eukaryotic Argonaute proteins to mediate RNA interference and long
prokaryotic Argonaute proteins to interfere with invading nucleic acids. The function and
mechanisms of the phylogenetically distinct short prokaryotic Argonaute proteins remain
poorly understood. We demonstrate that short prokaryotic Argonaute and associated TIR-
APAZ (SPARTA) proteins form heterodimeric complexes. Upon guide RNA-mediated target
DNA binding four SPARTA heterodimers form oligomers in which TIR domain-mediated
NAD(P)ase activity is unleashed. When expressed in Escherichia coli, SPARTA is activated
in presence of highly-transcribed multi-copy plasmid DNA, which causes cell death through
NAD(P)+ depletion. This results in removal of plasmid-invaded cells from bacterial cultures.
Furthermore, we show that SPARTA can be repurposed for programmable detection of DNA
sequences. In conclusion, our work identifies SPARTA as a prokaryotic immune system that

reduces cell viability upon RNA-guided detection of invading DNA.
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5.1. Introduction

Argonaute proteins recruit small (~15-30 nt) single stranded guide
oligonucleotides to bind complementary single stranded target sequences.
Eukaryotic Argonaute proteins (eAgos) use guide RNAs to bind and/or cleave
target RNA, a process that underlies RNA interference (RNAi) 1.2. Prokaryotes
encode homologs of eAgos (pAgos) but lack other proteins required for RNA] 3.
Most characterized pAgos share a fixed four-domain composition (N-PAZ-MID-
PIWD with eAgos. These “long” pAgos interfere with invading nucleic acids such
as plasmids 45 and bacteriophages 6. Long pAgos have also been implicated in
genome decatenation 7 and stimulation of homologous recombination &9. In
contrast to eAgos, certain long pAgos utilize single stranded (ss)DNA guides to
target invading DNA sequences 561011 Other long pAgos use guide RNAs to act
on RNA and/or DNA targets +12-16, While our knowledge on the function and
mechanisms of long pAgos is rapidly expanding, the majority of pAgos (58%)
consist of poorly studied “short” pAgos 17.

Short pAgos are comprised of the MID and PIWI domains only 17-19,
AKkin to certain eAgos and long pAgos, short pAgos lack the catalytic tetrad
required for target cleavage 19, which suggests they are catalytically inactive.
However, MID domain residues required for guide 5’ phosphate (5’-P) binding are
conserved in short pAgos 17, and the MID and PIWI domains alone are sufficient
to facilitate guide-mediated target binding in truncated long Agos 20-23,
This suggests small pAgos mediate 5-P guide-mediated target binding.

Short pAgos are encoded in the same operon as (or are fused to) a domain
that is named “Analog of PAZ” (APAZ) 8. However, APAZ domains are
homologous to the N-domain of long pAgos rather than to their PAZ domain 24.25,
APAZ domains are commonly fused to SIR2, Toll/Interleukin-1 Receptor (TIR)-
like, or DUF4365 domains 1719, It was predicted that these domains are nucleases
that compensate for the loss of catalytic activity of the associated short pAgos 26,
and it was recently proposed that a short pAgo complexed with a DUF4365-APAZ
domain mediates RNA-guided DNA cleavage 27. However, most short pAgo-
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associated domains are fused to a SIR2 or TIR domain. The function and
mechanisms of these short pAgos remain unexplored.

Here, we describe the role and mechanism of short prokaryotic Argonaute
TIR-APAZ (SPARTA) systems. We demonstrate that short pAgo and TIR-APAZ
form a heterodimeric SPARTA complex. Upon small RNA-guided ssDNA target
binding four SPARTA heterodimers form an oligomer in which the NAD(P)ase
activity of the TIR domain is unleashed. /n vivo, SPARTA is activated in presence
of highly transcribed multi-copy plasmid DNA. This results in cellular NAD(P)*
depletion and consequentially reduces viability of cells harbouring invading
plasmid DNA. As a result, uninvaded cells outcompete invaded cells, which
drives the plasmid DNA to extinction. Finally, we show that SPARTA can be

repurposed to detect DNA sequences of choice.

Graphic abstract
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5.2. Results

5.2.1. Short pAgos cluster with APAZ-domain containing
proteins only

To determine if short pAgos genetically cluster with proteins other than
APAZ domain-containing proteins, we first identified 283 short pAgo homologs
in the RefSeq database containing at least scaffold level assemblies. All short
pAgos identified are comprised of the MID and PIWI domains and lack a catalytic
DEDX tetrad. Short pAgos form four phylogenetic subclades (Fig. 1A) which we
named S1A (SIR2-APAZ-pAgo fusions), S1B (operon with SIR2-APAZ and pAgo),
S2A (operons with (Mrr-)TIR-APAZ and pAgo), and S2B (operons mainly
consisting of pAgo and DUF4365-APAZ or DHS-like-APAZ). We coin the term
‘short pAgo system’ to indicate a short pAgo and its associated APAZ domain-
containing protein (clades S1B, S2A, and S2B), or a fusion thereof (clade S1A). In
all subclades, the APAZ-domain containing protein is the only protein that
specifically associates with pAgo. This suggests pAgo systems function as stand-
alone systems or rely on common host factors for their activity.

We name S2A systems ‘SPARTA systems’, for short prokaryotic
Argonaute TIR-APAZ systems. In one subclade of SPARTA systems, a putative
Mrr (Modification requiring restriction endonuclease) domain is fused to the TIR-
APAZ protein (Mrr-TIR-APAZ; Fig. 1A). Short pAgo and associated TIR-APAZ
proteins co-evolved in Bacteroidetes and in one lineage of Proteobacteria (Fig. 1B
and Sup. Fig. S1A), which suggests they function in conjunction. In another
lineage of Proteobacteria short pAgo and TIR-APAZ show distinct evolutionary
patterns. This suggests there might be a functional difference between SPARTA
systems found in distinct phylogenetic clades.

It has been suggested that APAZ-associated domains compensate for the
lack of nuclease activity in short pAgos 26. However, in both eukaryotic and
prokaryotic immune systems, TIR domains degrade NAD(P)* 28-32. The catalytic
residues required for NAD(P)ase activity are conserved in TIR-APAZ proteins
(Fig. S1B), which suggests they might have a similar mode of action. Based on
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the conservation of the 5-phosphate (5-P) binding residues in the pAgo MID
domain (Fig. S1C), we hypothesized that in SPARTA systems short pAgos
facilitate guide-mediated target binding. Consequentfly, TIR-APAZ could either
mediate endonuclease activity (compensating for the lack of endonuclease

activity of short pAgo) or NAD(P)* nucleosidase activity (based on homology to

other TIR domains).
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